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D3.3: Analysis of the synchronisation capabilities of BESS power converters

Executive Summary

The WP3 of the OSMOSE project gathered RTE (Réseau de Transport d'Electricité), EPFL (Ecole
Polytechnique Fédérale de Lausanne) and Ingeteam R&D to demonstrate:

* the technical feasibility to provide grid forming (GFM) capability of commercially available

power-electronics interfaced energy storage systems (ESS);

« that this solution can be industrially deployed without converter oversizing, and
* that its contribution to power system stability can be quanti ed by means of external measure-

ments without a detailed knowledge of speci c low-level controls.

For this purpose, 2 demonstrators were deployed (see Fig. 0.1):

Figure 0.1: Photo of the two GFM demonstrators deployed by the OSMOSE WP3 partners

* On the left: Ingeteam implemented a GFM control proposed in the WP3 of the MIGRATE H2020

project on the voltage source converter (VSC) interfacing a hybrid ESS (HESS) to the grid. The
1 MVA fully containerised solution was speci cally built for the OSMOSE project using off-the-
shelf equipment and connected to a 20 kV feeder in a RTE substation. It included four lithium-
ion battery racks (0.5 MVA 60 min) and six ultra-capacitor (UC) racks (for a total of 1MW-10s).

On the right: the EPFL demonstrator quanti ed that the provision of synchronisation services
(inertial response) superposed to traditional ancillary services (e.g. voltage and frequency
regulation) and dispatch tracking can effectively reduce local frequency variations. This was
achieved with a pre-existing battery ESS (BESS) composed by a 720kVA/560kWh Lithium Ti-
tanate Oxide BESS, connected to a 20 kV feeder of the EPFL Campus.

The work carried out in the WP3 of the OSMOSE H2020 project included four stages:

1.

2.

First, a technical speci cation phase of the demonstrators including the required monitoring
infrastructure. This stage has been discussed in the deliverable D3.2.

Second, a modelling and simulation phase for control design and performance assessment
purposes was carried out for both demonstrators. It included DC/DC and AC/DC VSC on the
RTE-Ingeteam side, while the EPFL focused on adapting the multi-service optimisation frame-
work proposed in deliverable D3.1 to the GFM mode of their BESS.

Third, after the proposed controls were implemented, the demonstrators entered the testing,
installation and operational phases. RTE and Ingeteam performed factory acceptance tests
(FAT) using a power hardware in the loop (PHIL) platform available at Ingeteam power labora-
tory facilities. An incident during commissioning prevented RTE-Ingeteam demonstrator to be
ultimately put into service. On EPFL side, the BESS demonstrator was successfully operated
in both grid connected and GFM mode and was used to validate the multi-service provision
originally scheduled to be carried out on the RTE-Ingeteam demonstrator.

10



4. Finally, results were assessed through key performance indicators (KPI) and scaled-up using
a real-time simulation benchmark released open source by EPFL and referring to a modi ed
low-inertia IEEE 39-bus network.

The contribution from WP3 are listed below and their scope is illustrated in Fig. 0.2.

Figure 0.2: Scope of the main original contributions of the WP3 of OSMOSE

1. Specication . Functional speci cations from the state of the art have been translated into
technical requirements such that grid forming has been successfully de ned as set of technical
capabilities which is suitable for grid code implementation: a grid forming unit shall, within its
rated power and current, be capable of self-synchronise, stand-alone and provide synchroni-
sation services which includes synchronising power, system strength, fault current and inertial
response. Therefore, a GFM unit, by de nition, does not rely on grid conditions to synchronise
(it can operate at a wide range of short-circuit ratios and inertia levels) and will help others
to maintain synchronism under stressful conditions, while still complying with the general re-
quirements applying to the speci c technology. It must be noted that no overload or capacity
reservation is associated to the GFM capability, neither the provision of traditional ancillary ser-
vices such as primary voltage and frequency regulation. Moreover, depending on the subset of
synchronisation services that a given unit can provide, we propose to classify them in 4 types
as illustrated in Fig. 0.3, such that a synchronous machine is, by construction, a type 4 GFM
unit. In this work we consider GFM VSC interfaced ESS that fall in the type 3 category.

Figure 0.3: Types of GFM as a function of the synchronisation services they are able to provide

2. Experimental validation that type 3 GFM capability can be provided with off-the-shelf
MVA scale VSC interfacing ESS : a) without oversizing, b) while still providing traditional ancil-
lary services on top of synchronisation ones and c) remaining robust to grid disturbances. Re-
sults are shared for both factory testing (RTE-Ingeteam) and grid connected operation (EPFL).



3. Testing GFM capability compliance form external measurements . Transient fault recorder
(TFR) data obtained during the RTE-Ingeteam FAT con rmed that the instantaneous active and
reactive power injection during phase jump, frequency ramps and voltage steps events can un-
equivocally discriminate GFM from grid following units in high power industrial application. This
has been stated in the literature from simulation results and small laboratory scale mock-ups
and requested in emerging grid codes such as GC0137 by National Grid and standards such
as the German FNN, but to the best of our knowledge this is the rst time MVA scale VSC
experimental results for a wide range of tests are published. Stand-alone, live connection and
energisation tests were considered. Challenges regarding large phase jump withstand capabil-
ity, fault-ride-through (FRT) pro les, grid unbalances and harmonic distortion in control design
have also been highlighted, together with open questions regarding unintended islanding.

4. Performance assessment of synchronisation services form external measurements

EPFL proposed KPI using accurate PMUs (i.e., with a Total Vector Error of 0.0X%) to capture
the local effects of BESS providing synchronisation and frequency regulation services. They are
based on the cumulative density function of the Relative Rate-of-Change of Frequency (rRo-
CoF) and the Relative Phase Angle Difference Deviation (rPADD): rRoCoF is computed during
hourly transient at night when the prosumption of the dispatchable feeder has minor variations,
while rPADD gquanti es the change in the phase-to-neutral voltage angle difference on different
nodes with respect to the case with null delivered active power. They allow to differentiate GFM
from grid following units.

5. AC/DC control design . The selected grid forming control robustness has been improved to
behave properly in different grid conditions including permanent unbalance and asymmetrical
faults. As an example, the TVI current limitation strategy was enhanced to include a negative
sequence component to deal with unbalanced faults which has been published in open ac-
cess. In addition, frequency regulation and synchronisation services have been successfully
decoupled at the AC/DC converter level (transient grid forming).

6. DC/DC control design . This hybrid architecture in the RTE-Ingeteam demonstrator enabled
to test different strategies of DC power sharing, especially to put the burden of fast transients
on the UC and therefore smoothing the battery power output. The battery is meant to pro-
vide energy intensive ancillary and exibility services. Hence, the decoupling of the balancing
(frequency regulation) and synchronisation services can be also achieved at device level.

7. Multi-service optimisation . EPFL proposed a framework for day-a-head to real-time control
of multiservice BESS, from synchronisation services to more traditional ancillary services such
as frequency containment reserve (FCR) taking into account the unit's operational constraints.

8. Scale-up of results . Assessment of the frequency performance of low-inertia IEEE 39-bus
benchmark network demonstrates that a GFM BESS outperforms a grid-following one in im-
proving the frequency containment thanks to the provision of immediate inertial response

These results can bene t TSOs and Entso-e in the speci cation of the grid forming capability. As a

consequence, on RTE side, future work focuses on the implementation of connection requirements
and ne tune compliance criteria and procedure as well as on the design of the suitable mechanisms
for the provision of synchronisation services and their monitoring. Finally, system needs for different
scenarios in the years to come must be assessed in order to de ne global and local prescription
of synchronisation services. However, minimal GFM capacity must be installed in the system with
enough anticipation through connection requirements in order to avoid scarcity risk in operation that
might jeopardise power system security. Original equipment manufacturers (OEM) and academy can
build upon public results to enhance robustness of grid forming control and real-time multi-service
optimisation of energy systems. Experimental demonstration of GFM capability of other technologies
than BESS such as VRES, HVDC and FACTS shall continue until industrial deployment is achieved.
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1. Introduction

With respect to conventional generation, the term synchronisation generally refers to the process of
coupling a synchronous machine (SM) to an (alternating) grid, which is usually performed by au-
tomatic systems to limit transients. Once connected to the grid, in normal operation, synchronous
generators (SGs) naturally remain synchronised thanks to the well-known synchronising torque in-
herently provided by such units [1]. Then, close attention is given to the loss of synchronism phe-
nomenon following large disturbances, which is formulated as a stability problem: the short-term rotor
angle or transient stability in the power system literature [2]. If the SG cannot transfer the power pro-
vided by the primary source into the grid, the rotor accelerates. After a certain time, its angle reaches
a critical value beyond which it cannot return to its previous equilibrium point after fault clearance.
Although another stable equilibrium might be close (a multiple of 2 electrical radians to be precise,
after one or a few pole slips), in general, the generator might be tripped by protection systems in order
to prevent equipment damage but also phenomenon propagation due to the large power oscillations
generated in the process. Faults must then be cleared fast enough, and operational rules, such as
limiting the unit active and/or reactive power output in some conditions, can be implemented to limit
this risk when facing plausible contingencies.

