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Beyond Virtual Synchronous Machine Control
Grid-Forming Converter Control Providing
Intrinsic Support in Sustainable Power Grids
Paul Imgart
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Grid-forming converter control is considered one of the most important con-
tributions to handle the challenges of converter-dominated power grids. This
is due to its advantages over classic grid-following control structures, such
as more robust operation in weak grids and the ability to intrinsically pro-
vide grid-supporting services like fast fault-current contribution and inertial
support. Nevertheless, grid-following converters show superior properties in
some areas such as dynamic performance in strong grids and effective con-
verter current limitation, in particular in comparison to those grid-forming
control structures that are limited to the emulation of synchronous machines,
i.e. virtual synchronous machines.

The aim of this thesis is to investigate the possibilities to combine the ad-
vantages of both grid-forming and grid-following converter control through
the development of a grid-forming control approach that combines robust-
ness and intrinsic grid support with the dynamic performance and fault-ride
through capability of grid-following control. Through a study of existing con-
trol designs and grid-connection requirements for converter-interfaced genera-
tion as well as power electronic applications within transmission systems such
as high voltage direct current (HVDC) transmission systems or flexible alter-
nating current transmission systems (FACTS), gaps in the existing strategies
are identified.

A voltage-based current-limitation strategy that maintains grid-forming be-
haviour even during current limitation is presented. In concurrence, the
transient stability of grid-forming converters during current limitation due
to voltage dips and frequency disturbances is studied and improved through
the development of an inertia emulation loop. The focus is then moved to
the behaviour of the converter in the frequency domain to ensure sufficient
damping provision as well as prevent adverse control interactions. This is
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addressed by developing a decoupled grid-forming control structure, in which
individual control parameters influence different parts of the frequency re-
sponse, enabling an effective shaping of the converter’s behaviour. Finally, a
tuning approach that is based on performance requirements is presented for
the virtual admittance control parameters.

Through these results, this thesis contributes to the development of con-
verter control strategies that intrinsically provide grid support and enable the
operation of sustainable, converter-dominated power grids.

Keywords: Grid-connected converters, power-electronic converter control,
grid-forming converters, grid codes, connection requirements, current limita-
tion, transient stability, inertia support, frequency behaviour, power decou-
pling, virtual admittance.
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CHAPTER 1

Introduction

1.1 Background
In 2024, the average global temperature has for the first time in history ex-
ceeded 1.5 ◦C above its pre-industrial level, thereby surpassing the threshold
set in the Paris Agreement for a significant reduction of the risks and impacts
of climate change [1]–[3]. This increase in temperature has been mainly caused
by anthropogenic greenhouse gas emissions, and has consequences such as the
increased frequency and intensity of extreme weather events such as heat-
waves, droughts, floods and storms, the accelerating loss of polar and alpine
ice as well as an increasingly threatening impact on biodiversity [1], [4]. These
effects demonstrate that the need to mitigate this human-made climate crisis
by a decisive and swift radical reduction of greenhouse gas emissions is now
more urgent than ever [5].

Since a notable part of the global greenhouse gas emissions causing the ob-
served climate change are related to the production of electricity1, the trans-
formation to renewable and sustainable energy sources is a crucial component

1In 2022, approximately one third of greenhouse gas emissions were caused by the heat
and electricity sector [6].

3



Chapter 1 Introduction

of climate action. In addition to supplying the existing loads from renewable
energy sources, these also need to cover additional loads as the decarboniza-
tion of the heat and transportation sectors are expected to mainly rely on
electrification [7]. In its long term market analysis, the Swedish transmission
system operator (TSO) Svenska kraftnät expects a large increase in electric-
ity consumption, in some scenarios up to more than 340 TWh/year in 2045
compared to 155 TWh/year in 2025 [7]. The vast majority of this increased
consumption is expected to be covered by converter-interfaced renewable gen-
eration [7].

Hand in hand with this rapid and massive increase in electricity consump-
tion and production from renewable energy sources, the transition towards
sustainable energy grids poses a number of unprecedented challenges for safe
operation of electrical power systems [8], [9]. Some of the causes for these
challenges include increased loads, the successive replacement of synchronous
machines with converter-interfaced generation such as wind power or solar
photovoltaics, increased share of fluctuating and intermittent power genera-
tion, as well as increased demands on flexibility and utilization of power grid
assets [8], [10], [11]. Denmark, Ireland and Australia are examples for coun-
tries with a high instantaneous share of renewables. In Denmark’s western
transmission grid, which forms part of the large Central Europe synchronous
area, renewable generation exceeded consumption for 14 % of the year’s hours
already in 2014 [12]. The islanded Irish power grid will explore the possibility
to increase the upper limit for converter-interfaced generation from currently
75 % to 80 % [13], and in 2024, the Australian power system saw a maxi-
mum share of converter-interfaced renewable generation of 73 %, with South
Australia currently surpassing 100 % nearly every day2 [14], [15].

In parallel to the growing amount of power-electronic converters due to the
increasing share of renewable generation, power electronics are also more com-
monly deployed to enhance utilization and flexibility in power systems, or to
address some of the aforementioned challenges, e.g. in the form of High-Voltage
Direct Current (HVDC) transmission systems or Flexible Alternating-Current
Transmission Systems (FACTS) devices such as a static compensator (STAT-
COM) [16], [17]. In particular offshore wind power is commonly combined
with either an HVDC transmission system for grid connection, or, in the case

2Generation exceeding local consumption orted to other parts of the Australian power
system.
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1.1 Background

of a High-Voltage Alternating Current (HVAC) connection to shore, a STAT-
COM to ensure grid code compliance [18], [19].

Among the challenges that system operators connect to the increasing pen-
etration of power-electronic converters are reduced system inertia and fault
current levels (sometimes expressed instead as reduced system frequency and
voltage strength) as well as increased risk of adverse control interaction [8],
[20]–[22]. As a consequence of these challenges, the requirements for converter-
interfaced generation have become increasingly strict. This can be exemplified
with the evolution of grid-connection requirements for wind power: about 40
to 30 years ago, wind power plants were in many systems treated as pure
energy suppliers without notable responsibility for stable operation of the
power system. In consequence, connection requirements were mostly limited
to power quality issues, in particular those related to harmonic pollution [23].
As the share of wind power increased, these plants started to have an im-
pact on the stability of power grids in countries such as Denmark, Ireland or
Germany. In response to this, new connection requirements were introduced
which aimed at reducing possible negative impacts on the power system, such
as rules on frequency and voltage support as well as regarding fault ride-
through (FRT) capability3. These require wind-turbines to participate in
basic active and reactive power regulation for frequency and voltage control
and to remain connected even during large disturbances [17], [19], [24]–[29].

As wind power in some power grids began to provide at some instants
the majority of energy generation, the role continued to shift: instead of
connecting to a stiff and stable system, renewables are progressively becoming
a defining part of that system, which comes with their share of responsibility
for system stability and robustness [30]. This change is in concrete terms
expressed in discussions about requirements covering areas such as inertial
response, contribution to fault current level, black start capability, survival of
system splits, stable operation in weak grids4, prevention of adverse control

3Depending on the power system and its share of wind power, these requirements may
have been introduced earlier or later.

4There exists a variety of definitions for the concept of grid strength, typically related
to the short-circuit power. More generally, and more suitable for converter-dominated
power systems, the Australian TSO Australian Energy Market Operator (AEMO) de-
fines grid strength as the ability of the power system to maintain and control the voltage
waveform at any given location in the power system, both during steady state operation
and following a disturbance. In a grid modelled as a Thévenin equivalent, this relates to
the Thévenin impedance, with a stronger grid having a smaller impedance [31]. If not
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Chapter 1 Introduction

interactions and provision of sinks for harmonics and unbalances [8], [20], [32],
[33].

This shift of power-electronic devices from mere background characters to-
wards protagonists with systemic importance has driven the continued inves-
tigation and development of converter control [30]. The majority of existing
power electronic devices in generation and transmission systems are voltage
source converters (VSCs) controlled as grid-following (GFL) controlled con-
verters, which in essence adjust and follow changes in the grid, instead of
counteracting them. In practice, this typically implies synchronization to a
grid voltage and injecting controllable active and reactive power, typically by
means of a vector current controller (VCC) [20], [31]. In concurrence with
the increasing need for converter-interfaced resources to contribute to sys-
tem stability, and more expansive connection requirements, the concept of
grid-forming (GFM) converter control has received the attention of the power
electronic and power system communities [8], [20], [30], [31], [34], [35].

The large variety of GFM converter control concepts originates mainly from
two different, but related goals: To enable efficient load-sharing of parallel in-
verters in microgrid, leading to droop-based GFM control [36]–[40], and to
use the properties of synchronous machines (SMs) to ensure stable converter
operation in weak grids [41]–[45]. It has subsequently been shown in [45],
[46] that the control concepts resulting from both approaches are equivalent
to each other, and converters with GFM control have come to be commonly
described as acting as a (slowly varying) voltage source behind an impedance,
which allows them to form a voltage that other devices can synchronise to
and that counteracts grid disturbances. They are more robust than GFL con-
verters when connected to weak grids and typically provide grid-supporting
functionalities such as inertial support, frequency control and black-start ca-
pability intrinsically, without the need for explicit control action [8], [20], [31].

While GFL converters do not intrinsically provide grid services such as iner-
tial response or fault-current contribution, they still have some advantageous
properties when compared to GFM control schemes. GFL converters allow for
straight-forward current limitation and typically have a dynamic performance
when connected to strong grids with faster tracking of power-reference set-
points [47]–[49]. Moreover, it is relevant to question if replication of the SM’s
behaviour is the best way for converter systems to support the power grid,

stated otherwise, this definition will be used in this thesis.
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1.2 Aim and Scope

or if this wastes the potentials enabled due to the much faster and precise
controllability of converter systems. SM behaviour is dictated by the SM’s
physical properties instead of being a design choice, and in consequence SMs
can cause stability issues such as power oscillations or transient instability.

Consequently, this thesis explores the possibilities to combine the advan-
tages of GFL and GFM converter control, and aims to develop an converter
control structure that intrinsically supports the power grid without being lim-
ited to the emulation of SM behaviour.

1.2 Aim and Scope
The aim of this thesis is to propose and investigate control solutions for grid-
connected converters that intrinsically support the power grid.

In particular, the thesis investigates if it is possible to combine the intrinsic
grid-support and robustness that characterise existing GFM converter control
like the virtual synchronous machine, with the improved dynamic performance
and FRT capability of GFL converters. To achieve this aim, the thesis intends
to provide a thorough understanding of the principle of GFM converter con-
trol as well as its definitions proposed in regulation and academic literature.
It reviews GFL and GFM control strategies as well as their strengths and
weaknesses. Based on a study of grid-connection requirements, an overview
of necessary grid-support functionalities is provided. On this base, it is iden-
tified in which areas existing GFM control strategies have a need for improve-
ment. Particular focus is put on the ability to provide GFM behaviour even
during large system disturbances, which can cause the converter current to
saturate. Furthermore, the ability to shape the converter’s input admittance
is addressed.

The studies in this thesis are conducted using analytical methods in time
and frequency domain, electro-magnetic transients (EMT) simulations as well
as validation through laboratory experiments. The simulations have been
carried out using MATLAB Simulink and PSCAD. The thesis covers some
aspects of varying grid conditions and multi-converter setups, but focuses on
generic single-converter setups for the exploration of new concepts. Since the
focus in this thesis is on the control of the grid-side converter and the im-
pact it has on the grid, a simplified, application-agnostic system consisting
of a two-level VSC with a stiff direct current (dc) voltage and an L-filter is
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Chapter 1 Introduction

studied as the standard case in this work. Where applicable, i.e. for general
calculations and simulations, the converter is modelled as a controllable volt-
age source5, while detailed simulations are conducted with a switching model.
Laboratory experiments have been carried out with a two-level VSC with a
stiff dc voltage. If not specified differently, the grid has been modelled as a
Thévenin equivalent. The choice of the simplest converter topology and filter
design allows to focus on the impact of the controller instead of the specifics
of the chosen converter system [50].

1.3 Contributions
To the best of the author’s knowledge, the thesis and its included papers
present the following scientific contributions:

• An overview of grid-connection requirements for converters and the im-
plications for GFM control. In Paper A, a categorization of require-
ments is developed, different grid codes and related documents are com-
pared, and specific requirements for converters with GFM control are
listed.

• An analysis of the transient stability of GFM controllers during current
saturation. Papers B - E show analytical, simulation and experimen-
tal results of the stability and observations of instability related to the
combination of frequency disturbances, inertia provision and current
limitation.

• A current limitation scheme maintaining the grid-forming behaviour
by acting on the GFM controller’s internal voltage source. Paper B
presents and investigates the performance of this voltage-based current
limitation during voltage dips and frequency disturbances.

• A robust way to provide inertia in GFM controllers preventing instabil-
ity. The developed inertia-emulation loop is presented in Paper C, its
robustness is investigated and improved in Paper E and the results are
expanded and validated with laboratory experiments in Paper D.

5Also known as average converter model.
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1.4 Thesis Outline

• A decoupled GFM converter control that decouples active and reactive
power while allowing free choice of virtual resistance and inductance,
enabling effective tuning of the converter’s frequency behaviour. If so
desired, the controller can be tuned to be symmetric. In Paper F, this
controller is derived, presented and studied, with experimental results
demonstrating the controller’s performance.

• A tuning method for the virtual admittance in GFM converter control
based on the converter’s desired frequency behaviour. In Chapter 5, a
previously unpublished method is proposed to tune the virtual admit-
tance that is present in many GFM control strategies. The parameters
are selected to fulfil requirements regarding desired properties such as
damping provision. This is achieved by relating the properties to the
converter’s frequency behaviour. Furthermore, the impact of the chosen
parameters on the converter’s response to disturbances such as voltage
dips and angle jumps is studied.

1.4 Thesis Outline
The thesis is a compilation thesis consisting of two parts: Part one, the
overview, containing introduction, context and in some cases additional ma-
terial for the topics touched upon in the included publications, and part two,
the included papers. Please note that the included publications are not listed
chronologically, but to follow the structure of the thesis.

This introductory chapter is followed by Chapter 2, which gives an intro-
duction into the principles of GFL and GFM converter control, gives some
examples for both control principles and discusses disadvantages and advan-
tages of both. Chapter 3 gives an overview of grid-connection requirements
for grid-connected converters, their implications for converter control as well
as recent development. This is followed by Chapter 4, which discusses the
operation of GFM controllers during current limitation. In Chapter 5, meth-
ods to shape the frequency response of GFM controllers are presented. The
conclusions of this work as well as suggestions for future work are given in
Chapter 6.
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CHAPTER 2

Grid-Following and Grid-Forming Converter Control

This chapter contains an introduction and overview into grid-connected con-
verters and the main categories of their control, including the discussion of
definitions of grid-forming control (Section 2.1). This is followed by the funda-
mentals of grid-following (Section 2.2) and grid-forming control (Section 2.3)
as well as their main properties and features.

2.1 Control of Grid-Connected Converters

Power-electronic converters have become a key technology in most parts of
the electric power system and fill a large variety of roles in generation, trans-
mission and consumption of electric energy. They come in a large span of
voltage and power ratings and can range in size from phone chargers up to
the imposing valve stacks of HVDC substations. The focus of this thesis is on
medium- and high-voltage grid-connected VSCs in bulk power systems, with
main applications being renewable power generation technologies like wind
and solar photovoltaics (PV) or in some cases even hydro power [17], [19],

11
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Figure 2.1: Single-line diagram of an exemplary converter system.

[25], [51]–[55], HVDC transmission systems1 [56], VSC-based FACTS such
as STATCOMs [57], [58] and grid-connected battery energy storage systems
(BESSs) [59]–[61]. Large parts of the converter design are application-specific,
e.g. the choice of the converter topology, DC-link control or filter design [17],
[29], [50], [62]–[67]. This thesis focuses on the control of the grid-side converter
and its impact on the grid. For this reason, the application-agnostic system
consisting of a two-level VSC with a stiff dc voltage and an L-filter as shown
in Fig. 2.1 is studied as the standard case in this work.

As mentioned in Chapter 1, the evolution of the role of converter-interfaced
resources in power grids, innovation in power-electronic technology and in-
creasingly strict requirements have caused a continuous development of new
converter-control structures. This results in a vast number of publications and
variations of controllers, which would make a complete review, classification
and comparison of those control structures challenging. For overviews with
different focus and from different years, the reader is referred to [63], [68]–[72].
To facilitate comparison and development of converter-control structures, it
is crucial to have an understanding of the components that typically form the
control system. Based on the guide presented in [17], [73], the following parts
can be identified (see Fig. 2.2 for a diagrammatic representation)2:

• Modulation stage: The modulation stage and all sub-ordinated con-
trol layers are responsible for enabling the switched source behaviour
of the power-electronic device. The modulation stage is topology- and
hardware-dependent, while all outer control layers can be common for
different VSC topologies under the assumption of sufficiently fast switch-
ing and transient capabilities. Most types of outer control layers operate

1Note that only some HVDC systems use VSCs, sometimes called HVDC light. This
work is not relevant for HVDC systems based on line-commutated converters (LCCs),
typically named HVDC classic in contrast.

2The structure presented here forms part of a more complex system. According to the
subject of the thesis, the converter control layer [73] is highlighted here.

12



2.1 Control of Grid-Connected Converters

independent from the modulation, with the exception of control struc-
tures that directly generate switching signals, e.g. some dead-beat and
model-predictive controllers [68].

• Inner control: The inner control loops are responsible of generating the
reference for the modulation stage, in the case of a VSC the reference
voltages for each phase. It is possible to have several parallel control
loops, e.g. separate controllers for positive and negative sequence whose
outputs are added to generate the reference. The most common type of
inner control for VSCs is a current control.

• Outer control: The outer control, if present, generates reference val-
ues for the inner control from setpoints in other quantities. A common
control cascade are power or voltage controller as outer control loops
and a current controller as inner control loop. To prevent undesired in-
teraction between outer and inner control their closed-loop bandwidths
are typically separated by at least a decade [74]. The distinction be-
tween inner and outer control loop is arbitrary when only one of them
is present, and is in this thesis based on the speed of the controller: The
inner control has a closed-loop bandwidth of about a decade slower than
the converter’s switching frequency, i.e. a couple hundred up to 500 Hz
for a switching frequency of 5 kHz, while the outer control is typically
two decades slower, i.e. up to 50 Hz for the same switching frequency.
There also exist control strategies with three control loops in cascade,
even though two or one are more common.

• Filtering/decoupling layer: In some control structures there is a layer
between inner and outer control loop designed to filter the reference for
the inner control or to shape the converter’s properties as seen from the
grid. Examples for this layer can be a virtual impedance (VI) or virtual
admittance (VA).

• Synchronisation loop: To be able to synchronise to an existing grid and
connect to other sources, the converter system needs to synchronise to
the voltage at its connection point. In some control structures this is
realized with a specialised control loop, typically a phase-locked loop
(PLL), while in others the synchronisation is realized through other
control loops, e.g. the active-power controller.

13
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Figure 2.2: Simplified single-line diagram of a converter system with important
measurement signals and control system components. The part of the
control system this thesis focuses on is indicated in red.

This separation of the controllers into common components allows to identify
different parts of control structures by their function and compare them.

The fundamental task for the control system in most grid-connected con-
verters3 is to control the flow of active and reactive power between the con-
verter and the grid. As a consequence of this shared goal, the steady-state
behaviour at the fundamental frequency is the same for all converter-control
structures discussed here: the converter behaves as a controllable power source.

The different ways control structures implement this behaviour have how-
ever an impact on the dynamics and the behaviour at other frequencies,
i.e. regarding subharmonic and harmonic phenomena. The differences be-
tween control structures are therefore visible in the converter’s frequency re-
sponse at other frequencies than the fundamental4. Based on these differ-
ences, converter-control structures can fundamentally be separated into grid-
following and grid-forming controllers [70].

To understand the basic differences between these categories, it can be help-

3With the exception of power-electronic loads like drive systems, chargers, etc.
4Note that depending on the quantity and reference frame, the fundamental can be located

either at 0 Hz or fundamental frequency.
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Figure 2.3: Electrical representation of a converter with GFL, represented as a cur-
rent source parallel to an admittance (left), and a converter with GFM
control, represented as a voltage source in series with an impedance
(right).

ful to put them into the historic context they were developed in. When VSC
converters started to appear in the grid, they were few and far in between,
and had relatively low impact on the power grid [23]. The control of these
grid-connected converters was largely inspired by drive-system control struc-
tures, with a focus on decoupling of active and reactive power and very fast
current control. Because the converter aims to keep its current constant and a
control action from the outer loops is required to change the current, convert-
ers controlled in this manner are represented as a controllable current source
with a parallel admittance, as shown in Fig. 2.3. To keep the current constant,
the converter voltage5 has to follow any eventual change in the grid voltage,
which is why this type of control came to be coined as grid-following (GFL)
control.

As the number of converters in the grid increased, their dynamic behaviour
also started to have an impact on the grid. Converters were placed in posi-
tions with weaker grids, and control interactions began to appear [75]–[77]. As
a consequence, academia and industry turned their attention towards alter-
native control structures with a different dynamic behaviour. The emerging
idea was to replicate the behaviour of a SM: a slowly varying voltage source
behind an impedance. In this way, the converter’s reaction to a disturbance in
the grid voltage would be a changing current – the slowly changing converter
voltage intrinsically6 acts stabilising. Examples for this are the immediate

5Even when modelled as a current source, a VSC acts as a voltage source, which in this
case is controlled with a very high closed-loop bandwidth to keep the current constant.

6Here, intrinsic is used to describe an reaction that occurs without the need for any control
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Chapter 2 Grid-Following and Grid-Forming Converter Control

contribution of current during short-circuit faults and voltage dips as well an
inertial response during grid-frequency disturbances. Due to this behaviour
and because of their ability to operate independently of other voltage sources,
this type of control structures is called GFM control.

The exact understanding of what constitutes GFL and GFM control has
undergone changes over time, and even today there is no universally accepted,
precise definition of what constitutes GFM behaviour and how to demonstrate
it [20]. In Table A.1 in Appendix A, some older and recent definitions of GFM
converter control are listed. Appendix A of [78] contains a more in-depth
comparison of definitions from the literature. Even though the definitions
compared in Table A.1 are rather vague and distinct, there is agreement in
that GFM behaviour means to act as a grid-frequency voltage source behind
an impedance. To achieve the steady-state goal of controlling power, the
voltage source is allowed to change, but with a limited speed7. The following
sections use some example control structures to illustrate how these different
key aspects of GFL and GFM control are realised.

2.2 Grid-Following Converter Control
To be able to provide the fast and accurate current control that characterises
GFL converter control, the controller needs to track and synchronise to the
(ideally strong) grid voltage at the point of common coupling (PCC) [20],
[40], [51], [58], [70], [79]. The control of exchanged active and reactive power
is typically achieved by using outer power control loops8 in cascade with an
inner current controller [51]. An example for this control structure, here im-
plemented in the rotating synchronous reference frame (SRF), is shown in
Fig. 2.4. Synchronisation to the grid voltage is in this and similar GFL con-
trol structures typically achieved by the usage of a PLL like the one shown in
Fig. 2.5 [51], [65], [70], [79].

The tuning procedure for the control parameters depends on the specific

action. Some other terms used in the literature to describe this property of GFM control
are natural, passive or automatic.

7Where this speed limit lies depends on the application and the system operator’s specifi-
cation. In [33], 5 Hz is specified as the upper limited for the loop bandwidth of control
loops that change the GFM controller’s internal voltage.

8These are in some cases replaced or complemented by alternating current (ac) and dc
voltage controllers.
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Figure 2.4: Example of a control structure for a cascaded GFL converter control.

structure and the system the converter is connected to. For the example
system shown here a loop-shaping approach is typically used [80]. To pre-
vent interaction of the cascaded control loops, their closed-loop bandwidths
should be separated by at least a decade [80]. Nevertheless, with modern
grid-connected VSC converters switching at frequencies of 5 kHz and above,
very accurate and fast power control can be achieved. Fast control does how-
ever require that the voltage at the PCC is strong, i.e. not affected by the
converter.

2.3 Grid-Forming Converter Control

As mentioned earlier, GFM converter control implies behaving as a slowly
varying voltage source. This typically implicitly includes the ability to syn-
chronise to an existing grid voltage, but also operate independently – to ”form
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Figure 2.5: Block diagram of a PLL as it is typically used for synchronisation in
GFL converters.

a grid”9. GFM control concepts originated in different contexts, mainly re-
lated from two different intentions.

The first context is distributed renewables or energy storages in microgrids
[37]. The GFM control that has been developed in this context is typically
called droop controller and is a response to the challenge of sharing the load of
frequency and voltage control between several distributed, parallel converters
in islanded microgrids [81]–[83]. Already in 1993, a control based on frequency
and voltage droop was proposed to solve this question [81]. While this control
still relies on a filtered estimation of the AC voltage angle, later implementa-
tions of the droop control successively place more emphasis on the ability to
create a system voltage [38], [39], [84]–[87].

The second context is the previously introduced observation that the fast
control actions of converters with GFL control can destabilize weak grids
[77]. Based on this, converter control structures were proposed that repli-
cated the behaviour of a SM. Some of the earliest examples for control struc-
tures based on this principle are the virtual synchronous machine (VSM) [41],
[44], [45], [88]–[91], the power-synchronisation control (PSC) [92]–[94], and the
synchronverter [42], [95]–[98].

In [45], [46], it has been shown that droop control and virtual synchronous
machine are, under certain circumstances, equivalent to each other. In conse-
quence, the development efforts on GFM controllers, even tough originating
from separate intentions, have become mostly unified. One common aspect
among most GFM control structures is the way how the active power transfer
is used for synchronisation: Most GFM controllers adjust the frequency of the

9In [8], this ability is called ”create system voltage”. Similar to a SM, islanded operation
might require the addition or activation of a frequency controller that is deactivated
when operated synchronously to other sources.

18



2.3 Grid-Forming Converter Control

internal voltage source based on the active-power control error, thereby del-
egating the synchronisation task to the active-power controller (APC). This
principle resembles the synchronising torque known from SMs [92].

There exist numerous alternatives, refinements and improvements to the
previously mentioned GFM control structures, and a complete review of these
is outside the scope of this thesis10. Instead, based on the comparisons in
[18], [45], [100], a selection of the most common GFM control structures is
presented below. To emphasize that the majority of GFM controllers consist
of different parts that tend to reappear even in other GFM control structures,
the following overview is separated by outer and inner control.

Outer Control Loops
Generally, the GFM converter control’s defining internal voltage source11 is
generated by the outer control loop(s), which also typically take care of the
synchronisation to the grid voltage. Three commonly used outer control loops
are presented below.

Droop Control

As mentioned before, droop control is one of the earliest types of GFM control
structures and had originally the aim to share the load of controlling frequency
and voltage magnitude between parallel inverters. Figure 2.6 shows a block
diagram of a typical GFM droop controller, based on [103], [104].

At the core of the droop controller is the frequency-droop-based APC, which
uses the active-power control error to provide synchronisation with the grid-
voltage angle. Most commonly, the controller is designed in the SRF and the
dq-frame is aligned with the converter-voltage vector.

Due to the droop characteristic, the active power injected to the grid, P , de-
viates from the reference Pref in steady state if the grid frequency differs from
the frequency reference value ωref . A lower frequency increases the power and
viceversa, with mp denoting the droop constant. This control design resem-
bles the governor of a SM and its primary frequency control [105]. To ensure
stability, the measured active power is low-pass filtered with the bandwidth
ωfp. The filter time constant determines the controller’s speed of response.

10Refer to [31], [45], [64], [66], [69], [72], [99]–[102] for reviews of GFM control structures.
11Sometimes also denoted as the converter’s virtual back electromotive force (EMF).
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Figure 2.6: Block diagram of a typical GFM droop controller.

The reactive-power controller (RPC) is responsible for determining the mag-
nitude of the internal voltage based on the voltage droop mq. Inner control
loops such as a VI, current controller (CC) etc. can optionally be used, oth-
erwise the converter voltage is formed as

vdq
c,ref = Vc,ref (2.1)

in the SRF aligned with the angle generated by the APC.

Virtual Synchronous Machine

The VSM implements the equations describing the SM behaviour into the
converter controller [41], [44], [45]. The detail of the emulated model and the
controlled variable (voltage or current) varies between implementations [103],
with the second-order (purely mechanical) model being the most common in
recent publications. If desired, a more accurate emulation of the SM behaviour
can be achieved by addition of flux linkage equations. These higher-order
models do however not tend to provide any additional benefits for the grid
[45]. If a second- or first-order representation is chosen, an additional RPC or
ac-voltage controller (AVC) is needed to regulate the magnitude of the GFM
controller’s internal voltage source.
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Figure 2.7 shows the block diagram of a second-order VSM. The APC im-
plements the swing equation, the set of differential equations describing the
mechanical behaviour of the SM in per-unit:

2Hωcs = Pref − P − kd(ωc − ωg), (2.2)

where H is the machine’s inertia time constant (expressed in seconds), kd the
damping constant and ωg the angular grid frequency [105]. To avoid the need
to include a grid-frequency estimation, instead of the actual grid frequency
ωg often the rated or reference angular frequency ωref is used in the damping
term, as shown in Fig. 2.7 [72], [106]. This will cause a steady-state droop
effect if the grid frequency varies from the reference [107], [108]. Similar to the
droop controller, the VSM control depicted here provides an internal voltage
in the SRF aligned to it, and the controller can be combined with additional
inner control loops [103]. For a constant grid frequency, the VSM has been
shown to be equivalent to the droop controller [45], [46].

PI-Based Grid-Forming Controller

To eliminate the frequency droop that is present in both droop and VSM
control by other means than by addition of a grid-frequency estimation, a
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PI-based APC has been proposed [108]. This controller, depicted in Fig. 2.8,
can be tuned to give equivalent active-power reference tracking as the VSM
controller [108], while also allowing a more straight-forward tuning process
using a loop shaping approach [109]. Here, the PI-based GFM controller is
only shown for the APC, while the AVC from the previous structure is kept
unchanged. The PI-controller can be combined with additional inner control
loops, alike the other outer loops.
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Figure 2.8: Block diagram of a PI-based GFM controller.

The special case of integral gain ki = 0 is called power-synchronisation con-
trol (PSC) and predates other proposals of the PI-controller in the literature
[92]. In the PSC, typically an active resistance acts on a high-pass filtered cur-
rent measurement to improve damping (not depicted here, see also Chapter 5)
[93]. Due to the lack of a second integrator, the PSC provides a frequency
droop of kp [93].

Filter Layers and Inner Control Loops
The presented GFM outer loop controllers generate an internal voltage source.
Some authors suggest to directly pass this voltage as a reference to the mod-
ulation stage, letting it become the converter terminal voltage reference [45].
It can be advisable or necessary to instead use additional filter layers or inner
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control loops to add or alter control functions and behaviour, deal with hard-
ware limits (e.g. current limits) or take specifics of the converter topology,
power system or converter filter into account [45], [72]. In this case, the inner
controls will generate a new terminal-voltage reference based on the internal
voltage created by the outer GFM controllers. Below, some examples are
given for filter layers and inner control loops that are commonly used in GFM
control structures.

Virtual Impedance and Virtual Admittance

As described earlier in this chapter, converters with GFM control are com-
monly expected to behave as a slowly varying voltage source behind an impedance.
It can be desirable to use this impedance between the internal voltage source
and the PCC as a degree of freedom in the controller design. This can be
achieved by the addition of a virtual impedance (VI), effectively increasing
the electrical distance between the internal voltage source and the PCC. The
VI can be implemented either through a transient or a steady-state represen-
tation of the impedance [110]. The transient representation requires either
a high-pass filter or derivative term, which can be related to instability, and
therefore the steady-state representation shown in Fig. 2.9 is commonly used
[88], [111], [112].

Rv + jXv
if

+vv

−

vc,ref

Figure 2.9: Block diagram of a steady-state implementation of the virtual
impedance in SRF. vv is the voltage vector generated by the outer
loops, Rv the virtual resistance and Xv the virtual reactance.

There exist a variety of motivations for the addition of a VI in the litera-
ture, and the realization of the VI depends on the purpose. The additional
impedance can be used to decrease the R/X ratio of the total impedance,
which decouples active and reactive power from each other and improves the
performance of APC and RPC [113]. Furthermore, increasing the impedance
between the internal voltage and the PCC decreases the coupling of the con-
verter to the grid voltage, which reduces reactions to small variations in grid
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−
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Figure 2.10: Block diagram of a transient implementation of the virtual admit-
tance in SRF. vv is the voltage vector generated by the outer loops,
and Xv can be generated using the converter’s frequency ωc or ap-
proximated with ωb.

voltage magnitude and frequency [88]. A VI can also be employed to influence
the load sharing of parallel converters, e.g. in a microgrid with varying feeder
impedances [86], [114], [115]. Different VIs can be used for the fundamen-
tal and individual harmonics to achieve a desired filtering effect [116]. More
generally, the VI can be used to shape the frequency response of the converter.

Different from these applications, but also widespread in the literature is
the usage of a (typically non-constant) VI for current limitation in the case of
voltage dips and faults [110], [117]. This additional, adaptive VI is activated
when an overcurrent is detected. The usage of VI for current limitation is
discussed more in details in Chapter 4, Paper C as well as [117], [118].

Instead of calculating the voltage drop over the VI, the admittance form
can be used to calculate the resulting converter current:

if,ref = Y v(vv − vg), (2.3)

with vv denoting the internal voltage generated by the outer loops [111]. In
the SRF, the transient representation of the virtual admittance (VA) Y v is
given as

Y v = 1
Rv + sLv + jωcLv

, (2.4)

where Rv and Lv are the virtual resistance and inductance, respectively [111].
A block diagram of this implementation is shown in Fig. 2.10. It is important
to note that in this expression Rv and Lv cannot both be zero, and should
include all physical impedances located between the two voltages vv and vg.
Instead of multiplying the varying converter frequency ωc, the last term is
typically approximated with Xv = ωbLv, which in per-unit is equal to Lv.
As can be seen from (2.3) and (2.4), the derivative action of a transient VI
representation has been replaced by an integrative action. A consequence of
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this implementation is that a current reference is generated, which results in
the obligatory inclusion of a current controller.

In this thesis, only control structures which contain a VA are investigated
in detail. Because of this, the terms virtual admittance and virtual impedance
are used interchangeably (with the exception of discussing references). In this
terminology, which is common also in the literature, VI does not denote a
different implementation, but the inverse of the VA’s numerical value: Zv =
Y −1

v .

Current Control

A current controller (CC) is often needed to protect the converter hardware
from overcurrent. As the CC requires current references to track, the outer
loops presented above can not be used directly with a CC, but require an
intermediate control loop that generates current references from the internal
voltage. Examples for these are the VA described above and the voltage
controller described below.

There exists a large variety of CCs that are used in GFM controllers, with
the VCC presented as part of the cascaded GFL controller in the previous
section being a common choice [72]. The matter of current limitation in GFM
converter controllers will be discussed in detail in Chapter 4.

Voltage Control

In some cases, a voltage controller is included to regulate the voltage at the
filter capacitor or the PCC to the internal voltage of the GFM controller12

[74], [103]. To maintain the slowly varying character at the capacitor voltage,
any grid disturbance requires control action. Because of this, the behaviour of
this type of control is closer to the GFL controllers. This is also visible in the
the frequency response of this type of controllers, which varies notably from
other GFM controllers [100]. To prevent undesired interactions between the
cascaded controllers, the cascaded GFM controller needs to be tuned carefully
[100], [119], [120].

12This type of control structure is typically called cascaded GFM control.
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Table 2.1: Comparison of GFL and GFM converter control.

GFL converter control GFM converter control

Fast power-reference tracking Slow power-reference tracking

Active and reactive power are decoupled Coupling of active and reactive power
can occur (e.g. during transients)

Dedicated synchronisation loop needed
(e.g. PLL)

Dedicated synchronisation loop not
needed

High performance in strong grids (high
short-circuit power, stiff grid frequency)

High performance in weak grids (low
short-circuit power, varying grid fre-
quency)

Issues in weak grids: interactions be-
tween PLL and CC

Issues in strong grids: slow controller
causes low performance and can result
in oscillatory step response.

Grid support during disturbances re-
quires control action from outer loops

Immediate, intrinsic grid support

Trivial current limitation Challenging current limitation

Dominating technology in grid-
connected VSCs

Emerging technology

2.4 Discussion
The fundamental difference between GFL and GFM converter control lies in
their dynamic and harmonic behaviour. When faced with a disturbance in the
grid voltage, the GFL control quickly adapts to maintain a constant current,
while the GFM control only slowly follows the changes. The consequences
of this fundamental difference on the converter behaviour are summarised in
Table 2.1.

In particular at locations with a low grid strength, converters with GFL
control can cause oscillations and instability [77], [121]–[125]. A weaker grid is
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synonymous with a larger grid impedance, which in turn means an increasing
variation in the PCC voltage for a given change in converter current. As a
result, the dynamics of the synchronisation loop have in these situations a
dominant impact on the performance of the complete system, which can lead
to undesirable interactions between converters and cause instability. This
means that GFL controllers are not a suitable control choice at particularly
weak connection points. Furthermore, due to their current-source character,
GFL converters require control action from the outer loops to provide support
during grid disturbances, e.g. reactive power during voltage dips. This means
that the provision of grid-support services not only can require additional
control loops and increased complexity, but in essence has to counteract the
underlying behaviour of the controller. Converters with GFM control on the
other hand excel at weak grid locations due to the intrinsic character of their
grid support.

Considering the conclusions from [18], [100], a VA-based GFM controller
with a PI-based APC has been chosen as the starting point for the work in
this thesis. The VA-based control structure has been selected since the VA
allows to shape the converter’s input admittance to provide filtering (through
virtual inductance) and damping (through virtual resistance), as well as it
makes the converter less sensitive to changes in grid strength. The PI-based
outer loop has been chosen as it does not couple its damping provision with
a steady-state frequency droop13, and due to the availability of the effective
loop-shaping tuning method. The control structure is depicted in Fig. 2.11
and is discussed in detail, including the tuning of its control parameters, in
[109] as well as in Paper C. In Paper F, a different controller is suggested,
which is introduced in Chapter 5.

13As is the case e.g. in the VSM [107].
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Figure 2.11: Block diagram of the chosen control structure.
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CHAPTER 3

Connection Requirements for Grid-Connected Converters

In this chapter, an introduction and overview of grid connection requirements
for grid-connected converters is given. A detailed study has been published in
2022 as Paper A, which is discussed and contextualized to this thesis in this
chapter. As converter-dominated power grids in general and GFM converter
control in particular are subjects of current research and the knowledge about
these topics is continuously evolving, there has been development in grid-
connection requirements since the original study. An overview of these recent
developments in converter connection requirements concludes the chapter.

3.1 Types and Impact of Requirement Documents
Connection requirements for grid-connected converters are given in different
types of documents that can vary in scope, stringency, and detail. Often
several documents apply for a single application. Examples for different types
of documents containing requirements are legal regulation (e.g. international
[126] and national [127]), industry standards (e.g. [32], [128]), connection rules
and grid codes (e.g. [129]), specifications for particular (ancillary) services (e.g.
[33], [130]), and finally customer- and application-specific requirements. While
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Chapter 3 Connection Requirements for Grid-Connected Converters

most requirement documents are publicly available, some require purchase, or,
as for example some customer requirements, can even be confidential.

Grid-connection requirements can have a large impact on the design of
a converter system in general and its control structure in particular, which
might need to be altered to follow specific requirements. The requirements
impacting the control structure can in some cases be mandatory, while they are
optional in other cases, e.g. when enabling the provision of specific ancillary
services such as fast-frequency response or power oscillation damping [130].
An explicit pre- or proscription of specific control implementations is however
quite atypical, as requirements are typically given to the extent possible as
technology- and implementation-agnostic performance requirements. Refer
to the rest of this chapter, Paper A and [19], [24], [26], [31], [131]–[137]
for examples on how grid connection requirements impact converter control
structures and particularly GFM control.

High-power converter systems are very development- and testing-intense,
and for the converter system to be commercially viable, as much of the system
as possible should be reusable independent of the power system which the
converter is connecting to. Even though the amount of case-specific design and
adaption increases with the power rating, meaning that e.g. HVDC systems
and FACTS are typically tailor-made, re-using parts of the system such as
the control structure is common and required for economic viability. Due to
this, specifications can have an impact beyond their formal scope of validity.
This can be illustrated with the explicit ban of the use of a VI in converters
with GFM controllers in the British power system, which was published by
the British TSO National Grid in 2021 [33]. In control structures that contain
a VI, the VI typically forms a central, non-optional part of the overall control
structure. Those manufacturers using a VI in their converter control would
have been left with the choice to either develop a new control structure lacking
a VI, or to forgo the British market. As maintaining two different control
structures typically is unfeasible, this ban would have had effects on other
markets as well, even though the VI has a number of advantageous properties.
The VI-restriction has been removed by the British TSO in 2024 [138].

