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Abstract

Grid-forming control can be a useful solution for all dynamic issues in weak grids and for providing ancillary services.5

It represents the new frontier in modern power electronics, responding to the needs of power systems more and more
rich in renewables and, for this reason, with lower inertia. Today, the research on grid-forming is mainly oriented
to propose new and more effective control schemes and to evaluate their performances with simulation tools, but
few works in the literature focus on the results of on-field experimentation. Therefore, this paper aims to provide a
comprehensive review of grid-forming pilot projects and demonstrators developed worldwide. The work describes10

the main pilots providing an accurate analysis of the technical features of each demonstrator, and it proposes a critical
discussion on the motivations that have driven each installation and on the results which have been obtained or are
expected. The demonstrators are finally compared remarking their analogies and differences, trying to chart the
development trajectory of this new technology.
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1. Introduction

The energy transition in progress and the consequent reduction of energy supply from fossil fuels is causing the
divestment of traditional rotating generators in favour of energy sources that are interfaced to the electrical grid through
power electronic converters. While this transformation leads to a reduction in CO2 emissions, on the other hand,
technical issues related to the operation of the electric power system are rising, due, in particular, to the reduction
of the overall system inertia and primary reserve and to the aleatory nature of renewables that increase the risk of
instability [1], [2]. Therefore, power converters must provide new services to maintain adequate level of security and
service quality even in renewables dominated energy systems [3].
Conventional commercial converters incorporate a current control that does not allow the participation in regulation
services, except in some particular cases [4], [5]. For this reason, the new concept of grid-forming (GFM) control
was developed, to allow power electronic converters to support voltage and frequency and improve angle stability
in the grid. The interest in this type of control has grown significantly in recent years, both in terms of academic
research and investigation of new applications and in terms of development of industrial solutions and pilot projects.
As an example, in [6] the authors discuss the applicability of grid-forming schemes to HVDC converters, while in [7],
an interesting study is reported aiming at investigating the frequency stability of the Irish system when using GFM
converters for a total replacement of synchronous generators. A similar analysis is presented in [8] on the IEEE 39-
bus test network. In [9], the authors proposes a bidirectional grid-forming converter with a fault-tolerant functionality
applied to islanded AC microgrids using a centralized control architecture. Some experimental results are proposed.
These works represent only a very small part of the vast literature on the subject. In general, it can be stated that most
of the studies in the literature provide control methods for GFM converters and example of theoretical applications
of those controls. In this framework, the contribution of this work is to present a comprehensive review of the GFM
demonstrators installed worldwide, outlining the main technical features of each demonstrator and discussing the
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motivations that have driven each installation and the results obtained or expected.
The paper contains finally an analysis of the experimental experiences on grid-forming in the form of Q&A, which is
intended to guide the reader toward a deeper understanding of GFM converter experimentation through pilot projects,
and stimulate interest in this research subject.

2. Methodology

The review has been done according to Glasziou’s approach [10], comprising the four following steps:

• Formulation of researchable questions;

• Disclosure of studies;

• Evaluation of their quality;

• Synthesis.

The main questions the present review aims to answer are two:

1. identifying the main GFM pilot projects and demonstrators;
2. discussing the integration of GFM demonstrators in the power system, by examining the results of the pilot

installations.

The main database used for finding relevant studies on the topic was Scopus, searching for specific keywords. The
first keyword was “Grid-Forming demonstrator”. Given the scarcity of results (only 7 papers), the second keyword
used was ”Grid-Forming”. The last search was conducted in September 2021 and 4,723 papers were found. Those
papers included different case study reports, control strategies analysis, technical issues, methodology papers, mathe-
matical models, review papers, etc. Selecting the subject area “Energy”, the list was limited to 902 articles. After an
initial screening to exclude papers not directly related to pilots and demonstrators, approximately 100 paper remained,
which are categorized as follows:

• technical data and purposes of demonstrators;

• control techniques implemented and services provided by the demonstrators.

Finally, some of the 100 papers were discarded because they did not contain new information with respect to other
more complete papers in the list. In addition to the search on Scopus, reports and technical documents dealing with
implementation experiences were found using the Google search engine. In conclusion, the analysis of the literature
shows that there is a research gap on GFM demonstrators, as there is not a single document reporting a comprehensive
and critical review of this topic. All documents were analyzed covering, in particular, the following aspects:

a. Pilot projects and demonstrators in the world;
b. Demonstrators data and applications;
c. Specific control strategies applied;
d. Results obtained from the experimentation.

Therefore, the present review is structured as follows: Section 3 discusses the concept of grid forming control, the
way it was originally conceived and the goals it aims to fulfil in relation to the other control philosophy represented by
grid-following converters, while Section 4 describes in detail the status of demonstrators and pilot projects, reporting
their main technical data, their different purposes, the services they provide and the results obtained during the exper-
imentation. Starting from the content of previous sections and from the experience of the authors on power systems
studies, Section 5 provides a discussion on GFM demonstrators in the form of Q&A. Finally, Section 6 contains the
conclusions of the work.
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3. Grid-forming concept