Synchronisation of grid-connected power converters is achieved, maintained and, regained after dis-
turbances by control actions in order to ensure independent active and reactive power reference
tracking. The most widespread way of synchronising and keeping converters synchronised to the
main grid consists in locking the reference rotating frame of the converter control, usually the d-axis,
at the grid voltage (or more often the converter terminal voltage) by tracking its phase. For this rea-
son, the converters relying on this principle are referred to as grid following. The phase-locked loop
(PLL) is the module in charge of this task [3] and speci ¢ strategies might be implemented to opti-
mise its behaviour during and after large disturbances to comply with grid connection requirements
in terms of performance, fault ride through (FRT), and power recovery. The loss of synchronism
of power electronic interfaced resources (usually referred to as inverter-based resources, IBRs) has
been thoroughly studied, but as a control interaction problem by the power electronic community [4,5]
since their capability to remain synchronised in practice depends on the PLL design but is also af-
fected by the inner (current) loops and even outer loops such as the reactive power control in weak
grids [6] (see section 2.2.4). Therefore, converter grid-synchronisation stability analysis differs from
the rotor angle stability of SGs and has been recently categorised by the power system community
as part of the slow interaction converter-driven stability problem [7]. Indeed, for IBRs, the image of
a rotor angle drifting is less suited, but the result is similar as the incapability of the control system
to track the grid voltage phase generates inaccurate dq-axis current references that would ultimately
lead to unacceptable power oscillations and the installation disconnection by protection systems.

1.1. Problem formulation and reminder of the OSMOSE WP3 objectives

In this work we propose to de ne synchronisation services as the set of responses required to ensure
that grid-connected devices remain synchronised to the power system even after being submitted to
large disturbances. Within this framework, a grid forming unit, by de nition, shall be capable of
self-synchronise and providing synchronisation services . it does not rely on grid conditions to
synchronise and will help others to maintain synchronism, while still complying with other general
requirements applying to the technology. Accordingly, a SG is by construction a grid forming unit.

OSMOSE WP3 includes two grid forming demonstrators: one is based on an existing MW-class bat-
tery energy storage systems (BESS) connected to the medium voltage network of the EPFL campus,
and the other is a hybrid ESS (HESS) built by Ingeteam and connected to the RTE grid to show that:

15



D3.3: Analysis of the synchronisation capabilities of BESS power converters

« grid forming capability can be provided with off-the-shelf converters interfacing ESS to the grid,
« implemented grid forming controls can be robust against grid distortion and disturbances,
 supercapacitors can be use to smooth BESS power output in a hybrid ESS con guration, and

 synchronisation services can be added on top of other regulation services in a multi-service
optimisation framework and their performance can be assessed from measurements.

This deliverable brings proof of the technical feasibility of implementing grid forming controls to pro-
vide synchronisation services with ESS without converter over-sizing, and shares insights on mod-
elling, testing and monitoring of grid forming units for compliance and performance assessment.

1.2. Outline and scope of this deliverable

Chapter 2 rst discusses some of the main concepts and functionalities associated to grid forming
controls. Then, Chapter 3 presents the speci cation and design of the RTE-Ingeteam demonstrator
to achieve grid forming capability, while Chapter 4 shares the experience gained during the factory
acceptance tests (FAT). Afterwards, Chapter 5 recalls key performance indicators (KPI) proposed
in [8] and validates them in a real-time simulation (RTS) setup before showing grid-connected ex-
perimental results obtained at EPFL site in Chapter 6. Finally, conclusions are drawn in Chapter 7.
Before moving forward, ve underlying hypotheses within this work must be kept in mind:

Hypothesis 1. We focus on voltage source converter (VSC) technology (transistor-based).

Hypothesis 2. We consider ESS applications, so the availability of the DC side energy can be easily
ensured by the slower state of charge (SoC) controller. We acknowledge that this is an open question
for other applications such as power park modules (PPM) including photo voltaic (PV) and wind plants
(WPP), exible alternating current transmission systems (FACTS) and high voltage direct current
(HVDC) interconnectors, which is currently being addressed by academia and industry.

Hypothesis 3. We do not consider any over-sizing or hardware upgrade, but only software (control)
modi cations. Therefore, the current and set point limitations will be discussed in detail. Specic
measurement equipment might, however, be required for performance assessment purposes.

Hypothesis 4. The impact of the provision of synchronisation services on the primary source com-
ponents is not investigated. Therefore, when we say that grid forming capability can be achieved with
off-the-shelf equipment without over-cost we mean capital cost. It is acknowledged that concerns
exist about the eventual live span reduction of certain infrastructure due to anticipated gear a tear
potentially caused by the fast transient power requested by the grid forming functionality. However,
to the best of our knowledge, no technical proof has been yet published on this matter.

Hypothesis 5. When de ning services no hypothesis is made on their provision which in principle
can be market-based or mandatory. An in-depth discussion on suitable mechanisms for synchronisa-
tion services procurement is out of the scope of this work, but the technical background is provided.

Finally, the term black start refers to both, a technical capability on one side, but it is also a service.
It implies much more than grid forming capability as it requires the unit to self-energise (automatic
startup of the auxiliary loads), to start a blacked-out grid and maintain its operation for a speci c time.
It, therefore, requires storage or an available primary source and several additional control layers, in
addition to a self-synchronisation mechanism. Constant voltage and frequency (V/f) controls have
been typically used to provide this capability with HVDC systems [9]. The possibility to provide black
start services with a WPP using grid forming controls, such as the virtual synchronous machine
(VSM), has been recently proved [10], but this topic is also out of the scope of this work.
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2. De ning grid forming capability and synchronisation services

This chapter is organised as follows:

Section 2.1 briey recalls inverter-based resources (IBR) synchronisation mechanisms.
We distinguish classical grid-synchronisation (phase-locked loop or PLL-based) from self-
synchronisation ones, that include the majority of the grid forming controls currently proposed
in the literature.

Section 2.2 illustrates the main differences between these two synchronisation mechanisms
in terms of performance and stability. We focus on the understanding of the voltage source
behaviour that is often associated to grid forming sources.

Section 2.3 discusses the challenges and opportunities of self-synchronisation mechanism with
respect to grid connection requirements in force in the European Union (EU) based on the
current versions of the connection network codes (CNC) [11,12].

Section 2.4 presents a state-of-the-art of the de nition of the grid forming capability based on
available grid codes, standards and guidelines as an introduction to the technical requirements
considered in this work. We insist in the difference between technical capabilities requested for
grid connection that might or not imply response deployment, and a service provision.

Section 2.5 provides a de nition of synchronisation services, which is built upon existing an-
cillary services: traditional frequency and voltage regulation, but also emerging ones such as
the fast frequency response (FFR). It will be shown that these ancillary services are often ac-
companied, at least in EU, by some CNC requirements. The opposite is not necessarily true:
several connection requirements, such as withstand capabilities, are not associated to services.

Finally, section 2.6 concludes with some recommendation on grid forming capability implemen-
tation on grid codes.

For the purpose of illustration, this Chapter includes time-domain simulation results obtained with
a Matlab-Simulink grid forming model developed in the control design phase of the RTE-Ingeteam
demo (see Chapter 3) mainly in no load condition (zero initial power). The test system corresponds
to the test bench used during the factory acceptance tests (FAT, see Chapter 4) shown in Fig. 2.1,
where the electrical parameters of the output Iter of the device under test (DUT) are Zjjer and
Ciiter - In the model we consider a step-up transformer (Z1r), a line (Zine ) and the grid short circuit
impedance (Zsc), but in practice, during the tests, the connection impedance was given by the output
Iter of the virtual grid (see Appendix E). The model description is provided in Appendix B.

2.1.

