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Overview: This modification proposes to add
a non-mandatory technical specification to the
Grid Code, relating to GB Grid Forming
Capability (which was formerly referred to as a
Virtual Synchronous Machine (“VSM’)
capability. The detail pertaining to its creation
may be found in Section 3 “Why Change?” but
the high-level overview is that the specification
will enable parties to offer an additional grid
stability service. This will be fundamental to
ensuring future Grid Stability, faciliatating the
target of zero carbon System operation by
2025 and providing the opportunity to take part
in a commercial market which would sit
alongside other market arrangements such as
the stability pathfinder work and dynamic
containment.
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Have 5 minutes? Read our Executive summary
Have 20 minutes? Read the full Workgroup Consultation
Have 60 minutes? Read the full Workgroup Consultation and Annexes.

Status summary: The Workgroup are seeking your views on the work completed to date
to form the final solution(s) to the issue raised.

This modification is expectedto have a: High impact - National Grid ESO — successful
implementation of this specification and the subsequent launch of a commercial market
would result in the provision of additional stability services. The primary aim being the
ability to run the entire electricity transmission system on low carbon generation sources
.that include nuclear power, whilst at the same time ensuring a safe, secure and economic
system. Consequently, the likelihood would be a net-positive in terms of the ESO’s ability
to balance the GB electrical grid and respond to unplanned interruptions to electricity
supply. Medium impact - Generators and Interconnectors — successful implementation of
this specification and the subsequent launch of a commercial market would provide
generators and Interconnectors with a potential new revenue stream. In order to take part
in such a market, Generators and Interconnectors may wish to amend/modify their plant,
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are in place.

or potentially amend or incorporate new software to enable them to satisfy the requirements
of the specification if they wished to enter this future market.

The purpose of this modification is simply to develop the minimum Grid Code technical
specification for a GB Grid Forming Capability. The market arrangements will then be
addressed as a separate piece of work once the specification and technical requirements

Modification drivers: New Generation, Interconnectors and Reactive Compensation
Equipment Technologies

Governance route

This modification has been assessed by a Workgroup.

Who can | talk to
about the change?

Proposer: Matt Baller, National Code Administrator Chair:
Grid ESO Joseph Henry
Matt.baller@nationalgrideso.com Joseph.Henry2@nationalgrideso.com
Phone: 07866 197 575 Phone: 07970 673220

How do |
respond?

Send your response proforma to grid.code@nationalgrideso.com
by 5pm on 30 April 2021
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Executive summary

How this documentshould be interpreted

This consultation document draws on an extensive volume of material that has been in
development for several years. The main body of the document itself simply covers the
work of the GC0137 workgroup which includes an outline of the basic issue, the need for
change, the proposal and a summary of the Grid Code meetings. The more detailed
technical detail is therefore included in the Reference Section of this document or as
additional Annexes.

What is the issue?

Electricity is the live blood of the modern economy. The principle method by which
electricity has been supplied to the Grid has been through the use of the Synchronous
Generator, a device which converts rotational kinetic energy into electrical energy. Its
design has worked well and has been used for many decades in thermal and hydro electric
power stations which are generally based on a controllable primary energy source. In
addition, the design and operational behaviour of Synchronous Generators together with
their dominance in Grid supply applications has a fundamental influence upon the
dynamical characteristics of the Electricity Transmission and Distribution System.

The overall reliability of supply for the National Electricity Transmission System during
2019-20 was 99.999967% [1]. These high levels of reliability have been achieved through
decades of research, development, design, plant standards and industrial experience.

In GB, the technical requirements for User's plant (such as Generation, HVDC Systems
and Demand) connected to the Transmission System are contained in the Grid Code [2]
which also refers to numerous industry standards. In addition, the minimum requirements
for the design and operation of the Transmission System are contained in the Security and
Quiality of Supply Standards (SQSS) [3] with the corresponding security of supply standard
for distribution systems being contained in Engineering Recommendation P2/7 [4]. There
are also obligations placed on Transmission Licensees under the System Operator
Transmission Owner Code (STC) [5] and obligations on User's connecting to the
Distribution System in the Distribution Code [6]. All of these codes and their associated
documents have been developed to contribute to the overall reliability and robustness of
the Transmission System yet they also take into account the capability and characteristics
of the component plant elements which make up the System.

In the 1990’s, increasing concerns were being raised over environmental and climate
change concerns. The electricity industry was seen as a potential solution to this problem
where new technologies such as wind power could help cut the significant volumes of
carbon dioxide emissions particularly from coal and oil fired power stations.

During the last 20 years, this trend has accelerated, additional environmental legislation
has been introduced and future targets for net zero have been established. This drive has
resulted in a substantial growth of new technologies such as wind power, solar power and
storage so much so that there have been several weeks of zero coal operation. Within the

4




na’[ionalgrid Workgroup Consultation GC0137
Published on 31 March 2021

ESO there is also a target to achieve zero carbon Transmission System operation by 2025
(ie the ability to operate the Transmission System in a safe, secure and economic manner
using only low carbon generation sources). In other words, the ability to operate the
Transmission System using low carbon sources but at the same level of robustness,
reliability and costwe have grown accustomed to.

Unlike thermal plant however, renewable generation technologies such as wind, solar and
storage do not rely on the synchronous generator but other technologies such as induction
generators and power electronic converters. As noted above, the behaviour and
operational characteristics of the Transmission System are largely a function of the type of
generation and demand connected to it. As the volume of renewable plant increases, this
continues to displace the more traditional carbon based thermal plant which in turn reduces
the volume of synchronous generation connected to the System. Whilst numerous
changes have been introduced to the industry codes over the last 15 years or so to facilitate
ever growing volumes of renewable plant [7] and [8] and to maintain security of supply, we
are now getting to the point where the decline in synchronous plant is resulting in significant
changes to the dynamics and behaviour of the transmission system, so much so that the
maintenance of stability and recovery following a credible fault becomes an increasing
challenge.

As far back as 2012, research was undertaken [9] which showed that once the volume of
non-synchronous generation exceeded about 65% of the total generation capacity running,
the Transmission System could not be secured against certain credible fault criteria under
the SQSS. The cause of this stems from the fact that the more modern converter based
plant, upon which many of the renewable technologies are so dependent, do not exhibit
the same characteristics as their synchronous counterparts. It is still possible for the
converter based plant to replace synchronous plant on a MW for MW basis but it is their
behaviour under fault conditions and the impact on the wider system which is more
problematical.

Under a faulted condition, Synchronous Generators have the following key features:-

« They can supply inertia to the System (the ability to limit the rate of frequency
rise or fall following the loss of a generator or load)

* They can instantaneously inject active power (MW) into the system as a result
of a Grid Fault as a result of the corresponding phase change

* They can supply high fault currents (2 — 4 times) the continuous rating of the
plant at the Grid Connection point. This is essential for the maintenance of post
fault voltage profiles which is essential for adequate fault ride through
performance

* They operate in synchronism, with each other, contribute to synchronising torque
and help in limiting vector shift.

* They can supply damping power (MW) to the system to contribute to damping

All of these features are described in more detail within this report, its Annexes and
References. Unfortunately, none of these features, apart from the last item in the list, are
replicated in the current generation of converter based designs and it is the deficit of these
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features, which if left unchecked, could result in either significantly higher operating costs
(at best) or insecure system operation and potential blackout (at worst). A summary of
potential solutions to this issue are shown in Figure 1.0 based on initial studies and Figure
13 also gives the latest data on some of these possible solution including the
enhancements to the VSMOH solution.
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Figure 1.0

Two traditional approaches can be used to address this problem. The firstis to constrain
on synchronous plant. This would be expensive and may also be dependent upon the use
of carbon based thermal plant which would make it difficult if not impossible to achieve the
zero carbon operation by 2025 target and indeed the “Net Zero Ambition”. Notwithstanding
this, there is no guarantee that there will be an abundance of synchronous plant available
in the longer term future. The second approach would be to install synchronous
compensators. These are effectively rotating electrical synchronous machines which
rotate at the same speed as the grid frequency. They are not driven by a turbine and hence
do not produce a continuous Active Power (MW) output, however by varying the magnetic
field strength, they can contribute to reactive power control and hence Grid voltage control.
The important point here is that under a faulted Grid condition, they exhibit similar
characteristics to that of a synchronous generator (eg contribution to inertia, high fault
currents, synchronising torque etc). This capability can further be enhanced by a flywheel
connected to the rotor of the synchronous compensator.

A further solution which is the subject of this GC0137 Grid Code modification, is through
the introduction of GB Grid Forming (formerly referred to as a Virtual Synchronous
Machine). The aim here is to enhance the capability of conventional power electronic
converter plant so it exhibits similar characteristics to that of synchronous plant. This
technique has been available for some time, having been used in a number of other
applications such as the marine industry but has not been widely utilised in utility Grid
applications as there has been no real need based on the existing current background of
synchronous generation.
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This technique together with the other options mentioned can provide another solution to
addressing the Grid Stability issue. The introduction of this additional technique is seen as
a key enabler to achieving zero carbon operation by 2025 as well as helping to reduce
cost.

The ESO recognise that the natural capabilities traditionally provided by synchronous
generation in contributing to stability will no longer be available and in future will have to
be paid for. The ESO are therefore running a number of initiatives including the Stability
Pathfinder work [10]. The aim of this GC0137 work will complement the stability pathfinder
work and will aim to develop a minimum GB Non-Mandatory Grid Forming specification
into the Grid Code. This will then be used as the foundation for a future short stability
market which will be undertaken as a separate piece of work and would sit alongside the
Stability Pathfinder work and other Balancing Services such as Dynamic Containment.

This consultation document provides an overview of the issue, the reasons why a change
is necessary and seeks views from stakeholders on the proposed solution.

This modification seeks to implement a minimum non-mandatory specification within the
Grid Code for parties wishing to offer a Grid Forming capability — in that the affected plant
provides the same type of performance from that traditionally associated with synchronous
generators. Such plant would support the Grid during unplanned events/faults particularly
in respect of:-

)] limiting the rate of change of system frequency following the loss of a
generating unit or load;
1)) injecting instantaneous power into the system at the time of a fault as a result

of the corresponding phase change;

iii) Contributing to damping power

iv) Limiting vector shift

V) Contributing to synchronising torque

Vi) Contributing to the maintenance of an improved voltage profile during a fault
— a fundamental pre-requisite for fault ride through.

Many of these features were provided as a natural capability of synchronous generators
and therefore there was no need to explicitly define these technical performance
requirements. Unfortunately, these characteristics are not an inherent feature of current
power electronic converter based designs which use a Phase Locked Loop (PLL) as one
of their primary controls that is used to stop the output power of current power electronic
converter responding to changes in the phase angle of the AC grid.

The aim of this work is therefore to define a minimum non-mandatory specification in the
Grid Code which would provide a frame work for a future stability market. The market
elements are a separate piece of work which will be addressed outside of this modification
but would be designed to be flexible and transparent and open to any party with any
technology so long as that technology is capable of meeting the requirements of the
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specification. Even if a developer owns and operates a plant with the required capability
there is no requirement for them to enter the market if they do not wish to and equally there
would be no requirement for older non-compliant plant to meet these requirements.

Obtaining the inherent benefits of synchronous generating plant in an increasingly
converter-based world is fundamental to achieving zero carbon operation by 2025. This
approach together with other market initiatives such as the stability pathfinder work,
dynamic containment and other stacked Balancing Services is seen as the best method of
securing a low carbon system in the most economical way.

New sections will be added to the Grid Code outlining the minimum Grid Forming
specification. This will be open to all technologies be they new converter based plant,
novel technologies or even traditional synchronous generating plant which already have
the capability to meet the proposed specification.

The proposed legal text to support this modification is included in Annex 10 of this
document.