The term ”grid-forming” makes its first appearance in 2001 [11], but the first paper proposing the use of inverters
to support the grid during power imbalances and frequency deviations dates back to 2008 with the introduction of
the Virtual Synchronous Machine (VSM) concept [12]. At that time, however, there was not exactly talk of ”grid-
forming”. Even today the concept of GFM inverter has not been clearly defined and it is being studied by the scientific
community [13]. In fact, neither the International Electrotechnical Vucabulary (IEV) nor IEEE standards contain a
definition of the term ”grid-forming”. According to the European Network of Transmission System Operators for
Electricity (ENTSO-E) [14], grid-forming capabilities need to be defined in Connection Network Codes (CNCs) to
enable harmonised solutions, while the National Renewable Energy Laboratory (NREL) defines grid-forming con-
trollers as any inverter controller that regulates instantaneous terminal voltages without a Phase Locked Loop (PLL)
and that can coexist with other grid-following and grid-forming inverters and synchronous generation on the same
system [15].
Basically, a GFM inverter is a converter that allows to directly control the voltage at its terminals independently of the
grid voltage. This feature distinguishes GFM from classical grid-following (GFL) converters, in which the directly
controlled output is the current delivered. From a conceptual point of view, therefore, a GFM converter can be repre-
sented, in its simplest version, as a voltage source with a low series impedance, while a GFL converter is represented,
in a dual way, as a current source with a high parallel impedance, Figure 1.

Figure 1: Basic representation of a GFM converter (a) and of a GFL converter (b)

GFM converters can provide a voltage signal even in the absence of load or grid voltage, which is impossible
for GFL converters that instead require the presence of a network signal for synchronization and current injection.
It is precisely this feature that stimulates researches in the concept of grid-forming: the possibility of maintaining a
constant voltage signal even in the presence of network imbalances is of particular interest for system operators [16],
[17].
The concept of grid-forming has been originally introduced for smart grids and autonomous power systems applica-
tions [18], [19], [20], [21], [22]. However, grid-forming converters are also considered as an interesting solution to
support the stable operation of large, interconnected power systems with high penetration of non-synchronous gen-
eration interfaced through power electronics [23], [24]. While this behaviour can be supportive of the network, the
imposition of the voltage phasor can lead to sudden increases in current that, in extreme cases, can damage the compo-
nent itself. This does not happen in GFL converters as the current phasor amplitude is directly controlled and cannot
exceed the set thresholds. In any case, several studies show the adequacy of GFM converters in operating in weak
networks dominated by inverter-based generation [25], [26], while other studies highlight the limits of this technology
in robust networks, where performances are lower than its GFL counterpart [27], [28].
Over the past years, many different grid-forming control structures have been proposed and analyzed [18], [19], [29].
The different grid-forming controls can be possibly classified in the following groups: droop methods [21], [30],
[31], power synchronization control [32], [33], synchronverter [34], [35], virtual synchronous machines (VSM) [36],
[37], [38], [39], matching control [40], direct power control [41] [42] and others [43] [44] [45]. The droop control
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is the simplest grid-forming implementation, where the internal frequency is determined multiplying the difference
between the active power reference and the measured active power by a gain, and then obtaining the converter angle
integrating the synthetized frequency signal. The power synchronization control is a grid-forming method similar to
droop controls, where the converter angle variation is determined by integrating the difference between the reference
and the measured active power multiplied by a gain, and then the converter angle is obtained by adding the integral
of a reference frequency to the angle variation determined by the power-angle control. Synchronverter and VSM
are grid-forming schemes which realizes the grid-forming capabilities by a direct emulation of the characteristics
of synchronous machines, simply replicating the intrinsic behaviour defined by the swing equation or implementing
more complex control schemes to include the replication of the machine electrical dynamics. In the matching control,
the converter converter pulse-width-modulation signal is controlled in order to achieve exact matching between the
converter in closed-loop and the synchronous machine dynamics, while direct power control technique is based on
p-q theory and instantaneous power errors of active and reactive power components are kept within a fixed hysteresis
band to provide reference values of powers.
The possible grid-forming controls are based on different implementations and realizations of specific functionalities,
but they all share the common principle of forming the output voltage by controlling its magnitude and angle.

4. Pilot projects and demonstrators

This section presents the various pilot projects. A total of 14 projects have been identified as the most significant
worldwide and they are reported below in chronological order from least to most recent.

4.1. Zurich BESS, Switzerland
One of the first demonstrators with grid-forming capabilities was the Zurich Battery Energy Storage System

(BESS). The unit, commissioned in 2012, operated by Elektrizitätswerke des Kantons Zürich (EKZ), the Utility of the
Canton of Zürich, and operative since 2014, was designed in order to participate to the new ancillary services market
for Primary Control Reserve (PCR) started in 2015 by the Transmission System Operators (TSOs) of Germany, Aus-
tria, the Netherlands and Switzerland. The demonstrator has three different applications: primary frequency control,
peak shaving and islanded operations. Since its qualification, the unit participated in the Swiss market and in the new
PCR market winning tenders for 41 weekly bid period as of 31/12/2015 [46].
The system has a rated power of 1 MW overloadable until 1.3 MW for 15 minutes. The storage has a capacity of 580
kWh but it can deliver only 250 kWh at full power in order to prevent an early deterioration of the batteries cells. To
allow different grid application tests, the system was designed for both low voltage (LV) and medium voltage (MV)
connections. In addition, thanks to seven independent switches, different configuration are allowed to test typical MV
grid situations. Figure 2 shows the single line diagram of the system [47]:

• the blue line represents the low voltage connection of loads and generators;

• the yellow line represents the direct connection with the MV grid;

• the red line represents the connection of loads and generators during the island-mode operation of the system
allowed by the grid-forming capabilities of the converters.