Figure 2.1: Test system for control design: VSC connected to an in nite bus

Synchronisation mechanisms

Section 2.1.1 rst recalls the principle of classic PLL grid-synchronisation of VSCs and then sec-
tion 2.1.2 quickly describes some self-synchronisation mechanisms.
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2.1.1. Grid-synchronisation

As aforementioned, grid following converters synchronise to the grid through the PLL that tracks the
grid frequency and imposes it to the converter [13]. However, depending on the speci ¢ application,
different implementations exist. In three phase AC power systems, synchronous reference frame
phase-locked loop (SRF-PLL) has been extensively used and will be considered in this chapter for
comparison purposes. As depicted in Fig. 2.2 taken from [14], the basic idea is to use a proportional-
integral (PI) controller that tracks the g-axis voltage component to zero in order to estimate the system
frequency and ultimately provide the angle of the converter dq reference frame.

Figure 2.2: Structure of the synchronous reference frame phase-locked loop (SRF-PLL)

However, it is acknowledged that more complex structures have emerged in the last decade to over-
come some limitations, mainly related to power quality issues [15] and dynamic performances in
case of large grid transients [16]. We can quote for instance the Frequency Locked Loop (FLL) that
can provide better performance in abnormal grid condition as they are less sensitive to phase angle
jumps [17], the Dual Second Order Generalized Integrator (DSOGI) [18] or their combination (DSOGI-
FLL) [19]. A literature review on grid-synchronisation methods is out of the scope of this work. The
interested reader is referred to [3, 20] for more information. In spite of all those improvements, these
mechanisms still need a reference signal coming from the grid to synchronise and remain prone to
instability in weak grids [21].

2.1.2. Self-synchronisation

Grid leading or V/f controlled converters, more suited for standalone operation, have been known for
a long time mainly within the framework of speci ¢ applications such as:

 Uninterruptible power supply (UPS).
* Islanded mode in microgrids, offshore platforms and HVDC for system restoration.

Initially, they considered xed frequency and voltage references and are neither meant to share the
load with other sources nor to synchronise with them, at least not without telecommunication [22]. In
the more general case, grid forming controls include a synchronisation loop that enables the parallel
operation of converters without directly relying on a fast and accurate grid voltage measurement.
Therefore, they are capable of operating and sharing power when embedded in a meshed system
whose generation, load and grid topology is unknown and changing.

Inspired by the synchronisation mechanism of synchronous machines (SM), the active power sig-
nal has been naturally privileged for self-synchronisation purposes based on its coupling with the
voltage phases [23]. In the general case, more sophisticated formulations take into account the dy-
namic cross-coupling with the AC voltage amplitude [24,25]. Finally, a reactive power synchronisation
method has been recently proposed to overcome the need of rm DC side energy [26].
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(Active) Power synchronisation. An internal synchronisation mechanism was proposed in [23] to
avoid PLL instability (see section 2.2.4) in VSC-HVDC systems connected to weak grid and provide
voltage support. The proposed synchronisation law boils down to a power-frequency (P-f) droop such
that the converter frequency issetto! c = ! + Kp(P Pm), where P and! are respectively the
active power and frequency references, Py, is the measured injected active power at the converter
point of interconnection (POI) and K, is the controller gain. Then, the converter frequency ! ¢ is
integrated once to get the phase of the converter voltage . used in the rotating frame transformation
as illustrated Fig. 2.3. Synchronverters [27] and virtual synchronous machine (VSM) [28] controls
privileged a double integration to mimic the behaviour of conventional synchronous generators (SGs):
instead on using the P-f droop to directly compute ! ¢, its value is obtained by integrating the active
power (or torque) error:

Kslc=P Pm + Ky (! o) Ka(lc !'g) (2.1)

where K g determines the inertial response as its equivalence to two times the inertia constant of a
SM (2H) can be shown by matching this control law to the swing equation (2H! = Preca  Pelec
D(! I'g)). The static frequency droop is given by K, (equivalent to 1=K, in steady state in the
initial droop equation) and a damping term (K 4) can be added if the grid frequency, ! 4, is known.

Figure 2.3: Example of a VSC control with an active power synchronisation mechanism

Active power synchronisation mechanisms endow VSC converters with certain properties that will be
further discussed in the next section and that make them fall in the category of grid forming sources.
The list of grid forming controls based on different variants of equation (2.1) is incessantly growing.
A updated literature review on the topic is out of the scope of this work and the reader is referred
to [20, 29, 30] for details.

In general, main grid forming controls proposed in literature rely on an active power synchronisation
principle [31] and the synchronisation function cannot be dissociated from the active power control.
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However outer loops can still be designed to update the active power and/or frequency references in
order to achieve speci c control objectives in different time frames. For instance, if ! is set to the
system nominal frequency and the droop gain is not zero (K, > 0), on top of grid forming capability,
the device would be also providing a well-known ancillary service: primary frequency regulation (PFR,
see Appendix A). The term " transient grid forming” was previously proposed in [8,22] to explicitly refer
to the provision of grid forming capability without participating to PFR services. Again, depending on
the desired strategy, this behaviour can be achieved through different control implementations, acting
on the droop value, the frequency or the power reference [32, 33].

Other solutions proposed in the literature to provide grid forming capability include the Angle droop
control [34]. This type of control has the advantage of being fast and bringing the frequency back
to nominal value after an event. Nevertheless, it relies on communication and lacks of backwards
compatibility with traditional balancing mechanism based on global static frequency deviation.

Reactive power synchronisation. A different strategy to synchronise converters without PLL nor
acting on the active power is proposed in [26]. It must be noted that it is not said that this solution
is a grid forming control. As for all emerging synchronisation mechanisms, its overall performance
requires further investigation before claiming that they can endow a VSC with grid forming capability.

2.2. Reminder of the differences between a grid following and grid forming VSC

The absence of a PLL for synchronisation purposes, or in a more general way, the non reliance on
the fast and accurate grid voltage measurement, is a necessary but not a suf cient condition to claim
grid forming capability. Moreover, its fundamental de nition as a stiff voltage source is a necessary
starting point for control design but again not suf cient speci cation in an industrial environment.

Indeed, the speci cation, or even the knowledge, of the exact synchronisation loop implementation as
a discrimination criterion between grid forming and grid following sources may result impractical [22].

The provision of grid forming capability must be veri ed by the compliance with well-de ned technical
requirements that can be speci ed in terms of active and reactive power injection as the scienti c
community seems to have reached a consensus that the unit response time is expected to unequiv-
ocally indicate if this capability is being provided!?.

2.2.1. Synchronising power

Synchronising power is de ned here as the response of a grid-connected unit to a phase jump. In this
section we compare the active and reactive power dynamic behaviour of a grid following and a grid
forming VSC for a small angle disturbance (5 degrees). For the latter, we consider the speci c control
implemented in the RTE-Ingeteam demonstrator, which is based on the Itered droop synchronisation
method proposed in the MIGRATE H2020 project [31] and recalled in Chapter 3.

It must be noted that, as its name indicates, a VSC is in principle a voltage source, so at the very rst
instants (below a few milliseconds) that follow the grid disturbance, its modulated voltage magnitude
and phase remain constant, and the power exchanged with the grid varies immediately. Then, the
control strategy impacts the dynamics of the recovery of the reference power at different time frames.

1"The reaction of the VSM to a grid fault is a consequence of the emulated behaviour of voltage source behind reactance,
which results in a near to instantaneous injection of reactive power without the need for identi cation of the voltage
phasor. On the contrary, state-of-the-art grid connected converters adopting PLLs or similar synchronisation techniques,
do introduce an unavoidable delay, due to the necessity for an accurate estimation of amplitude and phase of the
instantaneous grid voltage for the proper injection of the required amount of current.” [35]
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Active power behaviour. As shown in Fig. 2.4, the peak value of the synchronising power depends
on the system impedance, de ned by the short circuit ratio (SCR 2) and the disturbance amplitude,
here 4 which represents the grid voltage angle. The rise time is quite fast, and as the settling time, it
depends on the connection impedance (electromagnetic dynamic of the current in the inductances).
Finally, the active power returns to its references, here zero, according to the dynamics of the syn-
chronisation mechanism (control law and parameters, refer to section 3.5 for more details):

(a) Voltage phase (b) Active power

Figure 2.4: VSC response to a 5° phase jump - different SCR

« A grid forming VSC with an active power synchronisation mechanism can be tuned to reproduce
the larger decay rate of the SM since its internal voltage phase is computed as a function of
the injected power and imposed frequency (if a droop term is considered) error with respect to
the references. Fig. 2.4 shows that in the proposed benchmark, the power goes back to zero in
less than 200 ms in the three simulated scenarios. The damping varies with the SCR.

» The PLL of the grid following VSC tracks the grid phase really quickly so the current control
keeps the power to the reference within the rst milliseconds. The initial response is curtailed.