Summary of potential alternative solution(s) and implementation date(s):
No alternative modifications have been raised.

Implementation date:
It is envisaged that subject to approval by The Authority, the specification would be
implemented within Grid Code during Q4 2021.

What is the impactif this change is made?

While subsequent market arrangements may affect the wider industry and commercial
arrangements, this proposal relates only to the creation and implementation of the
minimum specification itself and therefore the only change envisaged at present relates to

the Grid Code.
Interactions

Subject to the commentary in the section immediately above, it is understood that there
should be no impact on any other codes.
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What is the issue?

Background

Electricity is the live blood of the modern economy. The roots of the electricity supply
system date back to the Victorian period where local power stations fed local demand.
Different system characteristics and regional variations eventually led to the need for
significant industry change and standardisation which eventually resulted in the formation
of the Central Electricity Board (CEB) in 1926. Whilst this had a substantial impact on the
development of what was to become the National Grid, the principle method in which
electricity is generated to the end consumer relied on a technology called the Synchronous
Generator.

Whilst there have been numerous developments to Synchronous Generators over the
years, most notably in size (noting that in the 1920’s a Synchronous Generator was in the
region of 5SMW, by the late 1960’s and early 1970’s this had grown to 660MW and today a
single generating unit connecting to the GB Transmission System would be approaching
somewhere in the region of 1700MW).

Apart from variations in size, the fundamental principle of a Synchronous Generator is
based on magnetic field which rotates within a coil of wire which in turn generates an
alternating current whose frequency is the same as that of the rotating magnetic field. The
term “Synchronous” comes from the fact that the Grid Frequency (nominally 50Hz (50
cycles per second) in GB) is therefore equivalent to the mechanical speed at which the
generator rotor rotates which for a 2 pole machine would be 3000 revolutions per minute
or 50 revolutions per second.

Synchronous Generators are ideal for the conversion of mechanical rotational energy into
electrical energy. As a consequence, they find numerous applications where the fuel
source is controllable and used to drive some form of turbine which in turn drives the
synchronous generator. Synchronous generators are also ideal as their Active Power
output is easy to regulate and Reactive Power output (a primary function used to regulate
the voltage on the transmission system) can be adjusted through variation to their
excitation system in essence a method of adjusting the magnetic field strength of the
Generator.

Against this background, the characteristics of synchronous generators have a very
important impact on the behaviour and dynamics of the Transmission System which in turn
led to the development of numerous standards resulting in the current high levels of
reliability and security of supply.

By the 1990’s, increasing concerns were being raised over environmental impact and
climate change. This trend has continued, so much so that targets have now been set to
achieve a zero carbon world.

The increasing switch to renewable technologies over time has therefore resulted in the
substantial displacement of conventional synchronous generating plant. As noted above,
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the characteristics of the transmission system are highly dependent upon the generation
technologies connected to it. So much so that as the volume of synchronous plant falls
away, the characteristics of the Transmission System starts to change. Putting this another
way, it would be similar to comparing an electric vehicle and an internal combustion engine
vehicle. Both are designed as a mode of transport from one place to another but they have
very different characteristics and consideration needs to be given to what impact (if any)
this could this have on the road network.

The current Transmission Network is designed and operated to the requirements of the
Security and Quality of Supply Standards (SQSS). Likewise the Grid Code has evolved to
define the design and operational requirements on User’s Plant (eg Generation, HVDC
Systems and Demand equipment) together with other standards and industry codes.
These requirements which have been developed through many years of industrial
experience and research which has enabled the GB Transmission System to become one
of the mostreliable in the world with a typical reliability of 99.999967% [1].

As converter based plant has started to displace synchronous generation, what has
become increasingly apparent is the inherent features of synchronous plant which were
are a natural function of their physical operation — for example the contribution to system
inertia, fault current infeed, contribution to fast fault current injection and the natural ability
to operate in synchronism with each other is not a feature of converter based plant with the
conseqguence that under certain operational conditions (particularly faults) the robustness
and stability of the Transmission System can no longer be guaranteed against current
standards of the SQSS [3].

The purpose of this work therefore is to introduce non mandatory requirements into the
Grid Code which will facilitate market arrangements for a wider short term stability market.
This will run alongside existing market arrangements such as the stability pathfinder work
and dynamic containment together with other Balancing Services with the aim to operate
the system with a 100% low carbon technologies. Having said that, whilst inertia, fault
level and synchronising torque where all features which were provided free of charge, from
the dominance of synchronous generation, these are now capabilities that will need to be
paid for.

Whilst these features will have to be paid for in future, it is believed that these can be most
economically provided by a combination of different market arrangements.

Why change?

The take up of renewable generation technologies over the last ten years has been
significant and this trend will continue into the future. The recent Government Energy
White Paper and 10 Point Plan [11] promotes the installation of 40GW of offshore wind by
2030 alone, aside from the other planned developments in renewable generation.

In recent years there has also been a significant drop in the volume of thermal plant (Coal
and Gas Fired Powered Stations) using synchronous generators. By April 2017 there were
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operating days where coal fired power stations were not used to form part of the energy
mix (the first time since the Victorian era) and since then there have been increasing
periods of time when coal has not been used. Based on the System Operability Framework
[13] this trend will continue with falls in carbon based plant (most of which are based on
synchronous generators) continuing to the point that in the future the remaining
synchronous plant will either come from Nuclear or Hydro Power.

Early signs on the impact of declining System inertia, synchronising power, and fault infeed
etc have already started to be observed in several recent incidents. Transmission System
faults have given rise to the loss of Embedded Generation even though there was no loss
of directly connected generation. The Accelerated Loss of Mains Programme [13] has
been putting measures in place to address this. The first measure has been to increase
the settings used on Rate of Change of Frequency Relays which are used for detecting
islanding conditions of Embedded Generation and the second has been to phase out the
use of vector shift protection as a method of detecting islanding conditions. These
measures provide an essential safety net to manage to the increasing volume of non-
synchronous generation in the current climate, however in order to ensure the settings
remain fit for purpose in the longer term future, there needs to be sufficient levels of system
inertia, synchronising torque and fault infeed available from a number of sources.

As noted earlier in the consultation paper and provided through the references included in
the “Reference Section” of this consultation paper, it simply will not be possible to secure
the Transmission System against the requirements of the SQSS [3] unless the
characteristics traditionally provided for by synchronous generators are replaced by new
sources.

This in part is already being addressed through the stability pathfinder work [10] and
additional measures introduced through additional Balancing Services [14] such as
Dynamic Containment. The challenge however is to achieve this in the most flexible and
economic manner. It is also not clear that these measures alone will be sufficient and any
additional tools available to manage this issue can only help in reduce the operating cost.

This modification is therefore being proposed to provide a Grid Code specification for a
Grid Forming Capability which would form the basis of a future short term optional stability
market. It will give certainty to developers of the requirements they would need to meet in
a transparent way and it would be consistent with the longer term stability pathfinder work.
It would also enable providers to compete in other ESO Balancing Services.

The ESO are introducing this proposal as an additional key ingredient to achieve zero
carbon operation of the Transmission System by 2025 and ensure the maintenance and
security of supply. It is recognised that it is not the only stability initiative currently under
development but it is unique in providing the key foundation for a short term stability market.
It is also recognised that as more tools become available to the industry in managing this
issue the overall costto the end consumer will be lower.

The Features of Synchronous Generators over Converter Based Plant

11
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This section of the report is to briefly cover the important benefits of synchronous
generators compared to converter based plant at a high level as they form the basis of the
solution. The more detailed aspects are covered in Annexes 3, 5, 8, 11 and particularly 9
of this document. It is also worth noting that this information has been presented to the
workgroup.

As has been noted, a synchronous generator is one where the speed of rotation of the
shaft is the same (or multiples thereof — depending on the number of poles) as the electrical
system frequency of the Grid. The generator itself comprises an internal voltage source
(which is an electro magnet rotating at synchronous speed) within a stator coil. The effect
of this induces a voltage in the stator winding, the effect of which establishes a voltage at
the terminals of the generating unit which is essentially equivalent to the EMF voltage (E)
of the internal voltage source behind the reactance of the armature or stator winding.

The mechanical drive train of the generator in essence is magnetically coupled directly to
the power system so the relative position of the rotor with respect to the equivalent position
of the generated voltage is effectively the same but offset by the load angle. The load
angle (d) is effectively the relative angle between the position of the generator rotor (or
rotating internal voltage source) and electrical system voltage as shown in Figure 2.0.
Hence any change in the Grid will be seen by the generator and visa versa. Putting this
another way, it would be like have two vehicles connected together via a bar acting like a
very stiff spring. As one vehicle moves the other follows it, both moving the same distance
and at the same time — hence they are synchronised but there can be oscillations between
the vehicles.

Rotor position advanced
with respect to the

System
/
. ¢ ® NOT TO SCALE
\ i Bre N\
D™ 5 Voltage
e R -
¥ l\\\ / \
\\.
_____ e
Rotor position retarded \ / Frequency (50Hz)
with respect to the \ /-" (00 = 2mf)
N System \-'

* Changing the load angle alters the power flow in the AC grid
* The load angle is the relative position between the position of
the rotor and the point on the system voltage waveform

Figure 2.0

The power generated by a synchronous generator and the equivalent circuitis represented
as shown in Figure 3.0.
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Where:-

P - is the Electrical Power Supplied by the Generator

E — is the EMF Voltage of the rotor’s Internal Voltage Source

V — is the terminal voltage (additional impedance would be seen at
the at the Grid connection point through the inclusion of a
Generator Transformer)

X —is the Synchronous Reactance

Orc — Is the Load Angle between Rotor and Grid

Figure 3.0

This equation is very important as it represents the behaviour of a synchronous generator.
It also demonstrates some very important features which are unique to synchronous
machines. These can be categorised into three broad areas these being:-

)

i

The equation in Figure 3.0 above shows that the power output is a
dependent upon the internal voltage (E) and the terminal voltage (V) both
of which have a magnitude and phase. Hence if there is a phase change
at the connection point, (which can happen instantaneously) there will be
an instantaneous change in power output and is referred to as “Phase Jump
Power”.

The second effect is that as noted in the above commentary, the rotor of the
synchronous generator is magnetically coupled to the system. As the speed
of a rotating body cannot change instantaneously (as a result of its inertia —
this is effectively equivalent to a flywheel) any change in speed on the
system (as a result of a load change or tripped generator) will be arrested
by the stored kinetic energy in the rotating mass of the remining generators
and their respective drive trains which would include the rotor shaft and
turbine shaft (a not insignificant spinning mass). This energy is slowly
released to the power system and provides additional power into the system
which helps arrest the Rate of Change of System Frequency (RoCoF). In
summary it is this effect which prevents short term rapid system frequency
changes. This is referred to as “Inertia Power”. Inertia Power can be
combined with the controlled output from a governor (a device used to
supply more or less primary fuel to the turbine and hence drive the generator
harder or less) to produce a controlled change in power output as system
frequency changes. When combined with “Inertia Power” this is referred to
as “RoCoF Response Power”.

The third benefit is that synchronous generators supply “Damping Power”.
Synchronous Generators are fitted with damper windings which effectively
have no action when the generator is operating in steady state, however
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when there is a disturbance or change in rotor speed, a current flows in the
damper windings which has the effect of contributing to braking or damping.
This is again an important feature which delivers a further power
contribution to the system under s disturbed condition.
Figure 4.0 below shows the results of a generic study where a disturbance was applied
which resulted a frequency fall as a result of a generating unit loss. The important point to
note here is the instantaneous increase in power output of the remining red, green and
blue generators which is in essence the supplied “phase jump power”. The area under the
curve of the red, green and blue generators is effectively the power supplied from the
stored energy in the rotating mass of the generators which amounts to the “Inertia Power”.