For the study published in Paper A, the following documents have been
selected for comparison to provide a representation of different types of re-
quirement documents: The European network codes on Requirements for
Generators (NC RfG) and HVDC transmission systems and dc-connected
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generation (NC HVDC) [126], [139], their Swedish national implementations
[127], [140], the VDE industrial norm VDE-AR-N 4131 for HVDC and dc-
connected generation, which is the German national implementation of NC
HVDC [32], the IEEE draft standard for converter-interfaced resources P2800
[128], and the final grid code modification report on GFM capability by the
British TSO National Grid (NG GC0137) [33]. As most available documents
did not contain requirements on GFM-capability at the point of the study, the
European Network of Transmission System Operators for Electricity (ENTSO-
E) report on this matter has been included in the comparison as an indication
on expected future developments [8].

3.2 Categories of Requirements
As outlined in Chapter 1, grid-connection requirements for converters have
evolved and become more complex over time [19], [24]. While three to two
decades ago converter-interfaced generation still led a niche existence without
notable impact on system stability, requirements mainly aimed to prevent neg-
ative impact on the rest of the grid by regulating power quality and permissi-
ble harmonic content. As the penetration of power electronics increased, they
started to have an impact on the power system, which led to the requirement
to participate in steady-state voltage control (by means of reactive power)
and prevention of overfrequency (by reduction of active power). Also, with
increasing amount and size of renewable generation size, disconnection in case
of nearby faults was not acceptable any more, causing the introduction of low-
voltage and fault ride through requirements [24]. With converter-interfaced
generation providing the majority of generation in some power systems, new
challenges such as low system inertia, converter-induced instability, and lack of
black-start capability came into focus and were reflected in newer requirement
documents published around 2016 - 2020.

Requirement documents of different type, but even within the same type,
can be extremely different in their structure, rigour, definitions and extent,
even though the previously delineated trends apply in general. Some grid
codes deal with specific topics in great detail, while others relegate them to
appendices, supplemental material, industrial norms or do not take them up
at all. To enable a qualitative comparison of the requirements posed on grid-
connected converters, it is therefore instrumental to establish categories of
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Figure 3.1: The categories used for comparison of requirements in Paper A.

requirements. The choice of the categories shown in Fig. 3.1 is motivated and
clarified further in Paper A.

3.3 Conclusions from the Study of Requirements
A general comparison of requirements from all categories is challenging, as
the specifications are often given in different formats between documents,
and the level of detail can vary greatly. Important differences often hide
in details, definitions etc., which makes a generalization difficult. There are
however some conclusions to be drawn from the overview on requirements in
the documents selected for comparison shown in Table 3.1. A more detailed,
per-category analysis is available in Paper A.

Typically, requirements depend on the application, and the majority of regu-
lations regarding grid-connected converters treat for converter-interfaced gen-
eration (e.g. [126]–[128]). While there also exist documents for HVDC trans-
mission systems and dc-linked generation such as offshore wind-parks [32],
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Chapter 3 Connection Requirements for Grid-Connected Converters

[139], [140], general requirements for other devices such as grid-supporting or
grid-forming BESSs and STATCOMs are still rare [78], [136], [141], [142]. In
those cases technical specifications given by the customer often contain the
bulk of requirements. Despite this application-specific character of the require-
ments it has been observed in the study that the difference in requirements
tends to be mostly gradual or quantitative. Bigger qualitative differences are
typically rather to be found for varying converter system power and voltage
ratings, e.g. ENTSO-E’s power park module classes. A consequence of this is
that the technical requirements do not obligate to design application-specific
GFM control structures.

The overview in Table 3.1 asserts the previously mentioned variation in
detailedness. A reason for this lies in different philosophies from TSO-side
regarding requirements: Some TSOs prefer to specify many capabilities as
requirements to be fulfilled by all connected devices, thereby prioritizing re-
liability [32], while others tend to be much more restrained in the amount of
obligatory requirements and aim to handle the system needs primarily through
market-based instruments such as new ancillary-service products, which pri-
oritizes affordability [130], [140], [143]. These differences are induced by power
system properties such as size, interconnectedness, generation mix and control
philosophy, as well as legal culture and similar factors. This means that also
non-obligatory specifications like [33], [130] should be taken into account for
the design of requirement-compliant control structures.

The study in Paper A concludes that, at the time of publishing, none of
the compared regulations requires GFM control, and only the British grid
code defines GFM capability (through [33]). It can however be seen that
some documents, e.g. [32], require capabilities that are typically associated
with GFM control, such as inertial response and black start capability. Based
on this study it can be concluded that there are few concrete restrictions and
requirements to follow in the development of GFM control structures, with
the previously mentioned bandwidth-limitation and subsequently retracted
VI-restriction in the British grid code modification being the only exceptions.
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3.4 Recent Developments in Requirements for GFM Capabilities

3.4 Recent Developments in Requirements for
GFM Capabilities

Since this study of requirements in has been conducted and published as
Paper A in 2022, several new documents dealing with requirements for
GFM converter control have been published [78], [142], [144], [145]. Further-
more, the European Union Agency for the Cooperation of Energy Regulators
(ACER) has recommended the European Commission to amend, among oth-
ers, the existing regulations NC RfG and NC HVDC [146]–[149]. In the pro-
posed amendment all converter-interfaced generation1 above a certain power
and voltage rating 2 is required to provide GFM capability, with the TSOs
being allowed to require the same even for smaller units and HVDC sta-
tions3. Based on this, ENTSO-E has published a first interim report contain-
ing technical requirements for GFM behaviour of converter-interfaced gener-
ation, which will serve as the base for further discussions [151]. A selection of
testing scenarios for the corresponding regulations can be found in [152], [153].
Additionally, these recent documents have been discussed in the literature by
academia and industry [19], [30], [135]–[137]. A comprehensive overview of
the recently published requirements can be found in [137], as well as an intro-
duction to the European regulation framework and the reasoning behind its
proposed compliance assessment, which aims to define performance indicators
to assess GFM behaviour independently of the grid or testing environment.

In contrast to the conclusions of the earlier study, due to these documents
there is now a large amount of detailed technical specifications for GFM be-
haviour available. All of the recent specifications reiterate that the converter
with GFM controller should behave as a voltage source behind an impedance,
and that the voltage magnitude and frequency shall remain constant during
the period immediately following a grid disturbance – as long as the converter’s
current, energy or voltage limits are not exceeded. The consequences of this
intrinsic behaviour are then discussed mainly for grid voltage angle jumps,
frequency transients and grid-voltage magnitude changes. An overview of the

1Called power park modules in the European regulation.
2Generation connected to 110 kV or above of class B or higher, i.e. rated at least at 1 MW

in Continental Europe, 1.5 MW in the Nordic region, 0.5 MW in the Baltic, and 0.1 MW
on Ireland, or alternatively generation above 10 MW [147].

3Nonwithstanding strong indications that a much smaller share of GFM-controlled con-
verters of about 20 % might be enough to ensure system stability [8], [150].
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requirement areas contained in the recent specifications4 are shown in Ta-
ble 3.2.

These recent specifications on GFM converters make some of the conclu-
sions from Paper A obsolete. The documents contain detailed definitions
and requirements of GFM behaviour and allow for detailed compliance stud-
ies. In case the regulation suggestion [146] is accepted, GFM behaviour even
becomes mandatory for all larger converter-interfaced generation. References
between the specification documents are common and the documents appear
more uniform when compared to the ones in the first study, which testifies to
an active exchange and collaboration between the system operators on this
topic. And finally, several of the documents explicitly formulate the goal to be
technology- and implementation agnostic, while the previous study remarked
on the British VI-restriction as an exception to this rule.

Even though the GFM control structures studied in this work have not
been tested explicitly for compliance with the recently published GFM spec-
ifications, they follow the basic principle of creating a slowly varying voltage
source behind an impedance, and the voltage magnitude and frequency re-
mains constant during the period immediately following a grid disturbance5.
It is therefore expected that these controllers are able to also fulfil the core
requirements of the recent specifications, provided that the control parameters
are tuned accordingly.

4The areas chosen here are more specific to GFM control than the categories used in
Table 3.1. It is important to keep in mind that the previous requirements, e.g. on
steady-state voltage regulation, still apply to GFM converters.

5With the exception of the need for current limitation, which is recognized by the studied
grid codes and discussed in the following chapter.
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Table 3.2: Overview of GFM requirement categories included in recent documents.
✓: explicitly specified, required; ◦: unspecific/implicitly specified; ×: not mentioned.

Type of requirement AEMO
[144],
[153]

Fingrid
[142]

NERC
[78]

UNIFI
[145]

ENTSO-E
[151]

Active power response to grid voltage
angle jumps and frequency transients
(inertial response)

✓ ✓ ✓ ✓ ✓

Reactive power response to grid volt-
age magnitude changes ✓ ✓ ✓ ✓ ✓

Response time specification ◦ ✓ ◦ ◦ ✓

Behaviour under current saturation ✓ × ◦ ✓ ✓

Weak grid operation ✓ ✓ ✓ ✓ ✓

Islanded operation ✓ ✓ ✓ ✓ ✓

Power system oscillation damping ✓ ✓ × ✓ ◦
Unbalanced operation ◦ ✓ ✓ ✓ ✓

Frequency response characteristics &
passivity ✓ × ✓ × ×

Testing specifications ✓ ✓ ✓ × ✓
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CHAPTER 4

Grid-Forming Converter Operation During Current
Saturation

This chapter will discuss some of the challenges of current limitation in GFM
controllers as well as the transient stability problem for those controllers dur-
ing current limitation. It will also introduce the solutions to these challenges
proposed in Papers B - E.

4.1 Grid-Forming Converter Current Limitation
The review of grid-connection requirements in the previous chapter has shown
that fault-ride through capability (summarized in the category voltage devi-
ation) is a central requirement. Power-electronic converters only possess very
limited overcurrent capability due to the low thermal capacity and high tem-
perature sensitivity of the semiconductors, which means that current limita-
tion is crucial, in particular during large system events, such as short-circuit
faults. As indicated earlier, GFM converters should behave as a slowly varying
voltage source. If this behaviour is to be preserved even during conditions that
cause current saturation, current limitation becomes non-trivial [71], [118].
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Chapter 4 Grid-Forming Converter Operation During Current Saturation

At the same time, disturbances such as faults pose the largest risk for in-
stability in the grid, with the consequence that the stabilizing properties as-
sociated with GFM converter control are most advantageous during those
occurrences. Consequently, it is desirable to retain the GFM behaviour as
much as possible even during current saturation. Recognizing the necessity
for current limitation, requirements for GFM converters typically allow the
converter to change its dynamic properties for up to a few fundamental fre-
quency cycles before returning to its voltage-source behaviour [144], [154],
[155], or to retain the GFM behaviour only for disturbance counteracting the
current saturation [147]. An effective current-limitation strategy for GFM
converters consequently needs to ensure not only that the current does not
exceed the set limits, but also that the converter remains in stable operation
and retains the GFM properties to the degree possible.

This section will give an overview of existing current limitation strategies
for GFM controllers and discuss some of their shortcomings. It will then give
an introduction into the study of GFM controllers’ transient stability during
current saturation. Finally, it will present the basic principle and some central
parts of the voltage-based current limitation presented in Paper C.

Review of Existing Current-Limitation Strategies
The large number of current-limitation methods for GFM converters that have
been reported in the literature in recent years is testament of the importance
and challenging character of current limitation in GFM controllers. A com-
prehensive review of existing limitation methods, which can be classified into
the following four main categories, is available in [118]. The categories can be
summarized as:

• Immediate current limitation: Methods of this category require an ex-
plicit current reference, which is – at least during limitation – tracked
by a CC. It is therefore commonly applied in cascaded voltage and cur-
rent vector controllers [74], [103], [156] and in virtual admittance control
[108], [109], [111]. This method can lead to stability problems during
severe grid disturbances [157], as will be discussed more in detail in the
following section.
Some control structures do not rely on a CC during normal operation,
but activate it during current saturation only (e.g. PSC [92], [93]). This
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4.1 Grid-Forming Converter Current Limitation

can imply switching the synchronisation task from the APC to a PLL,
and changing the converter behaviour from a voltage source to a current
source, i.e. to a GFL characteristic [158], [159].

• Indirect current limitation by virtual impedance: This category utilizes
the fact that GFM controllers behave as a voltage source behind an
impedance, and a manipulation of the (virtual) impedance can be used
to change the current exchanged with the grid without altering the volt-
age source. A shortcome of the VI-based limitation approach [110], [113],
[117], [160], [161] is that it requires knowledge of system parameters
to appropriately select the VI parameters. System conditions differing
from those assumptions can result in overcurrent or low utilization of
the converter’s fault current contribution capability [118]. An adaptive
VI, which is commonly used to address this problem, can on the other
hand deteriorate the converter’s transient stability [162].

• Indirect current limitation by voltage limitation: Also based on the
characteristic of GFM control to behave as a voltage source behind an
impedance, this category of methods aims to limit the current by ma-
nipulating the converter’s internal voltage source. Some methods limit
both voltage magnitude and angle using an estimate of the grid voltage
angle [163], [164], which in practice can mean a switch to PLL-based
synchronisation. If only the voltage magnitude is limited, a different
limitation strategy is needed for the active current – typically a power
limiter [165].

• Indirect current limitation by power limitation: Methods of this category
rely on limitation of the inputs to the active- and reactive-power control
loops to prevent overcurrent [108], [166], [167]. They commonly require
fault detection, which can be unreliable for e.g. overcurrents caused by
frequency disturbances. Furthermore, as the outer control loops are
typically relatively slow in GFM controllers (up to 5 Hz), relying solely
on this type of method can fail to reliably prevent transient overcurrents
[118].

The reviewed methods are not able to satisfy the goal of effective current
limitation that keeps the converter stable even under disturbed and weak grid
conditions while retaining as much of the GFM properties as possible. This is
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Figure 4.1: Equivalent circuit representation of a converter with GFM control
approach with virtual-back EMF and virtual impedance.

in particular the case as the majority of current limitation studies is designed
with voltage-dip induced overcurrent in mind [108], [117], [168]–[174]. As
shown in Paper B, C and the following section, large frequency disturbances
can also cause overcurrent and result in instability if the current limitation
method is not designed with this disturbance type in mind, in particular if
the converter is supposed to provide inertial support.

Transient Stability of Converters with GFM Control
To analyse the transient stability of a generic GFM-controlled converter, the
system depicted in Fig. 4.1 is studied. It consists of a converter with GFM
control, modelled as its internal voltage source V EMF and the tunable part of
the VI Zv1, the filter impedance Zf , and the Thévenin equivalent representing
the grid with the grid impedance Zg and the voltage V s.

The transient stability of this system can be studied with the help of the
quasi-steady state active-power transfer between converter and grid. Neglect-
ing the resistive elements1, the converter current Ic is given as

Ic = V EMF − V s
jX = Vs sin δ + j(Vs cos δ − VEMF)

X
, (4.1)

where δ = ∠V EMF − ∠V s is the angle difference between the voltage sources,
and X is the total reactance between them. This allows to calculate the active
power P as

P = Re (V EMF conj(Ic)) = VsVEMF

X
sin δ, (4.2)

which is the P − δ curve shown as a solid blue line in Fig. 4.2.
1This is done for simplicity of the derivation, and is allowable as the resistance only has a

small impact due to its typically small value in power grids.
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Figure 4.2: P -δAPL-curve illustrating the converter angle stability problem for a
current limit of 1.2 pu. A: pre-disturbance operating point; B: current
limit reached; C: transient stability limit. Solid lines: V EMF = V s =
1 pu. Dashed lines: V EMF = 1 pu & V s = 0.6 pu.

The impact of current limitation on transient stability is studied by applying
an immediate current limitation, the so-called magnitude or circular-current
limiter that scales the current reference to the maximum magnitude without
altering the angle [108], [118]. With Iref being the current reference and Imax
the current limit, the limited current reference is described as

Iref,lim = Iref
Imax

Iref
∀ Iref > Imax. (4.3)

This manipulation of the current reference is equivalent to changing the in-
ternal voltage source’s magnitude and angle, illustrated as V ′

EMF in Fig. 4.3.
From the figure it can be seen that the load angle δ resulting from the lim-
itation is reduced when compared to the unlimited load angle generated by
the APC, denoted as δAPL. Even though the load angle is altered, angle and
magnitude of the unlimited internal voltage source still have an impact as
they determine the angle of the resulting (unlimited as well as limited) cur-
rent reference. Based on this, (4.1)-(4.3) can be used to determine the relation
between the current-limited active power Plim and the APL output angle δAPL
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Figure 4.3: Phasor diagram illustrating the impact of the circular current limita-
tion strategy on the back EMF.

as

Plim = Re
(
V s conj(Iref,lim)

)
(4.4)

= VsVEMFImax sin δAPL√
V 2

s + V 2
EMF − 2VsVEMF cos δAPL

, Iref > Imax.

This relationship is illustrated as a solid red line in Fig. 4.2. The current
limit is reached at operating point B, and a further increase δAPL results in a
decreasing power transfer, which is in contrary to the unlimited case presented
in blue. The effect of a voltage dip, here from 1 pu to 0.6 pu, is shown as the
dashed lines in the same figure.

From this, two instability mechanisms can be observed, which are explored
more in detail in Paper B and are in principle similar to a SM’s instability
mechanisms. The first is caused by the maximum active-power transfer be-
coming smaller than the active-power reference, e.g. due to a voltage dip (see
dashed line in Fig. 4.2). The second is caused by the downward sloping of the
power-angle curve as soon as current limitation is reached. This condition can
be reached as part of a fault ride-through (in case the active-power reference
has not been adapted), or caused by a temporal increase of the load angle
e.g. due to a phase jump or frequency disturbance of the grid voltage. The
speed of the APC determines how vulnerable the converter is to this insta-
bility mechanism, which results in a higher risks for converters whose APC
are tuned to a slow speed to provide an inertial response. While the first,
voltage-dip-induced instability has been studied widely in the literature [108],
[117], [168], [170]–[172], [174], the latter has been rarely regarded in existing
publications [175].
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4.1 Grid-Forming Converter Current Limitation

Voltage-Based Current Limitation
To address the shortcomings of the existing current limitation strategies and
the risk of instability, a voltage-based current limitation is proposed that aims
to retain as much of the voltage-source characteristics as possible by adapting
the converter’s internal voltage to limit the current. The method is based on
a voltage-magnitude limitation together with limitation of the active-power
reference. It is presented in detail in Paper B, but the core principles are
summarized below.

Principle

The principle of the voltage-based current limitation is based on the idea that
to limit the current of a converter with GFM controller while retaining as
much of the voltage source characteristics as possible, as much of the original
control principle should remain unaltered. To achieve this, the approach fo-
cuses on adjusting the converter’s internal voltage source instead of the current
reference.

The converter current is determined by both angle and magnitude of the
internal and the PCC voltage:

Ic =
V EMF − V g

Rv + jXv
. (4.5)

Due to the predominantly reactive nature of the grid, the angle of the inter-
nal voltage is in GFM converters typically determined by the APC, and the
magnitude is set by the RPC or AVC. While it is straightforward to limit the
difference in magnitude between VEMF and Vg, limiting the angle difference
requires knowledge of the angle of Vg, which is difficult to acquire. Moreover,
relying on an grid-angle estimation method such as a PLL to limit the angle
difference is equivalent to switching to the PLL for synchronisation, as the
APC’s angle output would be disregarded. Switching to PLL-based synchro-
nisation also raises stability concerns, as the PLL typically is relatively slow,
in particularly in the case of weak grids.

The suggested approach solves this problem by applying a limit on the
active-power reference at the APC’s input, while relying on a relatively fast
APC to track this reference effectively. The limit is dynamic and adapted
based on the grid-voltage magnitude to prevent instability due to too high
power reference during voltage dips. The magnitude of the internal voltage is
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Chapter 4 Grid-Forming Converter Operation During Current Saturation

determined by the AVC, and is subsequently limited dynamically based on the
grid-voltage magnitude. To prevent overvoltage after the fault, an anti-windup
loop with the gain kAW is included for the AVC. The complete block diagram of
the proposed controller including the voltage-based current limitation scheme
is shown in Fig. 4.4. As can be seen from the diagram, an immediate current
limitation2 is kept between the VA and VCC. This limitation is only a backup
and is activated for a couple of milliseconds following a large disturbance
at maximum. To ensure that the voltage-based limitation can provide the
limitation, the current limit for that method should be chosen slightly lower
than that of the immediate current limiter.

During limitation, it is necessary to prioritise active or reactive-power in-
jection from the converter. Often, this is specified in grid-code requirements,
typically prioritising reactive power to support the grid-voltage magnitude
[176]. The proposed method is here shown with prioritisation of reactive
power, but can be adapted according to the requirements. The estimation
of the active-power and voltage-magnitude limits based on this is described
below.

Calculation of Active-Power Limits

Prioritizing reactive power transfer, the upper limit for the active-power ref-
erence, Pul, is calculated as

Pul =
√

S2
avail − Q2

g, (4.6)

where Savail denotes the available apparent power of the converter, and Qg
is the reactive power injected from the converter (or, eventually, the reactive
power demanded by the grid codes). The available apparent power of the
converter is dynamically calculated based on the PCC-voltage magnitude Vg
as Savail = SNVg

VN
, where SN and VN denote the rated power and voltage of the

converter, respectively. If Qg ≥ Savail (this condition can appear during the
first instants of a deep voltage dip for instance, when the converter current
momentarily rises above its rated value), the upper limit for the active-power
reference is set to zero.

2Denoted as hard current limiter in Paper B.
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(b) Inner control loops to be used with the proposed current-limitation method.

Figure 4.4: Block diagram of the proposed controller including the voltage-based
current limitation scheme. Limiters added by the proposed method
shown in red.
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Calculation of Voltage-Magnitude Limits

Based on the equations describing the power transfer, the upper and lower
limits for the magnitude of the internal voltage can be estimated. The signs
of active and reactive power are based on the current direction in Fig. 4.1.
Denoting the limited active-power reference as Pref,lim and the available reac-
tive power as Qavail =

√
S2

avail − P 2
ref,lim, the upper limit for the magnitude of

the internal voltage, Vul, is calculated as

Vul =
∣∣∣∣vg + Pref,lim − jQavail

conj(vg) (Rv + jXv)
∣∣∣∣ . (4.7)

The lower limit for the internal voltage, Vll, which is relevant e.g. during
voltage swells, can be calculated accordingly:

Vll =
∣∣∣∣vg + Pref,lim + jQavail

conj(vg) (Rv + jXv)
∣∣∣∣ . (4.8)

Laboratory Verification

To verify that the proposed limitation strategy is able to limit the current
as intended, it has been verified in laboratory experiments. All laboratory
experiments reported in this thesis have been conducted using the setup in
illustrated in Fig. 4.5. The device under testing is a two-level VSC with a stiff
DC link voltage. It is connected through an L-filter to a shunt capacitor, which
stabilises the PCC voltage. The grid is represented by a REGATRON con-
trollable ac voltage source and physical reactors modelling the line impedance
to provide the desired grid strength. Both converters are controlled using
dSPACE hardware-in-the-loop platforms. The parameters for the laboratory
setup are reported in Table 4.1.

In Paper B, results from several different grid disturbances are shown to
demonstrate the effectiveness of the proposed voltage-based current limitation.
Figure 4.6 reproduces the response to a voltage dip and frequency disturbance
here. It can be seen that the converter current is limited and reactive power
is prioritized during the dip as intended.

The reader can refer to Paper B for more experimental results and sug-
gested additions to the controller for unbalanced faults.
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4.1 Grid-Forming Converter Current Limitation

(a) Photograph of the laboratory setup.

=

≈

VSC

V c Ic Lf Rf

Filter
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Csh Lg Rg

Grid representation

V s

(b) Single-line diagram of the laboratory setup.

Figure 4.5: Laboratory setup used for the experiments in this thesis.
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Figure 4.6: Dynamic response of converter with proposed voltage-based current
limitation to a balanced three-phase voltage dip accompanied by a fre-
quency disturbance. Third plot from top: blue curve is active power,
red curve is reactive power. Bottom plot: frequency disturbance im-
posed by the controllable ac power source.
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4.2 Inertia-Emulation Loop
A converter with GFM control acts as a slowly varying voltage source. This
means that the converter will resist a change in the grid frequency by provid-
ing an inertial response. The speed of the APC determines the inertia con-
stant characterising the response, with a faster APC having a smaller inertia
constant. However, tuning the speed of the APC primarily with the desired
inertial response in mind can be undesirable, as the APC also is responsible
for the synchronisation of the GFM controller and a slow APC is more prone
to the frequency-induced instability during current saturation that has been
described above. Due to this reason, a relatively fast APC with a closed-loop
bandwidth of 5 Hz has been used in the voltage-based current limitation in
the previous section. The inertial response of an APC with this speed is neg-
ligible, so an inertia-emulation loop (IEL) is proposed in the following to be
able to provide an inertial response when required which is independent of
the APC’s speed. The IEL adds the emulated inertial power to the convert-
ers’ active-power reference, which allows it to be limited by the active-power
limiter described previously. Due to this, the IEL can also be used to provide
an inertial response with GFL controllers.

The IEL has first been presented in Paper C and been studied more in
detail and tested in the laboratory for Paper D. The IEL’s stability limits
and possibilities to further improve them for extreme conditions are discussed
in Paper E.

Working Principle
The IEL’s basic principle is to estimate an inertial-response power PH, which
is then added to the APC’s reference. The inertial response should be pro-
portional to the frequency derivative, which is here estimated by a PLL-like
structure. The structure is similar to the approaches proposed in [177], [178],
which suggest to use a PLL for inertial response in GFL controllers. It is
important to note that the IEL does not interfer with the synchronisation
of the converter, as it only alters the APC’s active-power reference. As the
frequency derivative is implicitly determined in the IEL, it avoids the noise-
sensitive derivation step known from other methods to provide an inertial
response proportional to the frequency derivative. Furthermore, the estimate
of the rate of change of frequency (RoCoF) is immediately available, minimis-
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Chapter 4 Grid-Forming Converter Operation During Current Saturation

ing delays in the converter’s inertial response [177]. To further minimize the
impact of negative sequence and harmonics in the grid voltage on the gen-
erated inertial-response power, a sequence separation and harmonic filtering
method based on a recursive least squares (RLS) algorithm is applied on the
IEL inputs. The proposed IEL is depicted in Fig. 4.7, and its position in the
GFM controller is shown in Fig. 4.4.

abc

dq
RLS 1

Xf

RLS | · |

−1

Kp + Ki
s

1
s

APC
vg

vdq
g Ṽ qp

g

Ṽ dp
g

vc ṽcp Ṽcp

∆ωvr

+

ωb

+

ωvr
θvr

PH +

Pset

+
Pref

−Pul

+Pul
Pref,lim θc

Inertia-emulation loop

Figure 4.7: Proposed inertia-emulation loop. x̃p denotes the positive sequence
component of quantity x as estimated by the RLS.

Tuning
The goal in tuning the IEL is that the converter’s inertial response should be
equivalent to a SM with a selected inertia constant H. The output of the IEL
is the pure inertial response PH, which is equivalent to a lossless synchronous
condenser (SC), where the mechanical power Pm = 0. The fundamental idea
is that both SC and IEL track the phase angle of the grid voltage with a given
speed, which corresponds to their inertia. A notable difference to the SM is
that the IEL is not limited to replicating the SM’s inertial response, but offers
the possibility to freely tune the response’s damping, which in a SM typically
would cause additional losses.

The relation between a change in rotor speed of the SM and an active-power
imbalance is given by the swing equation:

2H
dωr

dt
= Pm − Pe − Kd(ωr − ωs). (4.9)

Here, H denotes the inertia constant in seconds, ωr is the angular rotor fre-
quency, ωg the angular frequency of the grid voltage, Pe the electrical power
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injected to the grid and Kd the damping coefficient of the machine, with all
quantities but H in pu. For a SM operating in a stable steady-state operating
point, electrical and mechanical power must be equal. During a grid distur-
bance, the power imbalance in such a machine will be its inertial response
PH,SM = Pm − Pe. Based on the previous equation and the derivations in
Paper C, it can be shown that the SC’s inertial power is given as

PH,SM = −VEMF

X
V q

s , (4.10)

where V q
s denotes the source voltage q-component in the SRF aligned with

the SC’s internal voltage, and X the sum of reactances between the back EMF
and source voltage. The SC’s change in rotor speed is then in Laplace-domain
determined by

ωrs = −( Kd

2HPsmax
s + 1

2H
)PH, (4.11)

where ωr is the machines’ rotor speed and Psmax = VEMFVs
X is the machine’s

maximum transferable active power.
To achieve an equivalent behaviour, the inertial-response power is generated

based on the q-component of the PCC voltage in the IEL’s SRF, V q
g :

PH = − Vc

Xf
V q

g , (4.12)

with the converter voltage magnitude Vc and the filter reactance Xf
3. Due

to the selected PLL-like structure of the IEL, the derivative of the loop’s
frequency estimate ωvr is given as

ωvrs = −(Kps + Ki)PH, (4.13)

where Kp and Ki are the proportional and integral gain, respectively. Equiva-
lent frequency tracking behaviour for SM and IEL, given in (4.11) and (4.13),
respectively, can be established by selecting the IEL’s parameters as

Ki = ωb

2H
, Kp = ζ

√
2ωb

HPmax
, (4.14)

3Instead of Vc and Xf , VEMF and Xv could be chosen. Here, the converter voltage and
filter reactance are selected to avoid the power coupling dynamics introduced by Rv
and to couple the emulated inertia closer to the grid voltage. Furthermore, the grid’s
Thévenin voltage V s is replaced with the PCC voltage V g, as the latter can be directly
measured.
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with Pmax = VcVg
Xf

and ζ =
√

ωb
2HPmax

Kd the desired damping ratio of the
inertial response. Refer to Paper D for a detailed discussion of the selection
of damping.

Laboratory Verification
The inertial response provided by a controller with GFM control containing
the proposed IEL has been verified in the laboratory using the previously pre-
sented setup. In Fig. 4.8, the inertial response to a relatively large frequency
disturbance of 2 Hz/s for a duration of 1.5 s is shown. The converter is tuned
to provide an inertial response corresponding to H = 5 s with a damping ratio
of ζ = 0.707. In both cases, an immediate current limiter limits the current
at 1.2 pu. The blue curve shows the results for a controller providing inertia
exclusively with the APC. As can be seen from the figure, the frequency dis-
turbance causes the current to saturate, and the converter loses stability. If
the inertia instead is provided by the IEL, as shown in red, the controller can
limit the current at 1 pu using the active-power limiter described above and
maintain stability while providing the maximum possible amount of inertia.

Stability Limits
Since the IEL is designed to track the grid-voltage angle with a limited loop
bandwidth, instability can occur if the frequency derivative becomes to large,
as would be the case for a SM. This instability is investigated in detail in
Paper E. The resulting instability conditions are illustrated in Fig. 4.9 for
four different simulated inertia constants. In the top graph, it can be seen how
long a given RoCoF needs to be sustained for the IEL to become unstable.
An IEL emulating 10 s of inertia becomes unstable if subject to a RoCoF
exceeding 16 Hz/s for at least 0.6 s. From the bottom figure it can be seen,
that this would correspond to a grid frequency of 40 Hz. Both the critical
RoCoF as well as the resulting frequency deviation are about an order of
magnitude above the limits required for generation in current grid codes.

Apart from the stability limits of the IEL, Paper E also studies a more re-
alistic concern. If the inertial-response power estimated by the IEL is capped
by the converter’s active-power limit, the limited power will not be reduced
immediately when the frequency disturbance subsides. In the paper, three
different modifications of the IEL are investigated, and the addition of an aux-
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current magnitude Ic.
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Figure 4.9: Top: Estimated critical ROCOF and time to occurence of IEL insta-
bility, depending on the inertia constant. Bottom: Estimated critical
ROCOF and frequency at occurence of IEL instability.

iliary PI-controller shown in Fig. 4.10 is suggested to prevent this behaviour.
The auxiliary PI-controller has a notably larger gains than the PI-controller
included in the IEL and its input is multiplied by the portion of the inertial-
response power that is cut by the limiter. Its output is added to the output
of the IEL’s PI-controller, and it effectively reduces the IEL’s inertia constant
so that the inertial-response power remains close to the limit.

4.3 Discussion
The proposed current-limitation strategy is able to effectively limit the con-
verter current without relying on the immediate current limiter. The result
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Ṽ dp
g
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Figure 4.10: IEL modification suggestion in red: Addition of an auxiliary PI-
controller.

of the application of voltage limits is that the magnitude of internal voltage
source might change suddenly. This is necessary to keep within the current
limits. As far as possible, the strategy maintains the GFM behaviour. This is
achieved by keeping the dynamics of the APC unchanged, and by applying the
limiters before the VA, which means that the converter’s frequency response
for higher frequencies remains unchanged.

The IEL has been suggested to provide inertia without having to slow down
the APC to match the desired inertia constant, which is the typical imple-
mentation of inertia in the VSM and similar GFM control strategies and
can cause instability during large disturbances. The IEL offers a number of
key advantages compared to the VSM implementation of inertia. Separating
synchronisation and active-power reference tracking in the APC from inertia
provision allows to choose the APC’s speed independent from the desired in-
ertia, which protects against instability caused by current saturation due to
frequency-disturbances and phase-jumps. It also allows for faster and more
efficient power-reference tracking. Furthermore, the separation enabled by the
IEL makes it possible to select different damping ratios for active-power refer-
ence tracking and inertial response. It also enables for greater flexibility such
as adapting or disabling of the inertial response, e.g. based on a connected
energy storage’s charging state, without manipulation of the APC. Finally, it
should be mentioned that this method is suited for inertia provision in GFL
converters as well, as adding the inertial-response power to the active-power
reference makes it independent of the rest of the controller4.

4Provided the controller can track the active-power reference sufficiently fast for the inertial
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The main disadvantage of the IEL lies in the way the inertial response is
achieved. Providing the inertial response with the APC, as is commonly the
case in GFM converters, means that inertial response becomes a disturbance
rejection: The changing grid angle requires the APC to change its frequency
to eliminate the power control error caused by the frequency disturbance. As
the inertial response is caused by the internal voltage lagging behind in fol-
lowing the changing grid frequency, the inertial response becomes an intrinsic
response which does not require any control action. In the IEL on the other
hand, the faster APC is able to track the changing grid angle more efficiently,
and the inertial response is provided by an intentional control action. Depend-
ing on the exact interpretation of GFM behaviour this might be undesired. It
is however a way to enable a freely tunable inertial response in a robust GFM
controller that retains as much GFM behaviour as possible even during large
disturbances that cause the converter current to saturate.

response.
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Table 4.1: System and control parameters of the laboratory setup.

System parameters Control parameters

SN 1 kVA Lv1 0.343 pu
VN 100 V Rv1 0.9843 pu
ωb 314.16 rad/s αP = αQ 2π 5 rad/s
Lf 0.157 pu ζP = ζQ 1
Rf 0.0157 pu αCC 2π 200 rad/s
SCR 3.18
Csh 0.0942 pu
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CHAPTER 5

Frequency-Response Shaping of Grid-Forming Controllers

As established earlier, GFM behaviour manifests itself through the converter
supporting the grid without active control effort, but as an intrinsic reaction
to disturbances. Methods based on the frequency-domain response of the
converter, such as impedance-based analysis [80], [179], [180], passivity [181],
[182], network frequency pertubation (NFP) plots [183], [184], as well as the
power-response matrix [185], are among the preferred ways to investigate,
demonstrate and create this desired characteristic [8], [33], [144], [154], [186].
This chapter will discuss the desired frequency behaviour of a converter with
GFMcontrol, in particular using the converter’s input admittance. It will then
present the concept of decoupled GFM control, a GFM control strategy that
decouples active and reactive power and allows to shape sections of the con-
verter’s frequency response independently from each other by tuning separate
control parameters. The controller is presented and investigated in detail in
Paper F. Finally, a previously unpublished method for tuning of the VA’s
parameters to achieve the desired frequency response is presented.
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5.1 Desired Grid-Forming Frequency Response
GFM behaviour means for the converter to act as a slowly varying voltage
source behind an impedance. It is important to stress that the slow variation
is not only permissible, but actually required, since the converter has to adapt
magnitude and angle of its terminal voltage to control its active- and reactive-
power transfer. This is not specific for converter-based generation, but applies
to SMs as well – with the difference that converters can be controlled much
faster, which is why some system operators choose to specify an upper limit for
how fast the internal voltage can be changed, e.g. 5 Hz in the case of the British
Grid Code [33], [129]. This means that the converter, up to the speed of its
outer (power) control loops, shows constant power behaviour, which displays
itself as an input admittance that in SRF decreases asymptotically towards a
fixed, setpoint-dependent negative resistance as the frequency decreases1 [80].

At higher frequencies, i.e. in the harmonic range, the converter should act as
an impedance with inductive or inductive-resistive behaviour, which manifests
as a decreasing input admittance [8]. This behaviour enables the converter
to provide passive damping by acting as a sink for harmonic currents, which
improves voltage quality and grid strength at the PCC. Furthermore, acting
as a constant impedance means that the converter is passive and will not
negatively contribute to adverse control interactions within the controllable
frequency range [8]. It is important to note that the presence of any fast-acting
inner control loop such as a CC poses the risk of deteriorating the passivity
of the converter in the frequency range close to its loop bandwidth [182]. To
focus on the impact of the rest of the controller, the impact of the fast CC
and modulation stage is neglected in this chapter. The desired behaviour of
the converter is illustrated in Fig. 5.1.

With the desired behaviour in the low-frequency range (constant power,
input admittance decreasing towards 0 Hz) and the high-frequency range (con-
stant inductive-resistive impedance, input admittance decreasing towards higher
frequencies) established, this poses the question in which frequency range the
behaviour should transition and what behaviour is desirable in that range.
To understand this, the input admittance of the voltage source behind an
impedance shown in Fig. 5.2 is analysed.

1In a stationary reference frame, this would instead be the case at fundamental frequency,
with the input admittance increasing for both lower and higher frequencies. To avoid
confusion, this chapter will solely use SRF where not explicitly stated differently.
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low frequencies
typically < 5Hz around fundamental frequency

Constant impedance

Converter’s behaviour 

Frequency

Constant power Damping provision

harmonic range

Figure 5.1: Desired GFM control behaviour at different frequencies.

Rv, Lv ic

vc vg

Figure 5.2: Single-line diagram of a model consisting of a voltage source behind an
impedance.

In a SRF rotating with ωb, this input admittance is given as

Y (s) = 1
(Rv + sLv)2 + (ωbLv)2

[
Rv + sLv ωbLv
−ωbLv Rv + sLv

]
, where (5.1)

∆ic = −Y ∆vg (5.2)

with ∆ic = [id
c id

c ]T and ∆vg = [vd
g vd

g ]T. The Bode diagram of Y (1, 1) =
Y (2, 2) = Y dd = Y qq, shown in Fig. 5.3, reveals a resonance close to ωb. Due
to the rotating reference frame, this resonance corresponds to a direct current
– the dc component known from changing the ac voltage over an inductance.
The resistance in the impedance dampens the resonance by letting the dc
component decay faster. This phenomenon is well known and described in the
literature as synchronous-frequency resonance (SFR) [187]. The dc component
has to be damped out quickly, as direct currents can damage transformers and
other equipment in the ac grid.
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Figure 5.3: Bode diagram of Y dd = Y qq of the setup shown in Fig. 5.2, with
Xv = 1 pu and ωb = 2π 50 rad/s. Blue: R/X = 0.01. Red: R/X = 0.1.

As a consequence of this, there are conflicting design goals for the VA. A
low R/X ratio is desirable, as it decouples active and reactive power in the
converter control. At the same time a low R/X ratio causes a significant
SFR, which has to be prevented. Being centred at ωb, the SFR is positioned
in the frequency range between low frequency (up to approximately the outer
controllers’ loop bandwidths) and the harmonic range. Furthermore, due to
the frequency shift, it is also in this range that the converter’s response to
subsynchronous phenomena (such as power system oscillations) is revealed.
This means that the converter should provide damping in this transition range
[32], [188].
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5.2 Decoupled Grid-Forming Control
This section will introduce the decoupled GFM controller, a GFM control
strategy that decouples active- and reactive-power reference tracking to enable
free choice of virtual resistance and inductance. The section contains a brief
description of the overall control structure and the VA phase compensation,
which is the component ensuring decoupling. Finally, it will be shown how this
control design enables to shape the frequency response of the GFM controller.
A detailed description of the controller is given in Paper F.