Reactive power behaviour. The synchronisation mechanism also affects the reactive power injec-
tion following a grid phase jump as shown in Fig. 2.5.

(a) Reactive power (b) Current

Figure 2.5: VSC response to a 5° phase jump - reactive power

2Ratio of fault current multiplied by the nominal voltage (in MVA) at a particular location to the VSC capacity (here in MVA).
In this work, the point of control is the converter terminals (POI at the secondary side of the low-voltage transformer),
while the SCR value represents the grid impedance at the point of common coupling (PCC), i.e. at the primary side of
the transformer. From the control point of view the total SCR (adding the transformer impedance, here 6.2%) is lower.
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The fast tracking of the grid phase provided by the PLL leads to almost no impact on the reactive
power injection, while a transient is observed when considering a grid forming control. The total
positive sequence (PS) current extracted from the converter is also shown.

2.2.2. Voltage source behaviour, current limitation and power quality

Figure 2.6 shows the voltage and reactive power variations at the VSC terminal (POI), following a
grid voltage drop of 10% considering three different control strategies:

e Case 1: the grid forming control considered in this work, which includes inner voltage and
current loops with damping resistors as proposed in [31] (detailed in Chapter 3).

» Case 2: the same control but without the inner control loops shown in Fig. 2.3, while keeping
the damping resistors so the VSC modulated voltage reference is kept (almost) constant. This
simulation is equivalent to a constant electromotive force (emf) test in a SM.

» Case 3: a grid supporting control, which is a grid following (PLL-based synchronisation mech-
anism) with an outer voltage control loop (instead of regulating the reactive power).

We consider identical initial operating points, output Iter and connection impedance (here the aggre-
gation of the transformer, AC line and grid short circuit impedance as shown in Fig. 2.3). In addition,
the reactive power droop is set to zero (Vpo = V. + ng(Q  Qm) with nq =0), which matches the
requirements generally applied to classical automatic voltage regulator (AVR) of a SG.

(a) Terminal voltage (b) Reactive power (c) Active power

Figure 2.6: VSC response to a 10 % grid voltage step

We observe that:

« Atthe very rstinstants the voltage initially drops accordingly to the connection impedance (sys-
tem SCR, line and transformer) and internal physical impedance (output Iter), and therefore
there is no difference between the 3 cases in the voltage behaviour at the DUT terminals.

 After a few milliseconds, the DUT terminal voltage stabilises around 0.96 p.u. in case 2.

 In case 1, the inner control loops compensate the output Iter voltage drop and regulate the
terminal voltage to the reference value (1 p.u.), with relatively fast dynamics. For the selected
benchmark, the steady state is reached in less than 50 ms. A response time that is much faster
than the one provided by classical AVR of SG whose terminal voltage at the transient time
scale (around 100 ms) is mainly de ned by the electromagnetic design and characterised by
the transient impedance (X g) [36].

 In both cases 1 and 2, the grid forming control provides immediate reactive power.

» A grid supporting control is also able to compensate output Iter voltage drop quite fast, here
within 100 ms and therefore it regulates the terminal voltage (at POI) even faster than a SG2.

3A large power park module (PPM) controlling voltage at PCC uses an outer loop which explains larger response times.
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The difference lays in the rst cycles, since the initial control objective is to maintain the current,
the voltage drops further, before starting to increase as ordered by the outer loop and there is a
delay in the reactive power injection. It is because of this behaviour that grid following converters
are often assimilated to current sources although VSC are by de nition voltage sources.

In short, at high frequencies the impedance of a VSC corresponds to its output Iter and, in principle
it is independent of the control strategy, similarly to the sub-transient impedance (X 89 in a SM [36].
Its value for a VSC is in general much lower than for a SM. The transient impedance (around 100ms)
of a SM is also de ned by construction, while it can be brought to zero in a VSC by control settings.
In between, during the rst cycles, the impedance seen by the system also depends of the outer
control loops and the synchronisation mechanism, hence it might be hard to determine it analytically.
Moreover, the damping resistors and feed-forwards terms of inner loops also affects the sub-cycle
transient response. Therefore, methods for estimating or directly measuring the frequency dependent
impedance pro le of VSCs have gained attention in the literature [37]. Roughly speaking, from the
voltage control viewpoint, a low internal impedance is desired to limit the uctuations at the converter
terminal, so it can be seen as a measure of the voltage source property, but also the VSC contribution
to the system strength (see section 2.5.2.4) and reveals the limitations of grid following converters
in this regard. However, it must be kept in mind that the main function of the VSC internal physical
impedance is ltering harmonics and limiting the current dynamics for controllablility purposes.

Current limit.  Compared to a SM that can support several times their rated current, power elec-
tronics devices can only hold small over currents (20-40%) for a very short period (few ms) as man-
ufacturers generally consider some margin in the IGBT current capability at the design stage.

However, for large voltage differences (amplitude or phase) between both sources, the grid and the
converter, the current can be higher than the device nominal value. Therefore, power converters need
to be protected against any event leading to over currents such as phase shifts, but also short circuits
or large load connection. Hence, we recall here, that independently of the synchronisation and current
limitation mechanism, the characterisation of the voltage amplitude sensitivity to current variations
within current capability (system strength) and the fault current contribution must be dissociated when
dealing with power electronic devices [38]. The latter must be always limited to its maximal current.

In grid following converter it is possible to limit the current simply by adding a saturation to the cas-
caded PI inner control loops. Instead, for grid forming converters, different strategies have been
proposed in the literature [39, 40], as the solution to the problem is less straightforward [41, 42]. In-
deed, applying the same strategy as the one used in grid following controls to grid forming ones may
lead to fast oscillation on AC voltage as shown in lIl.2 Current Saturation of [31]. Other authors have
proposed to switch the control to a PLL-based current control during grid faults in order to keep the
synchronism with the system while still limiting the current [23]. The main drawback of this method
is the need for fault detection and triggering conditions setting that might lead to complex algorithms,
as well as the threshold effect and the additional disturbances it creates when switching controls.

Recently, some concepts based on a Threshold Virtual Impedance (TVI) have been proposed for
current limiting purposes and will be privileged in this work [43,44]. The idea is to implement a
control structure capable of emulating the effect of a physical impedance when the current exceeds
a pre-selected trigger value. The TVI limits the converter output current by virtually increasing the
impedance between the converter and the grid, using a control algorithm. In short, a TVl is basically
an additional voltage difference, proportional to the amount of current injected by the converter. So,
by applying this voltage difference at the output, the behaviour of the system will be similar to a
voltage source in series with a variable impedance, so the voltage source behaviour is to some
extend preserved during faults (even if the voltage reference is changed by the control). The control
dependency of the internal VSC impedance that would in principle be used in a conventional short
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circuit power (SCP) calculation becomes evident. Figure 2.7 compares the response of the selected
grid forming control to a grid following one in case of a three-phase fault in a no load case (zero initial
power and reactive power). The rst point to be noted is that at the very rst instants, in both cases,
the VSC injects high current and in this case the hard blocking protection* (set to 1.45 p.u.) leads to
an abrupt current curtailment. Secondly, when using TVI limitation strategy, the current injected by
the grid forming VSC depends on the voltage dip and for solid faults it might be slightly larger. Indeed,
TVI relays in two thresholds: one for the activation, here 1 p.u. and another for the actual maximal
allowed current, here 1.2 p.u., while the grid following VSC was limited to 1 p.u at all times.

(a) Terminal voltage (b) Current

Figure 2.7: PS converter current for a three-phase fault

It is also worth highlighting that the resynchronisation time might take longer for a grid forming VSC
and it is more sensitive to the operating conditions and control parameters. However, the over voltage
at fault clear may be reduced. In this section we have carefully selected an ideal case to illustrate
that in speci ¢ conditions a grid supporting and a grid forming VSC might exhibit a similar reactive
current behaviour when limitations are reached (see Chapter 3 for an in-depth discussion). Indeed,
grid following converters generally include a fast reactive current injection function to comply with
grid connection requirements (see section 2.3.3), activated during large voltage variations, that acts
directly on the inner current loops to accelerate the response®. Finally, a grid forming VSC will inject
some active current when the fault is also composed of resistive elements.

(a) Reactive current (b) Active current

Figure 2.8: PS reactive and active current during a three-phase fault

“Hard blocking is a mode where the IGBT are not triggered, instantaneously stopping current ow to protect them against
over current, the setting of this mode and the current capability speci c to this project will be explained in section 3.3.2.2
%In practice, sequence separation, which has been neglected here, might lead to some delay in the initial current injection.
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2.2.3. Inertial response and energy constraints

In addition to the availability of some current headroom, the provision of synchronisation services
by grid forming units following grid disturbances requires a minimal DC side energy. In [22] Tgr
is de ned as the "surviving period” within which grid forming units are expected to ensure the
reachability of a new stable equilibrium point . This often implies the injection of active power
until electrical transients vanish and other exibility levers such as balancing services, based on the
observation of the system can be deployed. Proposed bounds for Tgr are 1 to 10 seconds [22].

