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Overview of grid-forming control strategies
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Naive baseline: virtual inertia emulation
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reference : detailed model of
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implementation : low-pass filters for
dissipation, virtual impedances for
saturation, limiters,. . . tricks

! most commonly accepted solution in
industry (
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! over-parametrized & ignores DC
source dynamics and limits

! poor fit for converter:

– converter: fast actuation & no
significant energy storage

– machine: slow actuation &
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! performs poorly post-fault

! analysis is hopeless (hard at best)
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Fig. 1. Overview of investigated system configuration and control structure for the Virtual Synchronous Machine.

The VSM-based power control with virtual inertia provides frequency and phase angle references ωVSM and "VSM to the internal control
loops for operating the VSC, while a reactive power controller provides the voltage amplitude reference v̂r∗

. Thus, the VSM inertia emulation
and the reactive power controller appear as outer loops providing the references for the cascaded voltage and current controllers. A PLL
detects the actual grid frequency, but this frequency is only used for implementing the damping term in the swing equation. Thus, the
operation of the inner loop controllers does not rely on the PLL as in conventional VSC control systems, but only on the power-balance-based
synchronization mechanism of the VSM inertia.

3.2. Modelling conventions

In Fig. 1, upper case symbols represent physical values of the electrical circuit. The control system implementation and the modelling
of the system are based on per unit quantities, denoted by lower case letters where the base values are defined from the apparent power
rating and the rated peak value of the phase voltage [30].

The modelling, analysis and control of the electrical system is implemented in Synchronous Reference Frames (SRFs). The transformation
from the stationary reference frame into the SRFs are based on the amplitude-invariant Park transformation, with the d-axis aligned with
a voltage vector and the q-axis leading the d-axis by 90◦ [30]. Thus, the magnitude of current and voltage vectors at rated conditions is
1.0 pu.

Whenever possible, SRF equations are presented in complex space vector notation as:

x = xd + j · xq (1)

Thus, active and reactive powers can be expressed on complex or scalar form as:

p = Re(v ·
#
i) = vd · id + vq · iq

q = Im(v ·
#
i) = −vd · iq + vq · id

(2)

The current directions indicated in Fig. 1 result in positive values for active and reactive powers flowing from the converter into the
grid.

3.3. System modelling

In the following sub-sections, the implementation of each functional block of the VSM-based control and the mathematical models of
all system elements from Fig. 1 are presented as a basis for developing a non-linear model of the system. This system model will also be
used to establish a linearized small-signal state-space representation.

3.3.1. VSM inertia emulation and active power droop control
The emulation of a rotating inertia and the power-balance based synchronization mechanisms of this virtual inertia is the main difference

between the investigated VSM control structure and conventional control systems for VSCs. The VSM implementation investigated in this
case is based on a conventional swing equation representing the inertia and damping of a traditional SM [10,14]. The swing equation used
for the implementation is linearized with respect to the speed so that the acceleration of the inertia is determined by the power balance
according to:

dωVSM

dt
= pr∗

Ta
− p

Ta
− pd

Ta
(3)

In this equation, pr* is the virtual mechanical input power, p is the measured electrical power flowing from the VSM into the grid, and
pd is the damping power, while the mechanical time constant is defined as Ta (corresponding to 2H in a traditional SM). The per unit
mechanical speed ωVSM of the virtual inertia is then given by the integral of the power balance while the corresponding phase angle "VSM is
given by the integral of the speed. A block diagram showing the implementation of the VSM swing equation is shown on the right in Fig. 2.
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. Thus, the VSM inertia emulation
and the reactive power controller appear as outer loops providing the references for the cascaded voltage and current controllers. A PLL
detects the actual grid frequency, but this frequency is only used for implementing the damping term in the swing equation. Thus, the
operation of the inner loop controllers does not rely on the PLL as in conventional VSC control systems, but only on the power-balance-based
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loops for operating the VSC, while a reactive power controller provides the voltage amplitude reference v̂r∗

. Thus, the VSM inertia emulation
and the reactive power controller appear as outer loops providing the references for the cascaded voltage and current controllers. A PLL
detects the actual grid frequency, but this frequency is only used for implementing the damping term in the swing equation. Thus, the
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between the investigated VSM control structure and conventional control systems for VSCs. The VSM implementation investigated in this
case is based on a conventional swing equation representing the inertia and damping of a traditional SM [10,14]. The swing equation used
for the implementation is linearized with respect to the speed so that the acceleration of the inertia is determined by the power balance
according to:

dωVSM

dt
= pr∗

Ta
− p

Ta
− pd

Ta
(3)

In this equation, pr* is the virtual mechanical input power, p is the measured electrical power flowing from the VSM into the grid, and
pd is the damping power, while the mechanical time constant is defined as Ta (corresponding to 2H in a traditional SM). The per unit
mechanical speed ωVSM of the virtual inertia is then given by the integral of the power balance while the corresponding phase angle "VSM is
given by the integral of the speed. A block diagram showing the implementation of the VSM swing equation is shown on the right in Fig. 2.
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a b s t r a c t

In comparison of the conventional bulk power plants, in which the synchronous machines dominate, the

distributed generator (DG) units have either very small or no rotating mass and damping property. With

growing the penetration level of DGs, the impact of low inertia and damping effect on the grid stability

and dynamic performance increases. A solution towards stability improvement of such a grid is to pro-

vide virtual inertia by virtual synchronous generators (VSGs) that can be established by using short term

energy storage together with a power inverter and a proper control mechanism.

The present paper reviews the fundamentals and main concept of VSGs, and their role to support the

power grid control. Then, a VSG-based frequency control scheme is addressed, and the paper is focused

on the poetical role of VSGs in the grid frequency regulation task. The most important VSG topologies

with a survey on the recent works/achievements are presented. Finally, the relevant key issues, main

technical challenges, further research needs and new perspectives are emphasized.