Motivation
The coupling of active and reactive power is a well-known challenge of GFM
controllers [189], [190]. The cause for the coupling lies in the basic principle
of using the active power to control the angle of the internal voltage source,
and the reactive power to control its magnitude. This separation is based on
the following power-flow equations:

S = P + jQ = V 2
1 − V 1conj(V 2)

Z
, (5.3)

where V 1 and V 2 are two generic voltage sources, Z is the impedance con-
necting them, and S is the apparent power flow, consisting of active power P

and reactive power Q at V 1 coming from V 2. Assuming that the resistive part
of the impedance is negligible, Z ≈ jX, allows to separate active and reactive
power by

S = P + jQ = V1V2 sin δ

X
+ jV1V2 cos δ − V 2

1
X

, (5.4)

where δ is the angle between the two voltage sources: δ = ∠V 2 −∠V 1. This is
typically linearized for small changes in voltage magnitude and angle changes
as sin ∆δ ≈ δ and cos ∆δ ≈ 1 at an operating point with a small angle δ0,
which allows the assumption of sin δ0 ≈ 0 and cos δ0 ≈ 1. This results in

∆P = V1,0V2,0

X
∆δ (5.5)

∆Q = V2,0 − 2V1,0

X
∆V1. (5.6)
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From this linearization it can be seen that under inductive conditions, the
active power changes with the voltage angle, and the reactive power with the
voltage magnitude.

The idealised conditions assumed above do however not apply everywhere.
Converters connected to distribution grids often are connected to R/X ratios
that are not negligible. Furthermore, for large load angles, which in particular
can appear under weak grid conditions, the assumptions for decoupling active
and reactive power become less accurate. This has the consequence that a
control action of the APC also impacts the converters reactive power, and
vice versa, a phenomenon commonly described as power coupling.

One method to improve the decoupling for high R/X ratios is to use the VI
or VA to reduce the R/X ratio experienced by the converter. This however
deteriorates the problem of the SFR, as an increased inductance causes a larger
resonance. To mitigate this, a high-pass filtered active resistance as in [93] or
the virtual resistance can be used. This however re-introduces power coupling,
and only addresses the SFR without unlocking the potential to independently
select the VA parameters.

To mitigate this, the decoupled GFM controller in Fig. 5.4 is suggested.
Here, an identical PI-based structure is chosen for the APC and RPC. This
allows for control symmetry if the corresponding parameters are selected to be
equal, which facilitates system analysis by making single-input single-output
representation of the converter possible. The decoupling of active and reactive
power is achieved by applying the VA phase compensation explained below
to the output of the outer loops instead of directly using their output to
form the internal voltage source. The phase compensation is based on [38],
[191], [192], and it assumes that the output of the outer loops is the complex
logarithm of the uncompensated voltage [192]. Both phase and magnitude of
this voltage are manipulated by the phase compensation to account for the
coupling introduced by the VA. As a result, a purely resistive2 system model
is obtained, which allows independent design of the outer loops.

2The direction of the compensation is arbitrary and could be chosen to be purely inductive
instead, if the real and imaginary part of the phase compensation input are switched
accordingly. This choice does not have a notable impact on the converter’s terminal
behaviour, as it only has an impact on the virtual voltage generated by the outer loops,
but not beyond the phase compensation.
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Figure 5.5: Suggested compensation of the virtual impedance angle.
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Figure 5.6: Impact of impedance angle on relation between voltage’s amplitude
and angle and active and reactive power.

Virtual Admittance Phase Compensation

The VA-phase compensation is responsible for decoupling active and reactive
power, making them independent of the R/X ratio of the VA and grid con-
nection. Conceptually, the decoupling is achieved by dynamically rotating the
complex output signal of the outer loops κ by the frequency-dependent virtual-
impedance angle, φY(s). This is achieved through the structure depicted in
Fig. 5.5.

In consequence, from the virtual internal voltage source, the resulting power
flow appears as if governed by a purely resistive network, where voltage mag-
nitude controls active power and voltage-phase angle controls reactive power
(see Fig. 5.6). The concept of the VA-phase compensation proposed here
is similar to the method proposed in [38], [191], as it rotates the complex-
apparent power vector to remove the coupling introduced by an admittance
with both resistive and inductive elements. However, it is important to note
that the dynamic implementation proposed here is applicable for a wide fre-
quency range well beyond the fundamental frequency. An in-depth analysis
of the phase compensation can be found in Paper F.

The impact of the phase compensation can be seen from the simulation
results in Fig. 5.7. The figure shows simulated PCC voltage magnitude, filter
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5.2 Decoupled Grid-Forming Control

Table 5.1: System and control parameters for the simulation, in accordance with
the laboratory setup used for Paper F.

System parameters Control parameters

SN 100 MVA Lv1 0.343 pu
VN 400 kV Rv1 0.9843 pu
ωb 314.16 rad/s αP = αQ 2π 5 rad/s
Lf 0.157 pu ζP = ζQ 1
Rf 0.0157 pu αCC 2π 200 rad/s
SCR 6.6
Csh 0.0942 pu

current, active, and reactive power at the PCC for a series of reference steps
in active and reactive power. In red, the figure shows the response of the
suggested decoupled GFM controller, while in blue the response of an identical
controller with equal parameters, but with a deactivated phase compensation
is shown. The phase compensation’s impact on the power coupling can be
observed in the power plots: without the phase compensation, steps in active
power cause a large disturbance in the reactive power transfer, and vice versa,
as can be seen from the blue curves. With the phase compensation, only a
minimal impact can be observed, mainly caused by the finite grid strength.

Shaping of Frequency Response in Decoupled GFM Control
A detailed analysis of the frequency response of the decoupled GFM controller
is given in Paper F, both using simplified analytical expressions with a quasi-
steady state VA model as well as with the dynamical VA implementation.
The analysis shows that the proposed design addresses both the problem of
SFR as well as power coupling. It demonstrates furthermore how different
control parameters can be used to influence the controller response in different
frequency ranges. These findings are summarized in Fig. 5.8, which shows the
dd-element of the converter’s input admittance as a comparison to the desired
converter behaviour shown in Fig. 5.1. For comparison, the response of the
pure virtual admittance, without controller, is also shown in black.

From Fig. 5.8, it can be seen that the main difference to the pure admit-
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Figure 5.7: Results of steps in the power references of the proposed controller with
inactive and active phase compensation. Blue curves: Phase compen-
sation inactive. Red curves: Phase compensation active.
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Figure 5.8: Comparison of Y dd of virtual admittance and decoupled GFM con-
troller. Virtual reactance is 0.5pu. Solid black curves: virtual admit-
tance response, with Rv = 1 pu; Solid blue curves: GFM controller
response, with Rv = 1 pu and ζP = ζQ = ζ = 1. Dashed green curves:
GFM controller response, with Rv = 1 pu and ζ = 0.7; Dashed red
curves: GFM controller response, with Rv = 0.25 pu and ζ = 1.

tance appears for frequencies around and below the APL’s and RPL’s loop
bandwidth, as the converter shows a constant power behaviour in this range.
As can be seen from the dashed green curve, the main way to impact the con-
troller’s response at frequencies around the power controller’s loop bandwidth
(apart from tuning the outer loops to a different bandwidth) is the power con-
troller damping ratio3 ζ. At higher frequencies (here up to about 100 Hz) and
in particular around the fundamental, the virtual resistance Rv becomes the
dominant factor. This parameter also plays the main role in the damping of
the SFR. For frequencies above this, the main impact on the input admittance
gradually shifts from Rv to the virtual inductance Lv.

3As shown in detail in Paper F, due to the chosen tuning of the power controllers, the
closed-loop transfer function is a second-order system with the damping ratio ζ.
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5.3 Virtual-Admittance Tuning
In Section 5.2 it has been demonstrated that the VA plays a central role
in shaping the frequency response of the converter. This is principally the
case for frequencies above the bandwidth of the outer power control loops.
This can be illustrated with the help of the understanding that the GFM
converter should behave as a voltage source behind an impedance, as shown in
Fig. 2.3: At frequencies different to the fundamental frequency, the converter
ideally appears as an impedance to the grid, and this impedance corresponds
in this control structure to Y −1

v . In consequence, the VA largely defines the
converter’s behaviour, in particular during transients and in the harmonic
range. In addition to this, the decoupled GFM controller allows to freely
choose the VA’s parameters without the need to keep a small R/X ratio. This
gives rise to the question how the parameters of the VA should be determined,
which will be discussed in this section.

First, tuning methods available in the literature are discussed and goals for
the tuning process are established. Next, a tuning method based on these
goals is suggested, before the impact of the parameters on the response to
transient disturbances in the grid is discussed. A software implementation of
the tuning method proposed below is available online [193]. The results in
this section are to be published in a paper that is under preparation at the
time of writing this thesis.

Tuning Methods in the Literature and Tuning Goals
Reviewing the existing literature reveals a large number of tuning approaches
and recommendations for VIs and VAs in GFM control structures. Naturally,
the approaches differ greatly depending on the intended purpose of the VA. A
large group of publications, e.g. [116], [194]–[199], employs an adaptive VA to
ensure (typically reactive or harmonic) power sharing. A different large group
applies a typically adaptive VI to limit the converter current [110], [113], [117],
[160], [161]. Other publications study through eigenvalue analysis the impact
of the VA parameters on the converter’s stability [113], [200]–[207], with the
generalised result that larger values for Lv and Rv tend to improve stability.
For the purpose of the VA in the control structure discussed in this work,
these aforementioned approaches are either irrelevant or offer little support in
terms of actual tuning method.
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5.3 Virtual-Admittance Tuning

Some publications utilizing a VA in a comparable function to the controller
studied here give a value of 0.3 pu to 0.5 pu for the virtual inductance, motivat-
ing this by the similarity to typical SM transient reactances [108], [111], [208].
Publications following this approach typically suggest to select Rv based on
the desired time constant of the VA, which should fall between the outer and
inner control loop’s bandwidth. As apparent from these references, the ap-
proach can produce a satisfactory closed-loop step response, but does at most
indirectly take the VA’s impact on the converter’s behaviour and frequency
response into account. A tuning approach that fully considers the impact
of the VA parameters on the desired GFM converter behaviour is therefore
required.

To the author’s knowledge, only very few publications discuss a VA param-
eter tuning approach in the context of the VA’s impact on the converter’s
frequency behaviour. Reference [209] considers how a low-pass filtered VI can
improve stability and damping in a microgrid. The presented tuning approach
requires knowledge of the complete system to conduct an eigenvalue analysis,
which is often impossible to acquire in real applications, and is difficult to
generalise. In [210], the impact of virtual inductance and resistance on sta-
bility and damping is discussed in relative terms, but no tuning procedure
is suggested to motivate the parameter selection for the simulations in the
paper.

Based on the previously described understanding of the impact of the VA
on the converter’s behaviour and this literature review, a meaningful tuning
approach should determine the VA parameters based on the desired behaviour.
The reaction to grid voltage transients, e.g. phase angle jumps or magnitude
dips, depends on the disturbance, which impedes the possibility to give general
tuning recommendations. Instead, the converter’s desired frequency response
is chosen as the primary tuning goal, which relates to the damping in the
subsynchronous frequency range (including the SFR) as well as acting as a
sink for harmonics.

Suggested Tuning Method
The basic idea of the suggested tuning method is to select two frequencies and
define upper limits for the gain of the converter’s input admittance at these
frequencies. As discussed further below, these gain limits can be informed by
performance requirements such as damping or settling time.
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As demonstrated in Paper F, if the power setpoints are zero, the impact of
the decoupled GFM controller’s outer loops on the converter’s input admit-
tance can be modelled as a second order high-pass filter of the form s2/(s+α)2,
where α is the closed-loop bandwidth of the respective outer loop. If the power
setpoints differ from zero, the converter’s frequency response will not approach
zero for a decreasing frequency (in SRF), but will approach a fixed, setpoint-
dependent small value, reflecting the constant power behaviour of the outer
loops. Furthermore, the high-pass filter representation assumes that the outer
loops’ damping ratio is equal to one. Since the frequency range of interest is
above the power controllers’ closed-loop bandwidth, a more accurate repre-
sentation is not pursued here. Together with (5.1) and neglecting the current
controller, this results in

Yc =
[

Rv+sLv
(Rv+sLv)2+(ωcLv)2

s2

(s+αP)2
ωcLv

(Rv+sLv)2+(ωcLv)2
s2

(s+αP)2

−ωcLv
(Rv+sLv)2+(ωcLv)2

s2

(s+αQ)2
Rv+sLv

(Rv+sLv)2+(ωcLv)2
s2

(s+αQ)2

]
(5.7)

for the converter’s input admittance, where αP and αQ are the active- and
reactive-power controllers’ closed-loop bandwidths, respectively, and ωc is the
angular frequency of the converter’s internal voltage source. As the grid fre-
quency, and the internal voltage source’s frequency accordingly, only show
small variations, ωc ≈ ωb is assumed for the input admittance formulation.
For the following visualisations, the speed of the two power control loops is
assumed to be equal: αp = αQ = 5 2π rad/s, which results in a Hermitian
input admittance:

Y dd = Y qq and Y dq = −Y qd, (5.8)

where Y dd = Yc(1, 1), Y qq = Yc(2, 2), Y dq = Yc(1, 2) and Y qd = Yc(2, 1).
In the proposed tuning method, an upper limit is established for the gain

of the virtual admittance at two frequencies to tune the two VA parameters,
Rv and Lv. The first frequency should be the location of the SFR, as this is
the frequency where the gain of the input admittance reaches its maximum.
For higher R/X ratios, this resonance becomes more damped and the natural
frequency, where the input admittance has the highest gain, moves towards
higher frequencies. The natural frequency, neglecting the impact of the outer
loops, is given as

ωn =

√
ω2

b + R2
v

L2
v

. (5.9)
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Figure 5.9: Bode diagram of the diagonal elements of the input admittance for
Lv = 0.5 pu and varying resistance. Impact of the outer loops is ne-
glected. In black: trajectory of the gain at natural frequency.

In Fig. 5.9, a Bode diagram of the input admittance for Lv = 0.5 pu and
Rv ∈ {0.05, 0.1, 0.2, 0.5, 1}pu is shown, with the curve in black marking the
trajectory of the gain at natural frequency. It can be seen that for R/X > 1,
i.e. damping ratios approaching 1, the highest gain moves from the natural
frequency to lower frequencies. Since the filtering properties of the virtual
inductance typically are important, a predominantly resistive tuning of the
VA is not to be expected. This means that the natural frequency remains
a good choice for the location of the first maximum gain requirement. As
the natural frequency depends on the chosen R/X ratio, the tuning process
becomes iterative.

The second frequency can be chosen more freely. Commonly, the lowest
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harmonics present in the grid are the fifth and seventh harmonic4. Since the
fifth harmonic is a negative sequence, and the seventh is a positive sequence,
both appear at 6ωb in the SRF. This makes this frequency a sensible choice
for the second gain maximum, choosing a required attenuation at the lowest
harmonics present in the grid.

Using (5.7), the input admittance’s gain is computed at the two selected
frequencies and shown in Figures 5.10 and 5.11. To maintain readability, the
plots have been limited to a gain of 5 pu and 1 pu, respectively. The figures
illustrate that for most of the area of interest, the gain of the off-diagonal
elements of the input-admittance matrix5 is lower than the diagonal elements’6
gain, which based on the analysis of the frequency response in Paper F was
expected. Only for a very poorly damped SFR, the off-diagonal elements have
a higher gain around the natural frequency (see Fig. 5.10)7. As a parameter
combination with a poorly damped SFR is not expected to be desirable, the
tuning process is based on the gain of the diagonal elements. The change of
the contour lines’ slope between Fig. 5.10 and Fig. 5.11 demonstrates how
the impact of the virtual inductor on the gain increases with the frequency:
around the natural frequency, the VA’s resistive component is dominant, while
the inductive component is mainly responsible for the behaviour at higher
frequencies.

The maximum gain requirement at the two selected frequencies can be
formulated as

|Y dd(jωn)| ≤ m1 and (5.10)
|Y dd(j6ωb)| ≤ m2, (5.11)

where m1 and m2 are the chosen gain limits. As can be seen in Figures 5.10
and 5.11, the gain off the VA’s diagonal elements is monotonously decreasing
in both variables, i.e. an increase in either parameter leads to a reduced gain.
As a consequence, minimum values for the parameters that observe the gain
requirements in (5.10) and (5.11) can be estimated by replacing the inequality
with an equality. This allows to estimate an Rv for each Lv so that the

4Neglecting negative sequence, which appears at 100 Hz in the SRF.
5Y dq and Y qd.
6Y dd and Y qq
7A significantly slower APC could change this and would require a reevaluation of the

impact of the off-diagonal elements based on their response in the subsynchronous fre-
quency range.
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gain requirement is exactly fulfilled. For illustration purposes, the resulting
functions Rv(Lv, mi) (where mi is either of the maximum gain requirements
m1 or m2) are plotted for both a strict and a loose gain requirement over the
range Lv ∈ (0.1 pu, 1 pu). The pair of strict requirements is m1 = 1 pu and
m2 = 0.25 pu, while the loose requirements are m1 = 2 pu and m2 = 0.5 pu.
The resulting plots are shown in Fig. 5.12 for the requirement at natural
frequency (i.e. m1), and in Fig. 5.13 for the fifth and seventh harmonic (i.e.
m2). The blue curves correspond to the respective contour lines in Figures 5.10
and 5.118. As a consequence of the previously stated monotonously decreasing
characteristic, all combinations of Rv and Lv above the plotted curves follow
the respective requirement.
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Figure 5.12: Combinations of Rv and Lv precisely following the gain requirement
for ωn as given in (5.10).

To complete the tuning process, both requirements are combined as illus-
trated in Fig. 5.14. At the intersection of both curves, the set of parameters
exactly matches both requirements. In Fig. 5.15, the area covered by both
surfaces contains the set of VA parameters that fulfil both maximum gain re-
quirements. The parameters corresponding to the intersection of both curves
are given in Table 5.2. Since the ratio m2/m1 is equal in both the strict and
the loose case, the R/X ratio of the resulting parameters is constant. To illus-
trate the consequence of a change in this ratio, a mixed case with m1 = 2 pu

8Observe the difference in axis limits.
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Figure 5.13: Combinations of Rv and Lv precisely following the gain requirement
for 6ωb as given in (5.11).

Table 5.2: Minimum parameters following gain requirements.

Requirement Lv Rv Rv/Xv

Strict 0.676 pu 0.596 pu 0.882
Loose 0.338 pu 0.298 pu 0.882
Mixed 0.684 pu 0.26 pu 0.38

and m2 = 0.25 pu has been defined as well, with a more dominant inductive
component.

In Fig. 5.16, a Bode diagram of the frequency response of the resulting input
admittance’s diagonal elements is shown for all three cases. As the minimum
parameters for the strict and loose requirements have the same R/X ratio, the
resulting frequency response is just shifted vertically. The mixed requirement
illustrates how a relatively large inductive component, here dictated by the
stricter high-frequency gain requirement, causes a resonance at the natural
frequency if the resistive component is not increased as well.
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Figure 5.14: Graphical combination of the parameter combinations exactly follow-
ing the gain requirements. Observe rescaled y-axis.

Relation to Decay Time Constant
The maximum gain requirements formulated above relate the VA parameters
to the resulting input admittance, but performance requirements in e.g. grid
codes might be formulated differently. A common requirement can instead be
that a dc component caused by the SFR has to decay within a certain time.
The amplitude of a damped oscillation decays with the decay time constant
τ following

x̂(t) = x̂0 e− t
τ , (5.12)

where t is the time, x̂0 is the amplitude of the oscillation at t = 0 and x̂(t)
is the oscillation amplitude at time t. After time corresponding to the time
constant has passed, the oscillation amplitude has reduced to 1/ e ≈ 36.8 %.
If the grid code requires the oscillation to decay to a ratio of ξ = x̂(tmax)/x̂0
within time tmax, the time constant can be determined by rearranging (5.12)
to

τ = −tmax

ln ξ
. (5.13)
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Neglecting the impact of the outer control loops, the damping ratio ζ is related
to the time constant by ζ = (ωnτ)−1. From (5.1), the damping ratio can be
related to the VA parameters by

ζ =

√
R2

v
R2

v + ω2
bL2

v
. (5.14)

Together with (5.9) for ωn, this results in9

Rv = Lv

τ
. (5.15)

Consequently, the R/X ratio can be expressed as Tb/(2πτ) ≈ 0.16Tb/τ , with
Tb being one cycle or period of the fundamental frequency, i.e. 20 ms at 50 Hz.
This requirement is illustrated for two cases in Fig. 5.17: for a time constant
of τ = 20 ms, and for the requirement that the dc component should decay
to 10 % of its initial amplitude within one cycle, which corresponds to a time
constant of τ = 8.7 ms. Similar to the gain-requirement-based tuning com-
binations shown previously, (5.15) shows that all tuning combinations lying
above the indicated line perform better than required, i.e. have a shorter time
constant.

9It is important to note that all quantities in this equation need to either be in SI units
or per-unit. The conversion for the time constant is [τ ]pu = ωb[τ ]s.
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Figure 5.16: Bode diagram of the diagonal elements of the input admittance for
the parameter combinations in Table 5.2.
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Figure 5.17: Combinations of Rv and Lv providing the required decay time con-
stant. The yellow curve reproduces one of the gain requirements from
the previous section for reference.

As shown in Fig. 5.17, the tuning combinations complying with the time-
constant requirement have a different character than the maximum gain re-
quirements due to their fixed R/X ratio. While the gain requirements call
for a minimum value of the virtual impedance Zv = Y −1

v =
√

R2
v + ω2

bL2
v, the

decay ratio is only depending on the R/X ratio. Consequently, a larger vir-
tual inductance requires a larger virtual resistance to keep the time constant
unchanged. To illustrate this, the tuning combination that fulfils the strict
maximum gain requirement in the harmonic range, |Y dd(j6ωb)| = 0.25 pu, is
shown in in yellow in Fig. 5.17. Similar to before, a pair of requirements is
needed to tune the VA parameters. To achieve this, the time constant-based
tuning according to (5.15) can be combined with a single maximum gain re-
quirement, for example the one shown in yellow in Fig. 5.17.

The time-constant-based tuning is verified using time-domain simulations
with parameter sets providing τ = 8.7 ms: A strict case that also fulfils m2 =
0.25 (as shown in the figure), and a loose case that also fulfils m2 = 0.5. The
parameters for the simulation follow Table 5.1, apart from the shunt capacitor,
which is removed, and the VA parameters, which are shown in Table 5.3. The
simulation results are shown in Fig. 5.18. The decay of the dc component
is studied following a 30◦ phase jump in the grid Thévenin voltage vs. To
facilitate estimation of the dc component and remove the impact of the outer
loops from the simulation result, additionally to the simulation model used
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Figure 5.18: Verification of the damping of the dc component by simulation for
τ = 8.7 ms. VA parameters chosen to also provide |Y dd(j6ωb)| = m2.
Observe rescaled y-axis.

for the converter system in Paper F, a second model has been simulated
implementing the converter’s internal voltage as a fixed voltage source and
the virtual admittance as physical inductance and resistance. Due to the
absence of all controllers, the simplified model allows to estimate the ac current
resulting from the phase jump and thereby isolate the dc component as îdc,calc.
As this method cannot be applied in the full simulation model containing the
decoupled GFM controller, the dc component is also estimated based on a
moving average10 with a sliding window length corresponding to Tb. This
estimation is denoted îdc,mean1 for the simplified model and îdc,mean2 for the
full simulation model containing all controllers. The decay time constant is
then verified by comparing these to the decay function with the selected time
constant, which is scaled to the correct initial value and named îexp.

From Fig. 5.18 it can be seen that îdc,calc, the isolated dc-component from
the simplified model, shows a good match with the expected exponential decay.
Comparison with îdc,mean1 demonstrates that the moving average is able to
reproduce the shape of the decay despite the expected differences to the exact

10The moving average approximates the dc bias x = T −1
t0+T∫

t0

x(t) dt for sampled data.
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Table 5.3: Minimum parameters following combination of time constant and gain
requirements.

Requirement Lv Rv Rv/Xv

Strict 0.685 pu 0.251 pu 0.37
Loose 0.345 pu 0.126 pu 0.37
Slow 0.687 pu 0.109 pu 0.16

dc-component estimation. The shape of the moving average of the current in
the simulation model containing the complete controller, îdc,mean2, generally
follows the expected decay as well. There is however a small low-frequency
oscillation, which is likely caused by the outer control loops. Comparing the
shape of dc-component decay between the strict and loose case, it can be
observed that the match in the strict case is notably better. This is the
case because the grid impedance has been neglected in the derivation, and
the smaller value of Zv = Y −1

v in the loose case means that the finite grid
impedance of Zg = 0.159 pu has a larger impact in this case. As the R/X

ratio of the grid is 0.1, the R/X gets reduced and the resulting time constant
increases. As a consequence of this, it is important to take the grid impedance
into account in cases where the VI is not much larger than the grid impedance,
i.e. weak grids or converters with a small VI.

While the decay time constant remains the same for both the strict and the
loose case, Fig. 5.18 also reveals that the maximum amplitude of the calculated
dc component is nearly twice as high in the loose case. Even though the
relative reduction happens with the same speed, in terms of absolute value of
the dc-component the stricter requirement performs notably better. To give
an example, the reduction of îdc,calc to 0.1 pu takes approximately 16 ms in the
strict requirement case, while it takes 24 ms in the loose case. This difference
is due to the different size of the VI, caused by the distinct maximum gain
requirements. A smaller VI results in larger currents in response to a given
disturbance.

To study the interaction of decay time and input-admittance gain, the fre-
quency response of the input admittance of both time-constant-based tuning
examples is shown in Fig. 5.19. Additionally, a third example is included in
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yellow, which keeps the stricter maximum gain requirement of m2 = 0.25 pu,
but increases the permissible decay time constant to one cycle of the funda-
mental (20 ms). This third combination of requirements, denoted as slow in
Table 5.3, has a very different R/X ratio than the other two cases, which is
reflected in the resulting frequency response: While the frequency responses
of both the strict and loose requirements have the same shape, just shifted
in gain, the slow case shows a much more pronounced resonance around the
SRF. The peak value of îdc,calc (not shown here) is with 0.56 pu located slightly
higher than the strict case (which shares the same gain requirement of m2),
but it takes 37 ms for the dc-component to decay to 0.1 pu due to the larger
time constant.
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Figure 5.19: Bode diagram of the diagonal elements of the input admittance for
the parameter combinations in Table 5.3. Blue: strict requirements.
Red: loose requirements. Yellow: slow requirements.
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These observations show that the time constant can be a meaningful ad-
dition to the previously presented maximum gain requirements, but it needs
to be paired with a gain requirement to limit the dc-component in absolute
terms.

VA Parameter Impact on Transient Disturbance Response
Given how the preceding analysishas established that the gain of the input
admittance is monotonously decreasing for increasing Rv and Lv, one might
be led to conclude that the VA parameters should simply be chosen as large
as possible to maximise the provision of damping. To understand why this
reasoning is erroneous, the response of the decoupled GFM controller is simu-
lated for two grid disturbances: a 25 % voltage dip and a 10◦ phase jump. To
underline the differences, the parameter sets with the largest difference in Zv
are used: the strict gain requirement11, and the combination of the low decay
time constant and loose gain requirement in the harmonic frequency range12.

The simulation results are shown in Fig. 5.20 for the phase jump and in
Fig. 5.21 for the voltage dip. For the voltage dip, an AVC with a droop has
been activated, which changes the reactive-power reference. Since the outer
loops and their parameters are the same in both the strict and loose case and
only the VA parameters are changed, the results from both simulated distur-
bances demonstrate how the VA parameters impact the dynamic behaviour
of the converter. The impact of the VA is in particular visible at the couple
of cycles after the disturbance, before the outer control loops have had time
to react to the disturbance. In both cases, the parameter set based on the
loose requirements shows a dynamic response with a higher current peak and
a larger dc-component, visible as a 50 Hz oscillation in active and reactive
power.

As explained above, the dc-component should be kept as small as possible.
But this can not be generalised to assume that the converter’s reaction to a
grid disturbance should be as small as possible, i.e. that Zv should be chosen to
be big: The larger the VI, the larger the electrical distance between PCC and
the converter’s internal voltage source. As a consequence, the grid support
and contribution to grid strength from the converter reduces as the impedance
increases. Put in simple terms, VA parameters that are too large let the
11Lv = 0.676 pu, Rv = 0.596 pu. See strict case in Table 5.2.
12Lv = 0.345 pu, Rv = 0.126 pu. See loose case in Table 5.3.
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Figure 5.20: Simulated response to a 10◦ phase jump at the grid’s Thévenin volt-
age for the decoupled GFM controller with two different VA tunings.
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Figure 5.21: Simulated response to a 25 % voltage dip at the grid’s Thévenin volt-
age for the decoupled GFM controller with two different VA tunings.
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converter become a passive bystander – it does not negatively contribute to
any control interactions, but it does not positively contribute to the stability
of the grid during disturbances either.

Based on this, it could be assumed that the VA parameters should instead
be selected to be as small as possible. But this would mean that even small dis-
turbances in the grid would cause the converter’s current or energy limiters13

to saturate, and that the converter’s linear control range would be very lim-
ited. It is therefore necessary to find a compromise between the advantages
of large and small VA parameters. This compromise needs to take the con-
ditions at the PCC, the system operator’s requirements and the constraints
of the converter system in question into account. Nevertheless, the tuning
method presented above is an effective way to establish minimum values for
the VA parameters that fulfil given performance requirements.

5.4 Discussion
The basic analysis of the frequency response of a voltage source behind an
impedance has served as an introduction to the SFR and to illustrate the
frequency response that is expected of a GFM controller.

The decoupled GFM controller offers the freedom to tune the parameters
of both the outer control and the VA independently of each other without
introducing power coupling in the outer controllers’ active range. This enables
free selection of the virtual resistance and inductance in particular, where the
latter now can be used to effectively provide damping for the SFR and in the
subsynchronous range. The frequency response of the decoupled controller’s
input admittance is studied to delineate which control parameters have a
dominant impact for different frequency ranges.

Due the possibility to freely select the VA parameters, a tuning method was
required to determine these parameters according to the desired frequency re-
sponse. The method presented in the last part of this chapter approaches this
by proposing the usage of maximum gain requirements for the input admit-
tance at selected frequencies. This approach is extended with the option for
selecting a time constant. While the proposed tuning method cannot capture

13As the energy stored in the capacitor on the converter’s dc side is very limited in most
applications, many converters are equipped with an energy limiter that prevents the dc
voltage from varying too much [67].
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all aspects that can have an impact on the selection of the VA parameters, it
provides an effective way for basing the tuning of the virtual resistance and
inductance on the impact they have on the converter’s frequency behaviour.
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CHAPTER 6

Concluding Remarks

6.1 Conclusions

In this thesis, a GFM converter control structure that provides intrinsic grid
support and at the same time overcomes those aspects that typically are chal-
lenging for GFM controlled converters has been developed and studied.

To understand the context in which the development of GFM control is dis-
cussed by system operators and the requirements converters with GFM control
have to fulfil, a study of grid codes and similar requirement documents has
been conducted in 2022. The study came to the conclusion that at this point
in time only the British grid code contained a definition of what constitutes
GFM behaviour, and that none of the investigated documents required GFM
control. There were however several grid codes that either required or gave
the TSO the authority to require behaviours that are typically associated
with GFM converter control, such as contribution to fault current, inertial
response, and black start capability.

Chapter 3 discusses the results of the study and also gives an overview of the
developments that have occurred since the study has been carried out. Several
system operators have since updated their grid codes to include definitions of
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GFM converter control, and ACER plans to update the European network
codes, which are binding to member states of the European Union, and include
obligatory GFM capability for all newly installed MW-class converters.

Based on the investigation of existing GFM control structures and grid code
requirements, the capability to limit the converter current has been identified
as an important challenge for GFM control. The existing current limitation
strategies lack the ability to maintain the converter’s GFM behaviour when
the current saturates, and can even cause instability during large system dis-
turbances. This has been addressed with the proposal of a voltage-based
current limitation strategy in Chapter 4. The limitation strategy prevents
overcurrents by limiting the converter’s internal voltage. It has been verified
in laboratory experiments, which demonstrate that the strategy is able to ef-
fectively limit the current, prevent the previously mentioned instability and
preserve the GFM behaviour as much as possible.

As part of the limitation strategy, an IEL has been developed which sep-
arates inertial response from the APC. This decoupling of the active-power
reference tracking and synchronisation tasks of the APC from inertial support
increases robustness, as it facilitates limitation of active power. Furthermore
it enables to tune inertial response and active-power reference tracking inde-
pendently of each other. A study of the stability limits of the IEL concluded
that the IEL is stable even under extreme conditions, but that the addition
of a second, faster PI-controller not only improves robustness, but also pro-
vides improved inertial support if active-power limitation is required. The
IEL enables to use the available current headroom to provide inertial support
without the risk of overcurrent or instability. It also gives the flexibility to
dynamically limit the inertial support, e.g. based on available energy, without
changing the dynamics of the APC.

The converter dynamics are further studied in Chapter 5, which introduces
the SFR and discusses the desired frequency behaviour of the converter. In-
creasing the virtual resistance improves damping in the subsynchronous fre-
quency range and of the SFR, but introduces undesirable coupling of active
and reactive power. To solve this a decoupled GFM controller is introduced,
which allows to tune both parameters of the VA freely without introducing
power coupling. Furthermore, the control structure can be designed to be
symmetric if required to facilitate stability studies of the converter system.
The performance of the decoupled controller has been verified by laboratory
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experiment.
Based on a study of the controller’s frequency response, three frequency

ranges with different dominant control parameters are identified. In the low
frequency range, up to the closed-loop bandwidth of the outer control loops,
the outer control loops’ damping ratio is dominant in determining the fre-
quency response. Around synchronous frequency, the virtual resistance is the
principal parameter, while the virtual inductance becomes predominant for
higher frequencies.

Based on the important role the VA has in shaping the converter’s frequency
response, a previously unpublished tuning method for the VA parameters is
suggested in Chapter 5. The method determines the VA parameters vir-
tual resistance and virtual inductance based on maximum gain requirements.
This allows to tune the VA according to the desired converter behaviour, i.e.
based on the required damping capability for SFR and chosen harmonics.
The method is extended to also include specification of a decay time constant
requirement.

This work has made contributions to the design of GFM control structures
which intrinsically provide grid support without requiring control action from
outer control loops. As such, the thesis is useful for researchers and engineers
working in development of converter control. As it highlights challenges and
possible solutions both in power grid and GFM converter control, it is relevant
even to system operators and power system engineers.

6.2 Recommendations for Future Work
As illustrated by this thesis, grid-connection requirements for converters are
ever-evolving. Continuing and intensifying the dialogue between regulators,
system operators, manufacturers and academia is of importance to ensure
that new regulations enable continued development and improvement of GFM
converter control while at the same time ensuring safe operation of the power
systems. A study of the evolution of requirements related to GFM converter
control could provide valuable insights into the interactions between regulation
and innovation at the frontier of power system research.

The investigations in this work have primarily been carried out using simple
grid representations. Studying more complex systems, e.g. those including
resonances or providing unbalanced or distorted voltages, can improve the
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practical relevance of the results. The study of a multi-converter system would
also provide further insights into the requirements regarding prevention of
control interactions and provision of damping.

To apply the findings of this work, it is necessary to study the interde-
pendence of application- and topology-specific hardware limitations and the
proposed control solutions. This requires choosing specific applications to
study. Of special interest would be to study the application of the decou-
pled GFM controller in a STATCOM, possibly with integrated BESS, as this
configuration enables optimal utilization of the grid-supporting capabilities.

Both GFM converter-control structures investigated in this work, the PI-
based VA GFM controller from Chapter 4 and the decoupled GFM controller
from Chapter 5, rely on a CC. Due to its limited closed-loop bandwidth, the
CC dominates the converter response for high frequencies. Together with the
impact of signal and control delays it can deteriorate the converter’s passivity.
Based on this, it would be beneficial to investigate possibilities to remove the
CC.

It can be of interest to study alternatives to the IEL which give the same im-
provement in robustness without requiring control action from the outer loops
for the inertial response. The auxiliary PI-controller suggested as an improve-
ment for the IEL might be an alternative to reduce the risk of instability in
inertia-providing APCs.

The proposed tuning method for the VA parameters has not been verified by
experimentyet and should be refined to take possible constraints into account,
e.g. from hardware ratingsm which requires quantifying the relation between
VA parameters and transient disturbance response. Other details that could
be explored further are the impact of the off-diagonal elements of the input
admittance as well as the phase of the frequency response.
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CHAPTER 7

Summary of included papers

This chapter provides a summary of the included papers and an indication of
the author contributions.
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Paper A: An Overview of Grid-Connection
Requirements for Converters and Their Impact on
Grid-Forming Control

Paul Imgart, Mebtu Beza, Massimo Bongiorno, Jan R. Svensson
An Overview of Grid-Connection Requirements for Converters and Their
Impact on Grid-Forming Control
Published in 24th European Conference on Power Electronics and Ap-
plications, EPE 2022 ECCE Europe.
© 2022 European Power Electronics and Drives Association & IEEE.
Reprinted, with permission, from P. Imgart et al., “An Overview of Grid-
Connection Requirements for Converters and Their Impact on Grid-
Forming Control,” EPE’22 ECCE Europe, 2022 .

Summary
In this paper, existing standards for grid-connected converters are analysed
and compared. It highlights commonalities and differences, and investigates
the requirements for GFM converter control in particular. Finally, the impact
of the studied standards on the selection of the most suitable grid-forming
control structures is discussed.

Author Contributions
Paul Imgart contributed with conceptualization, investigation, methodology,
visualization, and writing. Mebtu Beza, Massimo Bongiorno and Jan R.
Svensson contributed with conceptualization, funding acquisition, method-
ology, supervision, and writing – review and editing.
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Paper B: Voltage-based Current Limitation
Strategy to Preserve Grid-forming Properties
Under Severe Grid Disturbances

Anant Narula, Paul Imgart, Massimo Bongiorno, Mebtu Beza,
Jan R. Svensson, Jean-Philippe Hasler
Voltage-based Current Limitation Strategy to Preserve Grid-forming
Properties Under Severe Grid Disturbances
Published in IEEE Open Journal of Power Electronics,
vol. 4, pp. 176–188, Feb. 2023.
© 2023 IEEE. Reprinted, with permission, from A. Narula et al., “Voltage-
based Current Limitation Strategy to Preserve Grid-forming Properties
Under Severe Grid Disturbances,” IEEE Open Journal of Power Elec-
tronics, pp. 1–13, 2023, issn: 2644-1314 .

Summary
This paper discusses the transient angle stability of grid-connected convert-
ers with GFM control, and which impact the need for current limitation has
on it. It demonstrates why the intrinsic voltage-source behaviour makes cur-
rent limitation during large grid disturbances challenging for GFM controllers.
As a solution, the paper presents a novel limitation strategy that preserves
the GFM properties of the converter and at the same time effectively lim-
its the converter current to the desired value. Through the limitation of the
converter’s internal voltage, stable operation is achieved even during faults
and large frequency disturbances in the grid. The paper also shows how the
suggested controller and limitation strategy can be extended to address un-
balances in the grid, e.g. due to single-phase faults. A variety of experimental
results show the effectiveness of the proposed current limitation strategy in
case of various grid disturbances such as balanced and unbalanced faults as
well as frequency disturbances.

Author Contributions
Anant Narula contributed with conceptualization, formal analysis, investiga-
tion, methodology, software, validation, visualization and writing. Paul Im-
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gart contributed with conceptualization, formal analysis, investigation, method-
ology, software, visualization, and writing. Massimo Bongiorno and Mebtu
Beza contributed with conceptualization, funding acquisition, methodology,
resources, supervision, and writing – review and editing. Jan R. Svensson
contributed with funding acquisition, supervision, and writing – review and
editing. Jean-Philippe Hasler contributed with conceptualization and method-
ology.
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Paper C: A Cascaded Power Controller for Robust
Frequency Ride-Through of Grid-Forming
Converters

Paul Imgart, Anant Narula, Massimo Bongiorno, Mebtu Beza,
Jan R. Svensson
A Cascaded Power Controller for Robust Frequency Ride-Through of
Grid-Forming Converters
Published in 2022 IEEE Energy Conversion Congress and Exposition
(ECCE).
© 2022 IEEE. Reprinted, with permission, from P. Imgart et al., “A
Cascaded Power Controller for Robust Frequency Ride-Through of Grid-
Forming Converters,” presented at the 2022 IEEE Energy Conversion
Congress and Exposition (ECCE), Detroit, MI, USA, 2022 .

Summary
In this paper, the inertia-emulation loop (IEL) has been presented for the first
time. The paper introduces a GFM control structure that enables limitation
of active power while at the same time retaining maximum available inertial
support. This is achieved by decoupling the inertial support from the APC’s
other duties. The former is provided by the dedicated IEL, which calculates
an active-power reference based on the desired inertial response. This is then
added to the APC’s reference, which can easily be limited. The proposed
method is demonstrated through time-domain simulations including frequency
transients of varying size and under unbalanced operating conditions.

Author Contributions
Paul Imgart contributed with conceptualization, formal analysis, investiga-
tion, methodology, software, visualization, and writing. Anant Narula con-
tributed with conceptualization, formal analysis, investigation, methodology,
software, and validation. Mebtu Beza and Massimo Bongiorno contributed
with conceptualization, funding acquisition, methodology, resources, supervi-
sion, and writing – review and editing. Jan R. Svensson contributed with
funding acquisition, supervision, and writing – review and editing.