The different configurations are controlled via OPC (OLE for Process Control) by a SCADA system that integrates
the switches and all measurements and alarms of all the components.
The performances of the Power Conversion System (PCS) depend on the converter mode that, for this demonstrator,
can be both Voltage Source Inverter (VSI) and Current Source Inverter (CSI) mode. The VSI mode improves local
power quality, is indicated for smaller grids and almost indispensable for microgrids. On the other hand, the PCS is
subjected to higher current magnitude fluctuations, leading to an efficiency degradation. In CSI mode, the regulation
occurs through a current injection in a faster and more efficient way. However, in this configuration, it is impossible to
run the islanded mode. The project demonstrates that CSI and VSI modes can coexist in the same devices, switching
one from the other according to the specific needs.
Major challenges occurred especially in the control algorithm and in the estimation of the batteries’ State-of-Charge
(SoC) value. From the point of view of the battery degradation, no important sign of decay due to normal operation
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Figure 2: Single line diagram of the Zurich demonstrator [47]

has been noticed.

4.2. AusNet GESS, Australia

AusNet Services is the largest energy delivery company in the State of Victoria, Australia. In 2012, the company
started a project for a Grid Energy Storage System (GESS) for managing the distribution network. The management
of the project has been entrusted to a consortium leaded by ABB Australia [48] to design the GESS.
The GESS was divided into three main components:

• a 1 MW/1 MWh Lithium-ion battery system coupled to the main grid through a 1.37 MVA inverter with grid-
forming capabilities;

• a 1 MVA backup diesel generator;

• a substation for the connection with the main grid with a 3 MVA 22/0.415 kV/kV transformer.

The system was installed in Thomastown in 2014 and in 2015 the trial phase started with several tests for grid support
services such as peak shaving, power factor correction, voltage support, phase load balance and islanded operations.
Results have been released with the AusNet annual report 2016 [49] and 2017 [50]. The main outcome was achieved
on the islanding operation: on February 2nd, 2016, a network fault resulted in an outage of the feeder to which GESS
was connected. Being the fault upstream the GESS, it was possible to initiate a recovery procedure to start the islanded
mode of the unit, enabling the supply of 104 commercial and industrial customers for almost 2 hours.

4.3. Mackinac HVDC Voltage Source Converter, USA

The Mackinac back-to-back Voltage Source Converter HVDC was commissioned in 2012 by the American Trans-
mission Company (ATC) for the power flow control between Michigan’s Upper and Lower Peninsula [51]. The project
was required to operate under weak system condition and mitigate other issues in the area, such as voltage oscilla-
tions and faults. Among all the control technologies available for the purpose, VSC HVDC was chosen over classical
technologies due to its characteristics: independent active and reactive power control, black start capability, and static
synchronous compensator (STATCOM) mode operation. These characteristics are realized by implementing a grid-
forming control for the converters of the HVDC stations. The used converter design was the cascade two level (Figure
3). The equipment was designed for 200 MW and 100 MVAr bidirectional power transfer at each terminal. The station
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was energized with a pre-existing 138 kV AC line and in July 2014 began commercial operation. After an initial phase
of testing, several studies were conducted to evaluate the response to adverse events such as short circuits, transferred
power deviations, remote faults, and communication issues [52]. Despite some issues related to the production of
interharmonics and interference caused by external high-frequency signals, the system made it possible to electrically
connect Michigan’s two peninsulas more economically than other feasible solutions, while also improving reliability
and flexibility.

Figure 3: Simplified One-Line Diagram of Mackinac HVDC Converter Station [52]

4.4. SMA projects - St. Eustatius, Saba, Portugal, French Polynesia, Germany
As a leading global company in solar systems technology, SMA has demonstrates great interest in grid-forming

converters for large scale application carrying out various projects all over the world with different size and targets
[53]. The experimentation started in 2017 with the St. Eustatius II Project, conducted in the homonym island of the
Caribbean Sea. The energy mix installed in the island consists of 4 MVA of diesel generation, 4.15 MW of PV power
and 5.9 MWh of BESS capacity, for an overall load of 2 MW. Batteries are connected to the grid via 2 hybrid GFM
converters of 2.2 MW and one hybrid GFM converter of 1 MW, while the PV is connected via two inverter of 1 MW
and 74 inverters of 25 kW. The solution allows a 100 % solar power feeding for 10.5 hours in diesel-off mode without
compromising the reliability of the system. In the first year, the total energy provided was around 6.4 GWh with a
diesel saving of 1.7 million liters. Even from the stability point of view, the system responded well: in the first six
months, 7 events genset failures were compensated by the battery plant and an already installed synchronous condenser
was decommissioned because of its high losses and low advantages. Another similar experience is conducted since
2019 on the island of Saba, in the Caribbean Sea too. The storage integration in the generation system was conducted
in two phases: in phase one, an 800 kW/393 kWh storage system was designed and installed for the ramp rate control
of a 1.142 MW PV plant. In phase two, both the storage capacity and the installed PV power were increased to 2.3
MWh and 2 MWp, respectively. Batteries are connected to the grid via 1 GFM converter of 2.2 MW while the PV
plant is connected via 64 decentralized inverters of 25 kW. Even in this case, with a total load of about 1.2 MW, the
system can provide up to 10 hours of 100 % renewable supply in diesel-off mode operation, with the saving of around
one million liters of fossil fuel. Worth to mention are also the project Graciosa, Azores, Portugal, and the projects The
Brando, Tetiaroa, French Polynesia, that highlight the interest in investigating small islands behaviour fed by 100 %
renewable power sources.
Bordesholm is a small town of around 8000 inhabitants in the north of Germany. This city is the protagonist of a project
that aim to demonstrate the strength of a lucrative business model based on primary regulation services [54]. SMA
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was the technology provider, with a 15 MW/15 MWh storage system connected to the grid via 7 coordinated inverters
of 2.5 MW. In late 2019, the public utility company Versorgungsbetriebe Bordesholm and TH Köln, University of
Applied Sciences, simulated a large-scale power outage by disconnecting the town from the European main grid.
The results were very successful, with anyone between households, businesses and institutions that even noticed the
transition from the grid to the batteries supply, proving that a 100 percent renewable energy is feasible with the right
technology.