! 2013 Elsevier Ltd. All rights reserved.
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Synchronverters: Inverters That Mimic
Synchronous Generators

Qing-Chang Zhong, Senior Member, IEEE, and George Weiss

Abstract—In this paper, the idea of operating an inverter
to mimic a synchronous generator (SG) is motivated and
developed. We call the inverters that are operated in this
way synchronverters. Using synchronverters, the well-established
theory/algorithms used to control SGs can still be used in power
systems where a significant proportion of the generating capac-
ity is inverter-based. We describe the dynamics, implementation,
and operation of synchronverters. The real and reactive power
delivered by synchronverters connected in parallel and operated
as generators can be automatically shared using the well-known
frequency- and voltage-drooping mechanisms. Synchronverters
can be easily operated also in island mode, and hence, they provide
an ideal solution for microgrids or smart grids. Both simulation
and experimental results are given to verify the idea.

called inverters, to interface with the public-utility grid. For
example, wind turbines are most effective if free to generate
at variable frequency, and so, they require conversion from
variable frequency ac to dc to ac; small gas-turbines with direct-
drive generators operate at high frequency and also require
ac to dc to ac conversion; photovoltaic arrays require dc–ac
conversion. This means that more and more inverters will be
connected to the grid and will eventually dominate power
generation.

The current paradigm in the control of wind- or solar-power
generators is to extract the maximum power from the power
source and inject them all into the power grid (see, for example,
[1]–[3]). Advanced algorithms have been developed to ensure
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Abstract: The substantial potential for the integration of renewable energy into power systems using power electronics

converters might result in stability issues because of a lack of inertia. For this reason, this study introduces the concept of a

virtual synchronous machine (VSM) control algorithm that emulates the properties of traditional synchronous machines. The

literature includes references to several differently structured control algorithms. However, synchronous machine inertia and

damping characteristics must be mimicked, which makes the cost and simplicity of implementation important from an economic

perspective. This study presents a comprehensive comparison of VSM control algorithms. The most significant factor

investigated in the work presented in this study is the viability of VSM algorithms during the kind of abnormal operation that

might raise instability issues with respect to practical discrete time operation. The test system used in this study, which was

simulated in a PSCAD/EMTDC environment, consisted of simulated voltage source converters based on a fully detailed

switching model with two AC voltage levels. The results indicate a significant outcome that can facilitate a determination of the

most effective VSM control algorithm.
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Droop as simplest reference model

I frequency control by mimicking P � !

droop property of synchronous machine:

D (! � !ref) = Pref � P

I voltage control via Q� kvk droop:
d
dtkvk = �c1(kvk � vref)� c2(Q�Qref)

!ref

Pref,1 Pref,2

!0

! reference are generator controls

! direct control of (P,!) and (Q, kvk)
assuming they are independent
(approx. true only near steady state)

! two SISO loops to control a
nonlinear MIMO system

! ignores DC source dynamics

! requires tricks in implementation
similar to virtual synchronous machine
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Derivation of ideal droop angle dynamics
(covered on the board)

7 / 48

Assuan : - no state /power/ energy
constraints

- Ac tracking controls work perfectly
→ terminal converter voltage = reference voltage

-

neglect voltage control ( assume all voltages H=1
- lossless network

reduced problem scenario : ( two converters/
a. B dei%

droop control : D↑i (Wi
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Droop control is de facto baseline solution
after (lots of) deliberate tuning, it works well locally near steady state

admits both grid-forming & grid-following implementations

simplified droop models are amenable to theoretic analysis & certificates

(simplified) frequency droop = coupled oscillators
d
dt

✓i
|{z}

d
dt terminal voltage

= ⌧i
|{z}

active power set-point

�

X
j
aij sin(✓i � ✓j)

| {z }
active power flows from grid

) part of many grid codes & ancillary service markets

ø poor post-fault performance due to delays, wind-up, decoupling, SISO, . . .

ø no stability certificates for detailed, nonlinear, & interconnected systems

ø unclear if droop control is the long-term solution (?) for low-inertia systems
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Power sources & signal transformers

control control control control

Power
source DC/AC Network AC/DC Power

source

complete system model

abstraction & objectives of previous controllers

10 / 48



Power sources & signal transformers

control control control control

Power
source DC/AC Network AC/DC Power

source

complete system model

control control control control

Œ DC/AC Network AC/DC Œ

abstraction & objectives of previous controllers

10 / 48



Power sources & signal transformers

control control control control

Power
source DC/AC Network AC/DC Power

source

complete system model

control control control control

Œ DC/AC Static &
lossless AC/DC Œ

abstraction & objectives of previous controllers

10 / 48



Power sources & signal transformers

control control control control

Power
source DC/AC Network AC/DC Power

source

complete system model

control control control control

Œ DC/AC Static &
lossless AC/DC Œ

abstraction & objectives of previous controllers

10 / 48



Power sources & signal transformers cont’d

control control control control

Power
source DC/AC Network AC/DC Power

source

power source
I governs system-level behavior
I response time, power, . . .

DC/AC converter

I acts as signal transformer
I negligible controlled dynamics

Key insights
DC side & power source cannot be neglected

focus on main energy storage elements & energy source
synchronous machine maps power imbalance to turbine & governor
converter maps imbalance power to . . . ?
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Seeking more natural control strategies
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2. matching: mfreq = ⌘vdc with ⌘ = !ref
vdc,ref

! duality: Cdc ⇠M is equivalent inertia

structural similarities :
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control: uampl = Lmir, idc/⌘ = ⌧m

! equivalent inertia: M ⌘ Cdc/⌘
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energy imbalance signal ! ⌘ vdc

12 / 48



Seeking more natural control strategies
M

!