4300.00
4200.00
4100.00

4000.00

3900.00 . . .
0.000 12.00 24.00 36.0

sym_106_G3: Active Power in Wiy
sym_106_G3: Active Powar in WY
sym_106_G3: Active Power in Wiy

Figure 4.0
The full effects of “phase jump power”, “inertia power / RoCoF Power” and “Damping

Power” are illustrated in Figure 5.0 which is taken from a real incident on the GB
Transmission System.

Remote generators with low RoCoF and low oscillations

local
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The combined values of the Type 2 and Type 4 powers are called the RoCoF Response Power.
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Figure 5.0 — Frequency and Power data for three 560MW Generating Units and two
Remote Generating Units showing the effects of “Phase Jump Power”, “Inertia Power”
and Damping Power”. — This Figure is reproduced from Figure 8.2.1 in Annex 9.

Aside from these features, synchronous machines also have the capability to supply very
high fault currents typically 2 - 4 times their steady state rating at the Grid connection point.
This capability is important for fault detection and power system protection operation but
the high currents that flow during the fault is important for maintaining a voltage profile
across remaining parts of the system which is a fundamental perquisite for fault ride
through. This being essential for ensuring generation adjacent to a fault but connected to
a healthy circuit is capable of withstanding disturbed conditions and hence prevents
cascade tripping which would ultimately lead to a subsequent frequency collapse and
Blackout condition. As all synchronous plants operate in synchronism with each other their
combined contribution in mitigating these effects has very significant system benefits.

Unfortunately, these benefits are not replicated in converter based plant where the primary
energy source is decoupled from the Power System. As such, the benefits of synchronous
plant such as “Phase Jump Power”, “Inertia Power”, “Damping Power” and the contribution
to Short Circuit Level are not replicated in the current design of converter based plants. A
significant amount of work has been documented on this issue in the System Operability
Framework [12] with Figure 6.0 below demonstrating the significant drop off in Short Circuit

Level.

Key Key

{min 5CL) {min SCL]
13-15kA 13-15kA
11-12kA 11-12kA
9-10KA S-10KA
T-B KA 7-8 kA

<7 kA <7 kA

Figure 6.0 — Predicted decline in Regional Short Circuit Level in GB
These issues are covered in far more detail in Annex 9 of this consultation document.

As a closing remark it is worth referring to the analogy used earlier. The synchronous
generator can be compared to two vehicles coupled rigidly by a bar acting like a very stiff
spring hinged at either end. As one vehicle moves the other follows it (moving by the same
distance at exactly the same time) “phase jump power”, on a hill, the vehicle following the
front vehicle will benefit from engine braking as well as the braking system of the front
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vehicle “Inertia Power” and in the event the front vehicle goes over a road bump the second
vehicle should provide some form of damping “Damping Power” due to the losses in the
very stiff spring.

Using the same analogy in the case of a converter-based plant it would be like having two
vehicles tied together but in this case they are coupled using rope or chain. Hence as the
first vehicle moves there will be a delay in the second vehicle moving until the slack and
tension is taken up by the rope or chain. In the case of a hill there is the risk of the second
vehicle running into the first vehicle. This illustrates the effect of a Phase Locked Loop
(PLL) quite neatly, where the PLL will detect a change, makes some calculations and then
applies some control action. In the case of a vehicle going down a hill, the second vehicle
detects slack in the rope or chain and then applies the brakes but this action is a delayed
control action and not in synchronism with the first vehicle. The last illustration is that
where the first vehicle goes over a bump in the road a rope or chain will not contribute to
damping due its flexible nature.

Both Annex 9 and Annex 11 of this document provide a very good comparison between
the performance of synchronous generation and converter-based Grid Forming Plant.

Proposer’s solution

The proposers solution is to introduce a non-mandatory specification into the Grid Code
which will facilitate a short term future stability market. The aim is to ensure that any plant
which offers this service is capable of providing the same characteristics inherently
available from synchronous generation which are fundamental to the security and
robustness of the transmission system.

Justification for Grid Forming / Virtual Synchronous Machine Technology

The concept of Grid Forming is not new. It is a technique which was first considered in the
mid 1990’s finding applications in the marine industry. The ESO first considered the
challenge of connecting large volumes of converter-based plant in 2013 finding that under
certain operational conditions, only about 65% of total generation could comprise non-
synchronous before significant issues arose under fault conditions [9].

Additional research was undertaken culminating in further papers published in 2016 [15].
These papers took the basic concept of adjusting the control architecture so that the
converter behaves as voltage source behind an impedance in the same way as a
synchronous generator. This has two substantial benefits — it i) enables the converter to
instantaneously react to any change on the Grid system without any independent control
action and i) power electronic converters with this capability all operate in synchronism
with each other in the same way as synchronous generation enabling wider system support
during system disturbances. System studies included as part of the research papers [15],
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[16] demonstrated very substantial improvement in the results when the same studies as
presented in 2013 [9] were rerun with the revised converter architecture.

In 2017 as part of the GC0100 work [8] it was initially proposed that Grid forming should
be considered as an option for fast fault current injection. Again, this was based on detailed
study work showing a substantial improvement in system performance when the improved
converter architecture was used. At the time when this proposal was put forward,
workgroup members felt this approach was too ambitious and further work should be
completed. On this basis in 2018, the ESO established a Virtual Synchronous Machine
(VSM) Expert Group [17] whose main aim was to consider if VSM/Grid Forming was a
viable technology worth progressing and to consider at a high level the technical
specification would look like.

In parallel with this work, the ESO published further papers in 2019 [18]. One of these
papers included research undertaken in collaboration between the ESO and Nottingham
University which trialled the successful demonstration of small scale VSM converter. In
addition to this, Scottish Power Renewables in collaboration with Siemens Gamesa have
also applied a Grid Forming architecture to the Dersalloch Wind Farm in Scotland [19], [25]
and [26]. with very promising results. In this case, Grid Forming technology has been
applied to a full scale wind farm which was originally designed using classical converter
technology and it has also demonstrated a Black Start capability [27].

References [18] and [19] clearly demonstrate the substantial research and development
that has taken place into this subject and that Grid Forming/ Virtual Synchronous Machine
technology is a viable solution in achieving a secure Grid System running on low carbon
sources.

High Level Proposal

As noted above, prior to the formation of this GC0137 Grid Code modification, substantial
research and development work had already been undertaken into the concept of Grid
Forming. The title was subsequently changed from Virtual Synchronous Machines or VSM
to GB Grid Forming on the basis that VSM had been used in many different arena’s and
meant different things to different people. GB is also not unique in developing this
technology as referred to in the “International Experience” section of this document but the
GB Grid Forming proposals only relate to the GB Grid.

At the start of the work it was very clear that Grid Forming is a viable technology however
any requirement specified within the Grid Code should take account of the following criteria.

* The requirements should not be mandatory and have the ability to form the basis
of a wider commercial market.

* The specification should be transparent and enable any type of plant (eg
synchronous plant, converter-based plant, compensation equipment) which has
the required capability to participate in a future market.
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The requirements should not mandate minimum overload ratings. This would
present excessive costs to developers. The option should also enable
developers to offer the service where their plant is de-loaded.

The requirements would be consistent with the Stability Pathfinder work and
equally enable developers the opportunity to offer additional Balancing Services
(for example Dynamic Containment) provided this does not result in over
declaration of capability

The specification has been developed to enable developers to declare the
capability of their plant. This means that a full Grid Forming Capability could be
offered which includes the VSMOH technology. VSMOH is a capability where the
same capabilities as a synchronous machine are provided but the energy store
(which would normally be reflected from the stored energy in the rotating mass
of the drive train) is substantially reduced. This technology does however
provide substantial benefits in providing of synchronising torque, fault infeed,
limiting vector shift and helping to maintain a stable voltage profile during
disturbed conditions. Since Phase Jump Power is a very important element in
stabilising the Grid, VSMOH is a very important technology.

The ability for both new and existing providers to participate.

These features were taken into account following the feedback received from Stakeholders
during the VSM Expert Group [17] and the dialogue received during the GC0137 workgroup

itself.

The specification itself comprises three main sections:-

The technical performance requirements which defines the plant capability.

The plant data and modelling information. This is necessary to assess the
capability of the plant and enable the model to be integrated into the ESO’s
software suite so its impact on the System can be established. It also includes
the necessary data to ensure the plant does not cause any undue interactions
on other User’s plant or the wider Transmission System.

Compliance which is to demonstrate that the plant as built is fully capable of
meeting the requirements of the Grid Code specification. This would include
both simulation and testing. The proposed legal drafting takes into account the
potential need for type testing using an isolated test network.

The following sections provide some more detail on each of these three main sections.

Technical Performance Requirements

The Technical Performance requirements contain the following key requirements which
are reflected in the legal drafting.

New definitions in particular “Grid Forming Capability”, “ROCOF Response
Power”, “Phase Jump Active Power”, “Damping Active Power”, “Control Based”
and “Control Based Real Droop Power’. These are key definitions which
describe i) the plant and what is expected from it and ii) the type of “Power”

output expected when subject to a disturbance. These definitions are described
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in more detail in Annex 9 and 10 but reflect similar performance requirements to
that of a Synchronous Generator.

Grid Forming Capability

Is a Power Generating Module, HYDC Converter (which could fom
part of an HVDC System), Generating Unit, Power Park Module,
DC Converter, OTSDUW Plant and Apparatus, Electricity Storage
Module or Dynamic Reactive Compensation Equipment whose
Active Power output is directly proportional to the magnitude and
phase of its Internal Voltage Source, the magnitude and phase of
the woltage at the Grid Entry Point or User System Entry Point and
the sine of the Load Angle. As a consequence, a Plant which has a
Grid Forming Capability is one where the frequency of rotation of
the Internal Voltage Source is the same as the System Frequency
for normal operation, with only the Load Angle defining the relative
position between the two.

For GBGF-I Plant the control system, which determines the amplitude
and phase of the Internal Voltage Source, shall have a response to
the wltage and System Frequency at the Grid Entry Point or User
System Entry Point) with a bandwidth that is less than a defined
value as shown by the system’s NFP Plot.

Exceptions to this rule are allowed only during transients caused by
System faults, woltage dips/surges and/or a step or ramp changes in
the phase angle which are large enough to cause damage to the Grid
Forming Plant via excessive currents.

ROCOF Response
Power

ROCOF Response Power is defined as the Phase-basedreal Inertia
Power plus the Control-Based Real Droop Power that can be
supplied by a Grid Forming Plant when subject to a rate of change
of the System Frequency.

Phase Jump Active
Power

The transient Active Power transferred from a Grid Forming Plant
to the Total System as a result of changes in the phase angle
betweenthe Internal Voltage Source ofthe Grid Forming Plant and
the Grid Entry Point or User System Entry Point.

In the event of a disturbance or fault on the Total System, a Grid
Forming Plant will instantaneously supply Phase Jump Active
Power to the Total System as a result of the phase angle change.

For GBGF-I Plant as a minimum value this is up to the Phase Jump
Angle limit power.

Phase Jump Active Power is an inherent capability of a Grid
Forming Plant that starts to respond naturally, within less than 5 ms,
and can have frequency components to over 1000 Hz.

Damping Active Power

The Active Power naturally supplied by a Grid Forming Plant as a
result of oscillationsinthe Total System. More specifically, Damping
Active Power is the result of an oscillation between the woltage at the
terminals of a Grid Forming Unit and the wltage of the Internal
Voltage Source of the Grid Forming Unit.

For the awidance of doubt, Damping Active Power is an inherent
capability of a Grid Forming Plant that starts to respond naturally,
within less than 5 ms.