101



Chapter 7 Summary of included papers

Paper D: External Inertia Emulation to Facilitate
Active-Power Limitation in Grid-Forming
Converters

Paul Imgart, Anant Narula, Massimo Bongiorno, Mebtu Beza,
Jan R. Svensson
External Inertia Emulation to Facilitate Active-Power Limitation in
Grid-Forming Converters
Published in IEEE Transactions on Industry Applications,
vol. 60, pp. 9145-9156, Nov. 2024.
© 2024 IEEE. Reprinted, with permission, from P. Imgart et al., “Ex-
ternal Inertia Emulation to Facilitate Active-Power Limitation in Grid-
Forming Converters,” IEEE Transactions on Industry Applications, vol. 60,
no. 6, pp. 9145–9156, Nov. 2024, issn: 1939-9367 .

Summary
This paper extends the previous publication on the IEL. The tuning of the
APC and IEL parameters is shown in detail and the choice of damping for the
inertial response is discussed. An alternative, inertia-less implementation of
the APC is shown, which allows to improve the accuracy of the inertia emula-
tion and active-power limitation. The effectiveness of the proposed method is
demonstrated through laboratory experiments including frequency transients
of varying size and unbalanced operating conditions.

Author Contributions
Paul Imgart contributed with conceptualization, formal analysis, investiga-
tion, methodology, software, validation, visualization, and writing. Anant
Narula contributed with conceptualization, formal analysis, investigation, method-
ology, software, and validation. Massimo Bongiorno and Mebtu Beza con-
tributed with conceptualization, funding acquisition, methodology, resources,
supervision, and writing – review and editing. Jan R. Svensson contributed
with funding acquisition, supervision, and writing – review and editing.
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Paper E: Stability Limits and Improved Robustness
of Grid-Forming Converters With External
Inertia-Emulation Loop

Paul Imgart, Massimo Bongiorno, Jan R. Svensson, Mebtu Beza
Stability Limits and Improved Robustness of Grid-Forming Converters
With External Inertia-Emulation Loop
Published in 25th European Conference on Power Electronics and Ap-
plications (EPE’23 ECCE Europe).
© European Power Electronics and Drives Association & IEEE. Reprinted,
with permission, from P. Imgart et al., “Stability Limits and Improved
Robustness of Grid-Forming Converters With External Inertia-Emulation
Loop,” in 2023 25th European Conference on Power Electronics and Ap-
plications (EPE’23 ECCE Europe), Aalborg, Denmark: IEEE, Sep. 4,
2023, pp. 1–8, isbn: 978-90-75815-41-2 .

Summary
This paper investigates the stability limits of the IEL, which can be generalised
to the large-disturbance angle-stability limits of a GFM. It compares three
alternatives to improve IEL performance under power limitation. Simulations
confirm the IEL’s robustness and the effectiveness of the proposed solution in
avoiding undesired active-power injection at the disturbance end.

Author Contributions
Paul Imgart contributed with conceptualization, formal analysis, investiga-
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Chapter 7 Summary of included papers
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Tunable Converter Frequency Behaviour
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Jan R. Svensson, Jean-Phillipe Hasler, Paolo Mattavelli
Decoupled PQ Grid-Forming Control with Tunable Converter Frequency
Behaviour
Submitted to IEEE Transactions for consideration..

Summary
This manuscript demonstrates how poor damping of SFR and power coupling
challenge GFM converter controllers. It proposes a decoupled power con-
troller that combines a complex-power control loop with a virtual-admittance
phase compensation. This allows to provide freely tunable damping at sub-
synchronous and synchronous frequency as well as decoupling of active and
reactive power in the power controllers’ active frequency range. The con-
trol parameters can be selected to achieve a symmetric controller, which aids
system analysis through single-input single-output representation. The con-
troller’s performance is evaluated in both frequency domain (by simulation)
and time domain (by laboratory experiment).

Author Contributions
Paul Imgart contributed with conceptualization, formal analysis, investiga-
tion, methodology, software, validation, visualization, and writing. Anant
Narula contributed with conceptualization, formal analysis, investigation, soft-
ware, and validation. Massimo Bongiorno contributed with conceptualization,
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vision, and writing – review and editing. Mebtu Beza and Jan R. Svensson
contributed with funding acquisition, supervision, and writing – review and
editing. Jean-Philippe Hasler and Paolo Mattavelli contributed with concep-
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Appendix A Definitions of GFM Behaviour in the Literature

Table A.1: Definitions of grid-forming converter control (continued on next pages).

Source Definition

[40]: J. Rocabert et
al., “Control of Power
Converters in AC Mi-
crogrids,” IEEE Trans-
actions on Power Elec-
tronics, vol. 27, no. 11,
pp. 4734–4749, Nov.
2012, issn: 0885-8993

”A grid-supporting power converter is controlled as
a voltage source with a link impedance [. . . ], or
alternatively, as a current source with a parallel
impedance [. . . ]. In any case, its main objective is
to participate in the regulation of the ac grid voltage
amplitude E∗ and frequency ω∗ by controlling the
active and reactive power delivered to the grid.”
In the referenced publication, grid-forming control
denotes the ability of the converter to control voltage
and frequency of the grid voltage on its own, as is the
case in an islanded grid with a single power source
like a uninterruptible power source (UPS). There-
fore, the publication’s definition of grid-supporting
converters is reproduced here, as this is closer to how
the term grid-forming is used today.

[20]: J. Matevosyan
et al., “Grid-Forming
Inverters: Are They
the Key for High Re-
newable Penetration?”
IEEE Power and En-
ergy Magazine, vol. 17,
no. 6, pp. 89–98, Nov.
2019, issn: 1558-4216

”For the purpose of this article, a GFM IBPS broadly
refers to an IBPS that is capable of supporting the
operation of an ac power system under normal, dis-
turbed, and emergency conditions without having to
rely on services from SGs or SCs. This includes sys-
tem conditions when 100 % of the electricity demand
is supplied from IBPSs and situations with very low
IBPS penetration as well as transitions between the
two.”
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Table A.1 – continued from previous page

Source Definition

[8]: ENTSO-E, “High
Penetration of Power
Electronic Interfaced
Power Sources and the
Potential Contribu-
tion of Grid Forming
Converters,” 2020

”In addition to capabilities of PPMs or HCSs of
Classes 1 and 2, Class 3 may in future provide PPM
or HCSs controls with single cycle support services
allowing 100 % power electronic penetration includ-
ing in headline terms [. . . ]:

• Creates system voltage (does not rely on being
provided with firm clean voltage)

• Contributes to Fault Level (PPS & NPS within
first cycle)

• Contributes to TSI (limited by energy storage
capacity)

• Supports system survival to allow effective op-
eration of 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

A description of one practical implementation is as
follows: The control strategy of grid forming PPMs
or HCSs provides an inherent performance result-
ing from presenting to the system at the connection
point a voltage behind an impedance, in effect a true
voltage source.”

[128]: IEEE,
P2800/D6.0 (March
2021) - Draft Standard
for Interconnection
and Interoperability
of Inverter-Based
Resources Intercon-
necting with Associated
Transmission Systems,
Mar. 2021

”Enhanced future control strategies where the IBR
still utilizes a synchronizing mechanism (like a PLL)
to lock onto and keep synchronism with the grid, but
may employ additional supplemental control loops
and features to better stabilize its response in weak
grid conditions. Here, the IBR control provides a
constant voltage angle and magnitude behind an
impedance in the period following a change in ter-
minal quantities.”
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Table A.1 – continued from previous page

Source Definition

[155]: NERC, “Grid
Forming Technology
- Bulk Power System
Reliability Considera-
tion,” Nov. 2021

”The primary objective of grid-forming (GFM) con-
trols for BPS-connected IBRs is to maintain an inter-
nal voltage phasor that is constant or nearly constant
in the sub-transient to transient time frame. This al-
lows the IBR to immediately respond to changes in
the external system and maintain IBR control sta-
bility during challenging network conditions. The
voltage phasor must be controlled to maintain syn-
chronism with other devices on the grid and must
also regulate active and reactive power appropriately
to support the grid.”
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Table A.1 – continued from previous page

Source Definition

[33]: National Grid
ESO, Final Modifica-
tion Report GC0137:
Minimum Specification
Required for Provision
of GB Grid Form-
ing (GBGF) Capabil-
ity, Nov. 11, 2021

”[Grid Forming Capability is] (but not limited to)
the capability a Power Generating Module, HVDC
Converter (which could form part of an HVDC Sys-
tem), Generating Unit, Power Park Module, DC
Converter, OTSDUW Plant and Apparatus, Elec-
tricity Storage Module, Dynamic Reactive Compen-
sation Equipment or any Plant and Apparatus (in-
cluding a smart load) whose supplied Active Power
is directly proportional to the difference between the
magnitude and phase of its Internal Voltage Source
and the magnitude and phase of the voltage at the
Grid Entry Point or User System Entry Point and
the sine of the Load Angle. As a consequence, Plant
and Apparatus which has a Grid Forming Capabil-
ity has a frequency of rotation of the Internal Voltage
Source which is the same as the System Frequency for
normal operation, with only the Load Angle defining
the relative position between the two. In the case of
a GBGF-I, a Grid Forming Unit forming part of a
GBGF-I shall be capable of sustaining a voltage at
its terminals irrespective of the voltage at the Grid
Entry Point or User System Entry Point for normal
operating conditions. For GBGF-I, the control sys-
tem, which determines the amplitude and phase of
the Internal Voltage Source, shall have a response to
the voltage and System Frequency at the Grid Entry
Point or User System Entry Point) with a bandwidth
that is less than a defined value as shown by the con-
trol system’s NFP Plot.”
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Table A.1 – continued from previous page

Source Definition

[78]: NERC, “White
Paper: Grid Forming
Functional Speci-
fications for BPS-
Connected Battery
Energy Storage Sys-
tems,” Sep. 2023

”Most definitions agree that at a minimum, GFM
controls tend to hold their voltage magnitude and
angle at the device terminals constant in the period
immediately following a system event.”

[147]: European Union
Agency for the Co-
operation of Energy
Regulators (ACER),
Recommendation No
03/2023 of the Euro-
pean Union Agency
for the Cooperation
of Energy Regulators
– Annex 1: Amended
RfG Regulation,
Dec. 19, 2023

(a) Within the power park module’s current and en-
ergy limits, the power park module shall be capable
of behaving at the terminals of the individual unit(s)
as a voltage source behind an internal impedance
(Thevenin source), during normal operating condi-
tions (non-disturbed network conditions) and upon
inception of a network disturbance (including volt-
age, frequency and voltage phase angle disturbance).
The Thevenin source is characterized by its internal
voltage amplitude, voltage phase angle, frequency
and internal impedance.
(b) Upon inception of a network disturbance and
while the power park module capabilities and current
limits are not exceeded, the instantaneous AC volt-
age characteristics of the internal Thevenin source
according to paragraph (a) shall be capable of not
changing its amplitude and voltage phase angle while
positive-sequence voltage phase angle steps or volt-
age magnitude steps are occurring at the connection
point. The current exchanged between the power
park module and the network shall flow naturally ac-
cording to the main generating plant and converter
impedances and the voltage difference between the
internal Thevenin source and the voltage at the con-
nection point.
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1 Introduction

Abstract

The increasing share of converters in the power system re-
sults in the need to revise grid-connection requirements and a
shift in converter control strategies towards grid-forming con-
trol. This paper analyzes and compares existing standards
and future trends in specifications for grid-connected convert-
ers and highlights commonalities and differences. The key con-
sequences for converter control performance requirements are
presented to facilitate the selection of the most suitable grid-
forming control structures.

1 Introduction

The transformation towards a sustainable power system will result in fewer
synchronous machines in the power system, and grid-forming converters are
suggested as one solution for the associated challenges [2]. As the grid-forming
concept is still relatively new, discussions between grid operators, legislators
and manufacturers on the design and implementation of grid-forming con-
trol are still ongoing today. Technical requirements and standards define the
functionality required from grid-forming converters and are accordingly an
important part of these discussions.

Since the first proposal of the virtual synchronous machine (VSM) concept,
a large variety of grid-forming converter controls has been proposed [3], with
some relevant selections shown in Fig. 1 and compared in [4]. Analyzing the
capability of different control strategies to fulfill the grid-connection require-
ments is an important part in selecting the most promising designs for further
research and development.

This paper compares and analyzes technical requirements for grid-connected
converter systems from a selection of different legal regulations, grid codes and
standards with focus on grid-forming control. In addition, possible differences
and contradictions among the various documents are investigated. The final
goal is to highlight implications of the different requirements on converter
control strategy and to facilitate the choice of suitable control structures.
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(d) Cascaded vector control

Figure 1: Single-line diagram of grid-connected converter system and block-
schemes for three different types of grid-forming converter control [4].
Quantities with index E refer to the virtual back EMF. APC: Active
power controller; VC: Voltage controller; CC: Current controller; Y V:
Virtual admittance.

2 Categorization of requirement documents and
selection of examples

Documents defining technical requirements for grid-connected converters can
be classified according to their author, scope, bindingness and detailedness in
the following categories: legal regulations, grid codes, specifications of particu-
lar ancilliary services, technical standards and customer requirements. Figure
2 displays how requirements of the different categories are inter-related. Le-
gal regulation is obligatory, but typically less detailed. For connection to a
particular grid, additionally the corresponding grid codes have to be followed.
The specifications for ancilliary services can be part of the general grid code
or provided through additional documents; customers can also provide further
requirements. Following technical standards is often voluntary, but can be a
requisite for a certain control implementation to be successful.

As illustrated in the figure, the requirements given in different documents
are not necessarily the same, but can differ between countries and in some
cases even conflict [5]. Moreover standards affect not only the jurisdiction
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2 Categorization of requirement documents and selection of examples

Technical
standard

Legal regulation

Grid code A
Grid code B

Customer
requirements

Ancilliary service 2
(in grid A)

Ancilliary service 2
(in grid B)

Ancilliary service 1
(in grids A and B)

Figure 2: Illustration of different technical requirement document types and their
relation. Grid code A and B serve as examples for two independent grid
code documents from different system operators, each also specifying the
exemplary ancilliary services 1 and 2.

they are valid for, but have an effect on others as well, in particular when con-
cerning development- and testing-intensive equipment such as wind turbines,
FACTS and HVDC systems. If one standard explicitly bans a particular im-
plementation, manufacturers are likely to not develop a special solution, but
adapt their product to comply with this specification, even if this might result
in higher prices and in some cases suboptimal performance for all customers.
This is due to the amount of development, testing and tuning needed for these
systems, making it uneconomic to maintain a large variety of implementations.
While on first glance it might make sense for system operators to tailor re-
quirements to their particular system, a harmonization of requirements could
reduce costs, enable share of experience and stimulate innovation by freeing
up resources otherwise needed for local adaptations [5]. An exception to this
can be certain limits, thresholds, settings or ratings. In conclusion, a har-
monization of requirements with option for small local adaptions (as in [6])
is not only in the interest of manufacturers, but even academia and system
operators. Consequentially, the regulations shown in Fig. 2 would ideally all
coincide or at least be subsets of others. The ENTSO-E network codes for
generators [6] and HVDC [7] are recent examples of successful harmonization
efforts. However, specifications and requirements for grid-forming convert-
ers are still under discussion and development, starting with the definition of
grid-forming properties itself. This presents a challenge for all involved par-
ties to find a generally accepted set of required functionalities for grid-forming
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converters.
The following paragraph describes the grid codes and standards selected

for the overview in this paper. The European Commission’s network code
with requirements for generators (NC RfG) [6] and HVDC systems and DC
connected generation (NC HVDC) [7] are drafted by ENTSO-E and are the
underlying legal regulation for grid codes in the European Union. They are
concretized in national laws and regulations, e.g. in the case of Sweden [8]
for RfG (SE RfG) and [9] for HVDC (SE HVDC), or national standards such
as the VDE standard VDE-AR-N 4131 for HVDC in Germany [10]. A rele-
vant technical standard for DC interfaced generation is the draft IEEE P2800
[11]. The UK grid code modification GC0137 (NG GC0137) [12] containing
requirements for grid forming capability is an example for an ancilliary service
specification. The final investigated document is the ENTSO-E report on the
contributions of grid-forming converters [13]. It is not a technical standard but
reflects the debate about which features are discussed as a part of grid-forming
capabilities. These documents have been chosen due to their relevance to the
current and future state of requirements for grid-forming converters and to
represent different countries and the categories mentioned above. It should
be noted that the used standards in some cases apply to HVDC systems, in
some cases to power-electronic interfaced generation and in some cases to ei-
ther. None of the selected documents is formulated exclusively for FACTS,
but often they partly follow HVDC regulations. Different systems such as e.g.
wind power parks, grid-connected battery energy storage and HVDC systems
will have different purposes and capabilities and comparing the requirements
they have to fulfill is consequently meaningful only up to a certain degree.
However, as all of these are grid-connected converter systems, they can all
be equipped with grid-forming control, which motivates a comparison of the
required capabilities.

3 Comparison of requirements
To facilitate the comparison and analysis, the categorization of a selection
of the requirements included in the investigated documents is suggested as
shown in Fig. 3. This section describes how the requirements belonging to
these categories are treated in the selected documents, with Table 1 presenting
a summary.
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3 Comparison of requirements

3.1 Frequency response

Frequency deviation. Nearly all of the compared standards contain a range of
steady-state frequency deviations from nominal frequency with corresponding
minimum operating times, which are summarized in Table 2. The frequency
range and times given for NC RfG & HVDC are minimum requirements, which
can be further increased by the relevant system operator. Observe that NG
GC0137 and the ENTSO-E report do not explicitly indicate low-frequency
ride-through, but provide requirements for grid-forming behavior in case of
frequency deviations, which implicitly requires operation at lower frequen-
cies. The compared standards provide the requirements in a similar format,
but there are significant differences in the required time spans, with the low-
inertia systems Great Britain and Ireland placing highest requirements.
Apart from steady-state variations, some standards also define the transient
conditions which the converter system has to be able to ride through in the
form of maximum phase-angle jump and rate of change of frequency. As
detailed in Table 2, NC HVDC, VDE-AR-N 4131 and IEEE P2800 give re-
quirements for maximum rate of change of frequency, where the IEEE norm is
considerably stricter than the others. IEEE P2800 even contains the require-
ment to withstand sub-cycle phase-jumps of 30◦. The ability to withstand
high frequency gradients can be affected by requirements for high virtual in-
ertia, as the inertia emulation will slow the ability of the converter to track
changes in the system frequency.

Primary frequency control. All investigated documents require the capa-
bility to control active power in dependency of the deviation of the system
frequency from nominal with the exception of NG GC0137 and the ENTSO-E
report. In case of NC RfG, the requirements vary with converter rating, with
smaller generators only required to act in case of overfrequency. All specifica-
tions are based on a deadband around nominal frequency and a proportional
gain and take the fluctuating character of renewable resources into consider-
ation, allowing for adjustments based on the availability of primary energy.

Fast frequency reserve. Converters are capable of controlling their active
power output significantly faster than required for primary frequency control.
This can be used to counter the effects of the decline in synchronous inertia
caused by the replacement of synchronous machines with converter interfaced
generation [14]. In consequence, requirements for fast frequency reserve (FFR)
are contained in VDE-AR-N 4131 in general terms and in IEEE P2800 with
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3 Comparison of requirements

details about performance and possible FFR variants. Even though NC RfG &
HVDC do not contain FFR, it has in the meanwhile been defined by ENTSO-E
as an auxiliary service in a separate document and is procured as a service
e.g. in Sweden [15].

Inertial response. To counteract the effects of the reduction of mechanical
inertia synchronously connected to the grid, converters can emulate inertia
by modulating the active power output to counteract either changes in the
frequency or phase angle of the voltage at the point of common coupling
(PCC). NC RfG & HVDC as well as VDE-AR-N 4131 specify that the TSO
can require inertial response capability from connected converter system with
the relevant control principle and parameters to be agreed upon by TSO and
owner of the converter system in that case. In the case of NG GC0137, both
frequency-derivative proportional inertial support as well as a response to grid
voltage phase jumps are obligatory requirements. Finally, in the ENTSO-E
report inertial response is discussed as one of the key capabilities constituting
grid-forming control.

Provision of primary frequency control, fast frequency reserve and inertial
response requires active power, but none of the investigated documents stip-
ulates the availability of energy storage or prime energy. This means that
the control system needs to be able to provide the response, but additional
requirements not currently covered by the standards need to be fulfilled for
the active participation in this services.

3.2 Voltage requirements
Voltage deviation. This category includes the behavior required from the con-
verter system by some standards during transient disturbances such as faults
and voltage dips. These fault ride-through (FRT) requirements are commonly
provided as a voltage-time-profile, which represents a minimum requirement,
i.e. the converter system must be able to stay connected when subject to a
voltage than does not go below the defined curve. This way of defining low-
voltage ride-through requirements is common to the European standards, but
is not present in IEEE P2800, where instead minimum connection times for
different voltage ranges are defined. The FRT requirements from a selection
of standards are listed in Table 3, with the shape of the corresponding voltage
profile given in Fig. 4. For the summary in Table 3, the IEEE requirements
have been rearranged as shown in the dashed profile in Fig. 4.
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Figure 4: Structure of FRT minimum voltage profile. Solid blue: European stan-
dards ([6]–[10]); dashed red: IEEE P2800 minimum connection times.

In some standards FRT is not only a connection requirements, but contains
even the obligation of fast fault current injection. NC RfG & HVDC provide
the possibility for the TSO to define such requirements. The national imple-
mentations SE RfG & HVDC do not concretize this further, while VDE-AR-N
4131 states priority for reactive current and contains specifications for voltage
support and unbalanced operation, which can even have an impact on fault
current injection. IEEE P2800 contains a very detailed description of different
fault modes and expected fault current contributions. None of the mentioned
standards provide fault current magnitudes, but place this responsibility on
the relevant system operator. In NG GC0137, no minimum connection times
are given as they are part of the main grid code, but requirements for grid-
forming behavior are mentioned in terms of fast fault current and reactive
power injection in case of grid voltage magnitude transients. Emphasis is put
on the immediate response, reflecting the voltage source behavior of the grid-
forming converter. The same is true, even though less specific, for the analysis
in the ENTSO-E report, where fault current contribution is defined as one of
the characteristics of grid-forming converters. All fault current requirements
take the limited over-current capability of converters into account and allow
for appropriate over-current limitation and protection.
Apart from the fault ride-through in response to transient disturbance, the
standards also specify connection requirements regarding steady-state voltage
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deviations. These are summarized in Table 4.

−0.6 −0.4 −0.2 0 0.2 0.4 0.6

0.9

1

1.1 Outer envelope

Inner envelope

V −Q/Pmax profile

Q/Pmax range

Voltage range
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V
in

p.
u.

Figure 5: Reactive power capability as defined by NC RfG. The outer envelope is
as shown in the standard, the inner and V − Q profile are indicative.

Voltage support. Converter systems are commonly required to contribute
to the control of the voltage magnitude at their PCC by exchanging reactive
power. For NC RfG & HVDC and their national implementations, this re-
quirement is given in the form illustrated by Fig. 5. The standard defines an
outer envelope. The TSO then determines an inner envelope within it, and
with a predetermined maximum voltage and reactive power range. Within
that envelope, the TSO specifies a profile for the exchange of reactive power
in dependence of the voltage. The converter system is required to have the
capability of providing the desired reactive power exchange non-withstanding
the active power operating point. The reactive power exchange can either be
controlled in voltage, reactive power or power factor control mode, which are
further specified in NC RfG & HVDC. While SE RfG & HVDC do not add any
further requirements regarding voltage support, VDE-AR-N 4131 contains de-
tailed specifications of the control mode and performance requirements as well
as inner envelopes for the voltage control profiles. In IEEE P2800, a reactive
power requirement is established, which lies within the outer envelope from
NC RfG. It also includes detailed control mode and performance requirements
for voltage, reactive power and power factor control. NG GC0137 does not
add any further specifications regarding voltage support beyond general grid
code apply. However, both here and in the ENTSO-E report the capability
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to create a system voltage is required, i.e. the ability to behave as a voltage
source independent of a grid voltage.

Unbalanced operation. Of the studied standards, NC RfG, NC HVDC, SE
RfG & SE HVDC do not make any specifications regarding the expected be-
havior under unbalanced operating conditions apart from FRT during asym-
metric faults to be detailed by the TSO. In IEEE P2800, no requirements for
unbalanced but otherwise normal operating conditions are given, but negative
sequence current injection is required during asymmetric faults. NG GC0137
does not contain requirements of unbalanced operation. In VDE-AR-N 4131
on the other hand, voltage control is required not only for positive, but also
for negative and zero sequence, and the ENTSO-E report demands the con-
verter system to act as sink for unbalances, i.e. provide a low-impedance path
for negative sequence currents. This indicates a paradigm shift towards more
system responsibility, similar to the one described below for harmonic behav-
ior.

3.3 Other technical requirements
Harmonic behavior. Neither NC RfG & HVDC nor SE RfG & HVDC include
requirements for the harmonic behavior of the converter system. In VDE-
AR-N 4131, maximum values for the total harmonic distortion as well as the
magnitude of each of the relevant harmonics in the PCC voltage are specified
for DC connected generation, but not for HVDC. In contrast, IEEE P2800
gives requirements for the harmonic distortion of the current, but explicitly
does not limit the voltage harmonics. The standard contains a detailed discus-
sion of converter voltage harmonics and liability in the annexes. NG GC0137
does not specify harmonic behavior explicitly, but the required behavior as a
voltage source behind a reactance will affect this. In the ENTSO-E report,
the ability to act as a sink for harmonics is named as a key capability of
a grid-forming converter. This means that the converter should provide an
inductive or resistive-inductive path for harmonic current components, im-
proving the quality of the voltage at its PCC. Here, a paradigm shift becomes
visible, which already has started to come into effect e.g. in VDE-AR-N 4131:
Instead of only being responsible for their own harmonic pollution as previ-
ously, converters and grid-forming converters in particular can be expected to
be required in the future to increasingly act as sinks for harmonics, actively
improving the grid voltage quality.
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Damping. This category includes requirements regarding the damping of
power oscillations and sub-synchronous resonances. Specifications of control
actions involving active power (frequency and inertial response) or reactive
power (voltage support) can also contain requirements regarding the damped
behavior of the control action, but are not considered here. Contribution to
the damping of power oscillations is required in NC RfG & HVDC but not
specified further, which is complimented with requirements for damping ca-
pability for subsynchronous torsional interaction in NC HVDC. The effective
range for the required power system stabilizer is further specified for genera-
tion in SE RfG. In VDE-AR-N 4131, HVDC systems are required to contribute
to the damping of subsynchronous and power oscillations. While not a formal
requirement in IEEE P2800, power oscillation damping and subsynchronous
instability are discussed in the annex. The supply of damping power analo-
gous to synchronous machines is a requirement for grid-forming converters in
NG GC0137 and the ENTSO-E report.

Control interaction. Adverse control interaction is not a new concern, but
before the focus has been on interactions in the sub-synchronous frequency
range. However, the increasing amount of converter systems in the grid and
the decreasing electrical distance between them has resulted in a much wider
frequency range for possible interactions, up to several kHz. This is reflected
by the increasing amount of detail in requirements of this category, when
compared to earlier versions of the investigated documents. IEEE P2800 does
not name control interactions as part of the requirements, but contains an
in-detail discussion of control instability in its informative annexes. VDE-
AR-N 4131 requires a study about possible interactions of the HVDC system
with other grid components. The study’s method is not prescribed explicitly,
but measurement or simulation of grid and HVDC system input admittance
as well as frequency domain and EMT studies are suggested as examples.
The ENTSO-E report includes a in-depth discussion of control interactions
and the same study methods as in VDE-AR-N 4131 are suggested. Two
contradictory viewpoints are discussed; one deeming general specifications
able to rule out harmonic interaction in any situation as too conservative and
unrealistic, calling for specific case studies instead; the other prescribing a
bandwidth limitation with a frequency range in which the converter has to
behave as a Thévenin source behind an impedance. The latter perspective is
incorporated in NG GC0137, specifying that the grid forming system must
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appear passive above a frequency of 5 Hz. Even though none of the studied
documents accept adverse interaction between the converter system to be
connected and any other component of the grid, NG GC0137 is the only one
specifying concrete requirements for how the absence of control interactions
should be demonstrated. The discussions of this topic contained in VDE-AR-
N 4131, IEEE P2800, NG GC0137 and the ENTSO-E report demonstrate that
methods and requirements for ensuring absence of control interactions during
high penetration of power electronics in the grid are still under investigation
and development.

Islanding and black start capability. According to NC RfG, HVDC and
VDE-AR-N 4131, the TSO can request islanding capability and ask for a quo-
tation for black start capability. This capability is not a requirement in IEEE
P2800 or NG GC0137, but in the latter grid-forming capability is mentioned
as a prerequisite for converters wanting to provide black start capability. The
ENTSO-E report does not mention islanding or black start capability explic-
itly, but places a great emphasis on the ability to create a system voltage as
a core capability of grid-forming converters.

3.4 Non-technical requirements
Testing specifications. The provision of testing specification is not only crucial
for ensuring compliance of constructed converter systems with the require-
ments, but also assists researchers and industry in developing and testing
prospective design ideas beforehand in simulation and under lab conditions.
NC RfG & HVDC describe compliance test in detail regarding the functions
to be tested and the responsibilities of the different actors in these tests.
However, no concrete testing scenarios are provided. The same applies for
VDE-AR-N 4131, but in this case a supplementary document is available that
provides a large number of simulation scenarios for the required capabilities
[16]. IEEE P2800 contains a verification matrix listing the type of test and the
responsible party for each of the requirements. However, no details are given
how simulations and tests are to be conducted. In NG GC0137, simulation,
testing and online monitoring are specified as compliance requirements, with
three simulation scenarios provided to test compliance with specific parts of
the grid-forming capability. Testing and benchmarking, as well as simulation
studies for some requirements, are discussed in detail in the ENTSO-E report,
but due to the general character of the document no concrete scenarios are
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suggested.
Definition of grid-forming capability. As discussed in the ENTSO-E report,

not all converter systems need to fulfill the same requirements, and grid-
forming capability might only be required by a small share of must-run units.
For this reason it is instrumental to divide converters in different classes,
each coming with a specific set of requirements. The report defines classes
1, 2A, 2B, 2C and 3, where the first four correspond to the type A, B, C
and D in NC RfG. Each class or type should fulfill all requirements of the
ones below, with further control requirements added subsequently. Common
criteria for assigning the class are power and voltage rating of the converter
system. In the definition given in the ENTSO-E report, class 3 corresponds
to full grid-forming capability on top of the requirements applying for class
2C, which are in essence those specified in NC RfG for type D power park
modules or in NC HVDC for HVDC. In this definition, grid-forming means
the ability to create system voltage, contribute to fault level, act as a sink
for harmonics and unbalances, contribute to inertia, support system survival
to enable under-frequency load shedding and prevent adverse control inter-
action. NG GC0137 likewise defines grid-forming capability as fulfillment of
a number of technical requirements, but puts an even stronger emphasis on
the voltage-source-behind-a-reactance character of the converter. From the
other investigated documents, only IEEE P2800 contains a discussion of the
concept grid-forming capability in the annex, while the others do not mention
the concept. This is even the case for VDE-AR-N 4131, which contains most
of the capabilities typically associated with grid-forming control (e.g. inertial
response) as optional requirements.

3.5 Qualitative comparison of the requirements
As visualized in Table 1, the extent and detail of the studied documents vary
widely. While the high-level, legally binding documents such as NC RfG &
HVDC remain vague in a lot of aspects and rely on underlying standards
and agreements for concretion, low-level norms such as VDE-AR-N 4131 and
IEEE P2800 contain an extensive description of requirements with great detail.
Additionally there are specifications for specific ancilliary services such as NG
GC0137, which contain detailed requirements for the service they concern,
but otherwise rely on the underlying grid code. Finally, the ENTSO-E report
is a report reviewing and discussing challenges, practices and research and
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has therefore a different character than the normative documents. It serves
as an indication for trends emerging in the standards and shows very clearly
in which areas development in the requirements is discussed the most.

3.6 Demand for grid-forming capabilities in existing and
future standards

Table 1 shows that none of the obligatory requirements currently in effect
mention grid-forming converter control or contain a definition of it. IEEE
P2800 discusses grid-forming control in its informative appendices, and only
NG GC0137 and the ENTSO-E report define the concept.

When discussing grid-forming converter control as an emerging concept, it
is important to be aware of how the meaning of this term has shifted. In
2012, grid-forming control defined a control strategy solely determining the
grid voltage in magnitude and frequency, like it is the case in micro- and island
grids [17]. Converters with these properties have been in operation for more
than 20 years [18]. In the current discussion however, the term grid-forming
is commonly not longer used for converters serving as a slack bus, but instead
for converters participating in voltage and frequency control by acting as a
voltage source behind an impedance [2], [12], [13].

Even though none of specifications currently in effect requires grid-forming
converter control, VDE-AR-N 4131 contains a number of optional require-
ments that are part of the definition of grid-forming capabilities in the ENTSO-E
report and typically associated with grid-forming converters, such as inertial
response, acting as a sink for harmonics and islanding capability, albeit with-
out utilizing the label grid-forming. To a lesser extent, this also applies to
IEEE P2800. With the introduction of NG GC0137, grid-forming capability
has become an ancilliary service in Great Britain. Even though standards
do not yet require full grid-forming capability, step by step more of the ca-
pabilities associated with grid-forming control are becoming part of them as
optional or mandatory requirements.

3.7 Impact of requirements on grid-forming control
topologies

It is important to underline that the compared standards in general are tech-
nology agnostic, i.e. not prescribing how the requirements have to be imple-
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Figure 6: Passivity index over dq-frequency for immediate voltage control (blue)
and virtual admittance control (dashed red) [19].

mented in hard- and software, but instead posing performance requirements
to be fulfilled. This allows for the development of different solutions and
drives a competition of ideas leading towards the most efficient implementa-
tion. However, there can still be consequences for which control strategies are
suitable, as not all implementations might be able to comply with the given
performance requirements. One notable exception from this is NG GC0137,
which explicitly excludes the usage of a virtual impedance with reference to
the high bandwidths required.

Even though not explicitly ruled out, some control topologies might not
be able to fulfill specific performance requirements. One example for this is
non-passive behavior caused by a current controller, as demonstrated by [19]
and shown in Fig. 6. In consequence this means that the grid-forming control
schemes shown in Fig. 1 (b) and (c) cannot fulfill the passivity requirements
formulated in NG GC0137, and that the topology from (a) cannot rely on a
current controller for FRT if this requirement is to be met. This illustrates how
the grid code requirements currently in place or under discussion can be very
challenging to fulfill with existing grid-forming converter control topologies.

4 Conclusions
This paper has compared and analyzed current technical requirements for
grid-connected converters and future trends. It has shown qualitative differ-
ences between different standards and discussed the need for harmonization.
Furthermore, the impacts of specific requirements on the control topology of
converters were demonstrated. Grid-forming control is not a requirement in
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any of the existing standards, but has been recently included as an ancilliary
service in the UK grid code and specific capabilities associated with grid-
forming control are appearing as optional requirements in other standards
currently in effect as well. This demonstrates the importance of further devel-
opment of grid-forming converter control as well as the need for harmonized
specifications in line with both capabilities of existing control structures and
the grid operator’s needs.
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1 Introduction

Abstract

Grid-forming (GFM) converters are a promising solution to
enable large scale integration of renewable energy sources into
the power system. However, due to the intrinsic voltage-source
behaviour of GFM converters, current limitation during large
grid disturbances is challenging. This paper presents a novel
limitation strategy that preserves the GFM properties of the
converter and at the same time effectively limits the con-
verter current to the desired value. Through the limitation
of the converter’s internal voltage, stable operation even dur-
ing faults and in case of large frequency disturbances in the
grid is achieved. Experimental results show the effectiveness
of the proposed current limitation strategy in case of various
grid disturbances.

1 Introduction
In the 2015 Paris Agreement on climate change, 189 signature states have
agreed to limit global temperature rise to below 2 ◦C by the end of the century,
and to aim for 1.5 ◦C [2]. A crucial part of these efforts is the decarbonization
of the electrical power systems worldwide by using renewable power sources,
which are commonly interfaced to the grid by power-electronic converters.
Trends such as higher utilization and flexibility demands on power system
assets accompanied by stronger interconnections between different systems,
as well as the proliferation of drive systems and consumer electronics, further
increase the share of power electronics in the grid [3]. This development has
raised concerns about the stability and feasibility of converter dominated grids
[4]. Grid-forming (GFM) converters emulate the voltage-source behaviour of
synchronous machines [3]–[8], and are widely discussed as a solution to the
challenges associated with increased penetration of converter-based resources
[3], [4], [9]. A common element of most GFM converter designs is that the
active power transfer is used for synchronization to the grid, replacing the
phase locked-loop (PLL) typically used in the more conventional grid-following
control [10].
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As power-electronic converters have limited overcurrent capability, the abil-
ity to limit the current not only during normal operation but also during
grid disturbances is a necessity for all converter control schemes. In contrast
to grid-following control, GFM-based converters are controlled to emulate a
voltage source behind an impedance; as a consequence, the current exchanged
between the converter and the grid is indirectly controlled and thereby its
limitation is challenging [11]. Current limitation is typically reached during
large grid disturbances, such as faults or large frequency excursions, during
which the grid is most vulnerable and in need of support. For this reason,
the converter should retain as much of the GFM behavior as possible even
during current limitation. This implies that, if at all necessary, the converter
dynamic properties should be changed for the shortest time possible, typically
up to a few cycles at fundamental frequency; then the converter should return
into linear control mode [12], [13].

Various current-limitation strategies have been investigated and reported
in the literature in the recent years; these can be summarized into four main
categories [11]:

• Immediate current limitation: This method is commonly applied in cas-
caded voltage and current vector controllers [14]–[16] and in virtual ad-
mittance control [17]–[19], since both control schemes contain an explicit
current reference and a current controller (CC). The approach requires
a CC that is active at least during current limitation, so that the con-
troller’s current reference can be limited. As described more in detail
in the following section, stability problems can occur under severe grid
disturbances [20] if this method is used.
A variation of this scheme is applied in power synchronization control
[21], [22], where the CC is only activated when the current limiter sat-
urates. Thus, the synchronization task switches from the active-power
loop (APL) to a PLL, and the converter behaves as a current source
instead of a voltage source during limitation.

• Indirect current limitation by virtual impedance: GFM converters behave
as a voltage source behind an impedance, and a (virtual) increase of the
impedance reduces the current exchanged with the grid. The virtual
impedance based limitation approach [23]–[26] can be realized with or
without a current control loop [11]. The method’s main challenge is that
the selection of virtual impedance parameters requires system knowledge
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and assumptions regarding the worst case. System conditions differing
from those assumptions can result in overcurrent or low utilization of
the converter fault current contribution capability [11]. Moreover, an
adaptive virtual impedance can result in system instability [27].

• Indirect current limitation by voltage limitation: A different approach to
limit the current in a GFM converter is to vary the converter’s virtual-
back electromotive force (EMF) voltage instead of the impedance, which
can be implemented in different ways. Some require knowledge of the
grid voltage angle [28], [29], which in practice can result in mode-switching
into PLL-based synchronization. In [30], only the magnitude of the volt-
age reference is limited. A power reference limiter is used to prevent
overcurrent due to excessive load angles, but the issue of instability due
to frequency disturbances remains unsolved.

• Indirect current limitation by power limiter : Here, the input to the
active- and reactive-power control loops is limited to prevent overcurrent
[18], [31], [32]. These methods rely on fault detection, which is challeng-
ing for disturbances where the voltage magnitude remains unaffected.
Furthermore, for controllers with slow outer control loops, overcurrent
can not be prevented reliably during transients [11].

In addition to the challenges described above, it is important to highlight that
the majority of the studies available in the literature focus on current limita-
tion and transient stability for GFM converters in case of voltage dips [18],
[33]–[40]; on the other hand, large frequency disturbances can also be a signif-
icant source of instability, especially when high-inertia support is demanded
from the converter [41]. The referred methods for current limitation do not
address the impact of limitation on robustness against frequency disturbances.

This paper presents a novel current limitation strategy for GFM converters
that ensures accurate current limitation during symmetric and asymmetric
faults as well as during frequency disturbances and phase jumps; through ad-
equate limitation of the reference active power and magnitude of the virtual-
back EMF reference, the proposed strategy does not require any system knowl-
edge and retains the converter’s GFM properties even during current limita-
tion.

The paper is structured as follows: Section II is a theoretical study of
the GFM converter transient stability problem. In Section III and IV, the
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basic converter control and the proposed limitation strategy are presented,
respectively. Section V contains the experimental verification of the proposed
strategy, and the conclusions are put forward in Section VI.