⌧m

vg

ir L✓ is

d✓

dt
= !

M
d!

dt
= �D! + ⌧m + Lmir

⇥� sin ✓
cos ✓

⇤>
is

Ls
dis
dt

= �Rsis + vg � Lmir
⇥� sin ✓

cos ✓

⇤
!

vg
vdc

idc

Cdc

if
Lf

m

d�

dt
= mfreq

Cdc
dvdc
dt

=�Gdcvdc + idc +mampl
⇥� sin �

cos �

⇤>if

Lf
dif
dt

= �Rf if + vg � mampl
⇥� sin �

cos �

⇤
vdc

1. modulation in polar coordinates:

m = mampl
⇥� sin �

cos �

⇤
& �̇ = mfreq

2. matching: mfreq = ⌘vdc with ⌘ = !ref
vdc,ref

! duality: Cdc ⇠M is equivalent inertia

structural similarities :
states: ✓ = �, ! = ⌘vdc, is = if

control: uampl = Lmir, idc/⌘ = ⌧m

! equivalent inertia: M ⌘ Cdc/⌘
2 &

energy imbalance signal ! ⌘ vdc

12 / 48

= Vdc ' C



Seeking more natural control strategies
M

!

⌧m

vg

ir L✓ is

d✓

dt
= !

M
d!

dt
= �D! + ⌧m + Lmir

⇥� sin ✓
cos ✓

⇤>
is

Ls
dis
dt

= �Rsis + vg � Lmir
⇥� sin ✓

cos ✓

⇤
!

vg
vdc

idc

Cdc

if
Lf

m

d�

dt
= ⌘ · vdc

Cdc
dvdc
dt

=�Gdcvdc + idc +mampl
⇥� sin �

cos �

⇤>
if

Lf
dif
dt

= �Rf if + vg � mampl
⇥� sin �

cos �

⇤
vdc

1. modulation in polar coordinates:

m = mampl
⇥� sin �

cos �

⇤
& �̇ = mfreq

2. matching: mfreq = ⌘vdc with ⌘ = !ref
vdc,ref

! duality: Cdc ⇠M is equivalent inertia

structural similarities :
states: ✓ = �, ! = ⌘vdc, is = if

control: uampl = Lmir, idc/⌘ = ⌧m

! equivalent inertia: M ⌘ Cdc/⌘
2 &

energy imbalance signal ! ⌘ vdc

12 / 48



Seeking more natural control strategies
M

!

⌧m

vg

ir L✓ is

d✓

dt
= !

M
d!

dt
= �D! + ⌧m + Lmir

⇥� sin ✓
cos ✓

⇤>
is

Ls
dis
dt

= �Rsis + vg � Lmir
⇥� sin ✓

cos ✓

⇤
!

vg
vdc

idc

Cdc

if
Lf

m

d�

dt
= ⌘ · vdc

Cdc
dvdc
dt

=�Gdcvdc + idc +mampl
⇥� sin �

cos �

⇤>
if

Lf
dif
dt

= �Rf if + vg � mampl
⇥� sin �

cos �

⇤
vdc

1. modulation in polar coordinates:

m = mampl
⇥� sin �

cos �

⇤
& �̇ = mfreq

2. matching: mfreq = ⌘vdc with ⌘ = !ref
vdc,ref

! duality: Cdc ⇠M is equivalent inertia

structural similarities :
states: ✓ = �, ! = ⌘vdc, is = if

control: uampl = Lmir, idc/⌘ = ⌧m

! equivalent inertia: M ⌘ Cdc/⌘
2 &

energy imbalance signal ! ⌘ vdc
12 / 48



Properties of matching control
(covered on the board)
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Properties of matching control

simple & robust implementation : vdc �!
⌘
s

�
�! mampl

⇥� sin �
cos �

⇤
�!m

exploits structural similarities & DC/AC energy imbalance
– clarifies impact of DC side dynamics & limitations
– saturating DC current ! saturating AC current

(no need for virtual impedance etc.)

can also be derived from principled nonlinear control
– virtual angle + matching = internal model + passive interconnection (IDA-PBC)

energy shaping via idc & umag to achieve further control objectives
– damping/droop assignment (stability)
– tracking set-points (PQ or PV)
– add virtual capacitance (inertia)

closed-loop certificates : incremental stability & passivity ⇡ energy decreasing

closed loop is only structurally equivalent to synchronous machine
! time constants are di�erent & control gains need to be tuned di�erently

robust but slow ac performance  ac side controlled via dc signals
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Rapid prototyping experimental validation
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Details & initial conditions for further reading
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Also applies in a dual-port setup

apply matching control everywhere, i.e., to all dc/ac converters (at HVDCs,

wind turbines, . . . ) à la ✓̇ = c1 ·(pdc � p?dc) + c2 ·(pac � p?ac) (or variations)

to map imbalances across & assure dc & ac grid-forming functionalities

�! to get literature search started:
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Dual-port grid-forming control of MMCs and its
applications to grids of grids

Dominic Groß, Member, IEEE, Enric Sánchez-Sánchez, Member, IEEE, Eduardo Prieto-Araujo, Senior
Member, IEEE, and Oriol Gomis-Bellmunt, Fellow, IEEE

Abstract—This work focuses on grid-forming (GFM) control
of Interconnecting Power Converters (IPCs) that are used to
interconnect multiple HVAC and HVDC subgrids to form a grid
of grids. We introduce the concept of dual-port GFM control that
leverages the ability of Modular Multilevel Converters (MMCs) to
simultaneously form its AC and DC terminal voltage and present
two dual-port GFM MMC controls. We provide analytical results
and high-fidelity simulations that demonstrate that (i) dual-port
GFM control is more resilient to contingencies (i.e., line and
generator outages) than state-of-the-art single-port GFM control,
and (ii) unlike single-port GFM control, dual-port GFM control
does not require assigning grid-forming and grid-following (GFL)
roles to the IPC terminals in grids of grids. Finally, we provide an
in-depth discussion and comparison of single-port GFM control
and the proposed dual-port GFM controls.