19




nationalgrid

Workgroup Consultation GC0137
Published on 31 March 2021

Control Based Control Based are changes in the positive phase sequence Root

Mean Square Active Power or Reactive Power produced at
fundamental System Frequency by the control system of a Grid
Forming Unit that occur due to changes in the outer control loops of
a Grid Forming Plant or as a result of a change to an externally
supplied setpoint or parameter (such as Active Power, Reactive
Power, wltage, System Frequency, Droop or Slope) or to a
parameter at the Grid Entry Point or User System Entry Point (if
Embedded) connected to the control system.

For GBGF-I Plant these Control Based changes have a bandwidth
limited to 5 Hz.

The “outer” control loops of a Grid Forming Plant refer to those
functions classically provided in a Synchronous Generating Unit by
a traditional governor coupled to its prime movwver, or by an Automatic
Voltage Regulator (AVR) coupled to its Excitation System.

The “outer” control loops do not include the “inner” parts of a GBGF-
I’s control system which emulate the inertia and damping functions
provided by a real Synchronous Generating Unit.

A GBGF-I system has the ability to provide higher Dam ping Factors
than a typical Synchronous Generating Unit, and higher or lower
inertia constants than a typical Synchronous Generating Unit.

Control Based Real Control Based Real Droop Power output is the transfer of Active
Droop Power Power injected or absorbed by a Grid Forming Plant to and from the

Total System during a System Frequency deviation away from the
normal System Frequency.

For a GBGF-I Plant this is very similar to Primary Response but with
a response time to achieve Maximum Capacity or Registered
Capacity within 1 second.

For GBGF-I Plant this can rapidly add extra ROCOF Response
Power in addition to the phase-based Real Inertia Power to provide
a system with desirable NFP plot characteristics.

Grid Forming Plant has been subdivided into two parts GBGF-S (referring to a
Grid Forming Plant derived from a Synchronous Generator) and GBGF-I
(referring to a Grid Forming Plant derived from a Power Electronic Converter).
This has been necessary as some of the requirements between the two plant
types are slightly different. It is not appropriate for example for owners of GBGF-
S plant to undertake some of the tests or analysis as their dynamical
performance characteristics are already understood and the proposer does not
believe it is appropriate or efficient to undertake such tests.

Any Plant Owner which wishes to provide a Black Start Service would need to
have a Grid Forming Capability. This is important in providing additional market
opportunities for owners and operators of plant to provide a Black Start service
should they wish to do so.

The technical performance requirements are non mandatory but are open to any
provider who owns and operates any form of plant so long as they can meet the
minimum requirements. The ability to provide this service would also be open
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to Non-CUSC parties who traditionally would not be party to the Grid Code. For
parties falling into this position, the relevant Grid Code obligations applicable to
them would be set out as part of the qualification process for competing in a
future Grid Forming market. For CUSC parties who are already caught by the
requirements of the Grid Code, a condition of providing a Grid Forming
Capability would also require them to meet other Grid Code requirements (for
example the Planning Code, Connection Conditions / European Connection
Conditions, Compliance Processes / European Compliance Processes), but
these would be already be a condition of being a CUSC Party.

* The basic structure of the Grid Forming Plant shall comprise an internal voltage
source and impedance. The impedance would be real being made up of either
one or a string of real impedances between the internal voltage source and
connection point and would not comprise virtual impedances. A virtual
impedance is produced by software that adds a capability to the GBGF-I internal
voltage source to alter the impedance between the internal voltage source and
the Grid connection point.

« Each Grid Forming Plant is required to be capable of supplying ROCOF
Response Power”, “Phase Jump Active Power”, “Damping Active Power” and
“Control Based Real Power” when subject to a network disturbance. These
requirements also apply under both positive and negative frequency changes.

» Each Grid Forming Converter shall be designed so as not to cause any undue
interactions with the wider System or other User’s Plant and Apparatus.

* Any external control systems fitted to the Grid Forming Plant (for example
voltage control systems or frequency control systems, shall have a bandwidth
limit of less than 5Hz to avoid undue control system interactions.

» For Plants which have both an importing and Exporting Capability (for example
an HVDC System or Energy Storage System), the Grid Forming Plant should
have the capability to operate over the full import and export mode of operation.

* The Grid Forming Plant shall be designed to be adequately damped. A Damping
Factor within a range of 0.2 — 5 is permitted with the specific value being agreed
with the ESO as this will vary on a site specific basis.

+ Each Grid Forming Plant should be capable of operating over a minimum short
circuit level as agreed with the ESO.

» Each directly connected Grid Forming Plant shall be capable of satisfying the
applicable quality of supply requirements defined in CC/ECC.6.1.5,
CC/ECC.6.1.6 and CC/ECC.6.1.7. Any additional requirements for enhanced
quality of supply requirements (for example improvements in managing
harmonic distortion) would be agreed bilaterally with the ESO and Relevant
Transmission Licensee. The requirements for Temporary Overvoltage
Assessment (TOV) for direct connections in England and Wales would generally
be managed through compliance with TGN288 [20] and included as a
requirement in the Bilateral Connection Agreement.

* A new requirement for fast fault current injection has been introduced. This is
similar to the requirements of ECC.6.3.16 introduced through Grid Code
modification GC0111 [21] but reflects the need for faster response times and the
peak rated current of the Grid Forming Plant. Further details on these
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requirements are detailed in Annex 8 and 9 but for illustration purposes the
reactive current performance requirements are shown in Figures 7.0(a) and
7.0(b) below. The solid limit line of Figure 7.0(a) depends on the Grid Forming
Plants current limit values and two examples are shown.

GridEntry Pointor The User or Non CUSC party specifiesthe
User System Entry PointVoltage pu peak rating that defines the curve’s shape
1.2
1.4 ——
1 Normal voltage
control operation
0.9
08
g_ 0.7
c
- 0.6
(=]
& 05
S :
> 04 .
0.3 : Peakrating1.0 pu Peak rating 1.5 pu
0.2
0.1 : :
-0.312 : 0.0 :0.312

0-0.4 03 02 01 0 01 02 03 04 05 06 07 08 09 1 11 12 13 14 15 16

Reactive currentin pu

Figure 7.0(a)

Acceptable operation is above the shaded area

Peak current rating in per unit

0.0 5.0 Time in milliseconds 30.0 Fault clearance

Figure 7.0(b)

* A new section has been introduced on monitoring. This will require either a new
Electrical Standard or an amendment to the current Dynamic System Monitoring
Standard (T7S.3.24.70_RES) [22]. This is an issue which will require further
discussion as part of the GB Grid Forming Best Practice Expert Group.
Data Reguirements

The second part of the specification relates to the data and models which need to be
supplied to the ESO. This is required for three principle reasons:-
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» To ensure that a developer provides atrue and accurate reflection of their Grid
Forming Plant so that it can be replicated in the ESO’s Power System Analysis
software suite. This is to enable the ESO to continue to have an accurate
understanding of how the Grid Forming Plant will affect the Transmission
System.

« To enable the correct data to be submitted to facilitate the Future Grid Forming
Market.

* To supply relevant data (Network Frequency Perturbation Plot and Nicolls
Charts or equivalent) so that the ESO can verify that the plant will not have any
negative interactions with the Transmission System or other User’s Plant and
ensure an adequate level of damping.

For example, for a converter-based plant (GBGF-I Plant) the developer should supply i) a
high level architecture of their plant (Figure 8.0), and ii) an equivalent simulation block
diagram model as shown in Figure 9.0(a) or Figure 9.0(b).
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bltage |Vc
Vr control [ )
— Inverter ~
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& | | optional va
protection |  goftware Inverter i Grid
Ny \Pe Inertia Vs Xin transformer
12 ) Plant Xtr ) Many
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Figure 8.0
Typical simulation model 1
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Figure 9.0(a) - Simplified diagram of a GBGF-I Plant with a Power System Stabiliser “PSS” that
can add damping to the GBGF-I Plant’s closed loop function shown by the solid red line and the
dotted blue line.
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Typical simulation model 2
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Figure 9.0(b) - Simplified diagram of a system with a droop control ability that can add Control-
Based Real Droop Power. This diagram does not add damping to the GBGF-I Plant’s closed
loop function shown by the solid red line and the dotted blue line.

Table 1.0 below shows is an extract from the proposed Grid Code Legal drafting of the
data that a developer would be expected to provide in respect of their Grid Forming Plant.
This would then be used to assess its benefit to the Transmission System and would also
form the basis of a future Grid Forming Market.

Quantity Units Range User Defined Parameter
(where
Applicable)
Type of Plant (eg N/A

Generating Unit,
Electricity Storage
Module, Dynamic
Reactive Compensation
Equipment

Maximum Continuous

Rating

Primary reactance X (see pu on
Table 1) MVA
Additional reactance X pu on
(See Table 1) MVA
Maximum Capacity MW

ROCOF Response Power | MW
(MW) supplied or absorbed
at 1Hz/s System
Frequency change

Phase Jump Angle degrees 60 degrees specified
Withstand
Phase Jump Angle limit degrees 5 degrees recommended

Phase Jump Angle Rating | degrees
for Current Limit

Phase Jump Power (MW) | MW
at the rated angle
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Defined Damping Active | MW
Power fora Grid
Oscillation Value of 0.5 Hz
peak to peak at 1 Hz

The cumulative energy MWs
delivered for a 1Hz/s
System Frequency fall
from 52 Hz to 47 Hz This is
the total real transient
output of the Grid Forming

Plant

Inertia Constant using H
eqguation 1

Continuous Owerload % on
Capability MVA

Short Term duration
Overload capability

Duration of Short Term [
Owerload Capability

Peak Current Rating pu

Nominal Grid Entry Point | kV
or User System Entry
Point wltage

Grid Entry Point or User - Location
System Entry Point

Continuous or defined time | MVA
duration MVA Rating

Continuous or defined time | MW
duration MW Rating

Fora GBGF-I Plant the pu
inverters maximum Internal
Voltage Source (IVS) for
the worst case condition.

Maximum Three Phase kA
Short Circuit Infeed at Grid
Entry Point or User
System Entry Point

Maximum Single Phase kA
Short Circuit Infeed at Grid
Entry Point or User
System Entry Point

Will the Grid Forming Details to
Plant contribute to any be
other form of commercial provided

senice — for example
Dynamic Containment, Firm
Frequency Response,

Equivalent Damping C 0.2to 5.0 allowed
Factor.
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Table 1.0

It is important that any Grid Forming Plant connected to the Network does not cause any
harmful or undue interactions with other User’s Plant or the wider System itself. As part of
the workgroup discussions, the Network Frequency Perturbation (NFP) Plot combined with
the use of a Nicolls Chart (to assess damping) has been suggested as suitable approach
for this application although the drafting has been written to allow other techniques to be
used so long as they can demonstrate no harmful or undue interactions arise.

The Network Frequency Perturbation plot is essentially a form of Bode Plot which plots the
amplitude (%) of the output oscillation and Phase (degrees) to the frequency of an applied
input oscillation. The results from the Network Frequency Perturbation Plot is then used
to construct a Nicolls chat from which the Damping Factor can be determined and hence
establish if an appropriate level of performance is achieved. An example of an NPF Plot
and Nicolls Chart is shown for illustration purposes in Figure 10. This figure has an NFP
plot with very low damping (dotted lines) provided by the real damping losses in the AC
supply impedances and an NFP plot with added damping provided by the Supplier
Damping Function shown on Figures 9(a) and 9(b)

NFP gain Bode plot NFP phase Bode plot Nicolls chart open loop
1

w
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=
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=3

110

100

Gain
Degrees
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bt o 1 1 1w o o 1 m 10 "'7050 90 100110120 130 440 150 460 470 480

Frequency in Hz Frequency in Hz Degrees
Figure 10 — NFP Plots and corresponding Nicolls Charts — Reproduced with the kind
permission of Enstore.