2 GFM Converter Angle Stability Problem
The GFM converter angle stability problem is analyzed by using the system
in Fig. 1. It consists of a GFM converter with a virtual-back EMF V EMF and
a virtual impedance Rv, Lv. The virtual impedance includes the converter
filter impedance and the virtual part Rv1, Lv1. The R-L filter connects the
converter terminals at the point of common coupling (PCC) to the grid, which
is represented by the Thévenin equivalent V s and Zg. Neglecting the system
losses, the steady state per-unit converter current in the synchronous reference
frame aligned with the converter’s virtual-back EMF voltage is

Ic = V EMF − V s
jX = Vs sin δ + j(Vs cos δ − VEMF)

X
, (B.1)

where δ = ∠V EMF − ∠V s, and X is the total reactance between the two
sources. The active-power transfer from the converter to the grid is defined
as

P = Re{V EMF conj{Ic}} = VsVEMF

X
sin δ, (B.2)

and shown in blue in Fig. 2 for an example system.
The current exchanged with the grid needs to be limited to prevent damage

to the converter hardware due to overcurrent. Following the immediate cur-
rent limitation approach introduced in the previous section, a CC is used and
its reference is limited with a current-magnitude limiter [11] (also addressed
as circular-current limiter [18]). Applying this to limit the current reference
I∗ to the maximum allowed converter current Imax yields

I∗
lim = I∗ Imax

I∗ ∀ I∗ > Imax (B.3)

as the limited converter current reference. This current limitation is equivalent
to a variation of the phasor V EMF, defined as V ′

EMF in the phasor diagram
in Fig. 3. The figure shows that the current limitation results in a reduction
of the load angle δ when compared with the angle of the unlimited output of
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Figure 1: (a): Single-line diagram of the investigated system. (b): Equivalent
circuit representation of a GFM converter control approach with virtual-
back EMF and virtual impedance.

the APL, denoted as δAPL. Even though the load angle is manipulated by the
current limitation, the APL’s output angle δAPL still has an impact on the
exchanged active power by determining the angle of the current references I∗

and consequently I∗
lim. Using (B.1)-(B.3), the relation between the current-

limited active power Plim and the APL output angle δAPL can be determined
by

Plim = Re{V s conj{I∗
lim}} (B.4)

= VsVEMFImax sin δAPL√
V 2

s + V 2
EMF − 2VsVEMF cos δAPL

, I∗ > Imax

Figure 2 illustrates the current-limited P -δAPL relationship following from
(B.4) in red. The current reaches its limit at operating point B, and in contrary
to the unlimited case presented in blue increasing δAPL further results in a
decreasing power transfer.

Based on this analysis, the two main sources for GFM converter angle in-
stability [41] can be studied: firstly, an active power reference that during
a fault or in post-fault steady-state is too large for the grid conditions (i.e.
grid voltage magnitude and grid strength), and secondly the inability of the
APL to follow the grid voltage angle in case of a frequency disturbance or
phase-angle jump. The former is studied widely in the literature [18], [33],
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[35]–[38], [40], while the latter is rarely regarded in existing publications [41].
Both instability mechanisms are summarized in this section.

2.1 Voltage-Dip Induced Converter Angle Instability
The first of the two angle instability mechanisms is caused by a voltage dip
at the PCC. Equations (B.2) and (B.4) demonstrate that the active-power
transfer between converter and grid is proportional to the product of Vs and
VEMF. Consequently, a voltage dip will result in a reduced active power trans-
fer capability, no matter how the converter back EMF magnitude is controlled
in response to the voltage dip (compare case 2 and 3 in Fig. 2). As described
in [27], instability can under this conditions occur due to violated equal-area
criterion, which mainly affects GFM converters providing inertial support, or
due to lack of a stable post-fault operating point. This type of instability has
been studied widely in literature and several solutions have been proposed [38].
The most popular solutions are scaling of the power references proportional
to the voltage magnitude [18], control-mode switching (e.g. deactivation of
inertia [42]), inclusion of additional control terms [43] and moving to a grid-
following control mode [22]. Of these approaches, voltage-proportional power
reference scaling has the advantage of retaining as much of the GFM capa-
bilities as possible, while at the same time aiding in current-limitation. In
contrast to approaches modifying the control structure, it does not require
any fault detection [38].

2.2 Frequency-Disturbance Induced Converter Angle
Instability

The second angle instability mechanism is caused by severe frequency distur-
bances or phase angle jumps in the grid, resulting in the inability of the APL
to follow the grid voltage angle and moving the operating point to the unsta-
ble part in Fig. 2. This phenomenon is discussed more in-depth in [41]. As
the APL in a GFM converter does not only provide power reference tracking
but also synchronization, a power control error is required to follow a change
in the grid frequency by letting the APL adapt its internal frequency. For
instance, a decline in grid frequency causes the load angle δ to increase until
the additional decelerating power Pd = −2H dω

dt is reached. During current
limitation the decelerating power might not be large enough to keep the con-
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Figure 3: Phasor diagram illustrating the effect of current limitation on the virtual-
back EMF. Unlimited in blue, limited in red.

verter’s internal frequency synchronized with the grid frequency, which would
lead to the load angle continuing to increase. If the unstable equilibrium point
C is passed synchronism is lost, equivalent to synchronous machine first swing
instability.

Limitation of the outer loop references as introduced in the previous in-
stability mechanism cannot prevent loss of synchronism in this case. This
is because the active power exceeding the current-limited maximum is not
caused by a change in reference, but by the inability of the slow APL to reject
the grid disturbance. This slowness is desired to provide inertia to the grid,
but causes instability when the converter current limits are reached. Not only
the GFM control structure used for illustration in this section, but all GFM
converters with non-zero inertia that rely on the APL for synchronization and
provision of inertia are vulnerable to this type of instability. As the APL
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angle output is manipulated to guarantee current limitation, the synchroniza-
tion signal is lost. The risk for this type of instability is increased by large
inertia, high rate of change of frequency (RoCoF) and operating points close
to the maximum power transfer, due to more decelerating power being needed
or less current reserve being available for it, respectively.

While these instability mechanisms are studied here for a GFM converter
with circular-current limitation, the same principles apply for GFM converters
relying on a virtual impedance for current limitation. This can be understood
from (B.2), showing that an increase in the reactance between the virtual-back
EMF and the grid voltage will reduce the active-power transfer for any given
load angle, which results in similar dynamics for both instability types.

3 Basic GFM Converter Control
The GFM control adopted in this work is based on the virtual admittance-
based approach from [19], with the improvements to the APL described in [41].
The controller implementation is illustrated in Fig. 4 and its main blocks are
described in the following.

3.1 Active Power Loop (APL)
For the investigated GFM control, the APL provides both active-power ref-
erence tracking and grid synchronization. The implemented APL is depicted
in Fig. 5 and consists of a PI regulator for accurate reference tracking and
an active-damping term Ra to improve the controller’s dynamic performance.
Neglecting the system’s losses, the maximum transmittable active power is
given by:

Pmax = VEMFVg

Xv
,

where Xv is sum of the converter’s virtual reactance Xv1 and filter reactance
Xf . Using the controller active damping Ra and the proportional and integral
gains Kp and Ki, the closed-loop transfer function for the APL can be written
as

GPC(s) = Kps + Ki

P −1
maxs2 + (Kp + Ra)s + Ki

, (B.5)
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assuming that the CC is sufficiently fast to be treated as ideal. The APL
control parameters are tuned using loop-shaping approach as described in [41]
to yield

GPC(s) = αPC

s + αPC
(B.6)

with

Kp = αPC

Pmax
, Ki = α2

PC
Pmax

, and Ra = Kp,

where αPC denotes the desired APL closed-loop bandwidth.

3.2 AC Voltage Controller (AVC)
The magnitude of the virtual-back EMF is determined by the AC voltage
controller (AVC), which controls the voltage at the PCC. To allow operation
in strong grids and alongside other converters, an integral controller with a
reactive droop is used. Denoting with VN the nominal grid voltage and with
kD the droop constant, the control law for the AVC is defined by [19]:

VEMF = VN + Kiv

s
(V ∗

g − Vg − kDQg), (B.7)
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where, for a desired closed-loop bandwidth αVC, Kiv = αVC
Xv+Xg

Xg
. The value

of the grid reactance, Xg, used for calculating the integral gain of the AVC is
typically set for the strongest grid strength provided by the system operator,
to ensure an acceptable performance even with varying grid strengths.

3.3 Virtual Admittance (VA)
The virtual-back EMF voltage vector determined by the outer loops is trans-
lated into a current reference input for the CC by a virtual admittance (VA)1.
The VA generates the reference currents by providing filtering and damp-
ing action (through Lv and Rv, respectively) on the difference between the
virtual-back EMF and the grid voltage. It also reduces the impact of varia-
tions in grid strength on the converter dynamic performance by reducing the
share of the grid impedance in the total impedance [44]. As proposed in [17],
the virtual reactance is chosen in the range of a typical synchronous machine
transient reactance. Due to this relatively large virtual reactance, changes in
the virtual-back EMF result in a DC current component. The virtual resis-
tance is chosen to provide a small time constant for the decay of this current
offset. The current reference output of the VA block is:

i∗
f =

vEMF − vg

sLv + jωNLv + Rv
. (B.8)

3.4 Current Controller (CC)
The current references generated by the VA are limited to the maximum
converter current as in (B.3) and sent to the CC to calculate the reference
voltages for the converter’s modulation stage. The implemented CC has a
classical structure and is based on a PI regulator with cross-coupling can-
cellation and voltage feedforward that is low-pass filtered with a closed-loop
bandwidth of αFF as:

v∗
c = αFF

s + αFF
vg + jωNLfif + (Kpc + Kic

s
)(i∗

f − if). (B.9)

The controller gains are tuned to the selected controller bandwidth αCC as
[45]

Kpc = αCCLf , Kic = αCCRf . (B.10)
1The VA corresponds to the inverse of the virtual impedance shown in Fig. 1.
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4 Proposed Methodology to Limit Converter
Current

From Section 2, it is understood that limitation of the current reference for the
CC (henceforth referred to as hard-current limiter) might in GFM converters
result in a loss of synchronization with the AC grid. Furthermore, the use of
the hard-current limiter introduces non-linearities in the control system and
modifies the dynamic properties of the converter (by hiding the impact of the
voltage controller and the virtual admittance) while activated, which is not
desirable as discussed earlier [12], [13]. This section presents a novel strategy
that allows to keep the converter current within its permissible value without
relying on the hard-current limiter and alteration of the GFM properties.

In a grid-following converter, the use of a hard-current limiter is effective
because such converters are modeled as a current source. Following the same
philosophy for GFM converters, which are modeled as a voltage source in-
stead, current limitation can be achieved by dynamically limiting the gener-
ated virtual-back EMF, vEMF, so that the resulting current reference is within
the limits. This is realized through the GFM control structure depicted in
Fig. 6. It is of importance to consider that, unlike the magnitude, limiting the
phase of the voltage vector vEMF is challenging. This is because in the absence
of a PLL in GFM converters, there is no direct information about the load
angle; and hence, the active-power flow from the converter dictates the phase
of the emulated voltage source. Therefore, one obvious solution is to include a
PLL in the design of the APL to calculate the converter’s load angle. However,
this can have a negative impact on the stability of the converter in weak grids,
and restrict the converter’s GFM properties [46]. Another alternative to limit
the resulting phase of the converter at all times without the aforementioned
restrictions is to limit the active-power reference. However, as discussed in
Section 2.2.2, this solution is not effective in GFM converter systems emu-
lating inertia, owing to their slow APL. To overcome this issue, the cascaded
active-power controller described in the following section is used. The calcu-
lation of the limits for the active power and voltage magnitude references is
described in the subsequent sections.
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4 Proposed Methodology to Limit Converter Current

4.1 Cascaded Active-Power Controller

The cascaded active-power controller consists of an inertia-emulation loop
(IEL) in cascade with a fast APL, as first reported in [41]. The IEL is illus-
trated in Fig. 7 and is based on the structure of a PLL. It is used to calculate
the inertial power, PH, to be injected (or absorbed) by the converter in case
of frequency disturbances. As from the figure and denoting with θg the angle
of the PCC voltage vg, the inertial power output from the IEL is given by

PH = −VgVc

Xf
sin(θg − θIEL), (B.11)

where θg = θIEL in steady state. In the case of a frequency variation, the
IEL angle will track the grid angle with a speed of response determined by
the desired amount of emulated inertia H. For this, the IEL’s proportional
(Kp,IEL) and integral (Ki,IEL) gains are selected as [41]

Kp,IEL = ζ

√
2ωNXf

HVcrVgr
, Ki,IEL = ωN

2H
, (B.12)

where ζ denotes the damping ratio of the second-order response, while Vcr and
Vgr represent the rated converter and PCC voltage, respectively. Note that in
the implementation of the IEL, the magnitude of the reference voltage vector
v∗

c output from the CC is used instead of its measured signal Vc. The inertial
power PH is then added onto the active power set-point of the converter, Pset,
to form the reference power P ⋆

g for the APL, which can be effectively limited.
The PI-based APL then tracks the power reference, P ⋆

lim, and synchronizes
the converter with the grid. Providing the inertia through the active-power
reference allows a higher closed-loop bandwidth for the APL, thus making
synchronization and reference tracking fast. Decoupling the synchronization
task of the APL from the inertia provision gives the flexibility to limit and
achieve a fast control over the active-power injection from the converter, and
ultimately the resulting phase of the virtual back-EMF. The magnitude of the
virtual back-EMF, VEMF, can then be limited based on the available PCC
voltage and estimated power flow as described in Section 4.4.3. In this way it
is possible to limit the generated current reference vector without triggering
the hard-current limiter.
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θIEL

Kp,IEL+Ki,IEL/s

vgvg
αβvg
αβ

αβ

dq
vgq,IELvgq,IELvgq,IEL

vgd,IELvgd,IELvgd,IEL
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|  |

VcVc
*Vc
*

+

+
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ΔωIEL 
ωb 

1/s

PHPHPH

ωIEL 

Figure 7: Block diagram of inertia emulation loop (IEL).

4.2 Calculation of Active-Power Limits
As stated earlier, the phase of the virtual-back EMF is a resultant of the
active-power flow from the converter. Therefore, setting the limits for the
active-power reference would limit the resulting phase of the virtual-back
EMF. During limitation, prioritizing active or reactive-power injection from
the converter depends upon the grid-code requirements. Here, reactive-power
injection is prioritized 2; accordingly, the upper limit for the active-power
reference, Pul, is calculated as

Pul =
√

S2
avail − Q2

g, (B.13)

where Savail denotes the available apparent power of the converter, and Qg
is the reactive power injected from the converter (or, eventually, the reactive
power demanded by the grid codes). At any time instant, depending upon the
PCC-voltage magnitude, Vg, the available apparent power of the converter to
keep the current within its rated value is calculated as Savail = SNVg

VN
, where

SN and VN denote the rated power and voltage of the converter, respectively.
If Qg ≥ Savail (this condition prevails during a voltage dip for instance, when
the converter current momentarily rises above its rated value), the upper limit
for the active-power reference is set to zero.

4.3 Calculation of Voltage-Magnitude Limits
The limits for the magnitude of virtual-back EMF can be calculated by using
the estimated power flow. Considering the sign convention for the current

2Prioritization of active and reactive power can be modified depending upon the system
requirements.

B16



5 Experimental Validation of Proposed Current-Limitation Strategy

in Fig. 1, a decrease in the PCC voltage will result in a positive reactive-
power injection into the grid. Hence, the upper limit for the magnitude of the
virtual-back EMF, Vul, is calculated as

Vul =

∣∣∣∣∣vg + P ⋆
lim − jQavail

conj(vg) (Rv + jXv)

∣∣∣∣∣;
with Qavail =

√
S2

avail − P ⋆2
lim.

(B.14)

Similarly, if a voltage swell at the PCC is to be considered, the lower limit for
the virtual-back EMF, Vll, can be calculated accordingly, i.e.,

Vll =

∣∣∣∣∣vg + P ⋆
lim + jQavail

conj(vg) (Rv + jXv)

∣∣∣∣∣. (B.15)

It is worth mentioning here that during limitation, P ⋆
lim will be equal to Pul

as defined in (B.13). Thus, reactive-power injection is prioritized here. Fur-
thermore, as Pg = P ⋆

lim during limitation, the angle of the voltage phasors V ul
and V ll will be equal to zero in the controller’s dq frame.

In order to prevent the accumulation of the voltage error during limitation,
an anti-windup loop with the gain kAW is implemented in the AVC as shown
in Fig. 6.

5 Experimental Validation of Proposed
Current-Limitation Strategy

In order to validate the effectiveness of the proposed current-limitation strat-
egy, experimental verification is made and discussed for various grid scenarios
in this section. A photo of the laboratory setup is depicted in Fig. 8 and it
resembles the system shown in Fig. 1. The grid is emulated using a REGA-
TRON’s four quadrant programmable AC power source. Furthermore, the
GFM converter system used here comprises of a 2-level VSC supplied by an
ideal DC voltage source. It is controlled using dSPACE dS1006, and is con-
nected at the PCC through a phase reactor of resistance Rf and inductance
Lf . Various system and control parameters used for the grid-interfaced con-
verter system are shown in Table I. The closed-loop bandwidths of the APL
and AVC are chosen to comply with the recommendations for GFM control
action defined in [47].
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Figure 8: Photo of laboratory setup.

5.1 Dynamic Performance in Case of a RoCoF Event
In order to investigate the dynamic performance of the GFM converter system
during a RoCoF event, the frequency, fs, of the voltage source behind grid
impedance is varied from 50.0 Hz to 48.0 Hz at a rate of -2.0 Hz/s between 0.5 s
and 1.5 s. The active power set-point of the converter is selected as 0.8 pu in
this case. The blue curves in Fig. 9 show the dynamic response of the converter
system emulating an inertia of 5.0 s using the proposed control structure and
current-limitation strategy. For comparison, the dynamic performance of a
converter system emulating the same amount of inertia within the APL and
deploying circular-current limitation (henceforth referred as Integrated GFM

Table 1: System and control parameters
System parameters Control parameters
SN 1 kVA Lv1 0.35 pu
VN 100 V Rv1 0.235 pu
ωN 314.16 rad/s αPC 2π 5 rad/s
Lf 0.15 pu ζ 0.707
Rf 0.015 pu αCC 2π 500 rad/s
SCR 3 αVC 2π 1 rad/s
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Figure 9: Dynamic response of GFM converter to a frequency disturbance with
proposed control structure (blue curves), and Integrated GFM control
(red curves). Top: measured active power; middle: measured converter-
current magnitude; bottom: measured PCC frequency (light-blue curve
depicts the frequency disturbance imposed by the controllable AC power
source).

control3) is shown with red curves in Fig. 9, where the upper-limit for the
hard-current limiter is set to 1.1 pu.

It can be seen from the figure that by using the proposed control structure
and current-limitation strategy, it is possible to limit the converter current
close to its rated value without triggering the hard-current limiter. Addition-
ally, the internal frequency of the converter closely follows the declining grid
frequency (light-blue curve), i.e., the converter keeps its synchronism with the
grid. Furthermore, the active-power flow from the converter is limited close

3The integrated GFM control used here for comparison corresponds to the structure dis-
played in Fig. 4, but provides inertia through the APL by proper selection of a lower
APL bandwidth resulting in the desired inertia.
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to 1.0 pu which otherwise would have reached 1.2 pu without limitation (cor-
responding to set-point power of 0.8 pu and inertial power of 0.4 pu). On
the other hand, due to the presence of inertia within the APL in the second
case, the converter loses it synchronism when the maximum-current limit of
the converter is reached.

5.2 Dynamic Performance in Case of a Balanced
Three-Phase Voltage Dip

In order to investigate the dynamic performance of the converter system dur-
ing a balanced three-phase voltage dip, starting at 0.5 s, the magnitude of the
source voltage, Vs, is reduced by 50% for a duration of 1.0 s. The set point for
the active power is zero and inertia provision from the converter is minimized
by deactivating the IEL for this case. Figure 10 shows the dynamic response
of the GFM converter system against a balanced three-phase voltage dip.

It can be seen from the figure that following the voltage dip, the converter
current is immediately limited close to its rated value without triggering the
hard-current limiter, thus, without changing the converter’s dynamics. Addi-
tionally, maximum reactive power (red curve) is injected from the converter
instantaneously to support the system. It can also be observed that after the
fault clearance, the active and reactive powers as well as the converter current
immediately return to their initial operating points.

5.3 Dynamic Performance in Case of a Balanced
Three-Phase Voltage Dip Accompanied by a RoCoF
Event

In order to investigate the dynamic performance of the converter during a bal-
anced three-phase voltage dip accompanied by a RoCoF event, Vs is reduced
as in the previous case. At the same time, fs is varied from 50.0 Hz to 48.0 Hz
at a rate of -2.0 Hz/s. Such a severe event, comprising of a combination of
large voltage and frequency disturbance, might happen in extreme system
conditions like the system event reported in [48] or during the 2021 European
system split between France and Spain [49], and is here used to test the ca-
pabilities and robustness of the suggested converter control. Figure 11 shows
the dynamic response of the GFM converter system emulating an inertia of
5.0 s for this case.

B20



5 Experimental Validation of Proposed Current-Limitation Strategy

Figure 10: Dynamic response of GFM converter to a balanced three-phase voltage
dip. Top: three-phase source voltage; middle: measured active (blue
curve) and reactive power (red curve); bottom: measured converter-
current magnitude.
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Figure 11: Dynamic response of GFM converter to a balanced three-phase voltage
dip accompanied by a frequency disturbance. Top: three-phase source
voltage; top-middle: measured active (blue curve) and reactive power
(red curve); bottom-middle: measured converter-current magnitude;
bottom: frequency disturbance imposed by the controllable AC power
source.
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It can be observed from the figure that following the specified event, the
converter current is immediately limited close to its rated value without trig-
gering the hard-current limiter. Additionally, the converter injects maximum
reactive power (red curve) instantaneously to support the system. Since the
converter current reaches its rated value, there is no room for the active-power
injection, and hence the active-power flow from the converter stays at zero.
This results from the choice of prioritizing reactive power injection over active
power made in (B.13). Since it’s a matter of choice only, it is possible to
reduce the reactive power injection if an inertial support is desired from the
converter during limitation. It can also be observed that after the fault is
cleared, the reactive power immediately returns to its initial operating point.
Furthermore, the inertial response of the converter becomes evident from a
decrease in the inertial power of the converter from the moment the frequency
transient ends.

6 Controller Modifications for Unbalanced Grid
Conditions

According to the latest reports from the European Network of Transmission
System Operators for Electricity (ENTSO-e), the GFM converters should act
as a sink for unbalances in the grid voltage [3]. This means that in case of
unbalanced grid conditions (for example, during unbalanced faults), the con-
verter must offer an inductive behavior towards the grid. As an example, the
recent VDE-AR-N 4120 Technical Connection Rules establishes requirements
for the negative-sequence current injection from the grid-connected converter
systems [50]. In particular, for an unbalanced voltage dip the converter should
absorb a negative-sequence current proportional to the negative-sequence grid
voltage, following the relation

I−
f = knV −

g , 2 ≤ kn ≤ 6 (B.16)

where the gain kn specifies the relation between the magnitude of the negative-
sequence component in the grid voltage, V −

g , and the corresponding negative-
sequence converter current I−

f . During current limitation, prioritizing positive-
or negative-sequence current depends upon the system requirements. This im-
plies that we should be able to effectively control and limit both the positive-
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and negative-sequence currents individually. Figure 12 shows the modifica-
tions made to the controller for this purpose, where a negative-sequence CC
has been added to the original control structure. It generates a negative-
sequence reference voltage for the converter, v−⋆

c , which is added to the
positive-sequence reference voltage, v+⋆

c , generated by the original control
structure.

During unbalanced grid conditions, the magnitude of the voltage and cur-
rent vectors, as well as the instantaneous active and reactive powers will
present oscillations at twice the fundamental frequency. This will lead to
double-frequency oscillations in both the internal frequency of the converter
and magnitude of the virtual-back EMF. To prevent this, positive-sequence
components of the measured voltages and currents are used as inputs in the
APL and AVC, while the negative-sequence components for the negative-
sequence CC. In this paper, Recursive Least Square (RLS) algorithm based
method is used to separate the voltage and current vectors into their respec-
tive sequence components [51]. To adapt to the changes in the grid frequency,
the internal frequency of the converter is used as an input to the RLS-based
sequence separator.

In accordance with the relation between negative-sequence voltage and cur-
rent provided in (B.16), the converter should exhibit negative-sequence reac-
tance, Xn = k−1

n . Therefore, the reference for the negative-sequence CC, i−⋆
f ,

is calculated as

i−⋆
f =

v−
g

jXn
, (B.17)

where v−
g represents the negative-sequence component of the PCC-voltage

vector. The factor, kn, is selected here equal to 2. Circular limitation is used
here for the negative-sequence current in order to keep the total converter
current within its rated value, IN. Giving positive-sequence current priority
for active and reactive-power support, the upper and lower limits for the
magnitude of the negative-sequence current reference, denoted by I−

f,ul and
I−

f,ll, respectively, are calculated as

I−
f,ul = IN − I+⋆

f ,

I−
f,ll = −I−

f,ul.
(B.18)

I+⋆
f denotes the magnitude of the positive-sequence current reference and is
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calculated as I+⋆
f =

√
(i+⋆

f,d)2 + (i+⋆
f,q )2. During limitation, the magnitude

of the negative-sequence current reference, I−⋆
f , is saturated at its upper or

lower limit according to (B.18). On the other hand, its phase angle, i.e., ∠i−⋆
f

is kept unchanged and is determined using (B.17).

6.1 Experimental Validation Under Unbalanced Grid
Conditions

The following test cases validate the effectiveness of the proposed limitation
strategy during unbalanced grid conditions. The set point for the active-power
flow from the converter is zero for the case studies presented here.

Dynamic Performance in Case of a Small Unbalance

In order to investigate the dynamic performance of the converter during a
small unbalance, the magnitude of the source voltage in phase B and C is
reduced by 30% for a duration of 1.0 s. Figure 13 shows the dynamic response
of converter system for this case.

It can be observed from the figure that following the specified disturbance,
the converter injects reactive power (red curve) to boost the positive-sequence
voltage at the PCC. Since kn = 2, the converter exhibits a negative-sequence
reactance of 0.5 pu (calculated by dividing the measured negative-sequence
voltage with resulting negative-sequence current during unbalance), hence al-
lowing the negative-sequence current to flow. Furthermore, the positive sign of
negative-sequence reactance confirms the inductive behavior of the converter
to counter unbalance in the PCC voltage.

Dynamic Performance in Case of a Severe Unbalance

In order to investigate the dynamic performance of the converter against a
severe unbalance, the magnitude of the source voltage in phase B and C is
reduced by 80% for a duration of 1.0 s. Figure 14 shows the dynamic response
of converter system for this case. It can be observed from the figure that
giving positive-sequence current priority over the negative sequence results in
an injection of maximum reactive power (red curve) from the converter. Since
the converter current reaches its rated value, there is no room left for the
negative-sequence current to flow, i.e, i−⋆

f is automatically set to zero from
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6 Controller Modifications for Unbalanced Grid Conditions

Figure 13: Dynamic response of GFM converter to a shallow unbalanced voltage
dip. From top to bottom: three-phase source voltage, measured ac-
tive (blue curve) and reactive power (red curve), measured positive-
sequence active (blue curve) and reactive (red curve) power, measured
converter-current magnitude, measured negative-sequence reactance of
the converter.
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Figure 14: Dynamic response of GFM converter to a severe unbalanced voltage
dip. From top to bottom: three-phase source voltage, measured active
(blue curve) and reactive power (red curve), measured positive-sequence
active (blue curve) and reactive (red curve) power, measured converter-
current magnitude.
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7 Conclusions

(B.18). Consequently, the measured converter current is composed of positive-
sequence component only unlike the current in Fig. 13, where the 100.0 Hz
oscillation due to negative-sequence component is evident.

7 Conclusions
In this paper, a novel current limitation strategy for grid-forming converters
has been presented. The existing current limitation strategies for GFM con-
verters have been discussed, together with causes for instability in case of large
disturbances. In order to guarantee converter’s stability and at the same time
preserve its GFM behaviour also during current limitation, a novel limitation
strategy has been presented. In the proposed strategy, current limitation is
achieved by dynamically limiting the virtual-back EMF vector. Experimental
results show the ability to effectively limit the current output of the converter
to the desired value for several system events, without the need to activate the
reference-current limiter at the input of the CC. Furthermore, modifications
to cope with unbalanced grid conditions and fulfil the related grid codes have
been presented.
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1 Introduction

Abstract

The aim of this paper is to present a grid-forming (GFM) con-
trol strategy with a novel active-power loop (APL) structure
facilitating limitation of active power while providing maxi-
mum available inertial support. This is achieved by decou-
pling the synchronization duties of the APL from the inertial
support. The latter is provided by calculating an active-power
reference through a dedicated inertia-emulation loop (IEL),
which is connected in cascade with the APL. The effectiveness
of the proposed method is demonstrated through time-domain
simulations including frequency transients of varying size and
unbalanced operating conditions.

1 Introduction
World-wide transformation efforts towards the future renewable-based power
system result in the replacement of synchronous with converter-interfaced
generation. Thanks to their voltage source behaviour and ability to easily
provide a number of ancilliary services such as inertial support, grid-forming
(GFM) converters are the preferred solution for the challenges associated with
this development [2]. One of the main challenges for GFM converters is to
be able to limit the converter current and at the same time maintain a stable
operation and GFM properties [3]. In this regard there is a lot of focus
in existing studies dealing with converter angle stability and related design
improvements on current limitation during voltage dips [4]–[8]. However, as
this paper will show, grid frequency disturbance is a relevant source of angular
instability; this kind of disturbance is particularly challenging when large
inertial support is required and grid synchronization is provided by the active-
power loop (APL).

Even though the focus of existing work has been on instability caused
by voltage fluctuations, there exist some publications suggesting solutions
for frequency-disturbance induced instability. From the existing literature,
mainly three strategies have been identified. The first is control-mode switch-
ing (CMS), as suggested in [9], where a complex modified droop control ma-
nipulates the active and reactive power references based on the converter
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currents to prevent loss of synchronism due to current saturation. A dif-
ferent approach involving CMS is presented in [10], selecting different fre-
quency response strategies based on frequency deviation and the typically
noise-sensitive estimate of the rate of change of frequency (RoCoF). The sec-
ond strategy is to adapt the inertia, which in [11] is based on a grid impedance
estimation to ensure a selected stability margin for the GFM converter. The
third strategy is to switch the synchronization duty during current limitation
to a backup synchronization unit, typically a phase-locked loop (PLL) [12],
[13]. CMS as well as parameter adaptation change the converter’s properties
abruptly. Some implementations require typically unknown system param-
eters to properly estimate the converter’s actual capabilities and otherwise
limit too conservatively or have the risk of not staying within the limits [14].
The use of a backup PLL during current saturation can result in the removal
of the converter’s GFM capabilities, which is undesirable as they are typically
needed the most during grid disturbances. Furthermore, the suggested solu-
tions to the GFM converter stability problem are closely integrated with the
rest of the suggested control system, making them highly specific.

The aim of this paper is to propose a solution to the GFM stability problem
by decoupling the synchronization task of the APL from the provision of
inertia. To address the issue properly, first it is investigated what the root
causes of angular instability in GFM converters are and why controllers which
provide inertial support are prone to instability when subjected to large grid
frequency disturbances. It is shown that existing solutions available in the
literature, typically based on variation of the active-power reference [4]–[8],
are not effective for this kind of event. Based on this analysis, a new solution
consisting of an inertia-emulation loop (IEL) in cascade with a fast active-
power controller is presented. The IEL is based on the structure of a PLL and
is used to generate an active-power reference emulating the desired amount
of inertia, whereas the APL provides synchronization with the grid. Next,
the tuning procedure for APL and IEL is established, demonstrating how the
IEL parameters relate to the desired inertia constant and damping ratio of
the inertial response. This is followed by results of time-domain simulations,
presented to demonstrate that the desired behavior is achieved. Thanks to the
proposed control strategy, it is possible to keep the grid-forming properties
and the converter current limits without the need for control-mode switching
or parameter adaptation.
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2 Grid-forming converter stability problem
The common property of the majority of the GFM control structures suggested
in the literature is that the converter should be modelled as a voltage source
behind an impedance [15], [16]. This behavior can be achieved using different
grid-synchronization methods, e.g. using a dedicated synchronization unit like
a PLL. However, GFM converters typically synchronize by relying on the
active-power transfer, which can even provide increased robustness in weak
grids and islanding operation [17]. In this work, the virtual admittance-based
approach from [18] is implemented with the structure displayed in Fig. 1. A
detailed description of the control system follows in the next section, as the
results of this study are not specific for this control structure.

Angle instability in GFM converters mainly occurs due to two reasons:
firstly, the power reference being too large for the grid conditions such as grid
strength and voltage, e.g. during a fault [4]–[8]; secondly, the power controller
being unable to follow the grid voltage angle in case of an angle jump or
frequency disturbance. The latter is the focus of this paper.

For the system depicted in Fig. 1 (bottom figure), neglecting the system
losses the steady state per-unit converter current is

Ic = V EMF − V s
jX = Vs sin δ + j(Vs cos δ − VEMF)

X
, (C.1)

where the dq-frame is aligned with the converter back EMF, δ denotes the
phase displacement between V EMF and V s, and X is the sum of reactances
between them1. The active-power transfer from the converter to the grid is
defined with ∗ symbolizing the complex conjugate as

P = Re{V EMFI∗
c} = VsVEMF

X
sin δ, (C.2)

and shown in blue in Fig. 2 for an example system.
Denoting with Imax the maximum allowed converter current and using cir-

cular current limitation [7] on the current reference Iref , the limited converter
current reference is

Iref,lim = Iref
Imax

Iref
∀ Iref > Imax. (C.3)

1The virtual admittance Y v = Z−1
v in Fig. 1 is the inverse of the series of the virtual

impedance Zv1 and the physical filter impedance Zf .
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Figure 1: Block scheme (top) and equivalent circuit (bottom) representation of
the virtual admittance-based GFM control approach.

Note that the activation of the current limiter is equivalent to a variation
of the phasor V EMF, defined as V ′

EMF in Fig. 3. From the figure, current
limitation results in a reduction of the load angle δ when compared with the
unlimited case, denoted as δAPL. Even despite this reduction, the angle δAPL
still has an impact on the exchanged active power, as it determines the angle
of the current reference Iref . Using (C.1)-(C.3), the relation between δAPL
and the current-limited active power Plimited is given as

Plimited = Re{V sI
∗
ref,lim} (C.4)

= VsVEMF sin δAPL
Imax√

V 2
s + V 2

EMF − 2VsVEMF cos δAPL
,

∀ Iref > Imax.

Figure 2 illustrates the current-limited P -δAPL relationship following from
(C.4) in red. After the current saturates at B, the power transfer decreases
for increasing δAPL.

The type of instability highlighted in this section occurs due to the inability
of the APL to follow the grid voltage angle in case of a severe frequency distur-
bance or phase angle jump. To follow a change in the grid frequency, a power
control error is required, causing the APL to adapt its internal frequency. As
an example, a frequency decline would cause the angle to increase until the
additional decelerating power Pd = −2H dω

dt is achieved. When the current is
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Figure 2: P -δAPL curve illustrating the converter angle stability problem for a cur-
rent limit of 1.1 pu with Vg = 1 pu. A: Pre-disturbance operating point;
B: Current limit reached; C: transient stability limit; Pdmax: maximum
decelerating power.
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Figure 3: Phasor diagram illustrating the effect of current limitation on the virtual
back EMF. Unlimited in blue, limited in red.

limited, the needed decelerating power might not be reached and the angle
continues to increase. Synchronism is lost if the unstable equilibrium point C
is passed, equivalent to synchronous machine first swing instability.

The simulation shown in Fig. 4 illustrates this instability mechanism caused
by a frequency decrease. During unsaturated operation, γ defined in Fig. 3 is
zero. During limitation, the required deceleration power Pd cannot be reached
and the APL angle δAPL increases steadily. As a consequence, γ is decreasing
at an accelerating rate, which demonstrates the loss of the synchronization
signal. In this case, loss of synchronism cannot be prevented by limiting the
active-power reference, because the additional power is not caused by a change
in reference, but by the slow APL’s inability to reject the grid disturbance.
GFM converters are prone to this type of instability when they rely on the
active power transfer for synchronization. Due to this, the APL output is not
a load angle, but a ramp-formed phase angle. When the APL angle output is
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manipulated to guarantee current limitation, the synchronization signal is lost.
Large inertia, high RoCoF and operating points close to the maximum power
transfer will increase the risk for this kind of instability, as the necessary
decelerating power increases or the available current for decelerating power
decreases, respectively.

3 Proposed solution
The GFM design incorporating both synchronization and inertial response
in the APL is the approach typically encountered in the literature [17], and
will here be referred to as integrated GFM. To overcome the described risk
for instability present in these approaches, the cascaded structure for the
converter’s active-power controller displayed in Fig. 5 is proposed here. The
PI-based APL tracks the active-power reference and synchronizes with the
grid, and generates the angle for the converter virtual back EMF. To avoid the
previously described problem, the bandwidth of the APL has to be relatively
high, so that its inertial contribution is negligible.

The inertia response PH is instead calculated by the IEL and added onto
the APL’s power reference Pset. This is similar to the approach proposed in
[19], where a PLL is used to provide an inertial response from a grid-following
converter. The advantage of the proposed approach over other methods to
provide RoCoF-proportional inertial response is that the frequency deriva-
tive is implicitly determined within the PLL. This replaces the noise-sensitive
derivation step and means that the RoCoF estimate is immediately avail-
able, reducing delays in the converter’s inertial response [19]. By generating
the inertial response explicitly as a part of the power reference, it can be
effectively limited, preventing the previously demonstrated instability. For
this, the admissible converter power Slim = VgSN

VN
is estimated with the rated

converter power SN and rated voltage VN. It is used together with the reac-
tive power injected by the converter, Q, to calculate the active-power limit,
Plim = (S2

lim −Q2)1/2, which is then applied to the active-power reference Pref .
In contrast to the proposed solution, the inertial response from an actual or

virtual synchronous machine is not achieved by varying the power reference,
but is a natural reaction to a frequency transient while mechanical torque or
power reference, respectively, are held constant. Due to that it is nontrivial
in these control designs to limit the active power without compromising the
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loop’s synchronization task. Separating the inertia from the APL as in the
proposed cascaded controller gives on the other hand the possibility to prevent
the current from exceeding its rated value by limiting the inertial power, which
in turn avoids the triggering of the current limiter in Fig. 1. Generating the
inertial response through the APL power setpoint comes furthermore with
the advantage that the presented IEL can be used with any sufficiently fast
APL, and can be even employed in grid-following converters to provide inertial
response. Even though it is based on a PLL structure, the IEL does only
provide inertia emulation, while the APL is exclusively responsible for active-
power reference tracking and in a GFM for synchronization with the grid.

The other parts of the controller shown in Fig. 1 are tuned according to
the method presented in [18]. While the active-power controller generates the
virtual back EMF angle, its magnitude is determined by the voltage controller,
here consisting of a simple integrator. The virtual admittance (VA) is used for
calculation of the reference current input to the current controller. Thanks
to its resistive-inductive nature, the VA provides reference-current filtering
(through Xv) and damping (through Rv); furthermore, it helps in preserving
the converter’s dynamic performance under varying grid strengths by reducing
the impact of the grid impedance on the total impedance variation [20]2. The
current references generated by the VA are limited with a circular current
limitation and finally fed to the vector-current controller.

3.1 Active-power loop tuning

The APL employed in this paper is based on a PI-regulator. The adopted
controller is tuned using a loop shaping approach with active damping. The
active-power transfer from the converter to the grid neglecting resistances is
given by the two port equation (C.2), which can be applied here due to the
relatively slow speed of APLs, allowing to use quasi-steady state equations.
To tune the controller properly, the equation is formulated with regard to the
measurable PCC voltage instead of the Thévenin source, with δ = θEMF −
θg. Linearizing this equation for small angle differences, and formulating the
transfer function for a change in the converter angle with a constant grid

2The virtual reactance is selected in the range of typical SM output reactance [21], while
the virtual resistance is chosen to provide a small time constant for the dc-current offset
originated from the large virtual reactance.
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voltage phase angle gives the plant model for the controller design as

Gθ(s) = ∆P

∆θEMF
= VEMFVg

XV
= Pvmax. (C.5)

The linearized system model corresponds to a PI-controller controlling an
integrator, which will result in a zero in the closed-loop transfer function and
a pronounced overshoot in the step response. To remove this overshoot, the
active damping term displayed in Fig. 5 is introduced. This is similar to the
approach typically used for vector current controllers (e.g. as suggested in
[22]) and results in the transfer function from the output of the PI-regulator
to the injected active power

Gω(s) = ∆P

∆ωc
= 1

Ra

RaPvmax

s + RaPvmax
, (C.6)

which corresponds to a first-order system with the bandwidth αω = RaPvmax.
As suggested in [22], this bandwidth is selected to match the desired control-
loop bandwidth αPC, resulting in

Ra = αPC/Pvmax. (C.7)

The closed-loop transfer function from the reference to the actual active power
then becomes

GPC(s) = KpAPLs + KiAPL

s2P −1
vmax + (KpAPL + Ra)s + KiAPL

. (C.8)

A proper selection of the loop’s gains reduces the system order to one:

GPC(s) = αPCs + α2
PC

s2 + 2αPCs + α2
PC

= αPC

s + αPC
, with (C.9)

KpAPL = Ra = αPC

Pvmax
and KiAPL = α2

PC
Pvmax

= αPCRa.