4.5. Dersalloch Wind Farm, Scotland

For approximately six weeks, from May to June 2019, a 69 MW wind farm in Dersalloch (Scotland) owned by
Scottish Power Renewable (SPR) was operated in grid-forming mode [55]. Each of the 23 direct-drive full-converter
3 MW wind tower generators (WTG) was controlled for exploring inertia contributions of between H = 0.2 s and H
= 8 s. During the test period, the response of the plant to various sensitive events coming from the electrical grid
was verified in relation to the setting of the equipment: in particular, the single turbine inertia varied from 0.2 s to 8
s for a park average of between 0.2 s, 4 s and 7.5 s. Events recorded in the test phase include phase step response,
interconnection tripping, and frequency events, natural or synthetic. During all recorded events, the park responded
autonomously and immediately as expected, with power responses appropriate to the type of adverse event and in
the absence of over-currents, over-voltages, or detachments. All this turns out to be true, however, in the presence
of appropriate weather conditions, that is, in the persistence of a wind sufficient to guarantee the nominal power of
the plant. Turbine’s ability to respond may be effected if wind speed is declining during the response and the inertial
response in case of low or zero power is extremely low. The trial continued at the same wind farm the following year
from August to October 2020 [56]. In this case the aim of the experimentation was to verify the islanded mode and the
black start capabilities of the turbines: the results showed that the park can operate in islanded mode with a minimum
number of turbines in grid-forming mode, that re-synchronization with the grid is possible and that it is possible to
perform a black start from a certain number of turbines, energizing the transmission grid up to the 132 kV/275 kV
transformers.

4.6. Hornsdale Power Reserve, Australia

Hornsdale Power Reserve (HPR) is a BESS plant installed near Jamestown, South Australia in 2017 and expanded
in 2020. It consists lithium-ion batteries provided by Tesla for a total power capacity of 150 MW and an energy
capacity of 194 MWh, and it is connected to the national transmission grid at 275 kV. Among the various inverters
that allow the interface with the grid, two of them operate in VSM mode, allowing the provision of services such as
fast frequency response and synthetic inertia. What makes this project particularly interesting is that it immediately
entered the mechanisms of the Australian electricity market with positive impact both for grid support and market
performance [57] [58]. Furthermore, the division of energy capacity for different purposes (70 MW grid services,
30 MW energy balances) allows the plant to participate in the System Integrity Protection Scheme (SIPS) but also to
perform energy arbitrage and congestion management.
The validity of the system in responding to network disturbances was recently verified with a ”real life test”: on
the night of May 25, 2021 there was an outage in a 405 MW turbine in a power plant that caused a domino effect
involving several units and substations, and within minutes, approximately 500000 homes and businesses were without
power [59]. The Hornsdale battery responded instantaneously to the frequency drift: in less than two seconds, the
maximum available power (70 MW) was delivered at the minimum frequency peak (49.6 Hz) while, when the load
was disconnected and the frequency returned to its nominal value, the plant’s surplus supply of active power stopped.
The response of the battery is reported in Figure 4 [60]. Hornsdale’s experience confirms the importance of this new
regulation frontier for the future electric system and how GFM converters can play a key role in this transition.

4.7. ESCRI-SA Project, Australia

The ESCRI-SA project is developed by the TSO ElectraNet and involves a 30 MW/8 MWh grid-connected BESS
(Figure 5). The system is located in South Australia near the Dalrymple substation and it is aimed at demonstrating
how storage can strengthen the grid and improve reliability. The BESS system was manufactured by Consolidated
Power Projects, in partnership with ABB and battery supplier Samsung. The project is partly funded by the Australian
Renewable Energy Agency (ARENA). ElectraNet licenses the BESS to the private service provider AGL, which
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Figure 4: Hornsdale battery response to the grid tripping caused by Callide fault [60]

operates it to provide competitive market services. The ESCRI-SA BESS system consists of lithium-ion batteries
integrated through dedicated inverters, controllers, and transformers. Battery capacity sizing was optimized according
to criteria related to the ability to provide the following set of services:

• provision of fast frequency response with reduced network constraints;

• reduction of energy supply failure in case of islanding;

• participation in the energy market through ancillary frequency services.

The system was built with two identical strings of lithium-ion rechargeable batteries coupled to two sets of DC/AC
inverters. The inverters provide power through six 33 kV transformers and they are connected via the BESS control
room to the 132 kV Dalrymple substation through underground cables (Figure 5). The BESS has two levels of control.
The first level, operated with priority over the second, is automated and it responds to system events according to a
pre-programmed logic. The second level is dedicated to energy market and battery charging and it is controlled by
AGL.