The data and analysis associated with the assessment and impact on the System is a
complex area. Whilst the Grid Code proposal requires developers to submit an NFP Plot
or equivalent, it is recognised that this is a complex area and therefore it is proposed that
a separate expert group is established which will be tasked with developing a “Best
Practice Guide”. The purpose of which will be to develop some guidance relating to what
would be judged to be an acceptable level of performance and provide some worked
examples. This work would sit outside this proposed GC0137 modification such that the
Grid Code is sufficiently flexible to provide the minimum functional specification but the
Best Practice Guide would provide the detail necessary. It is also easier to subsequently
update and amend a Best Practice Guide rather than the Grid Code.

Compliance Requirements
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The final part of the specification covers compliance which covers the following three main
areas, these being:-

« Simulation

+ Testing

* Online Monitoring
As noted earlier in this report the purpose of the Compliance Process to ensure that the
plant as built is capable of meeting the full requirements of the Grid Code and Bilateral
Agreement. All of these sections have been introduced into the legal drafting.

Simulation

Simulation studies are a very important part of the compliance process in so far that i) they
are necessary to ensure the data and models submitted are a true and accurate reflection
of the plant as built and ii) to demonstrate that the plant behaves in the manner expected
prior to any real tests being undertaken.

As part of this Grid Code modification, the following high level simulation studies are
proposed. The first set of studies are run against the test network in Figure 11.0.

Xin
‘ Xtr
/\J 4}__.”/\/\ N\
Xtotal | o%e%!
Variable Frequency Gnd
Figure 11.0

These simulations only need to be run for Grid Forming Plants comprising Power Electronic
Converters. There is no requirement for them to be run for Grid Forming Plants which
achieve the necessary requirements using Synchronous Generators as their capability has
been demonstrated over many years of operation and industrial experience.

Simulations are first run by varying the frequency of the Grid to assess the supply of
‘ROCOF Response Power” performance under both slow and small frequency changes as
well as under rapid and extreme frequency changes. This is to confirm the correct
operation of the Grid Forming Plant in the linear operating region and also under extreme
frequency changes when the plant saturates. The latter test is to ensure the plant can
maintain its full expected saturated output when subject to extreme frequency conditions.
These tests are repeated with the plant part loaded. The purpose is to assess the correct
supply of “ROCOF Response Power” without going into saturation and that pole slipping
does not occur.
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The second set of simulations are required to demonstrate the ability of the Grid Forming
Plant to supply Phase Jump Power. The simulations are run with the plant at full load or
an agreed loading point, minimum load and a range of phase jumps applied at the
connection point. A phase jump of up to the maximum phase jump limit is also to be
applied. These tests are to demonstrate the plant can provide “Phase Jump Power” but
also the Plant can withstand “Phase Jumps” up to the maximum “Phase Jump Withstand
Limit”.

The third set of simulations are required to confirm and demonstrate the appropriate
behaviour of the Grid Forming Plant during fault or depressed voltage conditions. In
particular these are required to demonstrate fault ride through and fast fault current
injection.

To demonstrate that the Grid Forming Converter can supply both ROCOF Response

Power and Phase Jump Power at the same time, a simulation is required to be setup Iin
accordance with the requirements of Figure 12.0.

Variable Frequency Grid

Xtotal + Xtr B
Va'a ALY EA
' Xl

44444

s load ¥

Figure 12.0

In this simulation, the Grid Forming Plant’'s output is set to load Y/2 and the variable
frequency Grid is set to 50Hz with an export of Y/2 as shown in Figure 12.0. The variable
frequency Grid is then subject to a fault at point A, followed by the opening of circuit breaker
B, 140ms later. Results of Active Power, Reactive Power and Frequency are then recorded
to demonstrate the capability of the Grid Forming Plant to supply “ROCOF Response
Power” and “Phase Jump Power” simultaneously.

The next simulation test is required to demonstrate the ability of the Grid Forming Plant to
supply Damping Power. This is initially achieved by injecting a 2Hz sine wave into the Grid
Forming Plant model (see Figure 9.0(a) and Figure 9.0(b)) and comparing the results
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achieved match the quoted damping factor as derived from the Network Frequency
Perturbation Plot as supplied by the Grid Forming Plant Owner. Arange of simulation tests
are repeated by injecting a sine wave with an amplitude of 0.01 pu into the Grid Forming
Plant Model from 0.5Hz —10Hz in 0.5Hz step increments (in total 20 tests). Again, damping
is assessed against the Network Frequency Perturbation Plot as supplied by the Grid
Forming Plant Owner.

The final simulation is to demonstrate phase based real control output power. This is
achieved by injecting a 2Hz sine wave with an amplitude of 0.1 p.u into the Grid Forming
Plant control system (see Figure 9.0(a) and Figure 9.0(b)) and ensuring that that control
based active power which would be equivalent to the power output with governor action in
operation is below the 5Hz bandwidth limit.

Testing

Testing is required to ensure the actual Grid Forming plant is capable of meeting the
requirements of the Grid Code, Bilateral Connection Agreement, Ancillary Services
Agreement and to validate the data and models submitted.

The actual tests themselves are broadly the same as the simulation tests. Some of these
tests will require a variable frequency supply and therefore will require specialist testing
facilities. To address this issue the ESO will accept Type Tests and Equipment Certificates
as demonstration of compliance and will also be open to accepting an alternative set of
tests to those specified in the Grid Code Legal Text where it can be demonstrated that the
Grid Forming Plant is fully capable of meeting the requirements of the Grid Code, Bilateral
Agreement and Ancillary Services Agreement. Where such facilities or Equipment
Certificates are not available, demonstration of compliance would need to be demonstrated
during the Interim Operational Notification Process.

There is a Phase jump test facility can be used to confirm the correct operation of a plant
as it produces the same effect of a phase jump at the Grid Connection Point.

Some of the tests will require very fast sampling rates in order to see the behaviour of the
Grid Forming Plant. This is particularly the case where a step change in the phase angle
is applied at the connection point as it will result in an almost instantaneous change in the
active power output of the Grid Forming Plant. Based on the analysis undertaken, the full
supply of active power should be generated for a phase shift of 5 degrees. This value
should be generated each time the phase shift exceeds 5 degrees up to a maximum phase
withstand limit of 60 degrees. The resolutions required to record these events are small.
For a Grid Forming Converter with a fundamental frequency of 50Hz, a complete cycle
takes place in 20ms which is equivalent to 21 radians or 360 degrees. Therefore a 5
degree change would take place in a timeframe of (5/360) x 20ms = 270us and a 1 degree
change would take place in 54us. Therefore to accurately record these sorts of phase
shifts a sampling time of 1us (1MHz) is likely to be required. There are instruments
available capable of recording these values and the Grid Code legal text has been updated
to include this requirement.
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Monitoring

In addition to testing there will also be a requirement for online monitoring to be undertaken
once the Grid Forming Plant has been commissioned. This would take the form of an
enhanced Dynamic System Monitor where a new standard may need to be introduced
within the Relevant Electrical Standards (RES). It is envisaged that this would be an
adaptation to the current Dynamic System Monitoring Specification TS.3.24.70 RES [22]
which would require enhanced sampling and signal monitoring requirements. It is
proposed that this standard is addressed as part of the Expert Group which is developing
the Best Practice Guide.

One aim is that the monitoring system will capture data on either any significant grid phase
jumps or any significant RoCoF transients for subsequent analysis of the plants
performance. This has to be done at the plants location as these effects vary at different
locations for any grid transient.

Code Structure

As a final point, as the Grid Forming specification is a Non-Mandatory requirement, it is felt
that the data requirements are more appropriately suited to being included in the Grid
Forming section of the European Connection Conditions rather than the more traditional
location of the Planning Code. There are some options available here, these being the
more traditional approach of placing the data requirements in the Planning Code, the
technical requirements in the European Connection Conditions and the Compliance
requirements in the European Compliance Processes. An alternative approach would be
to create a new section of the Grid Code specifically aimed at “Grid Forming” which has
been an approach used for previous Grid Code changes such as the “Demand Response
Services Code”. A consultation question has been raised on this issue.

Workgroup considerations

The Workgroup convened 3 times to discuss the perceived issue, detail the scope of the
proposed defect, devise potential solutions and assess the proposal in terms of the
Applicable Code Objectives. The workgroup met on 9t April 2020, 22 September 2020
and 8 January 2021. The workgroup also utilised the extensive work what that been
previously undertaken (see the Reference Section and International Experience Section of
this Report).

Meeting 1 — 9t April 2020

The first workgroup meeting was held on 9t April 2020. Its aims were to discuss the Terms
of Reference, introduce the modification and its reasoning, summarise the previous work
that had been completed as part of the VSM Expert Group [17], discuss the draft
specification that had been prepared prior to the first workgroup meeting. It was agreed
that the draft specification discussed at that meeting should be reviewed and workgroup
members should provide comments back to the ESO so they could be incorporated into
the next iteration of the specification.
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At this first meeting, the Chair to took an action to update members on the progress of
related Grid Code modifications GC0138 (Compliance process technical improvements)
[23] and GC0141 (Compliance Processes and Modelling amendments following 9th August
Power Disruption) [24] but noted that each modification needed to be considered on its
own merits.

Annex 3 of this consultation document contains the presentation material given at this
meeting. The Terms of Reference are covered in Annex 2.

Meeting 2 — 22 September 2020

The second meeting was held on 22 September 2020. Its aims were to discuss and
address the actions raised at the previous meeting on 9 April 2020, address the comments
that had been raised at the previous meeting and discuss the revised specification which
had been prepared and circulated two weeks in advance of the meeting. Annex 5 of this
consultation document contains the presentation material.

It was at this meeting that it was agreed the name of the Workgroup should be changed
from Virtual Synchronous Machines or VSM to GB Grid Forming. This was on the basis
that VSM means different things to different people and the term has been used across
various parts of the world with a potentially different context. On this basis it was agreed
that the title of the Workgroup should be changed from “Minimum Specification Required
for Provision of Virtual Synchronous Machine (VSM) Capability to the “Minimum
Specification Required for Provision of GB Grid Forming (GBGF) Capability (formerly
Virtual Synchronous Machine/VSM Capability)” It was agreed that this title better reflected
the purpose of the modification which the Grid Code Review Panel also agreed to at their
meeting on 24 September 2020.

At the second meeting the ESO also presented the developments which had taken place
since the last meeting held on 9th April 2020. The topics discussed included the following: -

« Synchronous Machine Theory and how this relates to GB Grid Forming

» Synchronous Machines GB Grid Forming Static Power Converter (GBGFC with
Inertia) and VSMOH (Grid Forming Static Power Converters with no inertia) and
the comparison with conventional power electronic converter designs using
Phase Locked Loops (PLL)

» Grid Forming Analysis, Specification and Development

* High level requirements

Data submission and models

Compliance Testing and Simulation

Monitoring

Determination of System Need

Between the first and second workgroup meetings, the ESO undertook some extensive
discussion with some key stakeholders, notably Enstore and Siemens / Gamesa. The
ESO is especially grateful to these stakeholders who covered some of the more detailed
aspects of the design and equipment capability.

The second workgroup also discussed the revised specification which had been updated
substantially since the first meeting and again further comments were requested from
workgroup members on their views. This was also complemented by a “chat” session
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which was recorded at the meeting. At this stage the specification did not include
requirements for fast fault current injection or the compliance simulation and testing
requirements.

At the second meeting it was originally planned to launch the workgroup consultation at
the end of the year however in light of the additional significant comments that were
subsequently received and the further work required, it became clear that a further meeting
would be required ahead of issuing the consultation. One of the issues in particular is the
need to ensure Grid Forming Plant does not cause undue interactions with the wider
Transmission System or other User’s Plant. A technique for managing this known as a
Network Frequency Perturbation (NFP) Plot and it was agreed that this needed further
development, particularly in respect of judging what would be considered to be an
acceptable level of performance.