To keep in line with the proposed solution and limit the amount of inertia in
the active-power loop, αPC should be selected as high as feasible. As reported
in [23], there exist grid code requirements limiting the APL bandwidth to
5 Hz, which corresponds to an inertia constant of approximately 0.32 s.
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3.2 Inertia-emulation loop tuning
The IEL is tuned to behave equivalent in terms of inertial power contribution
to a synchronous machine (SM). The IEL’s output is the pure inertial response
PH, which is equivalent to a lossless synchronous condenser (SC), where the
mechanical power Pm = 0. The fundamental idea is that both SC and IEL
track the phase angle of the grid voltage with a given speed, which corresponds
to their inertia.

The relation between a change in rotor speed of the SM and an active-power
imbalance is given by the swing equation:

2H
dωr

dt
= Pm − Pe − Kd(ωr − ωs). (C.10)

Here, H denotes the inertia constant in seconds, ωr is the angular rotor fre-
quency, ωg the angular frequency of the grid voltage, Pe the electrical power
injected to the grid and Kd the damping coefficient of the machine, with all
quantities but H in pu. For a SM operating in a stable steady-state operating
point, electrical and mechanical power must be equal. During a grid distur-
bance, the power imbalance in such a machine will be its inertial response
PH = Pm − Pe. Laplace-transforming and rearranging yields

ωrs = −PH

2H
− Kd

2H
(ωr − ωs). (C.11)

As the mechanical time constants are much higher than the electrical, the
SM’s electrical power Pe can be expressed in quasi-steady state as in (C.2),
neglecting the resistances. Assuming a dq-coordinate frame that is aligned
with the machine’s back EMF results in

Pe = VEMFVs

X
sin(θr − θs) = −VEMF

X
V q

s , (C.12)

where V q
s denotes the source voltage q-component, and X the sum of re-

actances between the back EMF and source voltage. In the SC case with
Pm = 0, back EMF and grid voltage are aligned with each other in steady
state and V q

s is zero. A change in the grid voltage phase angle would result
in a misalignment of the voltages and an active power PH = Pe.

For small angle differences, this can be linearized as

PH = VEMFVs

X
(θr − θs) = VEMFVs

Xs
(ωr − ωg), (C.13)
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Figure 6: Comparison with synchronous condenser and impact of the damping ratio
on rise time and overshoot.

using the angular frequency and phase angle relationships

θrs = ωr and θss = ωs. (C.14)

In most cases the additional power and consequently angle difference due to
inertial response is small, and the linearization creates only negligible devia-
tions. Using the previous equation to rearrange (C.11) with the SM maximum
transferable active power Psmax = VEMFVs

X results in

ωrs = −( Kd

2HPsmax
s + 1

2H
)PH. (C.15)

Equivalent behaviour can be established for the IEL. If the emulated inertial-
power reference PH is chosen as the input to the IEL’s PI-regulator, the deriva-
tive of the loop’s internal frequency is determined as

ωvrs = −(Kps + Ki)PH, (C.16)

where ωvr is the loop’s frequency estimate and Kp and Ki the proportional
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and integral gain, respectively. PH is given by

PH = − Vc

Xf
V q

g , (C.17)

with the PCC voltage q-component V q
g in the coordinate system aligned with

the IEL angle θvr, and the filter reactance Xf . This equation is the two-
port equation formulated with the converter terminal and PCC voltage. The
virtual back EMF is replaced with the converter terminal voltage because the
virtual resistance can take values that are too high to be neglected, making
the use of the simplified two-port equation inaccurate. The Thévenin source
voltage V s is replaced with the PCC voltage because the latter can be directly
measured. The tracking behaviour of SM and IEL given in (C.11) and (C.16),
respectively, can be related to each other to establish equivalent behavior with
the following tuning:

Ki = ωb

2H
, Kp = ωbKd

2HPmax
, with Pmax = VcVg

Xf
. (C.18)

This formulation assumes all quantities in the IEL are in pu with the exception
of virtual angular frequency ωvr and virtual rotor angle θvr, which is why the
base angular frequency ωb appears in both expressions. Thus, the integral gain
of the IEL directly relates to the inertia constant of the SM behavior to be
reproduced, while the proportional gain represents the damping. To receive an
accurate replication of the desired inertial response it is advisable to substract
the inertia constant remaining in the APL from the inertia constant used for
the IEL so that the cumulative effect is as required.

3.3 Selection of damping
As mentioned above, the proportional gain relates to the damping of the
inertial response from the IEL. The relation in (C.18) determines Kp if a
specific SM damping coefficient is to be reproduced. In a SM, damping is
linked to physical properties such as friction and typically associated with
losses. In consequence, SMs are usually poorly dampened. In the IEL, the
damping does not imply any losses, which means it becomes an additional
degree of freedom. Increased damping comes however with the downside of a
slower response.

In the previous section was established that inertial response relates to
tracking changes in the grid voltage angle with a specific speed. This tracking
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speed is determined by the IEL closed loop transfer function, given as

GIEL(s) = ∆θvr

∆θg
= Pmax(Kps + Ki)

s2 + PmaxKps + PmaxKi
, (C.19)

employing the small angle linearization

∆θg = 1
Vg

∆V q
g . (C.20)

This is a damped second order response with a zero,

GIEL(s) = 2ζωns + ω2
n

s2 + 2ζωns + ω2
n

, where (C.21)

ωn =
√

ωbPmax

2H
, and ζ =

√
ωb

2HPmax
Kd

using (C.18), which allows to determine the proportional gain based on the
damping ratio as

Kp = ζ

√
2ωb

HPmax
. (C.22)

The effect of different damping ratios is shown in the results from time-domain
simulations in Fig. 6. For this study case, the frequency of the voltage source is
reduced with 1 Hz/s from 50 Hz to 47 Hz, while the steady-state active-power
reference is set to Pset = 0 pu. The inertia constant is selected as H = 4.68 s,
which together with the inertial contribution from the APL results in a total
inertia constant of 5 s, meaning that the frequency disturbance should result
in an inertial response of 0.2 pu. The figure demonstrates that the proposed
controller is able to reproduce the behavior of a synchronous machine with
good accuracy. The chosen approach to combine a fast APL with a change in
the power reference causes a minor delay when compared to the physics based
response of the SM. It can also be seen that the low damping of the SM causes
a challenging behavior. As the IEL damping can be freely adapted without
any losses, a response without overshoot (ζ = 1) can be selected. To reduce
the rise time, a damping ratio of ζ = 0.707 is suggested as a compromise
between speed and damping of the inertial response.
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Figure 7: Dynamic response of GFM converter to the smaller simulated frequency
disturbance (0.5 Hz/s), not causing current saturation.

3.4 Sequence separation and harmonic filtering

Unbalanced conditions or operation under distorted grid voltages impact the
IEL and result in an unsteady inertial-power reference. To avoid this, a se-
quence separation is applied to the PCC and converter terminal voltages as
shown in Fig. 5. For this paper, the recursive least square (RLS) based method
from [24] is implemented in dq-coordinates. The transfer functions resulting
from transforming the state-space model presented in [24] into dq-coordinates
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Table 1: System and control parameters
System parameters Control parameters
SN 1 kVA Lv1 0.35 pu
VN 100 V Rv1 0.235 pu
ωb 314.16 rad/s αpc 2π 5 rad/s
Lf 0.15 pu H 4.68 s
Rf 0.015 pu ζ 0.707
SCR 3 ξ 0.9 pu

is

GRLSp(s) =
ṽdq

p

vdq =
(ωξ − jω ξ2

2 )s + ω2ξ2 + 2jω2ξ

s2 + (2ωξ + 2jω)s + ω2ξ2 + 2jω2ξ
(C.23)

GRLSn(s) = ṽdq
n

vdq =
(ωξ + jω ξ2

2 )s
s2 + (2ωξ + 2jω)s + ω2ξ2 + 2jω2ξ

, (C.24)

where ṽdq
p and ṽdq

n are the voltage dq-vector positive and negative sequence
estimates, ω is the grid frequency3 and ξ is the estimator’s relative bandwidth.
The RLS-algorithm provides not only sequence separation, but also effective
harmonic filtering [24].

4 Simulation results
The effectiveness of the proposed solution is validated by time-domain simu-
lations of an average model of the grid-connected converter system shown in
Fig. 1. The first case study compares the cascaded controller suggested here
with an integrated GFM design for two frequency disturbances with different
RoCoF, demonstrating both equivalence for operation below the active-power
limit as well as the effectiveness of the suggested solution for ensuring robust
operation in current saturation. In the next part, the effect of the RLS se-
quence separation is demonstrated, both in terms of added delay as well as
the ability for unbalanced operation. Finally, operation under distorted grid
voltage conditions is shown. The system and controller parameters used in

3Here a fixed grid frequency is assumed and ω = ωb, but as shown in [24] a frequency
adaptation can be used as well.
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Figure 8: Dynamic response of GFM converter to the larger simulated frequency
disturbance (2 Hz/s), causing current saturation.

the simulations are given in Table 1. The over-current limit of the converter
is set to 1.1 pu, SN is 1.0 pu and a circular current limiter is used to limit the
current reference.

4.1 Comparison with integrated GFM
The proposed cascaded power controller is compared to the integrated GFM
control [7], which is tuned to the same inertia constant, by simulating two
disturbances. In both cases the PCC-voltage is controlled by the converter
to 1.0 pu, with an active-power reference of Pset = 0.8 pu. The first study
case is a frequency reduction of the infinite voltage source, ωs, from 50.0 Hz to
49.0 Hz at a rate of 0.5 Hz/s, while in the second case the frequency is varied
with 2.0 Hz/s to a minimum of 47.0 Hz. As shown in Fig. 7, in case of the
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Figure 9: Delay introduced to the inertial response due to the inclusion of the RLS
sequence estimation.

smaller frequency disturbance the inertial power response from the two control
structures is practically equal, demonstrating that an equivalent response can
be achieved with the proposed design. The internal converter frequencies ωc
shown in the top plot are following the declining grid frequency closely. The
active-power response exhibits a small delay for the cascaded controller, as in
this case the inertial response is coming not from within the APL, but as a
change in the power reference.

For the larger frequency disturbance shown in Fig. 8, synchronization is
lost when the virtual inertia is provided directly in the APL and consequently
the current limiter is saturated (integrated GFM control, red curves). The
converter control with the proposed cascaded structure (blue curves) on the
other hand is able to limit the current close to its rated value and keep syn-
chronism with the grid. The active power exceeds the limit imposed on Pref
(1 pu), because despite of its high bandwidth the APL still contributes some
inertia. Still, the converter current can be effectively limited to close to 1 pu
without saturating the circular current limitation. It can also be noted that
the inertial response continues for approximately 200 ms after the frequency
transient has finished. This is due to the fact that the unlimited inertial re-
sponse reference from the IEL is 0.4 pu, but the response is limited at 0.2 pu.
The unlimited inertial response reference starts to decrease from the moment
the transient ends, e.g. as in Fig. 7, but due to the limitation this becomes
not visible before it has reduced to less than 0.2 pu. This effect could be mini-
mized by including an anti-windup, which increases the IEL bandwidth based
on the saturation of the power reference limiter.
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Figure 10: IEL performance without and with sequence separation during an un-
balanced voltage dip.

It has even been verified through simulations that there is no notable differ-
ence between the cascaded controller’s and an integrated GFM’s reaction to
a grid voltage phase angle jump, apart from the cascaded controller’s ability
to prevent instability.

4.2 Unbalanced operation and harmonic filtering
The addition of the RLS-based sequence separation causes a small delay to the
generated inertial response signal. As demonstrated in Fig. 9, this delay is only
minimal. A more detailed analysis shows that the delay is around 5 ms and
has therefore a neglectable impact on the inertial timescale. To demonstrate
the necessity of sequence separation, additionally to the frequency transient
a single-phase voltage dip is applied and the results are presented in Fig. 10.
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Figure 11: IEL performance without and with sequence separation under the pres-
ence of voltage harmonics.

Without the sequence separation (blue curve), the negative sequence causes a
100 Hz-oscillation in the dq-voltage vector, which is transferred into the voltage
q-component and consequently inertial-power reference. The red curve shows
the results including the sequence separation, and in this case the inertial-
power reference is free from harmonic components. The only exception are
transient oscillations at the beginning and end of the fault, which are caused
by the time needed for the RLS to correctly estimate the sequence components.
In Fig. 11, a 5th and 7th harmonic of 0.05 pu magnitude each are added to
the source voltage. Even though the RLS is not tuned explicitely to remove
these harmonic components, it can be seen that the majority of harmonic
content is removed by the RLS and APL, both of which have a low-pass
characteristic. This shows that a sequence separation is necessary, that the
suggested method has a neglegible impact on the speed of the inertial response
and that it effectively rejects oscillations due to unbalanced conditions and
harmonic components. It has been verified with simulations that the RLS
does not impact the robustness of the proposed approach negatively.

5 Conclusions
This paper demonstrates that grid frequency disturbances can cause instabil-
ity in inertia-providing GFM converters, and that the existing strategies to
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manipulate the power reference during current saturation are ineffective in this
case. To solve the problem of loss of synchronism due to a slow active-power
loop exposed to current limitation, a cascaded power controller consisting of an
IEL and a fast active-power controller is proposed. This approach effectively
decouples the control elements responsible for provision of inertia and syn-
chronization to the grid, resulting in a robust behavior even during frequency
transients. The structure of the IEL is presented along with simulation results
verifying that the proposed approach maintains a stable operation even dur-
ing major disturbances. Future work on the proposed controller is necessary
to investigate the stability limits of the proposed approach and improvements
to its large disturbance robustness, as well as lab verification of the presented
results.
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1 Introduction

Abstract

The aim of this paper is to present a grid-forming (GFM) con-
trol strategy with a novel active-power loop (APL) structure
facilitating limitation of active power while providing maxi-
mum available inertial support. This is achieved by decoupling
the synchronization duties of the APL from the inertial sup-
port. The latter is provided by calculating the active-power
reference through a dedicated inertia-emulation loop (IEL),
which is connected in cascade with the APL. The effectiveness
of the proposed method is demonstrated through laboratory
experiments including frequency transients of varying size and
unbalanced operating conditions.

1 Introduction
World-wide transformation efforts towards the future renewable-based power
system result in the replacement of synchronous with converter-interfaced
generation. The preferred solution for the challenges associated with this
development are grid-forming (GFM) converters, which typically rely on their
active-power loop (APL) for grid synchronization [2]. This allows the con-
verter to act as a voltage source and enables to easily provide a number of
ancilliary services such as inertial support and fault current contribution [3].
One of the main challenges for GFM converters is the necessity to limit the
converter current and at the same time maintain stable operation and the
required GFM properties [4]. Due to this, as reviewed recently in [5] a large
number of publications is available on the topic of current limitation in GFM
converters. The vast number of current-limitation strategies for GFM con-
verters can be sorted into three main categories [5]: strategies employing a
type of current-reference limiter such as [6]–[10], strategies relying on a virtual
impedance for current limitation as for example [11], [12], and finally strate-
gies employing a limitation of the virtual back electro-motive force (EMF)
such as [13]. The referenced articles as well as the majority of existing stud-
ies dealing with the stability of current-limited GFM converters [7], [14], [15]
focus on current limitation during voltage dips. However, as this article will
show, grid-frequency disturbances are a relevant cause of current saturation

D3



Paper D

that can lead to angular instability. This kind of disturbance is particularly
challenging when the APL provides not only grid synchronization, but also
inertial support.

From the few available publications dealing with frequency-disturbance in-
duced instability, mainly three types of current limitation strategies have been
identified. The first is control-mode switching (CMS), as suggested e.g. in
[16], where a complex modified droop control manipulates the active and re-
active power references based on the converter currents to prevent loss of
synchronism due to current saturation. A different approach involving CMS
is presented in [17], selecting different frequency-response strategies based on
frequency deviation and an estimate of the rate of change of frequency (Ro-
CoF). A third example is given in [18], where a re-synchronization aid function
is employed to limit frequency variation while the converter is in current con-
trol mode. The second type of strategy is to adapt the inertia, which in [19]
is based on grid impedance estimation, to ensure a chosen stability margin
for the GFM converter. The third strategy is to switch the synchronization
duty during current limitation to a backup synchronization unit, typically a
phase-locked loop (PLL) [20]–[22].

CMS as well as parameter adaptation change the converter’s properties
abruptly, which is typically not desirable. Furthermore, some implementations
require knowledge of system parameters such as the grid impedance, which is
typically unknown. Inaccurate estimation of these parameters results in ei-
ther too conservative or excessive limits, making it challenging to fully utilize
the converter’s actual capabilities without risk of overcurrent [23]. Further-
more, these solutions are typically tailor-made for a specific GFM controller,
resulting in a challenging adaptation for usage with other control strategies.
The use of a backup PLL during current saturation changes the controller’s
characteristics and, depending on the implementation, can result in the loss
of some of the converter’s GFM capabilities [24], which is undesirable as they
are typically needed the most during grid disturbances.

The aim of this article is to propose a solution to the GFM stability prob-
lem by decoupling the synchronization task of the APL from the provision
of inertia. To address the issue properly, the root causes of angular instabil-
ity in GFM converters are investigated. Here, the focus lies on the sources
of instability for inertia-providing controllers in case of large grid-frequency
disturbances. It is shown that existing solutions available in the literature,
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Figure 1: Circuit diagram and control system of a grid-connected converter.

typically based on variation of the active-power reference [6], [7], [11], [14],
[15], are not effective for this kind of event because the inertial effect appears
in the APL after the reference variation. Based on this analysis, a new solution
originally presented in [25] is investigated, consisting of an inertia-emulation
loop (IEL) in cascade with a fast APL. The IEL is based on the structure of
a PLL and is used to generate an active-power reference emulating the de-
sired amount of inertia, whereas the APL provides synchronization with the
grid. Decoupling the synchronization loop from the inertia provision enables
to dynamically limit the converter’s load angle through the limitation of the
active-power reference. As a consequence, the current output of the converter
can always be controlled within the converter’s ratings without the need for
a current-reference limiter, thus preventing instability due to grid-frequency
disturbances [26], [27]. Next, the tuning procedure for APL and IEL is es-
tablished, demonstrating how the IEL parameters relate to the desired inertia
constant and damping ratio of the inertial response. This is followed by ex-
perimental validation, demonstrating that the desired behavior is achieved.
Thanks to the proposed control strategy, it is possible to preserve the GFM
properties and limit the converter current without the need for control-mode
switching or parameter adaptation.

2 Grid-Forming Converter Stability Problem
The common property of the majority of the GFM control structures suggested
in the literature is that the converter should be modelled as a voltage source
behind an impedance [3], [28]. This behavior can be achieved using different
grid-synchronization methods, e.g. using a dedicated synchronization unit like
a PLL. Figure 1 shows a typical grid-connected converter with its controller
and the control input and output signals. GFM converters typically syn-
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Figure 2: Block scheme (top) and equivalent circuit (bottom) representation of
the virtual admittance-based GFM control approach.

chronize by relying on the active-power transfer, which can provide increased
robustness in weak grids and islanding operation [29]. In this work, the vir-
tual admittance-based approach from [30] is implemented with the structure
displayed in Fig. 2. A detailed description of the control system follows in
the next section, as the results of this study are not specific for this control
structure.

Angle instability in GFM converters mainly occurs due to two reasons:
firstly, the power reference being too large for the grid conditions such as grid
strength and voltage, e.g. during a fault [6], [7], [11], [14], [15]; secondly, the
power controller being unable to follow the grid voltage angle in case of an
angle jump or frequency disturbance. The latter is the focus of this paper.

For the system depicted in Fig. 2 (bottom figure), neglecting the system
losses the steady state per-unit converter current is

Ic = V EMF − V s
jX = Vs sin δ + j(Vs cos δ − VEMF)

X
, (D.1)

where the dq-frame is aligned with the converter back EMF, δ denotes the
phase displacement between V EMF and V s, and X is the sum of reactances
between them1. The active-power transfer from the converter to the grid is

1The virtual admittance Y v = Z−1
v in Fig. 2 is the inverse of the series of the virtual

impedance Zv1 and the physical filter impedance Zf .
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defined with ∗ symbolizing the complex conjugate as

P = Re{V EMFI∗
c} = VsVEMF

X
sin δ, (D.2)

and shown in blue in Fig. 3 for an example system.
Denoting with Imax the maximum allowed converter current and using cir-

cular current limitation [6] on the current reference Iref , the limited converter-
current reference is

Iref,lim = Iref
Imax

Iref
∀ Iref > Imax. (D.3)

Note that the activation of the current limiter is equivalent to a variation
of the phasor V EMF, defined as V ′

EMF in Fig. 4. From the figure, current
limitation results in a reduction of the load angle δ when compared with the
unlimited case, denoted as δAPL. Even despite this reduction, the angle δAPL
still has an impact on the exchanged active power, as it determines the angle
of the current reference Iref . Using (D.1)-(D.3), the relation between δAPL
and the current-limited active power Plim is given as

Plim = Re{V sI
∗
ref,lim} (D.4)

= VsVEMF sin δAPL
Imax√

V 2
s + V 2

EMF − 2VsVEMF cos δAPL
,

∀ Iref > Imax.

Figure 3 illustrates the current-limited P -δAPL relationship following from
(D.4) in red. After the current saturates at B, the power transfer decreases
for increasing δAPL.

The type of instability highlighted in this section is caused by an inability
of inertia-providing APLs to follow the grid voltage angle in case of severe
frequency disturbances or phase angle jumps. To follow a change in the grid
frequency, the APL needs to adapt its internal frequency, which requires a
power control error. As an example, a frequency decline would cause the load
angle δ to increase until the additional decelerating power Pd = −2H

dωg
dt is

achieved, where H is the APL’s inertia constant in s and ωg is the grid-voltage
angular frequency in rad/s. This decelerating power will appear as a steady-
state error in the active power for a constant RoCoF. When the current is
limited, the needed decelerating power might not be reached, resulting in an
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Figure 4: Phasor diagram illustrating the effect of current limitation on the virtual
back EMF. Unlimited in blue, limited in red.

continuously increasing load angle. This can cause the loss of synchronism if
the unstable equilibrium point C is passed, equivalent to first swing instabil-
ity in a synchronous machine (SM). It should be noted that the decelerating
power only depends on the APL’s control parameters and the grid distur-
bance, not on the active power reference. It is therefore impossible to affect
this power control error by limiting the reference, and even during operation
with an active-power reference of zero the decelerating power can cause the
converter’s current limiter to saturate for large inertia constants and frequency
disturbances.

The simulation shown in Fig. 5 illustrates this instability mechanism caused
by a frequency decrease. During unsaturated operation, the angle γ defined in
Fig. 4 is zero. During limitation, the required deceleration power Pd cannot
be reached and the APL angle δAPL increases steadily. As a consequence,
γ is decreasing at an accelerating rate, which demonstrates the loss of the
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synchronization signal. In this case, loss of synchronism cannot be prevented
by limiting the active-power reference, because the additional power is not
caused by a change in reference, but by the APL’s inability to reject the grid
disturbance. GFM converters are prone to this type of instability when they
rely on the active-power transfer for synchronization. Due to this, the APL
output is not a load angle, but a ramp-formed phase angle. When the APL
angle output is manipulated to guarantee current limitation, the synchroniza-
tion signal is lost. Large inertia, high RoCoF and operating points close to
the maximum power transfer will increase the risk for this kind of instabil-
ity, as the necessary decelerating power increases or the available current for
decelerating power decreases, respectively.

3 Proposed Solution
The GFM design incorporating both synchronization and inertial response
in the APL is the approach typically encountered in the literature for GFM
converters providing an inertial response [29], and will here be referred to
as integrated GFM. To overcome the described risk for instability present
in these approaches, the cascaded structure for the converter’s active-power
controller displayed in Fig. 6 is proposed here. The PI-based APL tracks
the active-power reference and synchronizes with the grid by generating the
angle for the converter virtual back EMF. As the duty of the APL is to provide
sychronization only, a relatively high loop bandwidth can be selected to ensure
good dynamic performance regarding both disturbance rejection (e.g. in the
case of phase jumps) and reference tracking.

The inertia response PH is instead calculated by the IEL and added onto the
APL’s power reference Pset. This is similar to the approaches proposed in [31],
[32], where a PLL is used to provide an inertial response from a grid-following
converter. The advantage of the proposed approach over other methods to
provide RoCoF-proportional inertial response is that the frequency deriva-
tive is implicitly determined within the IEL. This replaces the noise-sensitive
derivation step and means that the RoCoF estimate is immediately avail-
able, reducing delays in the converter’s inertial response [31]. By generating
the inertial response explicitly as a part of the power reference, it can be
effectively limited, preventing the previously described instability. In the in-
tegrated GFM, a large frequency disturbance would cause the current limiter
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to saturate. In the proposed solution, the active-power reference is adequately
limited instead, which prevents saturation of the current and the consequential
instability. For this, the admissible converter power Slim = VgSN

VN
is estimated

with the rated converter power SN and rated voltage VN
2. It is used together

with the reactive power injected by the converter, Q, to calculate the active-
power limit, Plim = (S2

lim − Q2)1/2, which is then applied to the active-power
reference Pref [26].

In contrast to the proposed solution, the inertial response from an actual
or virtual SM is not achieved by varying the power reference, but is a natural
reaction to a frequency transient while mechanical torque or power reference,
respectively, are held constant. Due to that it is nontrivial in these control
designs to limit the active power without compromising the loop’s synchro-
nization task. Separating the inertia from the APL as in the proposed cas-
caded controller gives on the other hand the possibility to prevent the current
from exceeding its rated value by limiting the inertial power, which in turn
avoids the triggering of the current limiter in Fig. 2. Generating the inertial
response through the APL power reference comes with the additional advan-
tage that the presented IEL can be used with any sufficiently fast APL, and
consequently can even be employed in grid-following converters to provide in-
ertial response. Despite of being based on a PLL structure, the IEL does only
provide inertia emulation, while the APL is exclusively responsible for active-
power reference tracking and, in a GFM, for synchronization with the grid.
To enable operation under unbalanced and distorted grid voltage conditions, a
sequence separation and harmonic filtering method based on a recursive least
square algorithm (RLS) is used on the inputs of the IEL.

The other parts of the controller shown in Fig. 2 are tuned according to
the method presented in [26]. While the active-power controller generates the
virtual back EMF angle, its magnitude is determined by the voltage controller
(VC), here consisting of a simple integrator with a droop. The voltage-based
limiter presented in [26] is used to ensure current limitation by reducing the
back-EMF magnitude when necessary. The virtual admittance (VA) is used to
calculate current references from the limited back EMF voltage and the PCC
voltage. Thanks to its resistive-inductive nature, the VA provides reference-

2This applies if the converter-power reference should be limited so that 1 pu current is not
exceeded. If it is admissible for the converter to temporary inject larger current, e.g.
thanks to a temporary overcurrent capability, Slim = VNImax instead, with Imax being
the temporary current limit.
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current filtering (through Xv) and damping (through Rv); furthermore, it
helps in preserving the converter’s dynamic performance under varying grid
strengths by reducing the impact of the grid impedance on the total impedance
variation [33]3. To ensure proper protection of the converter hardware, a circu-
lar current limitation as described in (D.3) is applied to the current references.
Note that this current limiter has a protection function only; the controller is
designed such that the limiter at maximum saturates for a few samples during
the beginning of severe disturbances and relies on the limiters in the outer loop
to keep the current within its limit. The limited current references are then
fed to a vector-current controller to generate a converter-voltage reference.

3.1 Active-Power Loop Tuning
The APL employed in this paper is based on a PI-regulator, as described in
[30], to guarantee proper tracking of the active-power reference even when
the grid frequency varies from the rated frequency [35]. The controller’s PI-
regulator is tuned using a loop-shaping approach with active damping. Fol-
lowing the tuning approach in [25], the controller parameters are selected as

Kpd = 2 αPC

Pvmax
, KpPC = αPC

Pvmax
, KiPC = αPCKpd, (D.5)

where Kpd is the active damping term4, KpPC is the controller’s proportional
and KiPC the integral gain. αPC is the APL’s desired closed-loop control
bandwidth, and

Pvmax = VEMFVg

XV
(D.6)

is the converter’s power transfer limit as determined by small-signal stability.
As demonstrated in [25], this controller is suitable for the desired separation of
inertial support from the APL and provides perfect power-reference tracking
for constant grid-frequencies.

An ongoing grid-frequency disturbance will however result in a steady-state
error in the active power, similar to an inertial response. This can be shown

3The virtual reactance is selected in the range of typical SM output reactance [34], while
the virtual resistance is chosen to provide a small time constant for the dc-current offset
originated from the large virtual reactance.

4Note that here the active damping has been changed in comparison to [25] to provide
additional active damping in case of active-power reference steps.
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by examining the transfer function from a change the grid voltage angle θg to
the change in the active power ∆P ,

Gg(s) = ∆P

∆θg
= −s2

P −1
vmaxs2 + (KpPC + Kpd)s + KiPC

. (D.7)

A constant RoCoF can be expressed by ∆θg = kωb
s3 , where k is the RoCoF in

pu and ωb is the base angular frequency in rad/s. The steady-state error is
then given by applying the final value theorem:

lim
t→∞

∆P = lim
s→0

sGg(s)kωb

s3 = − kωb

KiPC
. (D.8)

If desired, inertial contribution from the APL under the presence of a con-
stant RoCoF can be removed by adding a second-order integrator. In this
case, an integrative gain has to be included in the active-damping term to
achieve the desired control behavior. This corresponds to the APL shown
in Fig. 6 including the blocks in red. The tuning of this second-order APL
follows the same loop-shaping approach and is shown below.

The active-power transfer from the converter to the grid neglecting resis-
tances is given by the two port equation (D.2), which can be applied here
due to the relatively slow speed of APLs, allowing to use quasi-steady state
equations. To tune the controller properly, the equation is formulated with
regard to the measurable PCC voltage instead of the Thévenin source, with
δ = θEMF − θg. Linearizing this equation for small angle differences, and
formulating the transfer function for a change in the converter angle with
a constant grid voltage phase angle gives the plant model for the controller
design as

Gθ(s) = ∆P

∆θEMF
= VEMFVg

XV
= Pvmax. (D.9)

The closed-loop transfer function for a step in the power reference including
the controller and plant model contains a first- and second-order zero, which
results in a pronounced overshoot in the step response. To remove this over-
shoot, the active damping terms Kpd and Kid/s are introduced as displayed
in Fig. 6. This is similar to the approach typically used for vector current
controllers (e.g. as suggested in [36]), but in this case an integrative term is
included in the active damping as well to cancel the second-order zero. This
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results in the transfer function from the output of the PI-regulator to the
injected active power

Gω(s) = ∆P

∆ωc
= 1

Kid

PvmaxKids

s2 + PvmaxKpds + PvmaxKid
, (D.10)

which corresponds to a second-order system with natural frequency ω0 =√
PvmaxKid and the damping ratio ζD = PvmaxKpd(2ω0)−1. Good results have

been achieved by selecting the natural frequency to match half of the desired
control-loop bandwidth αPC, and choosing a damping ratio of 2, which results
in

Kid = ω2
0

Pvmax
= α2

PC
4Pvmax

and

Kpd = 2ω0ζD

Pvmax
= 2αPC

Pvmax
.

(D.11)

The closed-loop transfer function from the reference to the actual active power
is

GPC(s) = ∆P

∆Pref
= PvmaxFPC

s + Pvmax(FPC + FD) , (D.12)

with

FPC = KpPC + KiPC

s
+ KsPC

s2 and

FD = Kpd + Kid

s

(D.13)

A proper selection of the controller gains by comparing coefficient reduces the
system order to one:

GPC(s) = PvmaxFPC

s + Pvmax(FPC + FD) = αPC

s + αPC
, (D.14)

with
s

αPC
= s + PvmaxFD

PmaxFPC
(D.15)

resulting in

FD = FPC
s

αPC
− s

Pvmax
(D.16)
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and finally in

Kpd + Kid

s
= KpPC

s

αPC
+ KiPC

αPC
+ KsPC

αPCs
− s

Pvmax
. (D.17)

This yields the controller gains

KpPC = αPC

Pvmax

KiPC = αPCKpd = 2α2
PC

Pvmax

KsPC = αPCKid = α3
PC

4Pvmax

(D.18)

As mentioned before, the addition of a second-order integrator in the APL
is optional with the aim to reduce the amount of inertial response from the
APL. If a first-order controller is preferred, setting the parameters KsPC and
Kid in (D.11) and (D.18) to 0 results in the same parameter values as (D.5).

Since in the proposed controller the IEL provides the inertial response and
the APL is only responsible for power reference tracking and synchronization,
the bandwidth αPC can be selected as desired. Advantages of a fast APL
include better rejection of grid-frequency disturbances and consequently more
robust synchronization as well as better power reference tracking. In this pub-
lication, an APL loop bandwith of 5 Hz is chosen, which is in the frequency
range typical used in PLLs used for synchronization in grid-following convert-
ers while still respecting the upper limit for control-loop bandwidths for GFM
control from the grid codes reported in [37].

3.2 Inertia-Emulation Loop Tuning
The IEL is tuned to behave equivalent in terms of inertial power contribution
to a SM. The IEL’s output is the pure inertial response PH, which is equivalent
to a lossless synchronous condenser (SC), where the mechanical power Pm = 0.
The fundamental idea is that both SC and IEL track the phase angle of the
grid voltage with a given speed, which corresponds to their inertia.

The relation between a change in rotor speed of the SM and an active-power
imbalance is given by the swing equation:

2H
dωr

dt
= Pm − Pe − Kd(ωr − ωs). (D.19)

D15



Paper D

Here, H denotes the inertia constant in seconds, ωr is the angular rotor fre-
quency, ωg the angular frequency of the grid voltage, Pe the electrical power
injected to the grid and Kd the damping coefficient of the machine, with all
quantities but H in pu. For a SM operating in a stable steady-state operating
point, electrical and mechanical power must be equal. During a grid distur-
bance, the power imbalance in such a machine will be its inertial response
PH = Pm − Pe. Laplace-transforming and rearranging yields

ωrs = −PH

2H
− Kd

2H
(ωr − ωs). (D.20)

As the mechanical time constants are much higher than the electrical, the
SM’s electrical power Pe can be expressed in quasi-steady state as in (D.2),
neglecting the resistances. Assuming a dq-coordinate frame that is aligned
with the machine’s back EMF results in

Pe = VEMFVs

X
sin(θr − θs) = −VEMF

X
V q

s , (D.21)

where V q
s denotes the source voltage q-component, and X the sum of re-

actances between the back EMF and source voltage. In the SC case with
Pm = 0, back EMF and grid voltage are aligned with each other in steady
state and V q

s is zero. A change in the grid voltage phase angle would result
in a misalignment of the voltages and an active power PH = Pe.

For small angle differences, this can be linearized as

PH = VEMFVs

X
(θr − θs) = VEMFVs

Xs
(ωr − ωg), (D.22)

using the angular frequency and phase angle relationships

θrs = ωr and θss = ωs. (D.23)

In most cases, the additional power and consequently angle difference due to
inertial response is small, and the linearization creates only negligible devia-
tions. Using the previous equation to rearrange (D.20) with the SM maximum
transferable active power Psmax = VEMFVs

X results in

ωrs = −( Kd

2HPsmax
s + 1

2H
)PH. (D.24)
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Equivalent behaviour can be established for the IEL. If the emulated inertial-
power reference PH is chosen as the input to the IEL’s PI-regulator, the deriva-
tive of the loop’s internal frequency is determined as

ωvrs = −(Kps + Ki)PH, (D.25)

where ωvr is the loop’s frequency estimate and Kp and Ki the proportional
and integral gain, respectively. PH is given by

PH = − Vc

Xf
V q

g , (D.26)

with the PCC voltage q-component V q
g in the coordinate system aligned with

the IEL angle θvr, and the filter reactance Xf
5. This equation is the two-

port equation formulated with the converter terminal and PCC voltage. The
virtual back EMF is replaced with the converter terminal voltage because the
virtual resistance can take values that are too high to be neglected, making
the use of the simplified two-port equation inaccurate. The Thévenin source
voltage V s is replaced with the PCC voltage because the latter can be directly
measured. The tracking behaviour of SM and IEL given in (D.24) and (D.25),
respectively, can be related to each other to establish equivalent behavior with
the following tuning:

Ki = ωb

2H
, Kp = ωbKd

2HPmax
, with Pmax = VcVg

Xf
. (D.27)

This formulation assumes all quantities in the IEL are in pu with the exception
of virtual angular frequency ωvr and virtual rotor angle θvr, which is why the
base angular frequency ωb appears in both expressions. Thus, the integral gain
of the IEL directly relates to the inertia constant of the SM behavior to be
reproduced, while the proportional gain represents the damping. It should be
noted that that the inertial effect from the IEL and the APL are cumulative.
This is due to the reason that the IEL’s inertial effect is added to the active-
power reference fed to the APL, while the APL’s inertial effect manifests
as a power control error, i.e. in addition to the loop’s power reference. To
achieve the desired total inertial effect, the APL’s inertia constant should be

5Instead of Vc and Xf , VEMF and Xv could be chosen instead. Here, the converter voltage
and filter reactance are chosen to avoid the power coupling dynamics introduced by Rv
and to couple the emulated inertia closer to the grid voltage.
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Figure 7: Comparison with synchronous condenser and impact of the damping ratio
on rise time and overshoot.

subtracted from the total inertia constant to determine the inertia constant
used for tuning the IEL. The first-order APL’s inertial effect is, based on (D.8),
(D.18), and (D.24), given as HPC = ωbPvmax/(4α2

PC). In case a second-order
APL is used, the IEL is tuned with the total inertia constant. In either case,
the cumulative inertial effect will be equivalent to a SM with the same inertia
constant.

To enable the controller to leave active-power saturation after extreme grid-
frequency disturbances more quickly, the auxiliary PI-controller suggested in
[38] is implemented in the IEL.

3.3 Selection of Damping
As mentioned above, the proportional gain relates to the damping of the
inertial response from the IEL. The relation in (D.27) determines Kp if a
specific SM damping coefficient is to be reproduced. In a SM, damping is
linked to physical properties such as friction and typically associated with
losses. In consequence, SMs are usually poorly dampened. In the IEL, the
damping does not imply any losses, which means it becomes an additional
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3 Proposed Solution

degree of freedom. Increased damping comes however with the downside of a
slower response.

In the previous section was established that inertial response relates to
tracking changes in the grid voltage angle with a specific speed. This tracking
speed is determined by the IEL closed loop transfer function, given as

GIEL(s) = ∆θvr

∆θg
= Pmax(Kps + Ki)

s2 + PmaxKps + PmaxKi
, (D.28)

employing the small angle linearization

∆θg = 1
Vg

∆V q
g . (D.29)

This is a damped second order response with a zero,

GIEL(s) = 2ζωns + ω2
n

s2 + 2ζωns + ω2
n

, where (D.30)

ωn =
√

ωbPmax

2H
, and ζ =

√
ωb

2HPmax
Kd

using (D.27), which allows to determine the proportional gain based on the
damping ratio as

Kp = ζ

√
2ωb

HPmax
. (D.31)

The effect of different damping ratios is shown in the results from time-domain
simulations in Fig. 7. For this study case, the frequency of the voltage source
is reduced with 1 Hz/s from 50 Hz to 47 Hz, while the steady-state active-
power reference is set to Pset = 0 pu. The inertia constant is selected as
H = 4.68 s, which together with the inertial contribution from the first-order
APL employed in this simulation results in a total inertia constant of 5 s,
meaning that the frequency disturbance should result in an inertial response
of 0.2 pu. The figure demonstrates that the proposed controller is able to
reproduce the behavior of a SM with good accuracy. The proposed approach
combines a fast APL with a change in the power reference, while the response
from the SM is purely based on its mechanical behavior. From the figure, it
can be appreciated that the proposed solution has a smaller rise time when
tuned to the same damping ratio as the SM. This can be understood from
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Figure 8: Comparison of the inertial contribution from a synchronous condenser
and an IEL with varying damping ratio during a frequency disturbance
caused by a load step.

(D.24), (D.25) and (D.27): As the filter reactance Xf used for the parameter
selection in the IEL is smaller than a typical SM’s transient reactance, the
IEL’s inertia is coupled more closely to the grid voltage and thereby reacts
faster to frequency changes. It can also be seen that the low damping of
the SM causes a challenging behavior. As the IEL damping can be freely
adapted without any losses, a response without overshoot (ζ = 1) can be
selected. As an additional degree of freedom in the controller tuning, the
damping ratio of the inertial response can be selected according to the needs
and specifications of the converter system and the connecting grid. To achieve
a compromise between speed and damping of the inertial response, a damping
ratio of ζ = 0.707 is suggested and chosen in this paper.