I. INTRODUCTION

A major transition in the operation of electric power systems
is the increasing integration of power electronic converters that
interface renewable generation, energy storage systems, high
voltage direct current (HVDC) transmission, and industrial
and domestic loads. Replacing synchronous generators with
converter-interfaced resources results in significantly different
power system dynamics and challenges standard operating
paradigms. In particular, while power converters have limited
inertia and reduced overload capability, they are fully control-
lable and enable a fast and flexible response as long as their
limitations are considered [1]–[3].

The use of power electronic converters in HVDC trans-
mission systems has resulted in the emergence of segmented
power systems composed of multiple HVAC subgrids in-
terconnected by means of point-to-point HVDC links. The
proliferation of HVDC grids using Voltage Source Converters
(VSC) will enable more complex interconnections of multiple
meshed HVAC and HVDC subgrids through Interconnecting
Power Converters (IPC).

Typically, control strategies for DC/AC VSCs are broadly
categorized into (i) grid-following (GFL) controls that assume
a stable AC voltage (i.e., magnitude and frequency) and (ii)

The work of Oriol Gomis-Bellmunt is supported by the ICREA Academia
program. Eduardo Prieto-Araujo is a Serra Húnter Lecturer. This work was
also funded by FEDER / Ministerio de Ciencia, Innovación y Universidades
- Agencia Estatal de Investigación, Project RTI2018-095429-B-I00.

D. Groß is with the Department of Electrical and Computer Engineering at
the University of Wisconsin-Madison, Madison, USA. E. Prieto-Araujo, and
O. Gomis-Bellmunt are with and E. Sánchez-Sánchez was with the Centre
d’Innovació Tecnològica en Convertidors Estàtics i Accionaments, Departa-
ment d’Enginyeria Elèctrica, Universitat Politècnica de Catalunya, Barcelona,
Spain; e-mail: dominic.gross@wisc.edu, enric.sanchez.sanchez@gmail.com;
eduardo.prieto-araujo@citcea.upc.edu; oriol.gomis@upc.edu

grid-forming (GFM) strategies that form a stable AC voltage
(i.e., magnitude and frequency) at the converter terminal. As
a consequence of relying on a stable AC voltage, GFL control
may fail due to voltage disturbances [4] or if insufficient GFM
units (i.e., synchronous generators or GFM converters) are
online to ensure frequency stability.

In contrast, GFM power converters can form a stable grid
and are envisioned to be the cornerstone of future power
systems. The prevalent approaches to GFM control are so-
called droop-control [5], synchronous machine emulation [6],
and (dispatchable) virtual oscillator control [7], [8]. All of the
aforementioned controls form a stable AC voltage waveform
and provide primary frequency control. However, they require
a stable DC voltage and will destabilize the system if the DC
voltage is not tightly controlled [9].

On the other hand, in the context of HVDC systems, VSC
controls have been proposed that stabilize the DC voltage but
require a stable AC voltage (i.e., frequency and magnitude) and
will destabilize the DC system if the AC voltage is not tightly
controlled [10]. Consequently, GFM controls can be broadly
categorized into AC grid-forming (AC-GFM) and DC grid-
forming (DC-GFM). In the existing literature it is commonly
assumed that AC-GFM and DC-GFM are mutually exclusive
concepts. Therefore, operating such a system with standard
AC-GFM and DC-GFM controls requires assigning AC-GFM
and DC-GFM roles to different IPCs to ensure stability of the
individual HVAC and HVDC subgrids [10]. This task is non-
trivial and can result in a system with complex dynamics that
is vulnerable to changes in the subsystem topologies or control
reserves (e.g., due to contingencies). Our key contribution is
the concept of dual-port GFM control that does not require
assigning AC-GFM or DC-GFM roles to different IPCs but
uses the same control on all IPCs.

Today Modular Multilevel Converters (MMC) are emerging
as the key Interconnecting Power Converter (IPC) technology
that allows to interconnect different high-voltage AC and DC
subgrids. A key feature of the MMC is that it can directly
control both its AC and DC terminal voltages [11] and leverage
the energy stored in its arms’ cells to provide limited inherent
energy storage functionalities. This degree of freedom can be
used to enhance the converter and overall system performance
[12], [13]. To the best of our knowledge, GFM MMC controls
available in the literature are single-port GFM, i.e., either AC-
GFM or DC-GFM, and control the MMC’s internal energy
through GFL control on the other terminal (AC-GFL/DC-GFM
or AC-GFM/DC-GFL). A notable exception is the control
proposed in [14] that can control the MMC’s internal energy
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Hybrid Angle Control and Almost Global Stability
of Non-synchronous Hybrid AC/DC Power Grids

Ali Tayyebi and Florian Dörfler

Abstract— This paper explores the stability of non-
synchronous hybrid ac/dc power grids under the grid-
forming hybrid angle control strategy. We formulate
dynamical models for the ac grids and transmission
lines, interlinking converters, and dc generations and
interconnections. Next, we establish the existence and
uniqueness of the closed-loop equilibria for the overall
system. Subsequently, we demonstrate global attractivity
of the equilibria, local asymptotic stability of the desired
equilibrium point, and instability and zero-Lebesgue-
measure region of attraction for other equilibria. The
theoretic results are derived under mild, parametric, and
unified stability/instability conditions. Finally, relying on
the intermediate results, we conclude the almost global
asymptotic stability of the hybrid ac/dc power grids with
interlinking converters that are equipped with hybrid angle
control. Last, we present several remarks on the practical
and theoretical aspects of the problem under investigation.