One point worthy of note is that between workgroup 1 and workgroup 2, the ESO came in
for some criticism regarding the de-prioritisation of the GC0137 modification, especially as
during the Summer of 2020 the Stability Pathfinder work [10] was requesting expressions
of interest from developers. This was against the background of some developers
preparing their own designs and requiring more certainty on the requirements. As part of
this work, it is the Grid Code Review Panel that are responsible for the priority of work
against the level of resource available. GC0137 is a modification that is seen as a strategic
longer-term modification which while not having a critical requirement for an
implementation date, it does make the operational costs for the System higher in the
absence of a requirement and hence the availability of a shorter term stability market. This
needs to be weighed against the other Grid Code modifications, some of which (GC0147
- Last Resort Disconnection of Embedded Generation — Enduring Solution) for example
have an urgent need to be in place otherwise there is a risk to system security or other
modifications which have an EU compliance deadline, so it is entirely understandable why
the modification was de-prioritised.  That said the ESO together with some key
stakeholders worked very hard behind the scenes to keep the work moving despite only a
few workgroup meetings. It is also seen that this is a very positive outcome when
compared against leaving the modification in a dormant state.

Following the second meeting, the workgroup were asked for further comments. In
addition, a formal response was provided to the recorded chat session held during the
second meeting which was circulated to Workgroup members in early December. This
was released shortly after the technical guide issued by Enstore as many of the comments
raised were addressed in the Enstore note. A copy of the recorded Chat and the response
to these questions are covered in Annex 7. The Enstore Note entitled “Enstore's guide for
GB Grid Forming Converters — V001" which describes the “Design of GB Grid Forming
Converters” has subsequently been updated in the light of experience and the most recent
version of this guide “Enstore updated guide for GB Grid Forming Converters — V-004" is
attached to the consultation document in Annex 9.

Meeting 3 — 8th January 2021

The third meeting was held on 8th January 2021. Its aims were to discuss and address
the actions raised at the previous meeting on 22 September 2020, address the comments
that had been raised at the previous meeting and discuss the revised specification which
had been prepared and circulated in advance of the meeting. Annex 8 of this consultation
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document contains the presentation material which included many substantial revisions
including requirements for fast current injection, compliance testing and simulation.

At the third meeting the ESO, presented the developments which had taken place since
the second meeting held on 22nd September. The topics discussed included the following: -

» Background

« Equivalent circuits and models

» Design Parameters

* Operating ranges (normal and abnormal)

« Fast Fault Current Injection

+ Compliance Requirements

* Online Monitoring

« Arrangements for a Best Practice Expert Group
As noted above the main revisions to the specification included the requirements for fast
fault current injection and a completely new section on compliance which covers
simulation, testing and monitoring.

Two key issues were also raised during this meeting, these being:-

* The suggestion to issue the Workgroup Consultation in Mid March 2021; and

» The proposal to establish a Grid Forming Best Practice Guide.
Prior to, during and following the meeting, a number of comments were received from the
stakeholders and workgroup members on the presentation material and specification.

The second issue which was recognised later on in the workgroup process was the need
to formulate an Expert Working Group who would be tasked with preparing a “GB Grid
Forming Best Practice Guide”. This issue is discussed later in this Grid Code Consultation
document but in summary as the work developed it became clear that the Grid Code should
simply define the high level specification, whereas some form of additional guidance is
necessary to consider some of the more detailed aspects in particular what would be
considered as an acceptable level of performance from a Grid Forming Plant and the tools
and analysis technigues necessary to do this. It is also noted that a Best Practice Guide
is easier to update in future unlike the Grid Code.

Key areas of Discussion across all Meetings

It is beyond the scope of this document to cover all the points raised, however a summary
of the key issues raised are noted below. Further details of the comments raised are
summarised in the “Chat” section of this Consultation document (Annex 7), the Enstore
Note entitled “Enstore's updated guide for GB Grid Forming Converters — V-004 “in (Annex
9) in addition, the updated legal text (Annex 10) reflects many of the comments raised.

The key points raised are as follows, but the ESO would also like to acknowledge the
comments received from stakeholders which have improved the overall structure of the
legal text from simple editorial errors through to other aspects which have significantly
improved the clarity and syntax of the text:-

Definitions
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The definitions are a key part of the legal drafting and as the workgroup has progressed
they have constantly been reviewed and updated. The presentations included in the
Appendices of this Consultation Document together with the draft legal text convey the
significant work that has taken place in this area.

VSM and VSMOH

In the early discussions it was implied that VSM (a full GB Grid Forming Capability with an
energy store capability) was the only technology viable to meet the proposed Grid Code
proposal and that a VSMOH (a GB Grid Forming Capability) with no energy store capability
would not provide an acceptable solution.

This is absolutely not the case and both technologies are important in contributing to the
overall stability of the Grid. Remembering that Grid Forming provides four important
benefits these being:-

Type i) the ability to provide “Phase Jump Power” (the ability for the plant to
instantaneously supply Active Power to the network following a phase change),

Type ii) is the ability to supply is Phase based real Inertia power for RoCoF in the AC
grid, which is one component of the RoCoF response power.

Type iii) is the ability to provide “Damping Power” (ie the ability of a Grid Forming Plant to
naturally supply power as a result in the difference between oscillations in the Network
when compared to the internal voltage source of the Grid Forming Plant).

Type iv) is the ability to supply is Control based real Control power to produce extra
generated power in the AC grid. Which is also one component of the RoCoF response
power.

The ROCOF (Rate of Change of Frequency) Response Power is the “Phase-based real
Inertia. Power plus the Control-Based Real Droop Power” which is the additional power
supplied through changes in system frequency which in the case of a Synchronous
Generator the Phase Based real inertia power would be the additional power supplied
through the stored energy in the rotating mass of the generator’s drive train and the Control
Based Real Droop Power is the power suppled as a result of Governor action.

In a full GB Grid Forming System Items i), ii), iii) and iv) are all supplied.

That said, as the proposed Grid Code text simply states that a developer should declare
their capability and a price for that capability it should not preclude VSMOH systems from
participating or indeed a plant with no additional energy store and also permit plants
running at part load. It is through a large number of participants all providing a contribution
which can make a difference to stabilising the system.

VSMOH systems also provide very important Grid benefits for contributing to system
strength, limiting vector shift and thereby helping to maintain the system voltage profile
during disturbances and faults which is a fundamental pre-requisite to fault ride through
and overall system robustness.
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Therefore, both systems are equally valuable and provide an important ingredient in
managing the robustness of the system going forward as shown in Figure 13.

Comparison of Converter Technology

Capability GBGF-S GBGF-l Conventional
Phase Based Phase Jump Power in one cycle Yes Yes No
RoCoF response Power | Yes Yes No
Damping Power Yes Yes Yes
| Operate in Synchronism with the System | Yes Yes Yes
| Contribution to Fault infeed : Yes - High Yes — As specified Yes - Limited
Avoids producing current harmonics > 5 Hz | Yes Yes No

For the avoidance of doubt GBGF-l includes VSMOH converters

Figure 13
5Hz Bandwidth Limit

This issue has been raised on a number of occasions during the discussions. The 5Hz
bandwidth issue originally stems from CC/ECC.A.6.2.6.1 which states “The overall
Excitation System shall include elements that limit the bandwidth of the output signal. The
bandwidth limiting must be consistent with the speed of response requirements and ensure
that the highest frequency of response cannot excite torsional oscillations on other plant
connected to the network. A bandwidth of 0-5 Hz will be judged to be acceptable for this
application”. This clause is designed so as to ensure that the control system associated
with the excitation system does not cause the risk of or encourage torsional oscillations on
other plant. In the case of Synchronous generators where resonances can occur in the 10
— 15Hz range, a strict bandwidth limit is required to prevent the risk of this issue occurring.
The same issue also applies to other supplementary control systems.

This issue was discussed at length on several occasions and it was agreed that the main
concern relates to the risk of supplementary control systems (eg Governor, voltage control
and damping control systems) fitted to the plant which may excite torsional oscillations on
other User's plant rather than the actual core of the Grid Forming Plant itself. The
definitions in the legal text have therefore been updated to address this issue, in particular
the definitions of “Grid Forming Capability”, “Control Based” and “Control Based Real
Power”.

Modelling
The issue of modelling was discussed at length, particularly during the second meeting.

This aspect is also covered in more detail in “Enstore updated guide for GB Grid Forming
Converters — V-004” Annex 9 and also highlighted above in the proposers solution. In
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summary, the ESO requires a linearised model of the Grid Forming Plant from which the
closed loop transfer function can be derived. This is then used to determine the Network
Frequency Perturbation (NFP) Plot — see section below.

The model is also very necessary for the ESO for two reasons. These being i) so the model
submitted is a true and accurate reflection of the plant as built so that it provides a good
level of confidence of its behaviour and ii) so that the ESO can use the model in its power
system analysis software for the ongoing design and operation of the Transmission
System.

Overall GB Grid Forming Plant Performance, Damping and System Interaction

This issue was discussed at length especially during the second and third meeting. A
technique to assess the overall performance of the GB Grid Forming Plant that has been
proposed is a Network Frequency Perturbation (NFP) Plot. This is a form of bode plot
which plots the amplitude (%) of the output oscillation and Phase (degrees) to the
frequency of an applied input oscillation. The purpose of which is to assess the capability
and performance of a Grid Forming Plant and to ensure it does not pose a risk to other
Plant and Apparatus connected to the System. For a Converter based plant this can be
used to provide data to the ESO together with a Nicolls Chart so the effect on the network
and damping can be assessed. It is also helpful that the shape of the NFP Plot and Nicolls
chart can also be used to assess what would be considered to be a good performance.

It is fully recognised that this area requires further work. The formation of an Expert Group
who will be tasked with developing a “GB Grid Forming Best Practice Guide” will be looking
into this area in more detail, in particular in assessing what would be an acceptable level
of performance that is beneficial to the AC Grid in addition to developing some worked
examples. The data in Annex 9 has data on NFP plots with proposals for a possible set of
acceptance levels that need to be reviewed by the Expert Group.

The Grid Code legal drafting has been developed to state that an equivalent to an NFP
Plot can be submitted if this can demonstrate the performance of the plant and does not
cause any undue interactions with the system or other User’s plant.

Compliance and Testing

A considerable amount of time was spent on discussing the compliance simulations, tests
and monitoring requirements. These were covered in particular in meetings 2 and 3 and
form part of the proposed solution as discussed above.

Overall System Need

As has been noted it is not within the remit of the GC0137 workgroup to develop the Grid
Forming or Stability Market but simply to define the minimum specification.

At the outset, the basic requirement is to replace the capabilities traditionally provided by
synchronous generators by other sources, including converter-based plant. The first part
of that process is to develop a minimum specification. The Grid Code specification has
been designed to be as flexible and as transparent as possible so that when a market is
developed it will enable a wide range of providers to participate (should they wish to do so)
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and offer a range of capabilities. It does however need to be emphasised that where
stability services where traditionally provided for free (as an inherent feature of
synchronous generation) these services will in future need to be paid for as an additional
service which would all be part and parcel of operating a safe, secure and economical
transmission system.

Initial System studies indicate that in order to secure the system there is a need to i) have
a minimum volume of Grid Forming capability at a National Level in order to limit rate of
change of frequency (RoCoF) and ii) a minimum volume of Grid Forming Capability to limit
local RoCoF, Vector Shift and maintain a sufficient post fault voltage profile. The volumes
of Grid Forming will vary from operational condition to operational condition.