To study the impact of the damping of the inertial response under a more
realistic grid frequency disturbance, a load step is simulated. The grid model
employed is based on the lumped-mass representation of the Nordic syn-
chronous area detailed in [39]. The lumped-mass model has a PID-governor
and hydro-turbine model, which are tuned using the parameters given in [39].
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The system model’s ratings have been chosen in relation the size of the con-
verter used for the experimental validation in Section 4, and are given in
Table 2 in the appendix. The simulation results for a load step of 0.02 pu
are shown in Fig. 8. As can be seen from the figure, the proposed controller
can reproduce SM behaviour even for this disturbance type. Furthermore,
the results show that increased damping does not have a notable effect on the
frequency nadir.

3.4 Sequence Separation and Harmonic Filtering
Unbalanced conditions or operation under distorted grid voltages impact the
IEL and result in an unsteady inertial-power reference. To avoid this, a se-
quence separation algorithm is applied to the PCC and converter-terminal
voltages, as shown in Fig. 6. The RLS based method from [40] in its imple-
mentation in dq-coordinates as described in [26] is used here. As mentioned
in [40], the method can be used to not only separate positive and negative
sequences, but can in distorted grids also be used to simultaneously estimate
selected harmonic components. The harmonics present in the grid voltage
will lead to oscillations in vg,q in the IEL’s reference frame, and are therefore
added to the power reference by the IEL. Due to this, it can be advisable to
use the RLS for harmonic estimation, in particular to the IEL’s input signals,
which allows to keep the active-power reference as free from harmonic con-
tent as possible. Due to the low-pass filtering characteristic of the RLS, the
RLS provides some harmonic filtering even for the harmonics not explicitly
included in the separation [40].

In this paper, for both the APL’s and the IEL’s RLS estimator the same
relative bandwidth of ξ = ωRLS/ωb = 0.9 is selected to provide a good com-
promise between estimation time and estimation accuracy. In this paper, the
IEL’s estimator is tuned to provide sequence separation as well as harmonic
estimation for 5th and 7th harmonic. The delay added by the RLS estimator
has been shown to be neglegible [25].

4 Experimental Validation
In this section the results of laboratory validation of the proposed controller
are presented and discussed, verifying the effectiveness of the proposed solu-
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Figure 9: Photo of the laboratory setup used for validation.
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Figure 10: Single-line diagram of the laboratory setup.

tion in dealing with the challenges described in Section 2. The experiments
are conducted using the setup depicted in Fig. 9, which is illustrated in the
single-line diagram in Fig. 10. In the laboratory setup, a REGATRON four-
quadrant controllable AC power source is utilized to emulate the Thévenin
voltage of the power grid, and inductors are used to adapt the grid strength
according to Xg = 1/SCR. The GFM converter system is realized using a
2-level voltage source converter supplied by an ideal DC voltage source. The
converter system is connected to the grid at the PCC through a filter re-
actor with inductance Lf and resistance Rf . A dSPACE DS1006 processor
board is used to control the GFM converter. The setup’s system and control
parameters are given in Table 1.

To validate the converter’s response to a frequency disturbance, a linear
frequency variation (frequency ramp) is considered, in accordance with [41]–
[43]. A frequency ramp is the harshest condition for the synchronization
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4 Experimental Validation

system, as it leads to a constant phase variation (which depends on the ramp’s
slope). Furthermore, the use of a frequency ramp allows to directly verify that
the inertia contribution corresponds to the desired inertia constant.

4.1 Comparison of Active-Power Loops
A step in the active-power reference is used to compare the performance of
the first-order APL used in [25] and the second-order APL described in the
previous section. At t = 1 s, the active-power reference is stepped from 0
to 0.5 pu. The IEL is deactivated during steps in the active-power reference
to appreciate the dynamic performance of the APL. The results from this
test are shown in Fig. 11. From the figure can be seen that the second-
order APL’s response in yellow is following the first-order APL’s response in
red. This shows that both APL designs provide equivalent reference tracking
performance if the same closed-loop bandwidth is chosen due to the loop-
shaping approach used to tune the controller parameters.

As explained, the reason to add a second-order integrator to the APL is
to completely remove the APL’s inertial response for constant RoCoFs. This
effect is illustrated in Fig. 12, where the response of a first- and second-order
APL to a frequency ramp of 5 Hz/s is shown. In both cases, the IEL is deacti-
vated to emphasize the difference between the two APLs. As can be seen from
the figure, the first-order APL provides an undesired inertial response during
the RoCoF. In the second-order APL, the second-order integrator compen-
sates for the constant RoCoF, removing the inertial contribution after a short

Table 1: System and control parameters.
System parameters Control parameters
SN 1 kVA Lv1 0.343 pu
VN 100 V Rv1 0.2343 pu
ωb 314.16 rad/s αPC 2π 5 rad/s
Lf 0.157 pu ζP 2
Rf 0.0157 pu αCC 2π 500 rad/s
SCR 3.18 αVC 2π 1 rad/s
Csh 0.0942 pu H 5 s

ζ 0.707
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Figure 11: Step response of the first- and second-order APL. Displayed is the
positive-sequence active power.

time. Even though the inertial contribution from the first-order APL may
appear small in relation to the RoCoF, this power exceeds the active-power
reference. In applications with limited energy storage such as a STATCOM, it
is necessary to reduce the APL’s inertia as much as possible to allow for tight
control of the active-power exchange. Furthermore, as this inertial contribu-
tion is added onto the limited active-power reference, the injected power can
exceed the limit if the reference saturates during a grid-frequency disturbance,
to a lesser extent than but not unlike the integrated GFM.

4.2 Comparison with Integrated GFM
The proposed solution is here compared to an integrated GFM controller;
as described in Section 3, the latter consists of the first-order APL tuned
to provide the same inertia and damping as the combined IEL and APL in
the proposed solution. To compare the performance of the proposed solution
to this controller, two experiments are conducted. In both cases the PCC-
voltage is controlled by the converter to 1.0 pu, with an active-power reference
of Pset = 0.8 pu. The first study case is a frequency reduction of the infinite
voltage source, ωs, from 50.0 Hz to 49.25 Hz at a rate of 0.5 Hz/s, while in the
second case the frequency is varied with 2.0 Hz/s to a minimum of 47 Hz. In
both cases, the disturbance has a duration of 1.5 s and begins at t = 1 s.

The results for the smaller RoCoF are shown in Fig. 13. From the figure
it can be seen that the proposed GFM controller, plotted in red, is able to
recreate the inertial response of the internal GFM controller in blue, with the
only exception being a slightly larger overshoot at the beginning and end of
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Figure 12: Dynamic response of first- and second-order APL to a grid-frequency
disturbance of 5 Hz/s during t = 0 s to 1 s. Top: Grid and internal
converter frequency (fc = ωc/(2π)). Middle: Positive sequence active
power. Bottom: Converter-current magnitude Ic.

the response. As the integrated GFM controller’s provides inertia through a
slow APL, the internal converter frequency ωc is filtered in this case. Since
the proposed controller’s APL has a higher bandwidth, which comes with
the advantages of improved synchronization and robustness as well as faster
reference tracking, the converter frequency shows a higher harmonic content
in this case. This increased harmonic content, however, does not result in
more oscillations in the active power or current exchanged with the grid, as
can be seen from the two lower plots showing active power and current. This
experiment shows that the proposed control structure is able to recreate the
inertial response of an integrated GFM or other VSM implementations.

Figure 14 contains the results for the larger frequency disturbance. In this
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Figure 13: Dynamic response of integrated GFM and proposed solution to a grid-
frequency disturbance of 0.5 Hz/s during t = 0 s to 1.5 s. Top: Grid and
internal converter frequency. Middle: Positive sequence active power.
Bottom: Converter-current magnitude Ic.

case the integrated GFM controller (blue) demonstrates the instability de-
scribed in Section 2: The current limiter prevents the power exchange to reach
the necessary acceleration power, and the converter in consequence loses syn-
chronism. The proposed GFM control structure shown in red is on the other
hand able to limit the active-power exchange to 1 pu and maintains stable
operation. It is important to stress that in the proposed solution, current lim-
itation is purely achieved by the manipulation of the reference active-power
signal and that the reference-current limiter (see Fig. 2) is never triggered. In
contrast to the simulations presented in [25], the active power of the proposed
solution does not exceed 1 pu and does immediately end when the RoCoF sub-
sides. This is the result of the inclusion of the auxiliary PI controller described
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Figure 14: Dynamic response of integrated GFM and proposed solution to a grid-
frequency disturbance of 2 Hz/s during t = 0 s to 1.5 s. Top: Grid and
internal converter frequency. Middle: Positive sequence active power.
Bottom: Converter-current magnitude Ic.

in [38].

4.3 Operation Under the Presence of Grid-Voltage
Unbalance

The capability of the proposed solution to withstand unbalanced grid condi-
tion is tested in an experiment involving a single-phase voltage dip of 0.5 pu,
together with a frequency disturbance of 1 Hz/s. This test also demonstrates
the importance of sequence separation in the IEL. The results of the exper-
iment are illustrated in Fig. 15, with the blue curves showing the results of
deactivated sequence separation in the IEL, and the red curves the results of
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an active RLS providing sequence separation for the IEL. In both cases, the
sequence separation for APL and current controller remains active.

As can be seen from the figure, without sequence separation the active
power from the GFM is highly distorted. Without the sequence separation,
the negative sequence causes a 100 Hz-oscillation in the dq-voltage vector,
which is transferred into the voltage q-component and consequently to the
inertial-power reference. The plot shows that there is even a notable amount
of harmonic distortion before and after the disturbance, which is due to the
unavoidable presence of unbalance and low-order harmonics in the laboratory
setup. The addition of the RLS-based sequence separation in the IEL reduces
the oscillations in the full active power drastically, and even removes most
of the oscillations present in the positive-sequence active power. The small
transient oscillations at the beginning and end of the fault are caused by the
time needed for the RLS to correctly estimate the sequence components.

4.4 Operation Under the Presence of Grid-Voltage
Harmonics

The IEL can not only cause oscillations in the active-power reference and
active power exchanged with the grid when there are unbalances in the grid
voltage, but also due to the presence of harmonics. This effect is demonstrated
in the experiment shown in Fig. 16, where a 5th and 7th harmonic of 0.05 pu
magnitude each are added to the grid voltage. As in the previous study, a grid-
frequency disturbance of 1 Hz/s is applied for 1.5 s. Similar to the unbalanced
case, the figure shows that the controller without filtering in the IEL (blue)
causes more harmonic content in the active power. It can also be seen that
this controller is not capable of providing the desired inertial response - this
is due to the oscillation in the power reference exceeding the active-power
limit. This saturation causes the active-power flow which is subjected to the
filtering effect of the APL to have a reduced mean. The red curve, illustrating
the controller with activated RLS estimator, shows reduced harmonic content
in the power flows and the desired inertial response. If other harmonics are
present in the intended application, they can similarly be removed by including
them in the RLS estimation algorithm.
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Figure 15: Dynamic response of the proposed solution to a simultaneous single-
phase voltage dip of 0.5 pu and grid-frequency disturbance of 1 Hz/s dur-
ing t = 0 s to 1.5 s. From top to bottom: Grid and internal converter fre-
quency, active power, positive-sequence active power, converter-current
magnitude Ic.
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Figure 16: Dynamic response of the proposed solution to a grid-frequency distur-
bance of 1 Hz/s during t = 0 s to 1.5 s under the presence of 5th- and
7th harmonic with a magnitude of 0.05 pu each. From top to bottom:
Grid and internal converter frequency, active power, positive sequence
active power, converter-current magnitude Ic.
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5 Conclusions
This paper has demonstrated that grid-frequency disturbances can be the
cause of instability in inertia-providing GFM converters, and that the existing
strategies to manipulate the power reference during current saturation are
ineffective in this case. To solve the problem of loss of synchronism due to
a slow active-power loop exposed to current limitation, a cascaded power
controller consisting of an IEL in cascade with a fast APL has been proposed.
A second-order integrator can be added to the APL to completely remove the
APL’s inertia. The experimental validation has confirmed that this approach
effectively decouples the control elements responsible for provision of inertia
and synchronization to the grid, resulting in a stable operation even during
major disturbances. The proposed controller has been shown to be robust
against unbalanced and distorted grid voltage conditions and to allow for
effective active-power limitation while at the same time providing inertial
support.

Appendix

Table 2: Lumped-mass model parameters for load step simulation
System parameters
SG 10 kVA
VN 100 V
Hsys 5 s
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1 Introduction

Abstract

An external inertia emulation loop (IEL) prevents instability
in grid-forming converters during frequency disturbances. This
paper investigates IEL stability limits and compares three al-
ternatives to improve IEL performance under power limitation.
Simulations confirm the IEL’s robustness and the effectiveness
of the proposed solution in avoiding undesired active-power in-
jection at the disturbance end.

1 Introduction
The world-wide transformation towards sustainable power grids is leading to
an increased share of grid-connected power electronics, which challenges the
grid stability. Grid-forming (GFM) converter control is the preferred solution
discussed for these challenges, since the converter behaves as a slowly changing
voltage source. This behaviour allows the converter to enhance grid stability
for example by providing inertial response or short-circuit current [2], [3].
However, this behavior can also give rise to control instability during grid
disturbances and in particular when the converter current is to be limited
[4]. To deal with these instabilities and preserve the GFM behaviour in all
operating conditions, a cascaded power controller (CPC) has been proposed
in [5] and [6]. This controller consists of a fast active-power loop (APL) for
reference tracking and synchronization, and an inertia-emulation loop (IEL),
which generates the desired inertial response as part of the APL’s reference.
As shown in [5], [6], the CPC significantly increases the robustness of the
converter system against grid frequency disturbances.

While the effectiveness of the CPC in providing grid support and at the
same time maintaining synchronous operation of the converter even in case
of extreme grid disturbances has been established, the stability limits of this
control strategy have not been investigated yet. The tests conducted in [6]
have shown that the CPC is robust even for a high rate of change of frequency
(ROCOF), but it is important to understand at which ROCOF the CPC loses
the ability to track the grid voltage angle for a given inertia constant. This
can be relevant in particular for operation in weak grids, where the local RO-
COF can deviate notably from the system ROCOF experienced at the center
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Figure 1: Investigated system setup.

of inertia, putting high stress on the GFM converter [7]. Furthermore, it is
important to consider that GFM converters in future grids can be required to
operate with inertia constants much higher than typical for synchronous ma-
chines, up to several tens of seconds, which can reduce the stability margin of
the CPC. An example for an application with a high inertia constant could be
a large offshore wind farm combined with an GFM controlled energy-storage
equipped static compensator (ES-STATCOM) to provide inertial support and
other ancillary services [8].

The aim of this paper is to understand possible stability limits for the IEL
in terms of maximum ROCOF and emulated inertia, and to provide suitable
modifications to the original IEL controller. After a theoretical investigation
of the IEL robustness, three alternatives to improve the IEL are presented
and compared through time-domain simulations.

2 IEL Stability Limits
The theoretical stability limits of the IEL are analyzed using the system de-
picted in Fig. 1, and the converter control presented in [6] and shown in Fig. 2.
The controller is a virtual admittance-based GFM converter controller, with a
CPC consisting of a fast APL and an IEL, an AC voltage controller, a virtual
admittance (VA) and a current controller. In this controller, a voltage-based
current limitation is employed, based on the limitation of the active power
reference and virtual back EMF magnitude to prevent current-limiter induced
instability as described in [6]. The IEL enables effective limitation of the
APL’s power reference by providing the desired inertial response as part of
the reference; its structure is presented in Fig. 3. The proportional gain Kp,IEL
and the integral gain Ki,IEL of the IEL are tuned following the procedure from
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[5] and depend on the desired inertia constant and damping:

Kp,IEL = ζ

√
2ωbLf

H
and Ki,IEL = ωb

2H
, (E.1)

where ζ is the damping ratio of the inertial response, ωb is the nominal angular
frequency of the grid voltage, Lf is the converter filter inductance in pu and
H is the inertia constant emulated by the IEL.

In a weak grid, the IEL indirectly influences the grid voltage by changing the
active power reference. This interaction will alter the ROCOF experienced at
the grid connection point by the converter. To reduce unnecessary complexity
and investigate the worst case, an infinitely strong grid is assumed here.

As can be seen from the IEL block diagram in Fig. 3, the inertial power PH
is determined by

PH = −vgq,IELV ∗
c

Lf
, (E.2)

where V ∗
c is the magnitude of the converter voltage reference in pu and vgq,IEL

is the q-component of the grid voltage in pu in the IEL reference frame. The
latter is given as

vgq,IEL = Vg sin(δIEL), (E.3)

where Vg is the grid voltage magnitude and δIEL = θg − θIEL is the angle
difference between the grid voltage vector phase angle θg and the internal IEL
angle θIEL. Consequently, the IEL tracks the grid angle with a bandwidth de-
termined by Lf and the parameters of the PI-controller. In steady-state, δIEL
(and consequently PH) is zero; in case of phase-angle jumps or grid frequency
excursions however, the result is a non-zero angle difference δIEL, causing an
inertial response. This inertial response is proportional to the size of the
phase-angle jump or the ROCOF, respectively, and thereby mimics the me-
chanical inertia of a synchronous machine. To achieve this, the presence of
an angle difference as a reaction to a ROCOF is intentional. The IEL is a
second-order controller, and a constant ROCOF results in a constant angle
difference.

Depending on the ROCOF, selected inertia, and active power set-point
Pset, the sum of Pset and inertial response PH can exceed the active power
capacity of the converter. In this case the active power reference needs to
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be limited. This is also the case in presence of voltage disturbances, such as
voltage dips, when reactive power might need to be prioritized. Under active
power reference limitation, δIEL exceeds the value that is required to provide
the actual available inertial response given by Plim − Pset. This results in
an active power injection that continues even after the frequency disturbance
subsides. A large angle difference δIEL can also lead to IEL instability. Both
problems are investigated in detail in continuation.

2.1 IEL Instability
To determine at which ROCOF an IEL with a given tuning loses the ability to
track the grid voltage angle, an analysis of the controller in Fig. 3 that takes
the non-linearity into account is neccessary. The internal IEL frequency ωIEL
and the angle separation δIEL are determined by

ωIEL = 1
Lf

(
Kp,IELVcvgq,IEL

+ Ki,IEL

∫
Vcvgq,IEL dt

)
+ ωb (E.4)

δIEL =
∫

(ωg − ωIEL) dt + θg0, (E.5)

where ωg is the grid frequency. With the aim to identify the critical ROCOF
that causes IEL instability, the voltage magnitudes Vc and Vg are assumed to
be constant. Under these conditions, differentiating (E.4) by time results in

ω̇IEL = 1
Lf

(Kp,IELVcv̇g,q + Ki,IELVcvgq,IEL) . (E.6)

θIEL

Kp,IEL+Ki,IEL/s

vgvg
αβvg
αβ

αβ

dq
vgq,IELvgq,IELvgq,IEL

vgd,IELvgd,IELvgd,IEL

vcvc*vc*
|  |

VcVc
*Vc
*

+

+

1/Lf -1

ΔωIEL 
ωb 

1/s

PHPHPH

ωIEL 

Figure 3: Block diagram of the IEL [6].
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If the ROCOF is constant, δIEL will approach a constant value. For this
analysis, the dynamics of the inertial response are disregarded and this final
value is considered, which results in v̇g,q = 0. Substituting this in (E.6) yields

ω̇IEL = VcVg

Lf
Ki,IEL sin δIEL. (E.7)

A constant angle difference requires ωIEL to be equal to ωg. In the constant-
ROCOF case that is considered here, this results also in ω̇IEL = ω̇g. However,
as can be seen from (E.7), the maximum ROCOF that the IEL can follow is
reached for a δIEL of ±90◦, when sin δIEL = 1. This is the critical ROCOF
and a larger ROCOF will result in the inability of the IEL to track the grid
voltage angle, i.e. instability. From (E.7), the critical ROCOF is given as

ω̇g,crit = ±VcVg

Lf
Ki,IEL = ±VcVgωb

2HLf
, (E.8)

where in the second expression the integral gain has been substituted accord-
ing to (E.1).

To illustrate this, the IEL differential equation is numerically solved with
the parameters in Table 1 to estimate the angle separation between the grid
voltage and the internal IEL angle. For this isolated simulation of the IEL,
the magnitude of the grid and converter voltage are assumed to 1 pu and the
inertial power reference PH is limited between 0 and 1 pu. The results for a
stable (ROCOF = −3 Hz/s) and an unstable (ROCOF = −3.75 Hz/s) case are
shown in Fig. 4. In the stable case, the absolute value of the angle separation
remains below 90◦ during the complete disturbance, whereas in the unstable
case, the stability limit is exceeded approximately 0.75 s after the disturbance
begins. As can be seen from the figure, the IEL does not lose stability at the
instant the ROCOF starts, but after the disturbance has persisted for some
time, during which the angle separation to grow until it surpasses the stability
limit. It is important to stress that the frequency has already decreased to
approximately 47 Hz at this point.

Table 1: IEL parameters.
Parameter Value

H 50 s
ζ 0.707

Lf 0.15 pu
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2 IEL Stability Limits

The non-negligible duration before instability occurs motivates further study
of the relation between the inertia constant, the ROCOF, and the ROCOF
duration causing IEL instability. For this purpose, a parameter study has
been conducted based on the same numerical model. The IEL’s response is
simulated for a selection of inertia constants and over a wide range of RO-
COFs.

The results shown in Fig. 5 are used to investigate the stability margin as
a function of inertia constant and ROCOF. In the top plot, the duration of
constant ROCOF it takes δIEL to surpass the stability limit of 90◦ is depicted,
denoted as time to instability. At the bottom, instead the grid frequency at
the instant when the stability limit is crossed is shown. From these results
it can be concluded that the IEL is stable for all realistic ROCOF values. In
conventional power plants with synchronous generators, the inertia constant
is typically in the range of 2 s to 10 s [9], and in this range, IEL instability
does not occur for a ROCOF and grid frequency close to the operating limits
defined in current grid codes [10]. Even with the expectation that the decrease
in inertia caused by an increasing share of converter-interfaced generation
results in larger frequency deviations and ROCOFs in future power systems
[11], risk for instability might only occur if exceptionally high inertia provision
is required from the converter.

This could be the case in situations where a single GFM converter provides
inertial response for a number of other units, such as an ES-STATCOM for a
wind farm. In this situation, the required inertia constant – a relative value
depending on the unit’s rated power – can be notably higher than in today’s
conventional power plants. As indicated by [3], it can be expected that in
future converter-dominated power grids only a minority of converters will
have GFM capabilities, which increases the probability that unusually high
inertia constants are required.

Nevertheless, Fig. 5 shows that even for an emulated inertia of 50 s, a high
constant ROCOF of ±5 Hz/s can be sustained for 0.5 s before the IEL loses
stability. Although it is of vital importance to guarantee stable converter
operation in all feasible operating conditions, based on these considerations
the main motivation for the modifications suggested in this paper lies not in
the risk of IEL instability, but in the consequences of operation under power
reference saturation described below.
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2.2 IEL under power limitation
As can be seen from the stable case presented in Fig. 4, the inertial power
continues to be injected for approximately 500 ms even after the ROCOF
subsides. The reason for this is shown in the second plot in the same figure,
where the estimated δIEL is shown. Due to the large ROCOF, the angle
difference is much larger than what is needed to achieve the maximum possible
inertial power of PH = 1 pu, indicated as δIEL,sat in the figure.

The consequence of this extended supply is an excessive inertial support,
which can unnecessarily increase the energy storage requirements of the con-
verter system. This effect can also have a negative impact on grid frequency
restoration dynamics, since PH does not follow the frequency derivative dur-
ing this time. Finally, the saturation of the angle difference results in the
IEL losing its damping ability during the ROCOF. Thus, the excessive angle
difference causes the IEL to lose control over PH while |δIEL| > δIEL,sat, which
is undesirable.

3 IEL Modifications for Improved Performance
To improve the IEL behaviour in the areas described in the previous section,
three modifications of the IEL are suggested in this section. They are shown
in Fig. 6a – 6c with the changes to the basic controller from Fig. 3 highlighted
in red.

3.1 Angle-Based IEL
From (E.7) follows that the sine-function introduces a non-linearity into the
IEL, which limits the maximum ROCOF. Replacing sin δIEL with an estima-
tion of δIEL itself would address this problem. δIEL is estimated by using the
atan2-function, since it correctly estimates the sign of δIEL and is insensitive
to changes in the grid voltage magnitude. Using atan2 without further adap-
tations increases the linear control range up to an angle difference of ±180◦,
where the estimated angle will switch its sign.

The derivations in [5] resulting in the presented tuning of the IEL assume
vgq,IEL, not δIEL as the IEL input. However, δIEL,sat can be considered small
for values of Lf that are typical for grid-connected converter system. Thus,
replacing the IEL input as described here will not have a significant impact
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on the inertial response.

θIEL
Kp,IEL+Ki,IEL/s
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αβvg
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dq
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+

+
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(a) Angle-based IEL adaptation.
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(b) Saturation feedback IEL adaptation.
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Kp,IEL+Ki,IEL/s
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αβvg
αβ
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dq
vgq,IELvgq,IELvgq,IEL

vgd,IELvgd,IELvgd,IEL
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|  |

VcVc
*Vc
*
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+

+

+

(c) IEL adaptation with auxiliary PI-controller.

Figure 6: IEL modification suggestions.

3.2 Saturation Feedback
The two problems described in the previous section are both caused by δIEL
exceeding δIEL,sat (or PH + Pset exceeding Plim, which is equivalent). Because
of this, a feedback of the difference between the unlimited and the limited
active power references P ∗ − P ∗

lim can be used to mitigate these problems.

E13



Paper E

Table 2: System and control parameters for the simulations.
System parameters Control parameters
SN 1 kVA Lv1 0.35 pu
VN 100 V Rv1 0.235 pu
ωN 314.16 rad/s αAPL 2π 15 rad/s
Rf 0.015 pu αCC 2π 500 rad/s
SCR 10 αVC 2π 1 rad/s

Ideally, the angle difference should saturate as little as possible, which is why
the usage of a gain Kfb in the feedback path is advised. An excessive gain
on the other hand has a negative impact on dynamic behaviour and stability.
The best choice for this gain is system dependent, but for the simulated setup
a gain of Kfb = 100 has been proven a good choice and is used here.

3.3 Auxiliary PI-Controller
The third modification suggestion is based on the idea to use a second, parallel
PI-controller with larger gains to speed up the tracking capability of the IEL
during saturation. The higher bandwidth of the auxiliary PI-controller allows
the angle estimate to stay close to δIEL,sat to prevent both instability and
the negative effects of operation under power limitation. To ensure that the
auxiliary PI-controller is only active during saturation, its input is scaled
with the absolute value of the difference between unlimited and limited active
power reference |P ∗ − P ∗

lim|. Using this difference as a scaling factor instead
of adding it to the input signal ensures smooth insertion and removal of the
second PI. It should be noted that the integrators of both PI controllers are
always active, even when not in limitation. To achieve its goal to keep δIEL
as close to δIEL,sat as possible during limitation, the auxiliary PI should have
a significantly higher bandwidth than the original IEL. For the cases in this
paper, the gains were tuned as for an IEL with an inertia H = 0.05 s.

The insertion of the second PI is equivalent to adapting the inertia constant
of the IEL to exactly the value that, with the given active power headroom
and ROCOF, can be provided. However, this adaptation does first occur when
limitation is reached, meaning that the initial inertial response is not affected.
An advantage of this solution is that the damping provided by the IEL can be
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adapted through the tuning of the second PI. This allows to provide additional
damping during saturation without slowing down the initial inertial response,
which would be the case if the damping ratio of the IEL is increased instead.
For this reason, a higher damping ratio was chosen for the auxiliary PI-control
(ξ = 1).

4 Simulation Results
The performance of the proposed modifications is investigated using time-
domain simulations of the complete system shown in Figs. 1 to 2. For these
simulations, the parameters from Tables 1 and 2 are used. αAPL, αCC and αVC
are the closed-loop bandwidth used to tune the APL, current controller and
voltage controller, respectively. According to (E.8), for the simulated inertia
constant of H = 50 s the critical ROCOF causing instability is ±3.33 Hz/s.
To replicate the instability and the consequences of saturated operation from
Section II, the same cases are simulated: First, a ROCOF of −3.75 Hz/s that
causes instability in the unmodified IEL; and second, a ROCOF of −3 Hz/s
where even the unmodified IEL remains stable.

The simulation results for the higher ROCOF are shown in Fig. 7. The
blue curves represented the base model, using the unmodified IEL illustrated
in Fig. 3. The ROCOF starts at t = 0.5 s, and from the middle plot the angle
difference passes 90◦ less than 800 ms later. At this point, the IEL loses track
of the grid voltage angle and becomes unstable. It can be seen that all three
proposed adaptations are able to maintain stable operation even during this
higher ROCOF.

Figure 8 shows the simulation results for the lower ROCOF. Here, even
the base model maintains stable operation. However, it can be seen that due
to the saturation of the inertial power, the full inertial support continues for
approximately 500 ms after the ROCOF has ended. This is due to the fact that
the angle difference widely exceeds the angle that is needed for the maximum
inertial support, δIEL,sat = −8.6◦ (marked in green in the second plot), and
that the decrease in the angle difference is not reflected in a decrease of inertial
response as long as |δIEL| > δIEL,sat|.

The results for the angle-based IEL described in Section III.A are given in
red. They show that the angle difference remains below 70◦ for the higher
ROCOF, and around 50◦ for the lower. This difference to the base model
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Figure 7: Simulated active power (top), angle difference (middle) and frequency
(bottom) for a ROCOF of −3.75 Hz/s, causing instability in the base
model.
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can be explained by the elimination of the nonlinearity, resulting in a smaller
angle difference for the same ROCOF. Nevertheless, the angle difference is in
both cases more than five times higher than δIEL,sat. In consequence, even in
this case the inertial support continues unreduced for about 500 ms after the
frequency disturbance ends.

In contrast to this, the addition of a saturation feedback to the IEL as
introduced in Section III.B allows to keep the angle very close to δIEL,sat. In
the high ROCOF case, the maximum angle difference for this case is −8.97◦,
only 0.37◦ larger than δIEL,sat. Although the inertial power reference barely
saturates, the simulation results show that the injection of excessive power due
to operation under saturation is even worse than in the two cases discussed
previously. This can be explained by the fact that the feedback increases the
impact of the proportional part of the IEL’s PI controller, and reduces the
integral part’s. This means that, with this adaptation, the integrator state
differs more from the actual grid frequency as in the previously discussed
solutions. As the ROCOF ends, the additional input into the PI from the
saturation feedback subsides, which results in additional time required for the
IEL to eliminate the angle difference. A study of different gains has shown
that the post-disturbance performance of this approach cannot be improved
significantly by varying Kfb.

The final modification suggestion is the introduction of an auxiliary PI-
controller as described in Section III.C. The results of this case are shown
as purple curves. The angle difference remains even closer to δIEL,sat than
for the saturation feedback, but in this case, the inertial response starts to
reduce as soon as the ROCOF is removed. This means that the IEL maintains
control throughout the whole disturbance, because the state of the auxiliary
integrator is kept active, even as PH drops below its limit. In consequence,
not only the angle difference is kept close to its saturation limit, but the IEL’s
estimate of the grid frequency is kept accurate throughout the disturbance.

The energy injected to the grid during the frequency disturbance is the
same for all simulated cases, but the amount injected after the end of the
disturbance varies significantly. Since the ROCOF has ended at this point,
additional inertial support can be considered superfluous, and the goal is to
reduce the unnecessary inertial support. Figure 9 shows the energy that is
injected after the disturbance has ended for all four controller variants, where
an energy of 1 s corresponds to the injection of 1 pu power for the duration
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Figure 9: Energy injected after disturbance end.

of 1 s. The data confirm that the auxiliary PI results in the least additional
energy injected, achieving a reduction of 33 % from the base model.

The active power plots in Figs. 7 and 8 show that the inertial power at
the beginning of the disturbance increases much faster than it decreases in
the end. This is the case even for the best modification, the auxiliary PI-
controller. This effect is caused due to the de-facto limitation introduced
by the second PI: At the beginning of the disturbance, the ROCOF causes
the grid voltage and the internal IEL angle to separate. Without addition
of the second PI controller, this would result in the same angle difference as
shown for the base model. Consequently, the angle follows the shape of a step
response ending in a final value of approximately 70◦. But as soon as δIEL,sat
is reached, the second PI with a much higher bandwidth is introduced, which
in effect limits the angle difference to this value. This means that the step
response is terminated here, and only the first part of the rise is visible. The
end of the disturbance, on the other hand, is an uncut step response from δIEL
down to zero. As this step is much smaller than the (unlimited) one at the
beginning of the disturbance would be, the same rise time results in a flatter
response.

The impact of the second PI is in this aspect of the response limited to
maintaining the angle difference close to δIEL,sat. This becomes obvious when
comparing to the base case. At the end of the disturbance the angle difference
in the base case reduces with the same steepness as at the beginning. Never-
theless, this reduction is not visible in the inertial response before the angle
difference reaches δIEL,sat again due to the saturation. Because the rise time
of the control loop is the same in both cases, the inertial response from both
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the base case and the auxiliary PI-control reaches zero again at approximately
the same time, circa 650 ms after the disturbance ends. Even so, the IEL with
an auxiliary PI starts reduction immediately, which reduces the amount of
unnecessary energy injection and reflects an improved control performance.

5 Conclusions
This paper has shown that the original IEL design from [4] is very robust and
is prone to instability only under extreme operating conditions far beyond
the limits of today’s power grids. The analysis has also revealed that for
large ROCOFs, the saturation of the inertial support and IEL angle difference
causes the inertial power to not follow the ROCOF while in saturation, even
when stability is maintained. This operation under power limitation results
in an undesirable power injection after the disturbance ends.

This motivated the proposal, investigation and comparison of three solu-
tions to improve the robustness and controllability of the IEL. The simulation
results show that of these suggestions, only the addition of an auxiliary PI-
controller is able to mitigate both problems. This adaptation is equivalent to
immediate dynamic scaling of the IEL’s inertia constant based on ROCOF
and headroom when the active power limit is hit, and is able to improve the
IEL robustness notably without having an impact on the initial inertial re-
sponse. The auxiliary PI also makes it possible to dynamically change the
IEL damping during limitation. Based on these observations, it is advisable
to include the auxiliary PI-controller in the IEL.
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1 Introduction

1 Introduction
Global efforts to limit climate change through the reduction of greenhouse gas
emissions result in an increase of electricity generation from renewable sources
[1]. Together with other factors such as increased utilization and flexibility of
power grid assets as well as changing consumer technologies, the share of power
electronics in electric power grids is rising [2]. Associated with this increase
are concerns and challenges regarding the stability of converter-dominated
power grids. Examples for these challenges are the decrease of mechanical
inertia, reduced short-circuit current and risk for adverse control interaction
[3].

A proposed solution to the challenges is the usage of grid-forming (GFM)
converters, which are controlled as a slowly varying voltage source behind
an impedance [3], [4]. A common feature in the large variety of GFM con-
verter control designs available from the literature is that the active power
control determines the angle and reactive power determines the magnitude
of the voltage source [5]–[7]. The assumption behind is a mainly inductive
impedance between the controlled voltage and the grid connection, similar to
a synchronous machine. Among the most popular GFM control designs are
the power-synchronization control (PSC) [8] and the virtual admittance-based
GFM control (VA-GFM) [9].

Notwithstanding their contribution to the improvement of the aforemen-
tioned challenges for power system stability, GFM-controllers also face chal-
lenges, such as:

• Coupling between active and reactive power [10], [11];

• Non-trivial limitation of converter current [12];

• Poor damping of DC-current offsets [13];

• Poor characterization and tunability of the converter input admittance
in the subsynchronous and supersynchronous frequency ranges [13], [14].

As a response to these challenges, this paper introduces a decoupled GFM
converter controller. Several solutions for GFM controllers aiming for decou-
pling between active and reactive power loops are avaiable in the literature
[15]–[21]. Some of these are only able to decouple active and reactive power
for the fundamental frequency, which can lead to unexpected behaviour at
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other frequencies [15]–[19]. Other solutions add significant complexity to the
controller, increasing the risk to introduce unwanted dynamics [20], [21]. The
controller proposed in this paper eliminates the power coupling in the fre-
quency range where the power controllers are active and allows to freely tune
the damping provided by the converter.

The paper is organized as follows: In Section 2, two existing GFM control
strategies are compared and the need for decoupling and frequency charac-
terization is highlighted. This is followed by a presentation of the proposed
decoupled GFM controller in Section 3 and the controller’s frequency charac-
teristics in Section 4. Finally, the results from the experimental validation are
discussed in Section 5 and the conclusions are given in Section 6.

2 GFM Control Structure and Need for Power
Decoupling and Frequency Characterization

This section introduces two widely used GFM control strategies: PSC and
VA-GFM. Additionally, some of the common challenges associated with GFM
controllers are examined, using the two control strategies under consideration
as examples. Finally, the need for proper frequency characterization of GFM
converter systems is motivated.

Figure 1 depicts the single-line diagram of the network under investigation.
The network consists of a voltage-source converter (VSC) system connected
to an electrical AC grid through an R-L filter, characterized by a resistance
Rf and an inductance Lf . The AC grid is represented using its Thévenin
equivalent, with Rg and Lg denoting the grid resistance and inductance, re-
spectively. A constant DC-link voltage for the VSC system is assumed. The
converter current vector is represented by if while the voltage vectors at the
point of common coupling (PCC), the converter terminal, and the Thévenin
equivalent voltage source are denoted by vg, vc, and vs respectively.

2.1 Review of Existing GFM Control Strategies and Their
Challenges

As shown in Fig. 2, both the PSC and the VA-GFM controllers share a simi-
lar general structure. Specifically, the outer-control loops, namely the active-
power loop (APL) and the reactive-power loop (RPL), calculate the reference
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vc vg
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Rf, Lf Rg, Lg

vs
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PCC

Figure 1: Single-line circuit diagram of the investigated network.
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Figure 2: Generalized structure of GFM control strategies under consideration.

values for the virtual-voltage source vEMF. The APL regulates the active-
power flow at the PCC, Pg, and calculates the angle of the virtual voltage
source, θEMF, while the RPL1 determines the magnitude of the virtual-voltage
source, VEMF, to regulate the reactive-power flow at the PCC, Qg. In both
GFM controllers, the APL is responsible for tracking the reference active
power, Pref , as well as for the grid synchronization of the converter system.
Different configurations for the APL can be used, ranging from a simple pro-
portional controller [8], [22] or a proportional-integral (PI) controller [23], to
a controller that emulates the electromechanical dynamics of a synchronous
machine [6].

The main structural difference between the PSC and the VA-GFM lies in
the design of the inner control loops. The PSC uses an embedded current con-
troller to enable fault-ride-through operation of the converter system [8], [22].
Since the current controller operates only during over-current conditions and
is transparent during normal operation, it is represented as a static gain block
with unity gain in Fig. 2. Accordingly, the converter voltage-vector reference
for the modulation stage, vc,ref , is directly calculated by the outer loops. In
contrast, the VA-GFM employs a current controller (CC) that tracks the refer-

1Depending on the specific application, an AC-voltage controller may also be used.
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vEMF

ifRv1, Lv1 Rf, Lf PCC

Converter
terminals

vg

Rv, Lv

Figure 3: Equivalent circuit to determine power to grid from the voltages vEMF
and vg together with impedance Zv.

ence current vector, if,ref , which is calculated using the virtual admittance Y v.
The converter voltage-vector reference is thus determined by the CC. Figure 3
illustrates an equivalent circuit of the GFM controllers. The parameters Rv
and Lv correspond to the equivalent resistance and inductance, respectively,
between the emulated voltage source and the PCC. These parameters are here
referred to as virtual resistance and virtual inductance. It can be observed
from the figure that the equivalent impedance consists of two components: a
fixed part, determined by the physical converter filter resistance and induc-
tance, and a tunable virtual component, represented by Rv1 and Lv1. In the
case of PSC, the emulated voltage source behaviour is directly imposed at
the converter terminals, meaning the tunable virtual component is zero, i.e.,
Rv1 = Lv1 = 0.

As demonstrated in [22], the PSC utilizes a high-pass filtered converter cur-
rent with gain Ra (referred to as active resistance, AR, in [22]) to provide
damping at the synchronous-frequency resonance (SFR), where the resonance
frequency of the output power of the converter closely aligns with the funda-
mental frequency. It is important to note that the SFR in the output power
of a GFM-VSC system results from a DC component (corresponding to 0 Hz
resonance) in the AC output converter current due to frequency shift. The
SFR results from the plant dynamics of the APL, which can be understood
through the small-signal model describing the power-angle relationship in a
GFM-VSC system2. For the PSC without AR and assuming constant VEMF,

2Here, this relationship is described at the PCC to be consistent with derivations further
below, assuming a stiff PCC voltage. An equivalent expression can be given with respect
to the internal grid voltage by substituting Vg0 with Vs0 and adding Rg, Lg, Xg to
Rv, Lv, Xv, respectively.
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the power-angle relationship at the PCC is

HPδ(s) = ∆Pg

∆δ
= as2 + bs + c

(Rv + sLv)2 + X2
v

, (F.1)

with

a = VEMF0L2
v

R2
v + X2

v
(−VEMF0Xv + Vg0Rvsinδ0 + Vg0Xvcosδ0),

b = 2VEMF0RvLv

R2
v + X2

v
(−VEMF0Xv + Vg0Rvsinδ0 + Vg0Xvcosδ0),

c = VEMF0Vg0Rvsinδ0 + VEMF0Vg0Xvcosδ0.