Figure 2.9 presents the DUT response following a frequency variation of constant Rate of Change
of the Frequency (RoCoF) of 1 Hz/s® to show that, depending on the speci ¢ implementation of the
converter control, other grid disturbances, such as a frequency variation sustained for a certain time,
may attempt to extract larger amounts of energy from the converter.

(a) Grid and internal VSC frequency (b) Active power

Figure 2.9: 1 Hz/s RoCoF for 1 second

» A grid forming unit can emulate the inertial response of a SM as shown in [36] if enough energy
is available but not all active power self-synchronisation mechanisms provide such a response
(e.g. the droop contral), and even if they do, the active power beyond a certain time horizon
could be limited to respect the installation energy constraints. Even if not considered in this
work, in practice DC voltage control strategies could take over to limit the device contribution.
Here the DUT does not provide PFR so the power goes back to zero. In this project, this is
achieved by setting the converter frequency reference as the ltered VSC frequency (with a
time constant of 100 ms as proposed in [36]) but other strategies can be implemented. In this
test the energy contribution is settable with an equivalent inertia constant parameter (H) that
has also an impact on the damping. With additional work on the control design this behaviour
should be improved, but for the purposes of illustration we chose to keep the natural response.

A grid following unit providing synthetic inertia (with enough available energy) is using the mea-
sured grid frequency from its PLL, therefore, there are some inherent delays before starting
changing its active power output (around 300 ms in OSMOSE WP5 demo [45], section 5.3).
For grid following units, this should be considered rather as a short-term frequency control.

The de nition of synthetic inertia might be submitted to debate and in general the term is found not
suited for IBR (see section 2.5.1.1). Nonetheless, in this work we consider the speci cation proposed
in [12] (art. 14), this is: "a rapid adjustment of the active power injected to or withdrawn from the AC
network in response to frequency changes, activated in low and/or high frequency regimes, in order
to limit the rate of change of the frequency”.

8For this test the grid frequency ramp is ltered to limit the discontinuity.
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As a consequence, a grid forming source is not necessarily more capable of providing energy than a
grid following one. However, if a given (grid following) unit claims the capability of providing synthetic
inertia, with rapid allowing for delays associated to the frequency measurement, then upgrading the
VSC control to provide grid forming capability should enhance the response to a "synchronous-like
inertia” that starts injecting active power immediately after the frequency changes (no measurement
needed). In short, grid forming controls inject an undelayed active power response to frequency
changes that limits the initial RoCoF, but a minimal grid forming capability could be de ned within
the installation energy limits and without necessarily including a synchronous inertia emulation. After
a short period of time (the survival time Tgg), grid forming units could reduce their active power
contribution and be replaced by other resources willing to provide fast response services (e.g. FFR).

2.2.4. Stability considerations for inverter based resources

Intrinsic stability limits of different synchronisation mechanisms have been reported in the literature.
In some cases, mitigation strategies have been proposed and were adopted in this work. Without
pretending to provide an exhaustive list, we enumerate here some of them, as they constitute a
relevant background for the observed behaviour in the demonstrator and contribute to our discussion
on the compatibility of different synchronisation mechanisms with existing grid code and standard
requirements and the de nition of the grid forming capability provided in the next sections 2.3 and 2.4.

Limits of PLL based grid-synchronisation mechanisms in weak grids. In short, FRT require-
ments, or more speci cally, power recovery speci cations, impose relatively fast dynamics on the

PLL and current loops. It is now widely acknowledged that stability limits of the converter control can
be signi cantly tightened in weak networks, mainly related to the PLL behaviour, as the voltage at
the connection point is signi cantly affected by the injected current [46]. Figure 2.10 7 illustrates this
issue following a line opening that lead to a SCR reduction from 20 to 32 as discussed in [47].

(a) Terminal voltage (b) Phase (rad) (c) Active power

Figure 2.10: SCR reduction (line opening)

A common way of tackling this issue in transmission system applications consists in slowing down
the PLL to Iter voltage variation and reduce power oscillations [48]. The improvement is illustrated in
blue (grid supporting 2). However, this might not always be enough and in general it implies that the
resynchronisation transient, in which power references are not tracked, takes longer: a suitable trade-
off between stability and performance becomes challenging to achieve with grid following converter
at low SCR [49].

7

is the phase used in the park transform: we take the internal converter angle in the grid forming case, and the PLL
output in the grid following case which explains the offset.

8]t is recalled that the SCR de nes here only the power system impedance while the total connection impedance, seen at
the converter terminals is higher because it includes also the transformer (6.2% in the benchmark).
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In principle and from the control design perspective, this problem can be addressed by an exogenous
or an endogenous approach, i.e.:

« As it has usually been done in strong grid-connected applications, we can specify required
conditions at POI to ensure converter proper functioning in terms of stability and performance:
a minimal SCR [50], but also a maximal RoCoF [22]. These system properties would need to
be then ensured by other devices: the providers of synchronisation services, today SGs.

» Or we can develop internal or self-synchronisation mechanisms that do not rely on the grid
voltage phase and frequency measurements as previously discussed in section 2.1.2.

In the rst case the burden of IBR integration is carried by the system, while in the second case the
newcomers are requested to adapt. It has been highlighted that the optimal solution that minimises
the whole system cost might be some place in the middle [51]. In this work, we focus on the minimal
requirement that could be applied to off-the-shelf IBR to progress on their immunity with low

to no impact on the installation design  , only on its control, hence without additional (capital) cost.

Small signal stability and damping of self-synchronisation mechanisms. Changing the syn-
chronisation mechanism does not make VSC immune to interaction risks with the grid, as well as
with other power sources connected nearby [42,52]. This phenomenon remains highly dependent
on the impedance characteristic of the control [53] and should be thoroughly assessed for all grid
connected VSC for the whole range of setpoint and possible SCR, whether they are grid forming
or grid following. The risk of interaction of the current control with the network for some operating
points when using a droop based grid forming control has been illustrated in [54]. In general, grid
forming converters tend to be more robust to uncertainties in the plant when connected to a grid
with higher impedance (lower SCR) [5]. In [55], the authors have shown that the control tuning using
Linear—quadratic regulator (LQR) methods allows to have a better active/reactive power de-coupling
while ensuring a proper current limitation during transients. Control tuning in this project is discussed
in Appendix C (section C.2).

Transient stability and active power synchronisation. Droop and VSM type controls introduce a
linear relationship between the frequency and the power mismatch. Therefore the internal angle drifts
when the power cannot be delivered to the grid as illustrated in Fig. 2.11 when applying a typical FRT
pro le at the converter terminals (without any counter-measure implemented). To avoid this drift and
increase the duration of the fault that the converter can withstand, the droop gain can be adjusted
during the fault to lessen the angle variation and therefore improve the stability [43]. Other methods
adjust the current angle reference during the transient (while respecting the current limitation) [44,56]
or multiply the power reference by the voltage as done in some grid following controls.

(a) Terminal voltage (b) Phase (rad) (c) Active power

Figure 2.11: FRT prole
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2.3. Inconsistencies between self-synchronisation and grid codes presently in force

In order to ensure power system security, a set of requirements have been implemented in different
grid connection codes. At the EU level, coordination is achieved through CNCs: Requirements for
Generators (RfG) [11] and for High Voltage Direct Current (HVDC) sytems [12], which are then im-
plemented at national level. In France, this information is available in the Documentation Technique
de Référence (DTR) [57].

In the following we will use the term "general requirements” to refer to the technical speci cations
that apply to all Power Park Modules (PPM) and HVDC systems according to the current versions
of the CNCs, but please note that for historical reasons they have been conceived for grid following
VSC. As a consequence, in this section we discuss the challenges and opportunities provided by
self-synchronisation regarding a sub-set of those general grid-connection requirements. The French
implementation will be considered as a reference for non-exhaustive articles.