I. INTRODUCTION

The global paradigm shift toward harvesting energy from
renewable sources has recently led to the emergence of hybrid
ac/dc power grids. Such systems are typically comprised of
several non-synchronous ac power grids that interact with
each other through dc/ac interlinking converters (ILCs) that
are interconnected by a dc transmission network [1]–[3]. For
instance, Figure 1 illustrates an abstraction of the meshed
hybrid ac/dc grids that have been recently evolving in Europe.

The complex nonlinear dynamics of the hybrid ac/dc power
grids with multiple timescales and interactions between the
dc network, renewable generations, and ac girds renders the
control of interlinking converters a daunting task. It has
been recently reported that the grid-forming converter control
techniques [4], [5] are viable candidates for controlling the
ILCs in hybrid ac/dc power grids [6]. In particular, [6] suggests
that the matching control [7] exhibits superior dynamic
performance in hybrid ac/dc grids compared to classic control
schemes for the interlinking converters, e.g., dual-droop
control among others [8], [9]. Inspired by this intriguing
observation, this work explores the stability certificates of the
hybrid angle control (HAC) [10]–[12] for multiple ILCs.

We provide dynamical models for the ac girds and
transmission lines, ILCs, dc generations and interconnections.
Next, we formally prove the existence and uniqueness of

Ali Tayyebi is with the Automatic Control Laboratory, ETH Zürich, 8092 Zürich,
Switzerland and Hitachi Energy Research (HER), 72226 Västerås, Sweden, e-
mail: ali.tayyebi@hitachienergy.com. Florian Dörfler is with the Automatic Control
Laboratory, ETH Zürich, 8092 Zürich, Switzerland, e-mail: dorfler@ethz.ch. This
work was funded by the Austrian Institute for Technology, HER, and ETH Zürich.
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Fig. 1: The overview of the high voltage dc (HVDC) links and North
Sea wind power hub (NSWPH) concept that connect the regional
groups (RGs) in the Northern Europe and Baltic regions [1].

equilibria for the closed-loop dynamics under a verifiable
assumption. Further, a constructive analysis is presented that
proves the almost global asymptotic stability (AGAS) of
hybrid ac/dc power grids with ILCs under the HAC.

II. HYBRID AC/DC GRID MODEL DESCRIPTION

In this section, we describe the dynamical model of the
hybrid ac/dc grids. To begin with, consider n � Z>0 ac
grids that implies the inclusion of n ILCs and define Nac �
{1, . . . , n} that collects the labels of the ac systems. Further,
consider that the ILCs are interconnected via m � Z>0 dc
transmission lines; see Figure 2 for the model configuration.

A. Dynamic non-synchronous AC grids
We model the ac grids by widely recognized aggregated

dynamic center-of-inertia (COI) models [11], [13], [14], i.e.,

✓̇g = !g, (1a)
!̇g = J

�1 (Tm � Df!g � Dd(!g � !r) � Te) , (1b)
Ṫm = ⌧

�1
g (Tr � �g(!g � !r) � Tm) , (1c)

where ✓g � (✓g,1, . . . , ✓g,n) � Sn denotes the stacked
vector of the absolute phase angles of the ac grids, !g �
(!g,1, . . . , !g,n) � Rn denotes the vector of angular
frequencies, J � diag

�
{Jj}n

j=1

�
� Rn�n

>0 denotes the
diagonal matrix of the moment of inertia constants, Tm �
(Tm,1, . . . , Tm,n) � Rn denotes the vector of mechanical
torques, Df � diag

�
{Df,j}n

j=1

�
� Rn�n

>0 denotes the diagonal
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Outline

Virtual Synchronous Machine Emulation

Droop Control

Matching Control

Virtual Oscillator Control (VOC)

Time-Scale Separation Issues

Comparison



Cartoon summary of VOC (figures by Outi Supponen)

Conceptually, inverters are oscillators that have to synchronize

theory: sync of coupled
oscillators & nonlinear
decentralized control

power systems/electronics
experiments @NREL
outstanding performance
(superior to droop control)
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Cartoon summary of VOC (figures by Outi Supponen)

Hypothetically, they could sync by communication (not feasible)

theory: sync of coupled
oscillators & nonlinear
decentralized control

power systems/electronics
experiments @NREL
outstanding performance
(superior to droop control)
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Cartoon summary of VOC (figures by Outi Supponen)

Colorful idea: inverters sync through physics & clever local control

theory: sync of coupled
oscillators & nonlinear
decentralized control

power systems/electronics
experiments @NREL
outstanding performance
(superior to droop control)
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Original Virtual Oscillator Control (VOC)

nonlinear & open limit cycle
oscillator as reference model

+

-

g(v) v

io

�

+
v

v

)v(g

simplified model amenable to theoretic analysis
[J. Aracil & F. Gordillo, ’02], [Torres, Hespanha, Moehlis, ’11],
[Johnson, Dhople, Krein, ’13], [Dhople, Johnson, Dörfler, ’14]

! almost global synchronization & local droop

in practice proven to be robust mechanism
with performance superior to droop & others

! problem : cannot be controlled(?) to meet
specifications on amplitude & power injections

! dispatchable virtual oscillator control
[Colombino, Groß, Brouillon, & Dörfler, ’17, ’18,’19],
[Subotic, Gross, Colombino, & Dörfler,’19]
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Synchronization analysis
(covered on the board)

21 / 48

linear synchronization , ±7q_
igiid

L : = ✓

Ci = - i - i
grid

coupling through a resistive network :

/ grid . if = L . / ÷;)i ↑↳ interconnected dynamics : Laplacian
[ i. = v igiidii = Ejaij (y. _ g.)
Ci = - i - LvEnts
diagonalization :

L = [4 . - - un] . [ "\
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mode - by - made :
i. % = %

0th mode :
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higher - modes : L Éi = Ji

Chi = - ii. - × , y. /
"Yup
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improvement of original ad hoc
virtual oscillator control (VOC)



Model & control objectives (assumptions easy to generalize)

io,k

vk network
(measurable)

(controllable)

simplified multi-converter system model
I converter = terminal voltage vk 2 R2

I line dynamics = steady-state ⇧-model with
line admittance kYjkk = 1/

q
r2kj + !2

0`
2
kj

I homogeneous lines with  =
`jk
rjk

constant

desired steady-state behavior

I nominal synchronous frequency
d
dt vk = [ 0 �!