The ESCRI-SA BESS system is operated with grid-forming control strategy [61] [62]: the control scheme com-
bines synthetic inertia, frequency controller, synchronous machine flow model, automatic voltage regulator and virtual
impedance (Figure 6). The ESCRI-SA BESS system is also included as an integral part within the SIPS: the scheme
is designed to prevent the separation of the South Australian system, to act promptly by containing the amount of Rate
of Change of Frequency (RoCoF) in case of contingencies, and to operate based on measurements taken on the link
to activate the injection of energy by the BESS system, with the ability to deliver full power in 250 ms.

Thus, the ESCRI-SA BESS project allows for both regulation and competitive market services. The regulation
services are the reduction of energy non-delivery in the area (through transition to island operation) and the provision
of synthetic inertia (with the reduction of operating constraints on the interconnection line). Market services are
ancillary Contingency Frequency Control (C-FCAS for both up and down frequency variations) and participation
in the wholesale energy market. In the future, the following services may also be monetized: black start of the 33
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Figure 5: Schematic representation of the ESCRI-SA BESS system [61]

Figure 6: Model of Virtual Synchronous Machine by ABB [62]
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kV local grid; system robustness and fault level support; rapid active power injection as part of the SIPS; voltage
regulation with automatic triggering in the band beyond ± 5 % of nominal value; and distributed energy resources
curtailment in the case of island operation.

4.8. La Plana Hybrid Project, Spain
The Hybrid Pilot Plant in La Plana (Spain), owned by Siemens Gamesa, was commissioned in 2015 and it is under

testing since 2018 [63]. A hybrid plant consists in a multi-source energy generation system that is managed in order
to obtain optimal operating conditions from both technical and economical point of view. This kind of system is often
equipped with GFM converters for the purpose of providing also ancillary services from non-traditional generators.
The reduction of variability in renewable energy provision is an important challenge that, if really solved, can lead to
a massive penetration of renewable energy sources in the electrical system. In order to achieve this goal, hybrid plants
are becoming increasingly important and interesting [64].
The plant in La Plana is made up of an 850 kW WTG, a 245 kW solar PV plant, three 222 kW diesel generators and
a BESS. The system is shown in Figure 7. Two different storage technologies are installed: Lithium-ion (there 435
kW/145 kWh units) and Redox-Flow (one 120 kW/400 kWh unit). With these two types of batteries, it is possible
to use the optimal one in relation to the service to be provided, distinguishing power-intensive (Li-Ion) from energy-
intensive services (Redox-Flow). A controller coordinates the production of all generators with the aim to minimize
the Life Cost of Energy (LCoE) of the plant in all operating conditions, regardless of whether the system is off-grid or
grid-connected. The controller favors the energy from renewable sources, trying to keep diesel generators at minimum
even in off-grid operation or in periods of contemporary lack of sun and wind. Gamesa Electric has provided all the
power electronics of the plant, both for generators and batteries. The GFM inverters allow the plant to operate in Zero
Diesel Operation mode or to reconnect to the grid after a black-out. Apart from energy saving purposes, this type of
projects is attracting attention for its economic prospects in providing different services. Thanks to the storage units,
this solution can be used for energy shifting application; thanks to the GFM capabilities, the plant can be allocated
in strategic electrical nodes and provide ancillary services, such as frequency reserve and regulation, peak shaving,
synthetic inertia, and black start.

Figure 7: La Plana Hybrid Project [63]
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4.9. DEMOCRAT Demonstrator, Portugal

The project DEMOCRAT (DEMOnstrator of a miCrogrid integRAting sTorage) represents an innovative applica-
tion that can be implemented in LV public distribution systems but also in LV networks of end-users such as industrial
prosumers [65]. The demonstrator, currently installed in the industrial facilities of the private company Efacec in Maia
(Portugal), consists of several generation and consumption resources, electrically connected in a PCS and managed
according to an original and hierarchical architecture called Smart Grid Architecture Model (SGAM).
The plant comprises two containerised components: the Battery Block housing the battery system and the PCS Block
housing the power conversion system. The Battery Block includes Lithium-ion batteries with an installed capacity of
2x109 kWh and rated power of 200 kW. The PCS Block contains a 250 kVA inverter, two transformers for the grid
interface at LV and MV level (respectively 400 V and 15 kV), a control cabinet, metering and power quality systems,
active grid components and an UPS. The architecture of the demonstrator is shown in Figure 8.
Within the several uses of the plant (storage connected to LV or MV grid, electric vehicles charging buffer, demand
response programs, etc.), in this review those related to grid-forming are explored. The demonstrator has the possibil-
ity to separate and resynchronize with the main grid either in the case planned or not. The GFM control keeps voltage
and frequency within the technical limits during transitions and grants black-start operations. Moreover, the demon-
strator can be used as a hybrid off-grid system with diesel generation not connected to the main grid with two different
control strategies: in the first case, the diesel generator acts as the only voltage source and the batteries support and
optimize the generation with peak shaving operations; in the second case, the battery imposes voltage and frequency
while the diesel generator is detached from the grid for the maximum possible extent of time.