2.3.1. RoCoF withstand capability and loss of mains protection

According to RfG (art. 13-1-b), a PPM "shall be capable of staying connected to the network and
operate at rates of change of frequency up to a value speci ed by the relevant transmission sys-
tem operators (TSO), unless disconnection was triggered by rate-of-change-of-frequency-type loss
of mains protection”. Self-synchronisation mechanisms bring challenges regarding the last point as
they would smooth the frequency gradient. Indeed, many loss of main protections rely on RoCoF
measurement (especially on distribution grids) [58]. As discussed before, a grid forming unit gener-
ates the voltage wave form without relying on the grid voltage measurement, so it will initially maintain
its phase and frequency and inject instantaneous power to limit the RoCoF, making state-of-the-art
islanding detection mechanisms ineffective. This is a major drawback for DSO that will need to im-
plement new detection mechanism to discriminate islanded and grid connected situation or change
the operational rules to allow their grid to operate stably even when islanded.

Regarding withstand capability, (art. 12) of the HVYDC CNC [12] set the thresholds in an exhaustive
manner to — 2,5 and + 2,5 Hz/s and the observation window is set to 1 seconds®. In general, when a
power electronic converter reaches hardware limits, such as current thresholds, it is rst expected to
stably withstand the disturbance, within prede ned time-dependent pro les. If the disturbance van-
ishes within the pro le, some performance requirements might apply during the fault and recovery
process, but this might not yet be systematically done as for this requirement. As aforementioned
and as a consequence of the inertial response requirement, a grid forming unit will inject high power
following frequency changes that could imply reaching current limitation depending on the initial op-
erating point and control settings, but stable operation must be always achieved.

2.3.2. FRT prole

Figure 2.12a shows the FRT pro le applied to type B and C PPM in France, which include units from
1MW and upward that are connected to the network below 110kV1°, while Fig. 2.12b depicts the FRT
requirements for units connected to the 110kV network and above. As discussed in section 2.2.4,
grid forming controls based on the active power synchronisation might encounter some challenges
to ensure compliance with different FRT requirements in all possible operating conditions. Suitable
solutions as the one mentioned in section 2.2.4 should received more attention in the future.

®’measured at any point in time as an average of the RoCoF for the previous 1 s” [12]
Olimits between type can be found here: https://eepublicdownloads.entsoe.eu/clean-documents/cnc-active-
library/France/rfg-bilan-de-consultation-publique-seuils-abcd-v nal.pdf
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(a) Type B and C units (if > 1MW and < 110 kV) (b) Type D units (for 110 kV and above)

Figure 2.12: FRT pro le applied to type PPM in France.

2.3.3. Short circuit contribution during faults or Fast fault current injection

The rst term is used in (art. 19) of HYDC CNC [12] and the second in (art. 20-2-b)-(i)) of RfG [11]
to describe a non-mandatory and non-exhaustive requirement applied to PPM from type B. It only
concerns the capability of providing fast current at the connection point in case of symmetrical faults.
All performance requirements, such as the operating ranges, the characteristic, the timing and the
accuracy of the response, and the behaviour in asymmetrical faults are speci ed at national level
by the relevant TSO. A grid forming unit does in principle comply with such a generic requirement,
however, this might be no longer the case when we consider more detailed national implementations.

In France for instance a droop characteristic between the reactive current and the voltage is imposed
for type B, C and D PPM and HVDC systems as illustrated in Fig. 2.13a and according to the 50549
standard [59]. Regarding the response time, PPM must inject fast (within 60 ms [60]) reactive current
as illustrated in g. 2.13b in case of voltage dips (or over voltages). Indeed, in France, reactive current
priority is required for HVDC systems in accordance to art. 23 of the HVDC (resp. 21-3-e) of RfG).

(a) Droop characteristic (b) Response time (T1=60 ms)

Figure 2.13: Fast fault current injection requirements in french CNC implementation
However, as shown in Fig. 2.7 and in consistence with section 2.2.1, active power synchronisation
mechanisms may inject immediate active power following grid disturbance and control action may not

be able (neither expected) to enforce prioritisation rules at this time scale ( rst cycles up to 100 ms).
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For inductive faults, the active power contribution eventually caused by an initial phase jump will
naturally die out and the active/reactive current share will depends on the system and grid impedance.
For longer voltage dips, active or reactive power priority could be implemented as a control-based
adjustment but would take action after some delay associated to the control bandwidth.

2.3.4. Power recovery after faults

Article 26 in HVDC CNC [12] (resp. art 20-3-b) in RfG [11]) allows TSO to specify active power
recovery behaviour after fault. In France, HVDC systems must restore active power to 90% of its pre-
fault value in 150 ms (rise time) and stabilise in a 5% band around it (settling time) in 200 ms [61].
Requirements are less constraining for PPM in France as it is only requested to restore its active
power as fast as possible, but not least that 90% of its pre fault value in 2 s after the voltage at PCC
has returned to a value above 0.85 p.u. [60, 62]. Grid following converters can comply with this re-
quirements, must of the time, without major challenges but for grid forming controls, especially those
including inertial response, the settling time of the active power recovery after fault might depend on
the control settings selected to potentially comply with other requirements (inertia). However, they will
still ramp up power rapidly which, in this regard, is the most critical feature to ensure system stability.

2.3.5. Island operation

In RfG, (art. 15-5-b), units from type C are requested to take part in island operation as long as the
voltage and frequency remain in the limits de ned in the code, if required by the relevant TSO. In
France, the PPM are requested to provide results for an island test in which a SM is included (Fiche
| 10 : Réseau Séparé, in Chapter 8 of the DTR [63]). In such a case, units should be able to operate
in Frequency Sensitive Mode (FSM) (as long as they have energy available), which is associated to
primary frequency control (see Appendix A).

However, according to our initial de nition, a grid forming unit has the capability to self-synchronise
and help other to stably operate at extremely low SCR, but more precisely independently of grid
conditions. In fact, they are capable of standalone which brings new opportunities for island operation.
They do not only allow the IBR to take part in a island, they actually enable its survival for a short
time (that should be de ned by TSO), in order to provide the voltage and frequency signals to other
grid-connected devices providing regulation services. This is illustrated in Fig. 2.14 where the test
shown in Fig. 2.10 is repeated (SCR reduction from 20 to 3). This time the two VSC, a grid forming
and the grid following one, are connected in parallel at POI, which now lead to a stable line opening.
However, this behaviour requires an adaptation of the operational rules to ensure that the network
has been designed to be operated without the connection to the main grid.

(a) Terminal voltage (b) Phase (rad) (c) Active power

Figure 2.14: SCR reduction (line opening) - Grid forming stabilises grid following VSC
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2.4. De nition of grid forming capability

We rst present in section 2.4.1 a state-of-the-art on the de nition of the grid forming capability.

Then, section 2.4.2 summarises the minimal set of technical requirements that in this work de ne
different types of grid forming units before listing the technologies that can provide this capability
in section 2.4.3. Finally, section 2.4.4 concludes with a discussion regarding a sub-set of features
that have been recently associated to grid forming units, but we think that they should be moved to
the category of general requirements (as those discussed in section 2.3) and be applied to all grid-
connected converters, independently of their synchronisation mechanism (including grid following).

2.4.1. state-of-the-art

In this section we elaborate on the evolution of the de nition of the grid forming capability since
the functional approach proposed in the MIGRATE H2020 project [22], followed by the Entsoe view
published in the HPOPEIPS report and position paper [64], to close with the recently approved GB
grid forming code GC0137 [65] and the German FNN guideline [66].

2.4.1.1. MIGRATE h2020 project

In 2019, a high level de nition of the grid forming function was proposed in [22] such that a grid
forming unit shall:

» behave as a voltage source,
» be synchronised with other grid forming sources,
 operate in standalone after seamless islanding,

« smartly limit the output current magnitude (meaning preserving a voltage source behaviour and
preferably avoiding control switch during voltage dips for instance), and

» be compatible with all devices connected presently on the power system, especially SM and
grid following converters.

2.4.1.2. Entsoe HPOPEIPS report and position paper

In 2020 Entsoe published a paper dealing with the High Penetration of Power Electronic Interfaced
Power Sources (HPOPEIPS) [64]. According to this work, 7 properties de ne a grid forming unit:

» Creates system voltage (does not rely on being provided with rm clean voltage).
 Contributes to Fault Level (Positive and Negative Sequence within rst cycle).
» Contributes to Total System Inertia (limited by energy storage capacity).

» Supports system survival to allow effective operation of Low Frequency Demand Disconnection
(LFDD) for rare system splits.

» Controls act to prevent adverse control system interactions.
* Acts as a sink to counter harmonics & inter-harmonics in system voltage.
» Acts as a sink to counter unbalance in system voltage.