! 0 ] vk

I voltage amplitude (uniform for simplicity)

kvkk = v?

I active & reactive power injection
v>k io,k = p?k , v>k [ 0 �1

1 0 ] io,k = q?k

, relative angles: vk =
h
cos(✓?jk) � sin(✓?jk)

sin(✓?jk) cos(✓?jk)

i
vk
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Colorful idea: closed-loop target dynamics

✓
?
jk

vk

vjv
?
k

!

!

d
dt

vk =


0 �!
! 0

�
vk

| {z }
rotation at !

+ c1 ·
�
kvkk

?2
� kvkk

2�vk

| {z }
amplitude regulation to v?

k

+ c2 ·
nX

j=1

wjk

✓
vj �

h
cos(✓?jk) � sin(✓?jk)

sin(✓?jk) cos(✓?jk)

i
vk

◆

| {z }
synchronization to desired relative angles ✓?jk
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Decentralized implementation of dynamics
X

j
wjk(vj�R(✓?jk)vk)

| {z }
need to know wjk, vj , vk and ✓?jk

=
X

j
wjk(vj � vk)

| {z }
“Laplacian” feedback

+
X

j
wjk(I�R(✓?jk))vk

| {z }
local feedback: Kk(✓?)vk

insight I: non-local measurements from communication via physics

io,k
|{z}

local feedback

=
X

j
yjk(vj � vk)

| {z }
distributed feedback with wjk = ykj = kykjkR()�1

insight II: angle set-points & line-parameters from power flow equations

p?k= v?2
P

j

rjk(1�cos(✓?jk))�!0`jk sin(✓?jk)

r2jk+!2
0`

2
jk

q?k = �v?2
P

j

!0`jk(1�cos(✓?jk))+rjk sin(✓?jk)

r2jk+!2
0`

2
jk

9
>>=

>>;)Kk(✓
?)

| {z }
global parameters

=
1
v?2

R()


q?k p?k
�p?k q?k

�

| {z }
local parameters
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Properties of virtual oscillator control
1. desired target dynamics can be realized via fully decentralized control

d
dt

vk = [ 0 �!
! 0 ] vk

| {z }
rotation at !0

+ c1 · (v
?2
� kvkk

2) vk

| {z }
local amplitude regulation

+ c2 ·R ()

 
1

v?2

h
q?k p?k

�p?k q?k

i
vk � io,k

◆

| {z }
synchronization through physics

2. connection to droop control revealed in polar coordinates (for inductive grid)

d
dt

✓k = !0 + c1

✓
p?k
v?2
�

pk
kvkk2

◆

⇡
kvkk⇡1

!0 + c2 (p?k � pk) (p� ! droop)

d
dt
kvkk ⇡

kvkk⇡1
c2 (q?k � qk) + c1 (v? � kvkk) (q � kvk droop)

3. almost global asymptotic stability if

power transfer “small” compared to network connectivity

amplitude control “slower” than synchronization control
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Details on stability condition

If . . . condition holds, the system is almost globally asymptotically

stable with respect to a limit cycle corresponding to a pre-specified
solution of the AC power-flow equations at a synchronous frequency !0.

e.g., for resistive grid: 1
2 �2|{z}
algebraic connectivity

> max
k

Xn

j=1

1
v?2

|pjk|| {z }
power transfer

+
c1
c2

v?

power transfer pjk “small” compared to network connectivity �2

amplitude control “slower” than synchronization control: c1/c2 ⌧ 1
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Proof sketch: Lyapunov & center manifold
Lyapunov function: V (v) = 1

2dist(v,S)2 + c2
v?2

P
k

�
v?2 � kvkk

2
�2

(decreasing under parametric condition)

Z{0} 0-stable manifold

sync subspace S

amplitude set A
T

target set T

0

T [ 0 is globally attractive

lim
t!1

dist
�
v(t), T [ 0

�
= 0

T is stable
dist
�
v(t), T )  K � dist

�
v0, T )

T is almost globally attractive
0 exponentially unstable
=) Z{0} has measure zero
8v0 /2Z{0} : lim

t!1
dist
�
v(t), T ) = 0

stability & almost global attractivity =) almost global asymptotic stability
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Case study: IEEE 9 Bus system

1
2

3

v1
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initial state: kvk(0)k ⇡ 10�3

convergence to set-point

t = 5 s: load step-up
20% load increase at bus 5
consistent power sharing

t = 10 s: loss of inverter 1
the remaining inverters synchronize
they supply the load sharing power
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Simulation of IEEE 9 Bus system
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Experimental setup @ NREL
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Experimental results

black start of inverter #1 under 500 W load
(making use of almost global stability)

250 W to 750 W load transient with two
inverters active

connecting inverter #2 while inverter #1 is
regulating the grid under 500 W load

change of setpoint: p? of inverter #2
updated from 250 W to 500 W
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Details & initial condition for further reading
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Time-scale separations (?) – old and new
figure provided by Uroö MarkoviÊ
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the following issues apply to all
grid-forming control strategies, but
we discuss them here only for VOC