The work of the EFCC development has provided data on how the RoCoF rate varies at
different locations during a power transient. Annex 9 contains data on the maximum RoCoF
rate that can occur on a local level versus the average grid level. This includes the
evaluation of the required minimum inertia in a local zone and the local minimum rating of
the local RoCoF response power and the local Phase jump power. This data does not
affect the issue of this consultation but it is relevant to the associated SQSS standards.

As to how this would develop as a market is for further discussion through a separate piece
of work, but one way it could develop is through the arrangement shown in Figure 14 below
where the ESO determine the requirement for Grid Forming at the day ahead stage and
then build up this requirement through a range of commercial arrangements.

This work needs to consider the optimal way of implementing the GBGF technology for
Offshore wind farms as providing the GBGF-I technology may be required on the land
based grid connection point rather that in the offshore system

Owverall System Requirement

Other
Market
Arrangements

Base Plant Stability
Schedule Pathfinder

Figure 14

Quiality of Supply
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As part of the discussion it was noted that Grid Forming Plant’s, especially those
comprising Power Electronic Converters have the capability to improve power quality
rather than simply having to comply with a set of limits. So far as the legal drafting is
concerned a Grid Forming Plant would have to meet the existing Power Quality
requirements defined in CC/ECC.6.1.5, 6.1.6 and 6.1.7 however an enhanced requirement
could be specified in the Bilateral Agreement. It is noted that this provides an opportunity
for enhanced power quality at a time when the number of switching devices are growing
with ever higher switching frequencies. As this is an area requiring further work it is
considered the current proposed approach of defining the minimum requirements in the
Grid Code with an enhanced requirement in the Bilateral Agreement may be the most
flexible approach, especially when the issue of Power Quality and improved performance
could be picked up through the GB Grid Forming Expert Group who will be developing a
“Best Practice Guide”

One particular Quality of Supply standard that needs to be addressed is the harmonic
standards between 5 kHz and 150 KHz as many GBGF-I systems emit harmonic currents
in this frequency range

Reactance

A number of questions were raised regarding the reactance between the internal voltage
source and the connection point. This issue stems from the initial drafting which included
words to the effect “operating as a voltage source behind an effective reactance”. This
caused some confusion as it did not make it clear whether this requirement could be made
up from a virtual impedance implemented in software, a real impedance or series of
impedances or a combination of the two. The legal text has been updated to clarify that
this requirement should only be with respect to real impedances so the text now states
“operating as a voltage source behind a real reactance”.

Enstore Grid Forming Technical Overview

Workgroup member Eric Lewis of Enstore created detailed guidance to support the
workgroup and proposer in progressing the specification and modification. This has been
invaluable in developing the specification for this modification and has been referred to
throughout this report. The ESO is particularly grateful for this work.
Enstore updated guide for GB Grid Forming Converters — V-004 dated 24t March 2021
(attached as Annex 9) was circulated to Workgroup members and built on earlier versions
of the document which had previously been circulated to workgroup members. The
Enstore document had several intended outcomes in mind:
¢ Includes technical details around the complexities and practical application of Grid
Forming technologies, in particular Grid Forming technologies using power
electronic converters.
e Provides data on GB Grid Forming converter design
e Provides an overview of the design requirements and why certain parameters are
necessary from a Grid perspective including RoCoF events, ROCOF Response
Power (including droop modes), Phase Jump Power and Damping Power.
Provides details on fast fault current injection and phase withstand limits
Compares VSM and VSMOH designs and the merits of the two
Describes simulation models and analysis techniques
Describes simulation, testing and monitoring
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e Provides significant commentary on Network Frequency Perturbation Plots in terms
of acceptable performance which will be invaluable for the Expert Group in
developing the “Best Practice Guide”

e Clarifies queries raised during workgroup sessions (see Annex 7 “Chat Log” as the
basis for much of this discussion) and improving the currently developed legal text.

Consideration of the proposer’s solution

The proposers solution builds on an extensive volume of work but in principle the solution
has been developed from the following sources:-

« The VSM Expert Group and associated research papers included in the
Reference section of this consultation document

* Grid Code Modification GC0100

» International Experience — see below

+ Enstore’s Guidance note

« Comments received from Stakeholders during the meeting and subsequently as
part of the request for comments

GB Grid Forming Best Practise Expert Group

Though it will not form part of the solution being proposed within this modification (and
therefore is only included for additional context), the Workgroup during its advanced stages
identified a need for more technical information. This would generally take the form of
“guidance” rather than the more functional requirements which typically would be included
in the Grid Code. The advantage of this approach is that a guidance document has greater
flexibility in taking developers through the thinking of the Grid Code specification and what
is expected from them. It also offers the advantage of including worked examples as well
as having the flexibility to be updated in the light of ongoing industrial experience. This
provides the benefit that the Grid Code can remain relatively static and simply provide the
functional specification and a guidance note can then contain further technical details.

The ESO has committed to setting an Expert Group whose task will be to develop a GB
Grid Forming Best Practice Guide. The group will be formed with the input of industry
stakeholders and the ESO in order to provide guidance on examples of good performance
relating to GB Grid Forming solutions. This is expected to include for example the
derivation of Network Frequency Perturbation (NFP) Plots or an appropriate equivalent
alternative together with worked examples and what would be judged to be an adequate
level of performance.

The discussions will focus on:

Basic operation

Models

Data requirements and formats for submission
Analysis techniques (e.g. NFP plots or otherwise)
Timelines for producing the guidance document
Worked examples

o O 0O O O O
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It is intended that the best practice Expert Group will run slightly behind the GC0137 Grid
Code work but in practical terms would be broadly in parallel. The important point here is
that the GC0137 Modification is not contingent on the issue of the GB Grid Forming Best
Practice Guide.

International experience

GCO0137 is just one part of a global push for new technology. The technology is being
considered throughout the world and there are multiple other projects which are assessing
the benefits of Grid Forming and Virtual Synchronous Machine technologies. Many other
countries are at an advanced stage of addressing inertia-related challenges but GB is
making strong progress addressing wider issues such as fast fault current injection, limiting
vector shift, ensuring adequate post fault voltage profiles and the management of short
circuit levels. All these are very important in ensuring a stable Grid. In GB this is especially
important bearing in mind the Transmission System is comparatively small when compared
to other Systems such as the wider European System or that in the United States.

The reference section of this consultation document provides some very useful references
and reading. In addition to the list below indicates some of the international research that
has been undertaken in this area.

European Projects

1) EU - Project Migrate —
https ://www.h2020-migrate.eu/about.html

2) EU — ENTSO-E — High Penetration of Power Electronic Interfaced Power Sources
and the Potential Contribution of Grid Forming Converters -
https://eepublicdownloads.entsoe.eu/clean-
documents/Publications/SOC/High Penetration of Power Electronic Interfaced
Power Sources and the Potential Contribution of Grid Forming Converters.pd
f

3) Fraunhofer Institute for Energy and Economics and Energy Technology IEE
https://lwww.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/en/document
s/FactSheet €/2018 FS Grid forming inverter pp web.pdf

CIGRE

4) CIGRE Study Committee B4.84
Feasibility study and application of electric energy storage systems embedded in
HVDC systems
https://b4.cigre.org/userfiles/files/ TOR/TOR-WG%20B4 84 Approved.pdf

5) CIGRE Study Committee B4.87, “Voltage Sourced Converter (VSC) HVDC
responses to disturbances and faults in AC systems with low synchronous
generation”

(https://b4.cigre.org/userfiles/files/ TOR/TOR%20W G%20B4 87 Approved.pdf)
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6) CIGRE Study Committee B4.77, “AC Fault response options for VSC HVDC
Converters” — Task Force rather than WG, I've attached the paper but the
reference is, cigre Science & Engineering No. 15 October 2019

7) CIGRE Study Committee B4.81, “Interaction between nearby VSC-HVDC
converters, FACTs devices, HV power electronic devices and conventional AC
equipment”

(https://b4.cigre.org/userfiles/files/WG Membership/WG MEMBERSHIP B4 81.p
df)

8) CIGRE Study Committee C2.B4.38, “Capabilities and requirements definition for
Power Electronics based technology for secure and efficient system operation and
control” (https://b4.cigre.org/userfiles/files/ TOR/TOR-

JWG%20C2B4 38 Approved.pdf) ***

9) CIGRE Study Committee C4.B4.52, “Guidelines for Sub-synchronous Oscillation
studies in Power Electronics dominated power systems
(https://b4.cigre.org/userfiles/files/I TOR/TOR-JWG%20C4 B4 52 Approved.pdf)

10) CIGRE Study Committee B4.64, “Impact of AC system characteristics on the
performance of HYDC schemes”
(https://b4.cigre.org/userfiles/files/ TOR/TOR%20B4-64 approved.pdf)

United States

11) IEEE - Draft Standard for Interconnection and Interoperability of Inverter-Based
Resources (IBR) Interconnecting and Associated Transmission Electric Power
Systems https://standards.ieee.org/project/2800.html

12) ESIG — Energy Systems Integration Group https://www.esig.energy/event/2021 -

spring-technical-workshop/

Consideration of other options

As part of this work the ESO has tried very hard to incorporate stakeholders comments
into this modification in addition to relying on the extensive range of research and material
available.

As each meeting has progressed the specification has been updated and refined to reflect
Stakeholders comments.

Draft legal text
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The proposed legal text which is to be consulted upon can be found in Annex 10. It should
be noted that the proposed legal text as currently written defines the core obligations on
those parties who wish to undertake a Grid Forming Capability. There will in the fullness
of time need to be a wider review of the Grid Code to ensure any references and data
requirements (the Data Registration Code for example) are updated but this largely
depends on the format eventually adopted — see Consultation Question No 8.

Previous iterations of the legal text that have discussed at the workgroup meetings are
available on the National Grid ESO GC0137 workgroup site which is available from the
following link. They have not been included in this Consultation Document to avoid
confusion with the latest proposed Legal Text in Annex 10.

https://www.nationalgrideso.com/industry-information/codes/grid-code-
old/modifications/gc0137-minimum-specification-required

What is the impact of this change?

So far, it is understood that there should be no impact on any other codes although there
is some scope that similar arrangements could be applied to the Distribution Code. That
said, this issue is potentially limited as the arrangements are not mandatory and open to
CUSC as well and Non-CUSC Parties. The requirement for a sufficient volume of Grid
Forming Capability will be necessary on a regional level which will be equally applicable
for distribution networks, particularly in managing issues such as vector shift, local RoCoF
and the maintenance of post fault voltage profiles following a fault or disturbance.

While subsequent commercial arrangements are expected to eventually lead to a
commercial market it is therefore likely that in the future there could be a change to the
commercial codes or a separate commercial framework. For the time being however this
modification is only looking to change the Grid Code in order facilitate a minimum Grid
Forming specification, however this change is a fundamental to a march larger piece of
work which will eventually lead to a short term Stability market which will be essential to
achieving atarget of zero carbon system operation by 2025 in an economic manner.

Proposer’s assessmentagainst Code Objectives

The principle benefit of the proposed changes within this modification is that it will provide
the basis for the formation of a new market-based commercial arrangement. With the GB
Grid Forming specification being relatively high-level as a minimum entry point, it will mean
a broader range of prospective participants will find themselves presented with a new
potential revenue-source to consider. The cost to the ESO should be kept to a necessary
minimum, as the financial incentives for participants should drive the market to settle at its
natural economically balanced point. Beyond these commercial considerations, a strong
uptake of provision of Grid Forming Capability will add to the stability of the Grid through
effectively replacing some of the traditional inertia with a viable and relatively future-
proofed alternative. This, in turn, will enable the ESO to continue discharging its licensing
obligations.
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The proposal is designed to be flexible, enabling participation in both new and more
traditional technologies whilst also enabling providers to participate in a number of other
Balancing Services over and above other Grid Forming.