While the MIGRATE de nition focuses on capabilities regarding standalone and synchronisation, the
Entsoe reports adds a response deployment dimension. Some responses are more challenging to
provide than others. The concepts proposed in this Chapter are inspired by this approach, but restrain
the grid forming capability to the rst points and we de ne synchronisation services as the set of
responses provided by the grid forming units without any hypothesis on the provision mechanism.
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2.4.1.3. GC0137: Minimum Speci cation Required for Provision of GB Grid Forming (GBGF)
Capability

On January 31th 2022 the GB Of ce of Gas and Electricity Markets (OFGEM) approved the GC0137
code after more that 2 years of discussion with stakeholders [65]. Formerly known as the Virtual
Synchronous Machine/VSM Capability grid code, the document de nes a non-mandatory technical
speci cation for grid forming units that we will allow ourselves to rephrase as follows. It shall:

« comprise an internal voltage source (IVS) and reactance!?,

« remain synchronised with the system!? and maintain a load angle between 0 and 90 degrees,

 be capable of supplying:

Phase Jump Active Power!3,

RoCoF response power'# which includes Real Inertia Power!®,
Damping Active Power®,

Control Based!’ Real Power (including Control Based Real Droop Power!® which is FFR),
Control Based Reactive Power,

Voltage Jump Reactive Power'?,

Fast Fault Current Injection®°.

According to GC0137, Control Based changes have a bandwidth limited to 5 Hz ("to avoid AC System
resonance problems”), while Phase Jump Active Power and Real Inertia Power "can have frequency
components to over 1000 Hz”. Another point worth noticing is that a unit designed with black start
capability is then required to provide grid forming capability and an exclusion is de ned to the fast
fault current injection requirement applied to grid following units. In addition, a minimum Phase
Jump Angle Limit, for the unit to remain "in linear control without current limiting”, of 5 degrees is
recommended and a 60 degrees Phase Jump Angle Withstand capability is speci ed. The RoCoF
response power is assessed for 1Hz/s while withstand capability is requested up to 2 Hz/s. Finally,
"the cumulative energy delivered” is de ned "for a 1Hz/s System Frequency fall from 52 Hz to 47 Hz"
in MWs, but also an inertia constant value (H) must be declared by the service provider.

Before continuing, we would like to highlight a subtlety, one well known by specialists, but seldom no-
ticed by experts from other elds involved in the development and deployment of this new technology.
From the speci cation viewpoint, it is common practice to differentiate capabilities from services, and
focus only in the former ones, such that a grid forming unit does not provide a set of responses, it is
just capable of supplying them which is generally assessed in very speci ¢ conditions and typically
de ned as grid connection requirements (mandatory or not) or as part of a certi cation procedure.
The implications of this important difference will be discussed in the reminder of this Chapter.

1the impedance between the IVS and the system can only have real physical values. Virtual impedance, is not permitted.

2the frequency of rotation of the Internal Voltage Source is the same as the System Frequency for normal operation.

13an inherent capability to respond naturally, within less than 5 ms, to changes in the phase between the IVS and PCC.

14phase-Based Real Inertia Power plus the Control-Based Real Droop Power supplied when subject to a system RoCoF.

15an inherent capability to respond naturally, within less than 5 ms, to changes in the system phase and frequency.

18an inherent capability to respond naturally, within less than 5 ms, to system oscillations.

refer to changes in the positive phase sequence Root Mean Square (RMS) Active Power or Reactive Power produced at
fundamental System Frequency by controlled means (be it manual or automatic).

Bsimilar to Primary Response but with a response time to achieve Maximum or Registered Capacity within 1 second.

Binstantaneous reactive power to a step or ramp change in the difference between the IVS and PCC voltage magnitudes.

Dreactive current that starts to rise in less than 5 ms when the voltage falls below 90% of its nominal value. Deployment
up to 1 p.u. must be completed before 30 ms.
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2.4.1.4. FNN Guideline: Grid forming behaviour of HYDC systems and PPMs

The German FNN institute has recently published a new guideline that complements the VDE-AR-
N-4131 norm about dynamic frequency/active power behaviour and dynamic voltage control without
reactive current speci cation [66]. It basically consists in a conformity veri cation procedure for grid
forming units that includes methods for specifying the reference behaviour, tests' description (net-
works and scenarios) as well as validation criteria. The term "undelayed” is privileged to characterised
the immediate response of grid forming units and a "network-stabilising behaviour” is expected, which
means that its response must "counteract” network changes. The proposed tests cover:

» phase angle steps of 10 and 30 degrees.
« linear frequency change with 2 Hz/s RoCoF during 0.5 seconds,
* voltage magnitude step of 5% and 10% within normal operational ranges,

« grid distortion: presence of negative sequence (2% unbalance in one phase), harmonics (in-
cluding ranks 2, 5, 7, 19 and 31) and low frequency subharmonics (at 5, 10 and 15.9 Hz),

» changes in the network impedance, leading to SCR reductions from 20 to 5, 2 and 1, and
« islanding in an active network, with only load or including another grid forming converter.

Conformity veri cation is then based on time varying reference "envelopes” that can be applied to in-
stantaneous value signals giving especial attention to the initial behaviour up to the rst peak. These
signals can be obtained from on eld measurements, but also electromagnetic transient (EMT) or
hardware in the loop (HIL) simulations, and they could include recalculated quantities to be deter-
mined over a certain time period, such as the active and reactive power [66]. Conformity proof
includes the delivery of a technical report and a digital model of the installation and benchmarks.

2.4.2. OSMOSE WP3 de nition of grid forming capability

In this work, we consider that a grid forming unit shall, within its rated power and current, be capable
of self-synchronise, standalone and provide synchronisation services, which includes synchronising
power, system strength, fault current and inertial response (further discussed in section 2.5.2).

Therefore, we de ne grid forming capability as a set of technical requirements listed below that pre-
cisely describe the expected response in terms of current, active and reactive power output following
speci c events. These requirements should be harmonised at EU level in CNC leaving a certain
degree of exibility for national implementation to deal with system dependent needs, in the same
way that the short circuit current contribution during faults has been speci ed (see section 2.3.3).

It must be noted that the capability of providing synchronisation services is not directly subjected to
an over current requirement. Current limitation strategies can be implemented to ensure that the
expected response is only provided up to the device maximal current making the best use of the
available headroom capacity, as it is currently requested for the fast fault current contribution.

1. Standalone. If requested and in coordination with the relevant system operator, the unit shall
be capable of participating in island operation after the loss of the main grid, whether the island
is passive or active and even if no other grid forming source is left (so with or without SM).

2. Synchronising active power.  The unit shall be capable of providing an immediate?! active
power output following a phase jump in consistency with the de nition proposed in section 2.2.1.
The relevant system operator can set constraints on the speed of the active power reference
tracking recovery. This can be achieved through a time-dependent pro le as proposed in
FNN [66] or at least a lower bound on the return time (Tsp), which can be seen as a sort of
minimal sustain time of the response, which can be related to the notion of 5 Hz bandwidth limit
on the controlled power proposed in [65]. An upper bound for Ts, could be agreed at EU level.

Zllmmediate means subcycle. A 5 ms maximal response time threshold could be adopted as proposed in GC0137 [65]
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3. Inertial response. The unit shall be capable of providing an immediate active power output
following a frequency ramp (constant RoCoF) or pro le (piece-wise linear RoCoF function).
The relevant system operator can set constraints on the expected contribution for prede ned
values of RoCoF, through a xed, settable or minimal inertia constant value (H), or in a more
general way a pro le specifying the power output ( P per RoCoF) as a function of the time.
Again, a minimal sustain time (T;. ) should be speci ed and can be limited by an upper bound
agreed at EU level in coordination with frequency regulation services (see section 2.5.1.2).

4. System strength. The unit shall be capable of providing an immediate reactive power out-
put following a grid voltage variation. A frequency-dependent impedance characteristic of the
system shall demonstrate low transient and sub-transient impedance in the linear operation
domain (no current limit reached). The relevant system operator should be able to set thresh-
olds for impedance values at speci ¢ frequency ranges which must take into account physical
components between the converter and PCC ( Iters, valve reactors, transformer, etc.).

5. Fault current. This requirement de nes the expected behaviour in current limitation mode. As
a consequence of the voltage source behaviour the unit shall be capable of providing:

a) an immediate current output within the installation capabilities following voltage dips.

b) The active/reactive current share during the rst instants of the fault shall depend on the
system impedance seen from the unit (not on a "control-based” action as de ned in [65]).

¢) During asymmetrical voltage dips, prioritisation between positive and negative sequence
can be de ned by the relevant system operator.