Figure 8: DEMOCRAT Demonstrator Architecture [65]

4.10. NREL Campus Colorado, USA

The Flatirons National Renewable Energy Laboratory (NREL) campus, Colorado, (Figure 9) currently includes a
total of over 12 MW of variable renewable generation within a multi-energy test facility with wind generation in the
1-3 MW range for a total of 8 MW, 1.5 MW of photovoltaic generation, two BESS storage systems of 1.25 MW/1.25
MWh and 1 MW/1 MWh respectively, and a 7 MVA power converter acting as Controllable Grid Interface (CGI). The
internal 13.2 kV MV grid is connected to the transmission grid through a 13.2 kV/115 kV step-up substation.

The two BESS systems are both controlled with a grid-forming control strategy [67]. The BESS is operated in
parallel to the CGI, which is the virtual point of interconnection with a RSCAD (Real-Time Simulation Software)
model.
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Figure 9: Schematic representation of the integrated NREL Campus system [66]

The transient response of the system for a load step test is shown in Figure 10. The figure shows frequency,
voltage, active and reactive power of the BESS system following a disturbance consisting of the connection of a 500
kW/500 kVAR load [67]. The measurements are taken at the HV side of the BESS transformer, i.e., at the point of
interconnection of the BESS system. The frequency is estimated by a PLL with a low-pass filter cutoff frequency of
10 Hz. The voltage and power signals are processed with a low-pass filter cutoff frequency of 10 Hz.
The results show that the BESS system model is able to emulate the transient response of the system following a load
step. The deviations between measurements and simulation in the case of frequency are due to the PLL dynamics:
these deviations have however no influence on the transient response governed by the implemented frequency/active
power droop. Other small deviations between measurements and simulations can be explained by the inaccurate
knowledge of the inverter control structure, which is proprietary information of the manufacturer. It is important to
note that the transient response of the inverter is closely related to the internal control circuits, the gradient limiters
present, and the signal communication delays.

4.11. General Electric Projects, USA

General Electric (GE) has shown significant interest in grid-forming technologies in recent years. The company’s
first installation dates back to 2017 and it consists of a BESS with lithium-ion technology located in California and
operated by Imperial Irrigation District (IID), a fiscally responsible public agency whose mission is to provide reliable,
efficient and affordably priced water and energy service to the communities it serves. GE provided all the inverters,
controls and transformers, and it purchased the lithium-ion batteries from Samsung SDI America. Each set of batteries
is connected to an inverter, which is connected to a transformer, as a separate storage system. There are a total of 30
inverters and 30 transformers making up the system that operates at a nominal voltage of 92 kV. The main role of the
BESS is to be operated in a coordinated manner with the other conventional generators in order to provide support to
the network [68].
Another important project managed by GE itself is the Lithium-Nickel-Manganese-Cobalt oxide (NMC) storage sys-
tem installed at Entergy Louisiana’s Perryville Power Station. The BESS enables black-start by creating a voltage
reference to which the turbine and its associated auxiliary power systems can synchronize. Installed in December
2019, on February 2020 the BESS black-started a 150 MW gas turbine two times with the same recharge [69]. GE
Research in April 2020 secured 4.2 million in funding from the US Department of Solar Energy Technologies Of-
fice (SETO) to develop grid-forming solar inverter control technologies [70]. This demonstrates how the interest in
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Figure 10: Transient response of the NREL system for a load step test [67]

grid-forming is not limited only to public bodies but also, and above all, to operators in the industrial sector who are
producers of the technology.

4.12. OSMOSE Project, Europe

The OSMOSE Project proposes various grid-forming demonstrators in order to evaluate the impact of the solutions
on a wide and real electrical system [71] [72]. Financed on the Horizon 2020 research and innovation program,
the project includes 33 partners among TSOs, industries, market operators, and research centers from 9 European
countries. The WP3 of the project is titled: Grid Forming for the synchronization of large power systems by multi-
service hybrid storage. In this WP, the behaviour of different storage systems controlled with GFM control schemes
is investigated through simulations and experiments. The demonstrators are:

• an utility-scale BESS at Ecole Polythecnique Fédérale de Lausanne, (EPFL, Lausanne, Switzerland);

• a small-scale BESS at EPFL campus;

• a hybrid energy storage system (HESS) connected to the transmission grid (RingoLab, France).

The utility-scale BESS consists in a 720 kW/560 kWh Lithium-Titanate-Oxide (LTO) battery technology. This tech-
nology allows to reach 20000 complete charge/discharge cycles at the maximum rate, and it is an optimal solution for
power-intensive applications. The BESS is equipped with a 720 kVA 4-quadrant full converter which can operate as
a current source (grid-following) or as a voltage source (grid-forming). The system is connected to the EPFL campus
medium voltage grid with a 630 kVA 0.3/20 kV step-up transformer. This installation represents an interesting case
study due to the wider and random load variations and the presence of PV local generation (Figure 11).