Here, the load angle δ represents the difference between the voltage angles
of the virtual voltage source and PCC voltage. The subscript ‘0’ is used to
indicate steady-state values.

From (F.1), it can be observed that HPδ(s) has two conjugate poles given
by

s1,2 = −Rv

Lv
± jωN, (F.2)

as has been highlighted in [8]. The imaginary part of (F.2) represents the nat-
ural frequency of the conjugate poles, which corresponds to the fundamental
angular frequency, ωN. As shown in the Bode plot of HPδ(s) in Fig. 4, this
results in an amplification at the fundamental frequency, leading to the SFR
phenomenon in the output active power of the VSC-GFM system. The vir-
tual resistance, which includes only the resistance of the series filter in case of
PSC, plays a crucial role in damping the SFR. However, due to the relatively
small value of Rf , the natural damping of the SFR remains insufficient in the
PSC. The AR proposed in e.g. [22] dynamically increases the equivalent resis-
tance between the virtual back EMF and the grid voltage, thereby enhancing
SFR damping, as observed in Fig. 4. Since this resistance is incorporated in
the control loop, it does not cause additional losses. Furthermore, the high-
pass fillter (HPF) prevents the influence of the AR in steady state. However,
as shown in [22], the AR limits the attainable closed-loop bandwidth of the
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PSC. As a consequence, tuning of Ra becomes a trade-off between desired
damping and bandwidth limitation, which furthermore is altered by operat-
ing conditions. These restrictions can result in reduced damping of the SFR,
as can be observed in the experimental results using the recommended control
parameters in [22].

Due to the similarity in the plant dynamics, the VA-GFM encounters the
same fundamental challenge of the SFR phenomenon. However, the introduc-
tion of the virtual admittance (VA) enables an increase in damping (via the
virtual resistance) without additional losses or the drawbacks associated with
the AR used in the PSC. Figure 5 shows the Bode plot of HPδ(s) for the VA-
GFM with three different values of virtual resistance, Rv. It can be observed
that increasing the virtual resistance reduces the resonant peak around the
fundamental frequency, thereby improving SFR damping. While increasing
the virtual resistance further can effectively mitigate the SFR, it introduces
greater coupling between active- and reactive-power controllers. This can be
understood by considering the following quasi-steady-state equations govern-
ing power flow between two voltage sources.

Assuming a stiff grid connection, the power flow at the PCC in the investi-
gated network (Fig. 1 and 3) is given by

Sg = V gI∗
f =

V gV ∗
EMF − V 2

g

Rv − jXv
, (F.3)

which results in

Pg =
Rv(VgVEMF cos δ − V 2

g ) + XvVgVEMF sin δ

R2
v + X2

v
, (F.4)

Qg =
−RvVgVEMF sin δ + Xv(VgVEMF cos δ − V 2

g )
R2

v + X2
v

, (F.5)

where V g = Vg and V EMF = VEMF ejδ are the phasors describing the two
voltage sources, and Rv = Rv1+Rf and Xv = Xv1+Xf represent the (partially
virtual) resistance and reactance, respectively, between these two sources.
Assuming a negligible resistance, the equations for active- and reactive-power
flow become

Pg = VgVEMF sin δ

Xv
, (F.6)
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Figure 4: Bode plot of HPδ(s) for PSC.

Figure 5: Bode plot of HPδ(s) for VA-GFM.
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and

Qg =
VgVEMF cos δ − V 2

g

Xv
. (F.7)

The linearized form of (F.6) and (F.7) clearly reveals the dependence of active
power on voltage angle and reactive power on voltage magnitude, which forms
the fundamental basis of GFM control. However, as the R/X-ratio increases,
this simplification becomes increasingly inaccurate. For a predominantly re-
sistive impedance, the previously stated relation is reversed, resulting in the
active power being determined mainly by voltage magnitude, and reactive
power by voltage angle. These relations are illustrated in Fig. 6 [15]. Conse-
quently, an impedance with non-negligible inductive and resistive components
causes both controlled parameters—voltage angle and magnitude—to influ-
ence both power components, leading to power coupling. This phenomenon is
undesirable, as it degrades controller performance, which is typically designed
based on the assumption of a purely reactive system model. The assumption
of a decoupled system as given by (F.6) and (F.7) is a valid simplification for
transmission systems, where losses are negligible. However, an increased (vir-
tual) resistance would introduce power coupling, thus limiting feasible choices
of Rv to small values.

2.2 Frequency Characterization
While the standardization and requirements for GFM converters are still
evolving, there are growing indications that converter behaviour in the fre-
quency domain is becoming an increasingly important criterion for assessing
compliance with grid codes and system requirements [24]. In [3], a range
of requirements for GFM converters are outlined. Apart from behaving as
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low frequencies
typically < 5Hz around fundamental frequency

Constant impedance

Converter’s behaviour 

Frequency

Constant power Damping provision

harmonic range

Figure 7: Desired GFM control behaviour at different frequencies.

a slow-varying voltage source, GFM converters are also required to act as a
sink for harmonics and prevent adverse control interactions. These properties
can only be verified through an analysis of the converter’s behaviour in the
frequency domain. In [25], GFM behaviour is defined as acting as a voltage
source behind an impedance, with the control bandwidth being limited to a
specified frequency. Examples of methods used to characterize and analyze
converter behaviour in the frequency domain include transfer function Bode
plots, impedance-based stability analysis [26], passivity studies [27], network-
frequency perturbation plots [28], and power-response matrix-based modeling
[29].

The desired behaviour of GFM converters varies across the frequency spec-
trum and can be illustrated as shown in Fig. 7. At low frequencies, governed
by the bandwidth of outer-control loops (typically up to 5 Hz), the GFM con-
verter should exhibit constant-power behaviour, meaning it should track its
power setpoints. This range is generally where the converter exhibits active
behaviour [30]. For higher frequencies up to the fundamental, the converter
is required to provide damping, for example to prevent adverse control inter-
actions and the risk for Subsynchronous resonances. In the harmonic range,
beyond this, the converter should behave as a constant impedance, thereby
acting as a sink for harmonics [3].

As discussed in the previous section, the investigated GFM controllers give
rise to SFR in the converter’s power output, leading to the introduction of a
DC component in the converter current during changes in the operating point.
This poses a risk to the operation of equipment such as transformers and
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must be effectively damped. The GFM controllers under investigation require
specific control solutions to ensure the stability and damping of SFR. In the
case of the PSC, this is achieved through the use of an AR, which must be
tuned while considering factors such as the desired controller bandwidth and
expected grid strength. However, this typically results in underdamped SFR.
Additionally, the HPF used for the AR further complicates the converter’s
behavior across the frequency spectrum, restricting the independent tuning of
the converter’s response in different frequency ranges. In contrast, the VA-
GFM allows for the inclusion of a virtual resistance that is active across all
frequencies. However, the damping effect provided by this resistance is limited
due to the power coupling it introduces, which negatively impacts controller’s
performance.

Thanks to the ability to independently select the parameters of the VA, the
Decoupled VA-GFM control proposed in this paper effectively dampens SFR
without the need for additional damping contorllers. Furthermore, as demon-
strated in Section 4, the proposed controller enables independent tuning of the
converter’s response across different frequency ranges, as identified in Fig. 7,
by adjusting separate control parameters. Specifically, in the low-frequency
region—up to a few Hz in the dq-frame, which is primarily influenced by the
outer control loops—the converter exhibits constant power behavior. Beyond
this frequency range, the converter essentially behaves as a constant voltage
source behind an impedance, thereby satisfying the grid-connection require-
ments for GFM converters.

3 Decoupled VA-GFM Control
Figure 9 shows the block diagram of the proposed decoupled VA-GFM control.
The controller is based on the VA-GFM in Fig. 2, with the main difference
that the complex output signal κ formed by the output of the APL and RPL
is passed through a phase-compensation block that compensates for the power
coupling introduced by the virtual admittance Y v. This allows the selection
of arbitrary values for virtual resistance and inductance, while maintaining
near-perfect decoupling between the active- and reactive-power loops in their
active frequency range. Note that the APL and RPL have exactly the same
structure, allowing for control symmetry if the corresponding parameters are
selected equal, which will aid system analysis through single-input single-
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Figure 8: Implemented VA phase compensation.

output representation. The output of the complex-power controller and the
VA phase compensation is the voltage vEMF in the stationary αβ-plane.

3.1 VA Phase Compensation
A key element of the proposed controller is the VA phase compensation ap-
plied to the output of the APL and RPL. This technique effectively decouples
active and reactive power, making them independent of the selection of the
parameters of the VA. The decoupling is achieved by dynamically rotating the
complex signal κ by the frequency-dependent virtual-impedance angle, φY(s)
as shown in Fig. 8. Consequently, the resulting power flow appears as if gov-
erned by a purely resistive network, where voltage magnitude controls active
power and voltage-phase angle controls reactive power (see Fig. 6). Concep-
tually, the VA phase compensation proposed here is similar to the method
proposed in [15], as it rotates the complex-apparent power vector to remove
the coupling introduced by an admittance with both resistive and inductive
elements. However, it is important to note that the dynamic implementation
proposed here applies not only to the fundamental frequency, but also to the
whole constant-power frequency range as indicated in Fig. 7, where the power
controllers are active, as will be demonstrated in the next section.

The decoupling mechanism can be illustrated using two generic voltages
v1 = V1 ejθ1 and v2 = V2 ej0◦ , which are connected by a generic admittance
Y = 1

R+jX = Y ejφY . This allows to express the complex-apparent power at
v2 as

S = v2i∗ = V2Y (V1 e−j(θ1+φY) −V2 e−jφY). (F.8)

Rotating this power vector by φY results in

Sshift = V2Y (V1 e−jθ1 −V2), (F.9)
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3 Decoupled VA-GFM Control

which is the power flow over the purely resistive admittance Y = (R2 +
X2)−1/2. In consequence, this rotation of the complex power vector cancels
the coupling effect of the complex admittance Y .

As illustrated in Fig. 6 and visible by linearizing (F.9), reactive power is
determined by the negative voltage phase angle for the resulting purely re-
sistive case. To maintain the same sign for both components, the proposed
VA phase compensation multiplies the angle of the (unshifted) complex-power
vector with −1, which corresponds to mirroring the vector on the V -axis of
the resistive case in Fig. 6.

As result of the phase compensation, active power depends on voltage mag-
nitude, while reactive power depends on voltage angle of the converter’s (vir-
tual) internal voltage. By achieving this decoupling, the VA phase compen-
sation enables for arbitrary selection of the virtual resistance and inductance,
without the previously mentioned negative side-effects. Furthermore, this en-
ables to tune the virtual resistance to effectively dampen the SFR discussed
in the previous section, without the need for additional damping controllers.

Based on the discussion above, it is important to note that the use of the
phase-compensation scheme chosen based on the dynamic model of the VA is
to present a resistive network to the outputs of the power controllers in the
constant-power frequency range as indicated in the equivalent circuit repre-
sentation in Fig. 10 in the next section. Beyond this frequency range and
especially in the constant impedance region, the output voltage vEMF will be
such that its magnitude is dictated by the RPC and its phase by the ACP
loop as in a classical GFM control structure.

The VA phase compensation can be altered easily so that the VA appears
as a purely inductive network for the output of the power controllers, as in
the classical approach. However, this removes the possibility to present the
controller behaviour as a real-valued transfer function as presented below in
(F.20). Regardless, in both schemes the decoupled power controller minimizes
the coupling, which is introduced by high values of virtual resistance, in the
frequency range of interest without affecting the basic GFM characteristics of
the converter in both schemes.
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vg
vEMF

Rv, Xv

APL+RPL
output vg

v�APL+RPL
output

Impact of PQ
decoupler

Figure 10: Impact of the VA phase compensation. Left: conventional VA-GFM as
in Fig. 2; right: Decoupled VA-GFM

.

3.2 Derivation of Decoupled VA-GFM Control Parameters

Tuning of Complex-Power Controller

The complex-power controller provides both complex power-reference track-
ing as well as grid-voltage synchronization. The complex-power controller
proposed here has identical structure for active and reactive power, respec-
tively, consisting of a PI controller and an active damping term (see Fig. 9).
The tuning of the controller is detailed below and is similar to the loop shaping
approach described in [31].

To achieve the desired power decoupling without limitations for the selec-
tion of Rv and Lv, the VA phase compensation is applied. Following the
explanation provided in the previous section, phase compensation should be
applied to the input signals to the complex-power controller, Pref and Pg, as
well as Qref and Qg. This would result in both controllers sharing the control
of active and reactive power, in proportion to the ratio between Rv and Lv
(i.e., corresponding to the VA angle φYv). This is the case since the VA phase
compensation rotates the complex-power vector to take the coupling effect of
the VA into account. To enable independent choice of parameters for the APC
and RPC and keep the dynamics separate (e.g. to provide inertial support by
slowing down the APC only), the phase compensation is instead applied at
the controller outputs, as shown in Fig. 9.

The impact of the VA phase compensation and the complex VA is shown
in Fig. 10. For the voltage vκ = eκ obtained from the output κ = γ + jε of
the complex-power controller, the VA appears as purely resistive thanks to
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3 Decoupled VA-GFM Control

the provided phase compensation3. This means that under the assumption of
an ideal current controller, the plant model for the complex-power controller
can be formulated by substituting vκ for v1 and vg = Vg for v2 in (F.9):

Sg = Pg + jQg = VgYv(Vκ e−jε −Vg) (F.10)

with Yv =
√

R2
v + X2

v
−1. Assuming Vg0 = 1 pu and, for simplicity of the

derivation, Pref = Qref = 0 pu, the initial for the output of the complex-power
controller κ0 = 0 yielding vκ0 = 1 pu, the linearized active and reactive powers
can be expressed as

∆Pg = Yv∆γ (F.11)
∆Qg = Yv∆ε, (F.12)

With the control law of the complex-power controller given as

γ = 1
s

[
(KpP + KiP

s
)(Pref − Pg) − RaPPg

]
(F.13)

ε = 1
s

[
(KpQ + KiQ

s
)(Qref − Qg) − RaQQg

]
, (F.14)

the closed-loop transfer function from the active-power reference to the active
power can be expressed as

GPref→Pg = ∆Pg

∆Pref
= Yv(KpPs + KiP)

s2 + (RaP + KpP)s + KiP
. (F.15)

A similar expression can be derived for GQref→Qg . This transfer function
can be loop-shaped to a second-order low-pass filter (LPF) by selecting the
following control parameters:

Kp,P = αPY −1
v , (F.16)

Ki,P = α2
PY −1

v , (F.17)
Ra,P = αPY −1

v (2ζP − 1), (F.18)

where αP is the desired loop bandwidth and ζP the desired damping ratio. If
ζP = 1,

Ra,P = Kp,P (F.19)
3In this derivation, the term ejθN is neglected as it simply provides a ramp signal for the

transformation to the αβ plane.
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and the closed-loop transfer function becomes a first-order LPF.
The parameters for the RPL are tuned equivalently, and are determined by
the selection of the desired loop bandwidth αQ and damping ratio ζQ. In the
case that the loop bandwidths and damping ratios for the APL and RPL are
selected to be the same, both transfer functions can be expressed through a
single, real-valued transfer function for the complex-apparent power:

GSref→Sg =
∆Sg

∆Sref
= α (s + α)

s2 + 2ζα + α2 . (F.20)

αP-selection for inertia provision

As shown in [32], the APL in the proposed design can be tuned to provide
an inertial response equivalent to that of a synchronous machine (SM) or a
virtual synchronous machine, i.e. a GFM converter implementing the SM’s
mechanical equation as its active-power control law. The closed-loop transfer
function from grid-voltage angle θg to active power is given as

Gθg→P = XvY 2
v s2

s2 + αPζPs + α2
P

. (F.21)

Based on this, the inertial response can be estimated as

G ·
ωg→P

=
Gθg→P

s2 = XvY 2
v

s2 + αPζPs + α2
P

= PH (F.22)

The inertial response relates to the provided inertia-time constant as H =
PH

ωN
2 , yielding to

αP =
√

XvY 2
v

H

ωN

2 . (F.23)

4 Frequency Analysis
As argued in Section 2, the frequency domain analysis of the converter’s be-
haviour is an indispensable tool to ensure compliance with grid code require-
ments and demonstrate some of the GFM properties, e.g. absence of adverse
control interactions. Taking into account that the time constant of the VA is
selected to be much smaller than that of the outer APL and RPL, a first anal-
ysis is made using the steady-state representation of the VA. This is followed
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4 Frequency Analysis

by an analysis including the dynamics introduced by the virtual inductance, to
highlight differences and the impacts of control parameters. The system and
control parameters used for this analysis are shown in Table 1, with deviating
values mentioned in the text.

4.1 Analysis with Steady-State VA Representation
The steady-state representation of the VA results from letting sLv = 0, yield-
ing Y ss

v = (Rv + jXv)−1. The transfer function from power reference to grid
power using this simplification is given in (F.20). The Bode diagram of this
function is displayed in Fig. 11 and shows the expected LPF-behaviour as well
as the absence of any cross-coupling between active and reactive power.

Using the steady-state representation of the VA and neglecting the dynamics
of the current controller, the converter’s input admittance is for zero power
setpoints given as[

∆id
f

∆iq
f

]
= −

[
Rv

R2
v+X2

v

s2

(s+αP)2
Xv

R2
v+X2

v

s2

(s+αP)2

− Xv
R2

v+X2
v

s2

(s+αQ)2
Rv

R2
v+X2

v

s2

(s+αQ)2

]
︸ ︷︷ ︸

Yc,ss(s)

[
∆vd

g
∆vq

g

]
. (F.24)

This expression can be further simplified for the case that the same bandwidth
is selected for both power control loops, αP = αQ = α. In this case, Yc,ss
becomes Hermitian and can be written as a complex expression instead:

∆i
(dq)
f = −Rv − jXv

R2
v + X2

v

s2

(s + α)2 ∆v(dq)
g . (F.25)

Table 1: System and control parameters for the frequency analysis.
System parameters Control parameters
SN 100 MVA Lv1 0.35 pu
VN 400 kV Rv1 0.485 pu
ωb 314.16 rad/s αP = αQ 2π 5 rad/s
Lf 0.15 pu ζP = ζQ 1
Rf 0.015 pu αCC 2π 200 rad/s
SCR 3 pu
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Figure 11: Closed-loop response of decoupled GFM controller. Virtual reactor dy-
namics neglected. Top left: Pref to Pg; Top right: Qref to Pg; Bottom
left: Pref to Qg; Bottom right: Qref to Qg.
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Figure 12: Input admittance of decoupled GFM controller. Virtual reactor dynam-
ics neglected. Top left: Ydd; Top right: Yqd; Bottom left: Ydq Bottom
right: Yqq.

Figure 12 contains the Bode diagram for the input admittance, representing
the expected HPF-behaviour. This behaviour is expected, as the converter
system exhibits constant power behaviour, i.e. a very low admittance, at low
frequencies, while approximating a constant admittance for higher frequen-
cies4.

4.2 Analysis with Dynamic VA Representation
For a complete analysis it is necessary to take the dynamics of the VA into
account. In Fig. 13, the Bode diagram of the closed-loop transfer function
including the frequency dynamics is shown for different values of the APL
bandwidth αP. The impact of the VA frequency dynamics can be seen when
comparing the blue curves to Fig. 11. Even with those dynamics, the LPF-
behaviour of the response is preserved. As a main difference, it can be observed

4As the steady-state representation is chosen here, the admittance’s frequency dependency
is not represented in these figures.
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Figure 13: Closed-loop response of decoupled GFM controller for different values
of αP. Top left: Pref to Pg; Top right: Qref to Pg; Bottom left: Pref to
Qg; Bottom right: Qref to Qg. Green curves: αP = 1 · 2 · π rad/s; Red
curves: αP = 3 · 2 · π; Blue curves: αP = 5 · 2 · π.

that the cross-coupling between Qref and Pg as well as between Pref and
Qg, respectively, is non-zero but remains very small. Comparing the curves
representing different bandwidths in Fig. 11 shows that reducing αP leads
to a faster decay of the gain as expected, resulting in narrower frequency
range with constant-power behaviour. It can also be seen that the change
of the APL’s bandwidth αP does not have an impact on the reactive-power
response Qref to Q. Manipulating the RPL’s αQ gives equivalent results5, and
in particular no impact on the active-power response.

In Fig. 14, the impact of the damping ratio on the frequency response of
the APL and RPL can be studied. A reduction of the damping ratio ζ from
1 (blue) over 0.7 (red) to 0.5 (green) results in an amplification at frequencies
around αP and αQ.

The same effects can be seen in Fig. 15, showing the converter’s input

5The corresponding figure is not shown here due to space constraints
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Figure 14: Closed-loop response of decoupled GFM controller for different values
of damping ζ in the power-control loops; ζP = ζQ = ζ. Green curves:
ζ = 0.5; Red curves: ζ = 0.7; Blue curves: ζ = 1.
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Figure 15: Input admittance of decoupled GFM controller for different values of
damping ζ in the power-control loops; ζP = ζQ = ζ. Top left: Ydd; Top
right: Yqd; Bottom left: Ydq Bottom right: Yqq. Green curves: ζ = 0.5;
Red curves: ζ = 0.7; Blue curves: ζ = 1.

admittance for changing damping ratios ζ under consideration of the VA fre-
quency dynamics. As a main difference compared to the case depicted Fig. 12,
the frequency dynamics become visible as a decaying magnitude in the high
frequency range, caused by the growing impact of the term sLv. The amplifi-
cation caused by low damping ratios in the power controllers is also replicated
in the input admittance, which makes it clear that this parameter has a large
impact on the provision of damping in the sub-harmonic range. This is par-
ticularly relevant if the converter system is required to dampen power system
oscillations, which often appear have a similar frequency.

As expected from the analysis in Section 2, changing the virtual resistance,
Rv, mainly has an impact on the damping in the subsynchronous-frequency
range and particularly at the SFR, which lies at 50 Hz. This is visible in
Fig. 16, which shows the input admittance for different values of Rv.

The inertial response provided by the APL can be examined with help
of the frequency response from grid voltage frequency derivative df/ dt to
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Figure 16: Input admittance of decoupled GFM controller for different values of
the virtual resistance Rv. Green curves: Rv = 0.25 pu; Red curves:
Rv = 0.5 pu; Blue curves: Rv = 1 pu.
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Figure 17: Frequency response of decoupled GFM controller from grid frequency
derivative to Pg for different values of inertia-time constant H. Green
curves: H = 0.5 s; Red curves: H = 2 s; Blue curves: H = 5 s.

active power Pg, shown in Fig. 17. As can be seen from the figure, a higher
inertia constant, corresponding to a lower αP, results in a higher gain, which
corresponds to a larger inertial response.

To summarize, the frequency analysis of the proposed decoupled controller
shows that the proposed design addresses both the problem of SFR as well
as power coupling, as demonstrated by the presented frequency responses.
It has furthermore shown how different control parameters can be used to
influence the controller response in different frequency ranges. These findings
are summarized in Fig. 18, which shows the dd-element of the converter’s
input admittance as a comparison to the desired converter behaviour shown in
Fig. 7. For comparison, the response of a pure admittance, without controller,
is also shown in black. From the figure, it can be seen that the main difference
to the pure admittance appears for frequencies around and below the APL’s
and RPL’s bandwidth, as the converter shows a constant power behaviour in
this range. As can be seen from the dashed green curve, the main way to
impact the controller’s response at frequencies around the power controller’s
loop bandwidth (apart from tuning the controller’s parameters to a different
bandwidth) is the damping ratio ζ. At higher frequencies (here up to about
100 Hz) and in particular around the fundamental, the virtual resistance Rv
becomes the dominant factor. This parameter also plays the main role in the
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Figure 18: Comparison of Ydd of virtual admittance and decoupled GFM controller.
Virtual reactance is 0.5pu. Solid black curves: virtual admittance re-
sponse, with Rv = 1 pu; Solid blue curves: GFM controller response,
with Rv = 1 pu and ζP = ζQ = 1. Dashed green curves: GFM con-
troller response, with Rv = 1 pu and ζ = 0.7; Dashed red curves: GFM
controller response, with Rv = 0.25 pu and ζ = 1.

damping of the SFR. For frequencies above this, the main impact on the input
admittance gradually shifts from Rv to the virtual inductance Lv, until the
bandwidth limitation of the CC deteriorates the representation of the VA.

5 Experimental Validation
To validate the claimed performance of the controller, an experimental val-
idation has been carried out in the laboratory. A photo of the laboratory
setup is shown in Fig. 19, with a single-line diagram in Fig. 20. The grid
voltage is emulated using a four quadrant programmable AC power source by
REGATRON, and the grid impedance is realized with the help of physical re-
actors. The GFM converter system comprises of a 2-level VSC supplied by an
ideal DC voltage source. The VSC is controlled using dSPACE dS1006, and
is connected at the PCC through a phase reactor with the inductance Lf and
resistance Rf . The system and control parameters used for the experimental
validation are given in Table 2. The APL and RPL bandwidths are chosen to
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Figure 19: Photo of the laboratory setup used for validation.

vc

vg

if

Rf, Lf Rg, Lg

vs
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Filter Grid representation

Figure 20: Single-line diagram of the laboratory setup.

comply with the recommendations for GFM control action defined in [24].
At first, the performance of the Decoupled VA-GFM is investigated. In

Fig. 21, the reaction to steps in the active- and reactive-power reference is
shown for a relatively weak grid with a short-circuit ratio (SCR) of 3.3 (blue),
and for a stronger grid with a SCR of 6.6 (red). Both curves show that the
controller works as intended and follows the steps in the reference at 1 s, 2 s,
3 s and 4 s for Pref , as well as 0.5 s, 1.5 s, 2.5 s and 3.5 s for Qref , respectively.
It can be observerd that the converter’s performance is independent of the
grid strength. The curves also demonstrate that the VA phase compensation
is able to achieve the intended decoupling effect, and the impact of the steps
in Pref is caused by the variation in grid voltage.

In the results shown in Fig. 22 the impact of the virtual resistance Rv on
the SFR can be studied. A step in the active power reference is conducted
with a Rv of 0.25 pu (green) and 1 pu (blue). It can be seen that for the lower
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Figure 21: Results of a step in the power references of the proposed controller with
a variation in the grid strength. Blue curves: SCR = 3.3; Red curves:
SCR = 6.6.
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resistance there is a visible oscillation close to the synchronous frequency,
which becomes significantly more damped for the higher resistance value. A
poorly damped, low amplitude 50-Hz-oscillation in (primarily reactive) power
can be observed even before the power reference step, due to the dynamics
of the REGATRON grid simulator. It can be seen that the virtual resistance
not only dampens the transient DC-component caused by the power-reference
step, but also the interaction with the grid emulator. The figure also shows
that the coupling between active and reactive power does not increase for
increasing values of Rv, as would to be expected for a classical GFM.

In Fig. 23, the impact of the damping ratio ζ on the reaction to a step
in the power reference is shown. For the green curves, with ζP = ζQ = 0.5,
the reference step results in a large and poorly-damped overshoot. As to be
expected from the frequency analysis in the previous section and Fig. 14 in
particular, the frequency of this oscillation is close to 5 Hz, the bandwidth
of the APL. Increasing the damping ratios to 0.7 (red) or 1 (blue) dampens
the oscillation significantly. Between these higher values there is a trade-
off between speed (lower damping is faster) and acceptable overshoot (lower
damping is unable to prevent overshoot completely), that can be tailored to
use-case specific requirements.

6 Conclusion
In this paper a novel control strategy for VA-GFM for effective decoupling be-
tween the active- and reactive-power responses has been presented. The pro-

Table 2: System and control parameters for the laboratory setup.
System parameters Control parameters
SN 1 kVA Lv1 0.343 pu
VN 100 V Rv1 0.9843 pu
ωb 314.16 rad/s αP = αQ 2π 5 rad/s
Lf 0.157 pu ζP = ζQ 1
Rf 0.0157 pu αCC 2π 200 rad/s
SCR 3.18
Csh 0.0942 pu
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Figure 22: Experimental results of a step in the power references of the proposed
controller with a variation in the virtual resistance. Green curves: Rv =
0.25 pu; Blue curves: Rv = 1 pu.
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Figure 23: Experimental results of a step in the power references of the proposed
controller with a variation in the APL’s damping ratio. Green curves:
ζP = ζQ = 0.5; Red curves: ζP = ζQ = 0.7; Blue curves: ζP = ζQ = 1.
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posed Decoupled VA-GFM controller is based on a complex-power outer con-
trol loop and employs a VA-compensation algorithm to achieve near-perfect
decoupling between active and reactive power for any selection of the VA pa-
rameters. As a consequence, the virtual resistance in the VA can be selected
arbitrary, depending on the system needs for damping in the subsynchronous-
frequency range and at SFR.

This paper also presents a detailed frequency analysis of the proposed con-
troller. This analysis confirms the decoupling and demonstrates that the
different degrees of freedom in the controller can be used to influence the
behaviour in different frequency ranges independently from each other. Fur-
thermore, it is shown that for equal selection of the APL and RPL bandwidths,
both the closed-loop transfer function and the converter’s input admittance
can be expressed as a single-dimensional transfer-function, thus allowing for
single-input/single-output representation of the Decoupled VA-GFM.

References
[1] International Energy Agency, “Net Zero by 2050 - A Roadmap for the

Global Energy Sector,” Paris, France, Oct. 2021.
[2] B. K. Bose, “Global Energy Scenario and Impact of Power Electronics

in 21st Century,” IEEE Transactions on Industrial Electronics, vol. 60,
no. 7, pp. 2638–2651, Jul. 2013, issn: 1557-9948.

[3] ENTSO-E, “High Penetration of Power Electronic Interfaced Power
Sources and the Potential Contribution of Grid Forming Converters,”
2020.

[4] J. Matevosyan, B. Badrzadeh, T. Prevost, et al., “Grid-Forming Invert-
ers: Are They the Key for High Renewable Penetration?” IEEE Power
and Energy Magazine, vol. 17, no. 6, pp. 89–98, Nov. 2019, issn: 1558-
4216.

[5] R. Rosso, X. Wang, M. Liserre, X. Lu, and S. Engelken, “Grid-Forming
Converters: Control Approaches, Grid-Synchronization, and Future
Trends — A Review,” IEEE Open Journal of Industry Applications,
vol. 2, pp. 93–109, 2021, issn: 2644-1241.

F33



Paper F

[6] S. D’Arco and J. A. Suul, “Virtual synchronous machines — Classifica-
tion of implementations and analysis of equivalence to droop controllers
for microgrids,” in 2013 IEEE Grenoble Conference, Jun. 2013, pp. 1–
7.

[7] M. Tozak, S. Taskin, I. Sengor, and B. P. Hayes, “Modeling and Con-
trol of Grid Forming Converters: A Systematic Review,” IEEE Access,
vol. 12, pp. 107 818–107 843, 2024, issn: 2169-3536.

[8] L. Zhang, L. Harnefors, and H. Nee, “Power-Synchronization Control
of Grid-Connected Voltage-Source Converters,” IEEE Transactions on
Power Systems, vol. 25, no. 2, pp. 809–820, May 2010, issn: 1558-0679.

[9] P. Rodriguez, I. Candela, C. Citro, J. Rocabert, and A. Luna, “Con-
trol of grid-connected power converters based on a virtual admittance
control loop,” in 2013 15th European Conference on Power Electronics
and Applications (EPE), Sep. 2013, pp. 1–10.

[10] M. Li, Y. Wang, W. Hu, et al., “Unified Modeling and Analysis of
Dynamic Power Coupling for Grid-Forming Converters,” IEEE Trans-
actions on Power Electronics, vol. 37, no. 2, pp. 2321–2337, Feb. 2022,
issn: 1941-0107.

[11] Z. Tang, S. Wang, Y. Cui, X. Cheng, and Y. Zhao, “A Review of
Coupling and Interaction Studies of Grid-Forming Converters Based on
Transient Stability,” in 2024 7th International Conference on Energy,
Electrical and Power Engineering (CEEPE), Apr. 2024, pp. 259–265.

[12] B. Fan, T. Liu, F. Zhao, H. Wu, and X. Wang, “A Review of Current-
Limiting Control of Grid-Forming Inverters Under Symmetrical Dis-
turbances,” IEEE Open Journal of Power Electronics, pp. 1–15, 2022,
issn: 2644-1314.

[13] F. Zhao, X. Wang, and T. Zhu, “Low-Frequency Passivity-Based Anal-
ysis and Damping of Power-Synchronization Controlled Grid-Forming
Inverter,” IEEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 11, no. 2, pp. 1542–1554, Apr. 2023, issn: 2168-6785.

[14] K. Kamalinejad, A. Narula, M. Bongiorno, M. Beza, and J. R. Svens-
son, “Investigation of Control Parameters’ Impact on Damping Prop-
erty of Grid-Forming Converters,” in 2024 IEEE Energy Conversion
Congress and Exposition (ECCE), Oct. 2024, pp. 686–693.

F34



References

[15] K. De Brabandere, B. Bolsens, J. Van den Keybus, A. Woyte, J.
Driesen, and R. Belmans, “A Voltage and Frequency Droop Control
Method for Parallel Inverters,” IEEE Transactions on Power Electron-
ics, vol. 22, no. 4, pp. 1107–1115, Jul. 2007, issn: 1941-0107.

[16] T. Wu, Z. Liu, J. Liu, S. Wang, and Z. You, “A Unified Virtual
Power Decoupling Method for Droop-Controlled Parallel Inverters in
Microgrids,” IEEE Transactions on Power Electronics, vol. 31, no. 8,
pp. 5587–5603, Aug. 2016, issn: 1941-0107.

[17] B. Li and L. Zhou, “Power Decoupling Method Based on the Diag-
onal Compensating Matrix for VSG-Controlled Parallel Inverters in
the Microgrid,” Energies, vol. 10, no. 12, p. 2159, 12 Dec. 2017, issn:
1996-1073.

[18] C. R. Shah, M. Molinas, R. Nilsen, and M. Amin, “Impedance Reshap-
ing of GFM Converters with Selective Resistive Behaviour for Small-
signal Stability Enhancement,” in 2024 IEEE Applied Power Electron-
ics Conference and Exposition (APEC), Feb. 2024, pp. 1619–1626.

[19] P. Wang, M. Chen, J. Wang, G. Zhu, and F. Jiang, “An Active
Power Feedforward Compensation-Based Power Decoupling Method
for Droop Control Converters,” IEEE Transactions on Power Elec-
tronics, vol. 40, no. 5, pp. 6726–6739, May 2025, issn: 1941-0107.

[20] P. Zhang, H. Zhao, H. Cai, J. Shi, and X. He, “Power decoupling strat-
egy based on ‘virtual negative resistor’ for inverters in low-voltage mi-
crogrids,” IET Power Electronics, vol. 9, no. 5, pp. 1037–1044, 2016,
issn: 1755-4543.

[21] Y. Tao, Y. Jie, L. Chenguang, et al., “Power Decoupling Control of
Grid-Forming Converter Based on Voltage and Angle Compensation,”
in 2023 6th International Conference on Electrical Engineering and
Green Energy (CEEGE), Jun. 2023, pp. 95–100.

[22] L. Harnefors, M. Hinkkanen, U. Riaz, F. M. M. Rahman, and L. Zhang,
“Robust Analytic Design of Power-Synchronization Control,” IEEE
Transactions on Industrial Electronics, vol. 66, no. 8, pp. 5810–5819,
Aug. 2019, issn: 1557-9948.

F35



Paper F

[23] M. G. Taul, X. Wang, P. Davari, and F. Blaabjerg, “Current Limiting
Control With Enhanced Dynamics of Grid-Forming Converters During
Fault Conditions,” IEEE Journal of Emerging and Selected Topics in
Power Electronics, vol. 8, no. 2, pp. 1062–1073, Jun. 2020, issn: 2168-
6777, 2168-6785.

[24] P. Imgart, M. Beza, M. Bongiorno, and J. R. Svensson, “An Overview
of Grid-Connection Requirements for Converters and Their Impact on
Grid-Forming Control,” EPE’22 ECCE Europe, 2022.

[25] National Energy System Operator, The Grid Code, Nov. 7, 2024.
[26] L. Harnefors, M. Bongiorno, and S. Lundberg, “Input-Admittance Cal-

culation and Shaping for Controlled Voltage-Source Converters,” IEEE
Transactions on Industrial Electronics, vol. 54, no. 6, pp. 3323–3334,
Dec. 2007, issn: 1557-9948.

[27] L. Harnefors, X. Wang, A. G. Yepes, and F. Blaabjerg, “Passivity-
Based Stability Assessment of Grid-Connected VSCs—An Overview,”
IEEE Journal of Emerging and Selected Topics in Power Electronics,
vol. 4, no. 1, pp. 116–125, Mar. 2016, issn: 2168-6777, 2168-6785.

[28] M. Yu, A. J. Roscoe, A. Dyśko, et al., “Instantaneous penetration level
limits of non-synchronous devices in the British power system,” IET
Renewable Power Generation, vol. 11, no. 8, pp. 1211–1217, 2017, issn:
1752-1424.

[29] A. Narula, P. Imgart, M. Bongiorno, P. Mattavelli, M. Beza, and J. R.
Svensson, “Power-Response Matrix-Based Modeling of Converter Sys-
tems for Small-Signal Analysis,” in 2024 IEEE Energy Conversion
Congress and Exposition (ECCE), Phoenix, AZ, USA: IEEE, Oct. 20,
2024, pp. 4724–4731, isbn: 9798350376067.

[30] A. Narula, M. Bongiorno, and M. Beza, “Comparison of Grid-Forming
Converter Control Strategies,” in 2021 IEEE Energy Conversion
Congress and Exposition (ECCE), Oct. 2021, pp. 361–368.

[31] P. Imgart, A. Narula, M. Bongiorno, M. Beza, and J. R. Svensson,
“A Cascaded Power Controller for Robust Frequency Ride-Through of
Grid-Forming Converters,” presented at the 2022 IEEE Energy Con-
version Congress and Exposition (ECCE), Detroit, MI, USA, 2022.

F36



References

[32] P. Imgart, A. Narula, M. Bongiorno, M. Beza, and J. R. Svensson,
“External Inertia Emulation to Facilitate Active-Power Limitation in
Grid-Forming Converters,” IEEE Transactions on Industry Applica-
tions, vol. 60, no. 6, pp. 9145–9156, Nov. 2024, issn: 1939-9367.

F37


	Abstract
	List of Papers
	Acknowledgements
	Acronyms
	I Overview
	1 Introduction
	2 Grid-Following and Grid-Forming Converter Control
	3 Connection Requirements for Grid-Connected Converters
	4 Grid-Forming Converter Operation During Current Saturation
	5 Frequency-Response Shaping of Grid-Forming Controllers
	6 Concluding Remarks
	7 Summary of included papers
	Appendix A: Definitions of GFM Behaviour in the Literature
	A Definitions of GFM Behaviour in the Literature
	References

	II Papers
	A An Overview of Grid-Connection Requirements for Converters and Their Impact on Grid-Forming Control
	B Voltage-based Current Limitation Strategy to Preserve Grid-forming Properties Under Severe Grid Disturbances
	C A Cascaded Power Controller for Robust Frequency Ride-Through of Grid-Forming Converters
	D External Inertia Emulation to Facilitate Active-Power Limitation in Grid-Forming Converters
	E Stability Limits and Improved Robustness of Grid-Forming Converters With External Inertia-Emulation Loop
	F Decoupled PQ Grid-Forming Control with Tunable Converter Frequency Behaviour



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 3 to page 337; only even numbered pages
     Trim: none
     Shift: move left by 25.51 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20250829100853
      

        
     Shift
     32
            
       D:20250804162300
       677.4803
       169x239
       Blank
       479.0551
          

     Tall
     1
     0
     No
     3242
     335
     Fixed
     Left
     25.5118
     0.0000
            
                
         Even
         3
         SubDoc
         337
              

       CurrentAVDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3r
     Quite Imposing Plus 5
     1
      

        
     336
     337
     335
     167
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 3 to page 337; only odd numbered pages
     Trim: none
     Shift: move right by 25.51 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20250829100903
      

        
     Shift
     32
            
       D:20250804162300
       677.4803
       169x239
       Blank
       479.0551
          

     Tall
     1
     0
     No
     3242
     335
    
     Fixed
     Right
     25.5118
     0.0000
            
                
         Odd
         3
         SubDoc
         337
              

       CurrentAVDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3r
     Quite Imposing Plus 5
     1
      

        
     336
     337
     336
     168
      

   1
  

 HistoryList_V1
 qi2base