Dropping assumptions: dynamic lines

control gains ⇠ 1.8 · 10�4⇠ ·
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inverter control interferes
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well recognized problem
[Vorobev, Huang, Hosaini, & Turitsyn,’17]

networked control reason
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very inductive lines delay
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the controller must be slow
in very inductive networks
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Proof extension: perturbation-inspired Lyapunov

d
dtv = fv(v, i)

i = h(v)

�h(v)

d
dt i = fi(v, i)

v

i

v

y = i� h(v)

Individual Lyapunov functions
I slow system: V (v) for d

dtv = fv(v, h(v))

I fast system: W (y) for d
dty = fi(v, y + h(v))

where d
dtv = 0 & coordinate y = i� h(v)

Lyapunov function for the full system
I ⌫(x) = dW (i� h(v)) + (1 � d)V (v)

where d 2 [0, 1] is free convex coe�cient

I d
dt⌫(x) is decaying under stability condition

Almost global asymptotic stability
I T

0
[ {0} globally attractive & T

0 stable

I Z{0} has measure zero
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Evaluation of stability conditions
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Dropping assumptions: detailed models

voltage source model:

d
dtv(t) = u(v, io)

io

detailed converter model with LC filter:
i

L R

C vG

io

1

2
vdc uvdc
1

2

idea: invert LC filter so that v ⇡ vdcu

! control: perform robust inversion of LC filter via cascaded PI

analysis: repeat proof via singular perturbation Lyapunov functions

! almost global stability for su�cient time scale separation (quantifiable)

VOC model < line dynamics < voltage PI < current PI

. . . similar steps for control of vdc in an even more detailed model
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Details & initial conditions for further reading
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High-level comparison of grid-forming controllers
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Some details of comparison study @AIT

9

Fig. 14: DC current demand of the converter at node 2 (top)
and its DC voltage (bottom) after a 0.75 pu load disturbance.

Fig. 15: DC current demand of the converter at node 2 (top)
and its DC voltage (bottom) after a 0.9 pu load disturbance.

Fig. 16: Frequency of the converter (using matching control)
at node 2 and SM after a 0.9 pu load disturbance (top) and
the DC current demand and saturated DC current (bottom).

Fig. 17: DC current demand (top) and DC voltage (bottom)
after a 0.9 pu load disturbance in an all-GFC system.

✓GFC � ✓SM = ✓max is constant.
This synchronization is achieved through the DC voltage

imbalance, i.e., as long as the DC voltage deviates from
its nominal value matching control adjusts its voltage angle
(see (19)). In particular, the brief initial frequency transient
(after the DC current reaches its limit) shown in Figure 16
balances the power flowing in and out of the DC capacitor
and results in an angle difference to the SM of ✓max. Overall,
this results in stability of DC link voltage (i.e., by (19)
vdc = !GFC/k✓ = !SM/k✓). The matching controlled converter
switches its behavior as soon as i� exceeds the limit at
approximately t = 0.5s in Figure 16. At around t = 3.5s,
the machine output power is sufficiently close to its steady-
state value, i

?
dc and i� return to below the limit imax, and

the matching controlled converter recovers its DC voltage and
frequency regulation capability and grid-forming dynamics.
This behavior of matching control has been observed also for
larger disturbance magnitudes. The nature of matching control
- which accounts for the DC side dynamics while regulating
the AC dynamics - results in increased robustness with respect
to large disturbances. In contrast, droop control, dVOC, and
the VSM implicitly assume that the DC and AC side are two
independent systems and that can be regulated independently.
This assumption is only justified under benign conditions and
does not hold for large disturbances. As a consequence droop
control, dVOC, and the VSM all exceed the limitations of the
DC source for large disturbances and become unstable.

We observe the same instability of droop control, VSM, and
dVOC when the test system contains one GFC and two SMs,
i.e., the instability cannot be prevented by adding more inertia
to the system. Figure 17 shows the DC current demand i�

(i.e., before saturation) and DC voltage in an all-GFC system
for a load increase of �p = 0.9 pu. The GFCs quickly
synchronize to the post-event steady state, which does not
exceed the maximum DC current, saturate the DC source for
only approximately 200ms, and remain stable. In contrast, in
the system with two GFCs and one SM, the SM does not reach
its increased post-event steady-state power injection for several
seconds. During this time the response of droop control, VSM,
and dVOC results in a power injection that exceeds the limits
of the DC source and collapses the DC voltage. This highlights
that the interaction of the fast GFC dynamics and slow SM
dynamics contributes to the instability shown in Figure 15.

E. Loss of Synchronous Machine Scenario

In this section, we study the response of grid-forming
converters when disconnecting the synchronous machine at
node 1, that is, the system turns into an all-GFCs network.
The implications of such a contingency are threefold. First,
the power injected by the machine, which partially supplies
the base load, is no longer available. Second, the stabilizing
dynamics associated with the machine’s governor, AVR, and
PSS are removed from the system. Third, the slow dynamics
of the SM no longer interact with the fast dynamics of the
GFCs. For this test, we set the base load to 2.1 pu, and
the turbine and converter power set-points are set to 0.6 and
0.75 pu respectively. Note that when the SM at node 1 is

2168-6777 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Frequency Stability of Synchronous Machines and
Grid-Forming Power Converters

Ali Tayyebi, Dominic Groß, Member, IEEE, Adolfo Anta, Friederich Kupzog and Florian Dörfler, Member, IEEE

Abstract—An inevitable consequence of the global power sys-
tem transition towards nearly 100% renewable-based generation
is the loss of conventional bulk generation by synchronous
machines, their inertia, and accompanying frequency and voltage
control mechanisms. This gradual transformation of the power
system to a low-inertia system leads to critical challenges in
maintaining system stability. Novel control techniques for con-
verters, so-called grid-forming strategies, are expected to address
these challenges and replicate functionalities that so far have
been provided by synchronous machines. This article presents a
low-inertia case study that includes synchronous machines and
converters controlled under various grid-forming techniques. In
this work 1) the positive impact of the grid-forming converters on
the frequency stability of synchronous machines is highlighted, 2)
a qualitative analysis which provides insights into the frequency
stability of the system is presented, 3) we explore the behavior of
the grid-forming controls when imposing the converter dc and
ac current limitations, 4) the importance of the dc dynamics in
grid-forming control design as well as the critical need for an
effective ac current limitation scheme are reported, and lastly 5)
we analyze how and when the interaction between the fast grid-
forming converter and the slow synchronous machine dynamics
can contribute to the system instability.