The small-scale BESS is made up by a 25 kWh LTO battery connected to a 400 V microgrid by a 25 kW 4-
quadrant converter. The demonstrator is equivalent to one string of the utility-scale BESS and it is for lab purposes.
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Figure 11: Schematic representation of the connection of the utility-scale BESS to the EPFL grid [71]

Also in this case, both grid-following and grid-forming control schemes can be applied.
The RingoLab is a HESS composed of six Lithium-ion battery racks (0.5 MVA/60 min) and six supercapacitor racks
(1 MVA/10 s) controlled by a 1 MVA low voltage inverter. The size of the described components and all other devices
(transformers, air conditioning, auxiliary equipment, etc.) fit in two 20 feets containers in order to limit the on-site
encumbrance. This hybrid solution is designed to evaluate the synergy between the two different technologies, one for
the fast peak response required by grid-forming control (supercapacitors) and the other for medium-long term energy
provision during regulation (Lithium-ion batteries).
The WP3 tests are currently running, the last update dates back to November 2020. The utility scale BESS at EPFL
has run from May 2020 to December 2020 and the first results about the assessment of local frequency variations when
the BESS is set in VSC mode are positive. For RingoLab, instead, the Factory Acceptance Tests were completed in
July 2020, but no results have been published yet.

4.13. ABB Power Electronic Grid Simulator
ABB has proposed the commercial solution ACS6000 [73], a Power Electronic Grid Simulator (PEGS) designed

for MV to test and validate grid codes conditions compliance of modern inverter-based generation systems. ACS6000
is essentially a GFM inverter that allows an accurate replication of MV power grids in both healthy and faulty operating
mode: frequency and voltage changes of the grid can be simulated in order to match real operating condition, either
symmetrical or asymmetrical. The power converter is made up by an active rectifier, DC link and three-phase multi-
level NPC (Neutral Point Clamped) inverters. The output of the conversion portion is connected with a special
transformer to increase the voltage. ACS6000 is also equipped with filters to guarantee acceptable total harmonic
distortion (THD) values: even in the most severe simulations, THD is maintained below 1%. With its grid-forming
architecture, the device is able to replicate different GFM methods, like f-P droop, VSM, and virtual oscillator. At
the moment, over 2000 unit of ACS6000 converters operate in the world in the industry segment, thanks also to
the possibility of conducting tests on cables, motors, and other electrical machines. Although this is not a proper
demonstrator or a pilot project, this section has been included in the paper because it is the first commercial example
of a device implementing the grid-forming capabilities.

4.14. Fluence-Siemens for grid synchronization, Lithuania
Grid-forming converters play a key role not only in RES integration but also in providing fundamental electrical

operations like grid synchronization. Lithuanian transmission network is connected to nearby countries (Latvia, Be-
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larus, and Russia) with 330 kV power lines for a total of eleven interconnections. In 2019, it was signed a political
agreement between Baltic states and European Union for the synchronization of the Baltic electrical system with
the European grid [74]. Litgrid, the Lithuanian TSO, is responsible for this transition that will bring the countries
to achieve independence from Russian frequency control operation and to participate in European energy market.
Moreover, Lithuania plans to achieve a 45% of renewable energy supply in 2030, rising to around 100% in 2050. An
important step to reach national carbon neutrality and grid synchronization consists in a project that involves Fluence,
Siemens and Litgrid [75]. The project, announced in April 2021, is focused on the concept of “Virtual Transmission
Lines” [76]: energy storage is placed along transmission lines in order to inject or absorb active and reactive power,
emulating transmission line flows. The installation will take place near Vilnius, and it will be made by a 1 MW of
storage capable to provide different network services including grid-forming functionalities, virtual inertia, black start
capability and voltage control. This project is the first of a series of projects established in the agreement that will
conduct the entire region to a new but safe and reliable electrical system before 2025.
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5. Discussion

Table 1 synthesizes the main data acquired with the analysis of the pilot projects described in Section 4, providing
a clear vision of the main features of real-life grid-forming experiences. The analysis of the demonstrators is useful
to rise some questions about the current application of GFM control and future trends.

Table 1: Summary table of mentioned pilot projects

What is the voltage level which the pilots are connected to?
In the majority of the cases analyzed, the pilot plants are connected to the MV grid. There are relatively few HV
applications (only three projects provide services at this voltage level), while demonstrators connected to the LV grid
are designed to provide services to the MV grid too. One explanation may be found in the reason that GFM converters
are associated to BESS or PV or wind generators that are normally designed for LV and MV applications. Moreover
the targets and services offered by the demonstrators are more compatible with distribution networks’ needs than
with transmission network’s: black-start, islanded operation of microgrids, minimization of fuel consumption, etc.
Another possible explanation for this trend may be the experimental nature of the projects: the preliminary testing
phase, in fact, assumes a technological maturity that has not yet been fully reached and a performance of the ser-
vices that is not yet clear. From this point of view, therefore, MV represents the right compromise between the need
to test the effectiveness of the services and the costs associated with the installation and operation of the demonstrators.

What is the average size of a grid-forming plant?
The rated power of GFM demonstrators depends heavily on the type of application. The highest power has been
found for the Mackinac HVDC station. On the other hand, as far as BESSes are concerned, there are two distinct
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groups: plants with rated power close to 1 MW and system with rated power of tens of megawatts. The first ones
are most numerous (seven among those analyzed). Among the projects with rated power over 1 MW, the Austalian
plants in Hornsdale and ESCRI-SA are distinguished due to their very high sizes: 150 MW and 30 MW, respectively.
The largest demonstrator in Europe is the Dersalloch one, not equipped with storage systems but exploiting the GFM
capability of the converters of a wind farm. From this analysis, it can be inferred that there is greater interest in that
part of the world in grid-forming technologies at industrial scale. The motivations can be tied both to the needs of the
grid, that see in the grid-forming technologies an optimal solution, and to a legislative advancement such to allow the
immediate insertion of these plants in the markets of belonging.