Therefore, a grid forming unit, by de nition, does not rely on grid conditions to synchronise (it can
operate at a wide range of short-circuit ratios and inertia levels) and it is capable of helping others
to maintain synchronism under stressful conditions by providing synchronisation services, but it must
still complying with the general requirements applying to the speci c technology. Finally, depend-
ing on the subset of synchronisation services that a specify technology is capable of providing, we
propose to classify grid forming units in 4 types:

» Type 1 grid forming unit; is capable to standalone and provide system strength and fault current

around nominal value (I, ltaut < 2In where l¢5 is the declared maximal current).
» Type 2 grid forming unit: is capable to standalone and provide system strength, fault current
around nominal value (I, lfaur < 2I,) and synchronising power complying with specic

requirements (Tsp or more detailed pro le).

» Type 3 grid forming unit: is capable to standalone and provide system strength, fault current
around nominal value (I, ltaut < 2ln), synchronising power and inertial response complying
with speci ¢ requirement ( Tsp, H and T;; or more detailed pro les).

» Type 4 grid forming unit: is capable to standalone and provide system strength, synchronis-
ing power and inertial response complying with speci ¢ requirement ( Tsp, H and Tj or more
detailed pro les), and high fault current (ltaut  Nlp, with N 2) .

2.4.3. Technologies able to provide grid forming capability

A SM is, by construction, a type 4 grid forming unit and most of the technologies connected to the
grid through VSCs can provide grid forming capability as long as they have a small energy buffer that
allows the active power to deviates from its setpoint. For type 1 grid forming units small accounts for
a few tens of ms [67], while type 2 units are expected to sustain the active power response for a few
hundreds of ms. Type 3 grid forming capability requires energy to be available for a few seconds. ESS
as the ones considered in this project fall in the type 3 category which was previously demonstrated
in [68]. Moreover, WPP can also provide type 3 grid forming capability under certain conditions
as demonstrated in [69]. In the short-term, HVDC and FACTS are the most suitable candidates to
develop different types of grid forming capability as they are in general TSO owned [64].
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2.4.4. Beyond grid forming capability: new VSC general requirements

Before concluding this section, we highlight some technical requirements that have been recently
associated to the grid forming capability but we recommend that they are assessed and applied to all
VSC independently of their synchronisation mechanisms. They include:

Phase jump withstand capability. Similarly to what has been done for the RoCoF withstand capa-
bility described in the section 2.3.1, a phase jump withstand capability could be speci ed. Although
phase jump tests have gained interest with the emergence of grid forming controls, in principle there
is no reason to exclude grid following converters from this requirement. VSCs presently connected
to the grid provide large phase jump withstand capability, however to the best of our knowledge, this
is not speci ed at European level. As an example, in France, withstand capability for a line discon-
nection in a speci c test is required to SGs in the national implementation of the grid code ( Fiche | 3
: Stabilité sur Report de Charge, in Chapter 8 of the DTR [63]). The P2800/D6.0 standard draft re-
quires that: "The IBR plant shall ride through for PS phase angle changes within a sub-cycle-to-cycle
time frame of the applicable voltage of less than or equal to 30 electrical degrees” [70]. It must be
noted that this value might be higher than the maximum phase difference de ned in circuit breakers
to allow line closing as they must cover for unplanned line opening. For illustrative purpose, Fig. 2.15
shows the selected benchmark response for a 60° phase jump (as proposed in [65]) leading to current
saturation. Here, the initial current limitation before the activation of the TVI is managed by the hard
blocking protection, but different solutions can be used to protect converters in extreme conditions.
In general, grid following VSC faces less challenges to recover quickly power reference tracking.

(a) Voltage phase (b) Active power

(c) Reactive power (d) Current

Figure 2.15: VSC response to a 60° phase jump??

2|n this simulation we consider mp =0.015 and t, = 30 ms, which gives an equivalent inertia constant of Heq = 1 s.
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Power oscillations and damping. This feature is partially covered by art. 29 in the HVDC code [12]
which includes a procedure to investigate possible adverse interactions between the new installation
and the grid, and constraint the owner to provide mitigation measures for connection. In RfG, art.
20.3.b also refer to “adequate” damping of active power oscillations [11]. In this regard, the GB grid
forming code (GCO0137 [65]) adds "the damping shall be judged to be adequate if the corresponding
Active Power response to a disturbance decays within two cycles of oscillation” and requests the
submission of "a Network Frequency Perturbation (NFP) Plot and Nicholls chart (or equivalent)”.

It must be noted that in the HVDC code, art. 29 is about intrinsic system damping, while art. 30 on
power oscillation damping (POD, resp. power system stabilizer, PSS, in RfG) and 31 on SSR (sub-
synchronous resonance) are about dedicated, outer, controllers. As discussed in section 2.2.4, some
grid forming controls might exhibit low damping at lower frequency and proper tuning of inner loops
might need further investigation. Other loops to provide additional damping to inter-area modes for in-
stance (< 2 Hz) can be added to IBR independently of their synchronisation mechanism. In this sens,
GCO0137 includes the De ned Damping Active Power to compensate for 1Hz grid oscillations [65].

In addition, regarding current limitation, GC0137 indicates that the plant "shall be designed to ensure
a smooth transition between voltage control mode and FRT mode in order to prevent the risk of
instability” and that the "owners are required to both advise and agree with The Company the control
strategy” [65]. Finally, in the future, some requirements might also be de ned in terms of the active
injection of controlled oscillating power with the growing concern on forced oscillations [71].

Negative sequence. In France HVDC system are simply requested to remain connected and stable
for a maximum negative sequence component of 2% of the AC voltage at the PCC (either continuous
or short term basis). Injection limits are de ned in the harmonic requirements.

Now, when we say that a grid forming unit (SM or a VSC) behaves as a voltage source, we usually
mean a PS and fundamental frequency only voltage source. As a consequence, it has been said
that a grid forming unit is expected to naturally contribute to power quality through the absorption of
harmonic and unbalanced currents [22].

However, as discussed in section 2.2.2, while the frequency dependent impedance of a synchronous
machine beyond a few hertz is given by construction [72], for a VSC it will depend on the control
bandwidth (around 100-150 Hz for the applications considered in this work).

Figure 2.16 shows the voltage amplitude and reactive power of a VSC when submitted to 3% of grid
voltage permanent unbalance to illustrate that the synchronisation mechanism has low impact on the
capability of the converter to counter 100 Hz voltage oscillations.

(a) Terminal voltage (b) Reactive power

Figure 2.16: 3% of grid voltage permanent unbalance
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We compare three scenarios:

« Case 1. a grid forming control without any speci ¢ NS compensation strategy.

A grid following control with two different strategies regarding the negative sequence (NS):
— Case 2: without any NS control (V, =0), and
— Case 3: with a NS current compensation loop (I, = 0).

Although slightly dif cult to appreciate in the proposed illustration, a VSC with a classic grid forming
control (case 1) behaves similarly to a grid following converter in the same conditions (case 2). They
both can reduce voltage unbalance depending on the system impedance and control bandwidth
when compared to NS current compensation techniques (case 3). The value of the DUT internal NS
impedance can be adapted with control independently of the synchronisation mechanism. This is,
Zinv in Fig. 2.17 can be very high to reduce the NS current as done in Case 3, but it can also be set
to zero by imposing a PS voltage only at POI. If no compensation strategy is consider (case 2), Ziny
depends on the PS control and the Iter impedance. Bounds of this value could be de ned for any

VSC, which roughly speaking implies requesting a passive behaviour.

Figure 2.17: Terminal voltage

However, the limited current capability of the power electronic devices also implies that prioritisation
strategies are required regarding fundamental, NS and harmonic currents even in steady state, which
can be achieved by dedicated outer controllers that could limit the distortion on the current by acting
in the voltage if necessarily.

Harmonics. The only reference to the topic at EU level is made in art. 34 of HYDC code to establish
that TSO must provide to the owner a grid model for control design. Then, injection limits are de ned
at national level. We could however highlight that at high frequency, beyond the control bandwidth,
the converter behaviour at its terminal is dominated by the physical components so should not differ
much from a grid following. In France, IBR must withstand the presence of grid voltage background
harmonic, without injecting adverse harmonic, which is already challenging to ensure in the general
case. Non contractual harmonic voltage thresholds are indicated in the technical appendices of
the CART (Transmission Network Access Contract, or Contrat d'Acces au Réseau de Transport)
and producers must comply with current emission limits established as a function of the installation
nominal power (limited to 5% of the system SCP), the nominal voltage (U,,) and given coef cient (K )
between ranks 2 and 40, according to eq. (2.2) in order to limit total harmonic distortion (THD).

S
Ih = Knp——: 2.2
n inUn (2.2)
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