Implementation date

Q4 2021 — 10 working days after decision.

Date decision required by
There is no critical date for the implementation of this modification but the longer it takes
for the implementation to be approved the longer it will take to implement technical

solutions and the longer it will take to implement a stability market which in turn will increase
operating costs for the system.

Implementation approach

As currently proposed, there is no impact on systems or processes at the present time as
this proposal is defining a minimum Grid Forming Capability. It is only later that there will
be an impact on commercial systems when a Stability Market is formed.

[1Grid Code [1BSC LISTC [1SQSS
[1European [1 EBGL Article 18  [1Other [1Other
Network Codes T&Cs? modifications

How to respond

Standard Workgroup consultation questions
1. Doyou believe that GC0137 Original proposal better facilitates the Applicable
Objectives?
2. Do you support the proposed implementation approach?
3. Do you have any other comments?
4. Do you wish to raise a Workgroup Consultation Alternative request for the
Workgroup to consider?

11fthe modification hasanimpacton Article 18 T&Cs, it will need to follow the process set outin Article 18 of the
European Electricity Balancing Guideline (EBGL—EU Regulation 2017/2195) —the main aspect of thisis thatthe
modificationwill need to be consulted on for 1 month inthe Code Administrator Consultation phase. N.B. This will
alsosatisfytherequirements of the NCER process.
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Specific Workgroup consultation guestions

5. Do you believe it is appropriate specify GB Grid Forming as a non mandatory
requirement in the Grid Code and be accessed by future market arrangements
rather than as a mandatory requirement?

6. Do you believe the current proposal is sufficiently flexible and facilitates a range of
technologies? If not please state why you feel this to be the case and what type of
technologies have been excluded?

7. Do you believe the proposal will result in excessive equipment costs? This excludes
development costs whilst recognising plant can be also be de-loaded?

8. Do you believe the proposed Grid Code proposals sit better in the Planning Code,
Connection Conditions / European Connection Conditions and Compliance
Processes / European Compliance Processes bearing in mind the proposals are
non-mandatory or do you think it would be better to have a new standalone section
of the Grid Code similar to the Demand Response Services Code? Please state
your reasoning.

9. Doyou support the approach of using the Grid Code to specify the minimum function
performance requirements and a GB Grid Forming Best Practice Guide to provide
further details? If not please state your reasons for not doing so?

10.The ESO do not believe that it is appropriate for traditional Synchronous Generators
(GBGF-S) to meet some of the requirements — for example the submission of NFP
Plots on the basis of their already proven features and the higher costs of submitting
this data. Do you agree that this is a fair approach on the basis that it will only put
costs up if they were mandated to do so? If not please state why you disagree.

The Workgroup is seeking the views of Grid Code Users and other interested parties in
relation to the issues noted in this document and specifically in response to the questions
above.

Please send your response to grid.code@nationalgrideso.com using the response pro-
forma which can be found on the GC0137 modification page.

In accordance with Governance Rules if you wish to raise a Workgroup Consultation
Alternative Request please fill in the form which you can find at the above link.

If you wish to submit a confidential response, please note that information provided in
response to this consultation will be published on National Grid ESO’s website unless the
response is clearly marked “Private & Confidential’, we will contact you to establish the
extent of the confidentiality. A response marked “Private & Confidential” will be disclosed
to the Authority in full but, unless agreed otherwise, will not be shared with the CUSC
Modifications Panel or the industry and may therefore not influence the debate to the same
extent as a non-confidential response. Please note an automatic confidentiality disclaimer
generated by your IT System will not in itself, mean that your response is treated as if it
had been marked “Private and Confidential’.

Acronyms,key terms and reference material

| Acronym / key term  Meaning
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BSC Balancing and Settlement Code

CIGRE Conseil International des Grands Réseaux Electriques

CMP CUSC Modification Proposal

CuUSsC Connection and Use of System Code

EBGL Electricity Balancing Guideline

ESO National Grid Electricity System Operator

FFCI Fast Fault Current Injection

IEEE Institute of Electrical and Electronics Engineers

PLL Phase Locked Loop

SQSS Security and Quality of Supply Standards

STC System Operator Transmission Owner Code

T&Cs Terms and Conditions

VSM Virtual Synchronous Machine

SCL Short Circuit Level

GBGF Great Britain Grid Forming

GBGF-I GB Grid Forming Inverter — As defined in the Grid Code
Glossary and Definitions

GBGF-S GB Grid Forming Synchronous — As defined in the Grid Code
Glossary and Definitions

ROCOF Rate of Change of Frequency

Reference Material

[1] The 2019-2020 National Electricity Transmission System Performance Report

https://www.nationalgrideso.com/document/177156/download

[2] The Grid Code

https://www.nationalgrideso.com/industry-information/codes/grid-code/code-documents

[3] National Electricity Transmission System Security and Quality of Supply Standard

https://www.nationalgrideso.com/document/141056/download

[4] Engineering Recommendation P2/7
http://www.dcode.org.uk/assets/files/Qualifying%20StandardENA EREC P2 Issue%207 (2019).pdf

[5] System Operator Transmission Owner Code
https://www.nationalgrideso.com/industry-information/codes/system-operator-transmission-owner-code-stc
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http://www.dcode.org.uk/assets/uploads/DCode v45 20200612.pdf
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[8] Grid Code Moaodification GC0100 — EU Connection Codes GB Implementation —
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45



about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank

nationalgrid Workgroup Consultation GC0137

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Published on 31 March 2021

H Urdal, A Dahresobh, R lerna, C lvanov, J Zhu, D Rostrom et al, System
Strength Considerations in a converter Dominated Power System in12th Wind
Integration Workshop London 2013.

Stability Pathfinder work

https://www.nationalgrideso.com/future -of-energy/projects/pathfinders/stability

Government White Energy White Paper

https://www.gov.uk/government/publications/energy-white-paper-powering-our-net-zero-future

System Operability Framework
https://www.nationalgrideso.com/research-publications/system-operability-framework-sof

Accelerated Loss of Mains Change Programme
https://www.ena-eng.org/ALOMCP/

National Grid ESO Balancing Services
https://www.nationalgrideso.com/industry-information/balancing-services

A.J.Roscoe, M.Yu, R.lerna, H.Urdal, A. Dysko, C.Booth, J.Zhu, etal., “VSM
(Virtual Synchronous Machine) Convertor Control Model Suitable for RMS Studies
for Resolving System Operator/Owner Challenges”, in 15th Wind Integration
Workshop, Viena, Austria, 2016

R.lerna, A.Roscoe, M. Yu, H. Urdal, A. Dysko, et al., “Effects of VSM Covertor
Control on Penetration Limits of Non-Synchronous Generation in the GB Power
System”, in 15th Wind Integration Workshop, Viena, 2016.

VSM Expert Group

https://www.nationalgrid.com/uk/electricity/codes/grid -code/meetings/vsm-expert-workshop

R lerna, M Sumner, S Pholboon, C Li et al., “VSM (Virtual Synchronous Machine)
Control System Design, Implementation, Performance, Models and Possible
Implications for Grid Codes, in 18th Wind Integration Workshop, Dublin, 2019

Dersalloch Wind Farm — Video
https://www.youtube.comMatch?v=S2NJCbPg-9I

TGN 288 - Limits for Temporary Overvoltages in England and Wales Network
https://www.nationalgrid.com/sites/default/files/documents/T GN%28E%29 288 0.pdf

Grid Code Moaodification GC0111 — Fast Fault Current Injection Specification Text

https://www.nationalgrideso.com/codes/grid -code/modifications/gc011 1 -fast-fault-current-injection-specification-te xt

National Grid Technical Specification — TS.3.24.70 — Dynamic System Monitoring
(DSM)

https://www.nationalgrideso.com/document/33196/download

Grid Code Modification GC0138 - Compliance process technical improvements
https://www.nationalgrideso.com/industry-information/codes/qrid-code-old/modifications/gc0138-compliance-process-
technical

46



about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank

ﬂationa|grid Workgroup Consultation GC0137

[24]

[25]

[26]

[27]

Published on 31 March 2021

Grid Code Maodification GC0141 - Compliance Processes and Modelling

amendments following 9th August Power Disruption
https://www.nationalgrideso.com/industry-information/codes/grid-code-old/modifications/gc0141 -compliance-processes-and-
modelling

Roscoe, A., Brogan, P., Elliott, D., et al.: ‘Practical Experience of Operating a Grid
Forming Wind Park and its Response to System Events’, in “18th Wind Integration
Workshop’ (2019), p. 7
https://knowledge.rtds.com/hc/en-us/articles/360062289033-Practical-Experience-
of-Operating-a-Grid-Forming-Wind-P ark-and-its-Response-to-System-Events

Roscoe, A.J., Brogan, P., Elliott, D., et al.: ‘Response of a Grid Forming Wind
Farm to System Events, and the Impact of External and Internal damping’IET J.
Renew. Power Gener., 2021.

DOI 10.1049/iet-rpg.2020.0638
https://digital-library.theiet.org/content/journals/10.1049/iet-rpg.2020.06 38

Roscoe, A., Brogan, P., Elliott, D., et al.: ‘Practical Experience of Providing
Enhanced Grid Forming Services from an Onshore Wind Park’, in “19th Wind
Integration Workshop’ (2020)

Acknowledgements

National Grid ESO would like to specifically thank all stakeholders who have fed into the
GC0137 workgroup but would like to specifically mention Eric Lewis of Enstore, Andrew
Roscoe of Siemens Gamesa, Helge Urdal of Urdal Power Solutions, Mike Kay of P2
Analysis and Carl Barker of GE.

Annex 1 Proposal form

Annex 2 Terms of reference

Annex 3 Workgroup Meeting 1 - Presentation

Annex 4 Workgroup Meeting 1 Summary

Annex 5 Workgroup Meeting 2 - Presentation

Annex 6 Workgroup Meeting 2 - Summary

Annex 7 Workgroup Meeting 2 — ESO Response to Workgroup Meeting 2
“Chat”

Annex 8 Workgroup Meeting 3 - Presentation

Annex 9 Enstore updated guide for GB Grid Forming Converters — V-004
dated 24t March 2021

Annex 10 Legal Text for Consultation — Dated March 2021

a7



about:blank
about:blank
https://urldefense.com/v3/__https:/knowledge.rtds.com/hc/en-us/articles/360062289033-Practical-Experience-of-Operating-a-Grid-Forming-Wind-Park-and-its-Response-to-System-Events__;!!B3hxM_NYsQ!n4JCNAPP64dVXWqSUA2py7mgAxAJQbfhNtAecwXEBcmsp67bthlgzKKvvoOZ7Y__LCLX_mJMCw$
https://urldefense.com/v3/__https:/knowledge.rtds.com/hc/en-us/articles/360062289033-Practical-Experience-of-Operating-a-Grid-Forming-Wind-Park-and-its-Response-to-System-Events__;!!B3hxM_NYsQ!n4JCNAPP64dVXWqSUA2py7mgAxAJQbfhNtAecwXEBcmsp67bthlgzKKvvoOZ7Y__LCLX_mJMCw$
https://urldefense.com/v3/__https:/digital-library.theiet.org/content/journals/10.1049/iet-rpg.2020.0638__;!!B3hxM_NYsQ!n4JCNAPP64dVXWqSUA2py7mgAxAJQbfhNtAecwXEBcmsp67bthlgzKKvvoOZ7Y__LCIjMzbLgQ$

na’[ionalgrid Workgroup Consultation GC0137
Published on 31 March 2021

Annex 11 SGRE Response to VSM Grid Code Spec V6_AJ010420 - Doc
ID: GC0137 20200430 SGRE Response to
VSG_Grid_Code_Draft_Specification_V6_AJ010420
R1.docx.docx

48