Who are the grid-forming’s stakeholders?
Interest in grid-forming and its applications generally includes all actors involved in power generation and grid man-
agement sectors. From the analysis of the pilot projects, however, an important trend emerges with regard to the
ownership of the plants: in most cases, in fact, the owners of the demonstrators are private companies (mainly power
converter manufactures: ABB, GE, Siemens, SMA, etc.) while a smaller part is owned by TSOs. The identified data
is particularly relevant because it denotes a competitive economic potential since the early stages of experimentation,
which can only be positive in terms of inclusion of this technology in the regulation of the grid and in the related
economic mechanisms. Despite this, however, the importance of the role played by national legislative authorities
and international standards organizations remains unchanged. It is fundamental, for the rapid and correct diffusion of
these plants, that they be included in the national development plans as a concrete alternative to the current regulation
and market schemes.

What is the role of power converter manufacturer in grid-forming demonstrators?
The experimentation and testing phase cannot disregard the production of components that are fit for the purpose.
As far as grid-forming is concerned, however, the companies producing the components have shown great interest in
investing in this technology. In all of the projects analyzed, manufacturers play an important role from the earliest
stages of project conception and they also provide support in the testing phases. Emblematic is the example of ABB,
active in almost all the projects analyzed and owner of the already mentioned ACS6000, a network simulator for the
verification of compliance with network codes by the new equipment. The use of grid-forming technologies in the grid
could lead, therefore, not only to a revolution in power generation and system management, but also to a paradigm
shift in the component industry, which is why major manufacturers are often at the forefront of pilot projects and
demonstrators.

What are the main purposes of the grid-forming pilots?
The versatility of grid-forming allows almost any type of application, whether for grid support or market operations.
According to the analysis carried out, however, in the majority of cases the component related to the provision of
ancillary services in medium and high voltage networks is emphasized. Of particular interest is also the possibility of
black-start from non-conventional energy sources. This feature of grid-forming demonstrators is in fact one of the key
points of the technology and it would allow a better management of the system also in view of a future decarbonization
of it. Some of the demonstrators cited in Section 4 have, indeed, tested black-start in the absence of diesel generators.
The integration of renewable sources and storage systems, moreover, can receive a significant boost from grid-forming
converters, which can make possible the achievement of 100% of electricity supply from renewable sources, at least
from a theoretical point of view. Last but not least, islanded operations are of particular interest in view of a possible
change in the electricity system, with the creation of occasional and temporary islands to deal with possible failures
or temporary network congestions.

Did the demonstrators experiences show implementative issues for grid-forming control?
From the project reports and scientific articles reviewed, it appears that all demonstrators have so far proved to be
very good performers and capable of achieving their objectives. However, it should be noted that some of the projects
listed are still in the testing phase.
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6. Conclusions

The paper presented a review on pilot projects and demonstrators in the world with grid-forming capabilities,
focusing on the technical characteristics of the various plants and on the services they can provide. The review was
carried out by examining both scientific papers, regulatory documents, and case study reports, considering those
project with major impact in terms of size of the plants and applications.
For each plant, rated values of power and voltage, locations, owners, and applications were discussed. Then, all this
information were gathered in a dedicated table for a better overview. Starting from these data, some questions were
raised-up by the authors in order to highlight similarities and differences among the demonstrators, and some interest-
ing conclusions were drawn.
Some conclusions can be summarized from this study. Firstly, an important evidence that emerges from the analysis
is the voltage level at which services are provided: many projects propose to provide ancillary services in medium
voltage, which could be the prelude to what many TSOs have already anticipated, i.e. exploiting distribution networks
for the provision of ancillary services, at the moment reserved for high voltage. Secondly, in the perspective of a com-
plete decarbonisation of the electric system and of a greater integration of renewable sources, the capabilities related
to black-start from non-conventional sources and to the possibility of carbon-neutral islanded operation constitute a
valid incentive to research and experimentation of grid-forming plants.
From the considerations and the observations discussed in the paper, it appears that the grid-forming technology can
potentially play a strategic role for future power systems, and in this context the experience gained through pilot
projects and demonstrators has a fundamental importance.
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[37] A. J. Roscoe, M. Yu, A. Dyśko, C. Booth, R. Ierna, J. Zhu, H. Urdal, A VSM (Virtual Synchronous Machine) convertor control model suitable
for RMS studies for resolving system operator owner challenges, in: Proceedings of the 15th Wind Integration Workshop, Vienna, Austria,
15-17 November 2016.

[38] H. Bevrani, T. Ise, Y. Miura, Virtual synchronous generators: A survey and new perspectives, Electric Power Systems Research 54 (January
2014) 244–254.

[39] M. Yu, A. J. Roscoe, C. D. Booth, A. Dysko, R. Ierna, J. Zhu, H. Urdal, Use of an inertia-less virtual synchronous machine within future
power networks with high penetrations of converters, in: Proceedings of the 2016 Power Systems Computation Conference (PSCC), Genoa,
Italy, 20-24 June 2016.

[40] C. Arghir, T. Jouini, F. Dörfler, Grid-forming control for power converters based on matching of synchronous machines, Automatica 95
(September 2018) 273–282.

[41] T. Noguchi, H. Tomiki, S. Kondo, I. Takahashi, Direct power control of PWM converter without power-source voltage sensors, IEEE Trans-
actions on Industry Applications 34 (3) (June 1998) 473–479.
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