I. INTRODUCTION

At the heart of the energy transition is the change in
generation technology; from fossil fuel based generation to
converter interfaced renewable generation [1]. One of the
major consequences of this transition towards a nearly 100%
renewable system is the gradual loss of synchronous machines
(SMs), their inertia, and control mechanisms. This loss of the
rotational inertia changes the nature of the power system to
a low-inertia network resulting in critical stability challenges
[1]–[3]. On the other hand, low-inertia power systems are char-
acterized by large-scale integration of generation interfaced by
power converters, allowing frequency and voltage regulation
at much faster time-scales compared to SMs [1], [4].

Indeed, power converters are already starting to provide
new ancillary services, modifying their active and reactive

This work was partially funded by the independent research fund of the
the power system digitalization group at the Electric Energy Systems (EES)
competence unit of the Austrian Institute for Technology (AIT), ETH Zürich
funds, and by the European Unions Horizon 2020 research and innovation
programme under grant agreement No. 691800. This article reflects only the
authors views and the European Commission is not responsible for any use
that may be made of the information it contains. A. Tayyebi (the corresponding
author) is with AIT, 1210 Vienna, Austria, and also with the Automatic
Control Laboratory, ETH Zürich, Switzerland. D. Groß is with the Department
of Electrical and Computer Engineering, University of Wisconsin-Madison,
Madison, WI 53706, USA. A. Anta and F. Kupzog are with AIT, and F. Dörfler
is with the Automatic Control Laboratory, ETH Zürich, 8092 Zürich, Switzer-
land; E-mail: {ali.tayyebi-khameneh,adolfo.anta,friederich.kupzog}@ait.ac.at,
dominic.gross@wisc.edu, and dorfler@ethz.ch.

power output based on local measurements of frequency and
voltage. However, because of the dependency on frequency
measurements these grid-following control techniques only
replicate the instantaneous inertial response of SMs after a
contingency with a delay and result in degraded performance
on the time scales of interest [5]. To resolve this issue, grid-
forming converters (GFCs) are envisioned to be the corner-
stone of future power systems. Based on the properties and
functions of SMs, it is expected that grid-forming converters
must support load-sharing/drooping, black-start, inertial re-
sponse, and hierarchical frequency/voltage regulation. While
these services might not be necessary in a future converter-
based grid, a long transition phase is expected, where SMs
and GFCs must be able to interact and ensure system stability.

Several grid-forming control strategies have been proposed
in recent years [4]. Droop control mimics the speed droop
mechanism present in SMs and is a widely accepted baseline
solution [6]. As a natural further step, the emulation of SM
dynamics and control led to so-called virtual synchronous
machine (VSM) strategies [7]–[9]. Recently, matching control
strategies that exploit structural similarities of converters and
synchronous machine and match their dynamic behavior have
been proposed [10]–[13]. In contrast, virtual oscillator con-
trol (VOC) uses GFCs to mimic the synchronizing behavior
of Liénard-type oscillators and can globally synchronize a
converter-based power system [14]. However, the nominal
power injection of VOC cannot be specified. This limitation
is overcome by dispatchable virtual oscillator control (dVOC)
[15]–[17] that ensures synchronization to a pre-specified op-
erating point that satisfies the ac power flow equations.

In this article, the dynamics of the converter dc-link ca-
pacitor, the response time of the dc power source, and its
current limits is explicitly considered. We review four dif-
ferent grid-forming control strategies and combine them with
standard low-level cascaded control design accounting for the
ac voltage control and the ac current limitation and control
[18]. We explore the various performance aspects of GFC
control techniques in an electromagnetic transients (EMT)
simulation of the IEEE 9-bus test system, namely: 1) the
impact of GFCs on the frequency performance metrics e.g.,
nadir and rate of change of frequency (RoCoF) [19]–[22], 2)
the response of GFCs under large load disturbances, 3) their
behavior when imposing dc and ac current limitations, and 4)
their response to the loss of SM and performance in a pure
converter-based system. Furthermore, we provide an insightful
qualitative analysis of the simulation results. The models used
in this work are available online [23].

This study highlights the positive impact of GFCs on im-
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Fig. 11: Normalized distribution of the RoCoF |!̇i|/|�pi| of the synchronous machine frequency at node 1 for load disturbances
�pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, |!̇i|/|�pi| is normalized by the maximum value
corresponding to the all-SMs configuration.

Fig. 12: Normalized distribution of the nadir ||�!i||�/|�pi| of the synchronous machine frequency at node 1 for load
disturbances �pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, ||�!i||�/|�pi| is normalized by the
maximum value corresponding to the all-SMs configuration.

Fig. 13: Frequency of the system with two VSMs after a 0.75
pu load increase. The converters quickly synchronize with each
other and then slowly synchronize with the machine.

tangent to the post-event frequency trajectory) defined by

||�!||� := max
t�t0

|!? � !(t)|, (26a)

|!̇| :=
|!(t0 + T ) � !(t0)|

T
, (26b)

where t0 > 0 is the time when the disturbance is applied to the
system, and T > 0 is the RoCoF calculation window [1], [29].
See Figure 10 for visual representation of the metrics described
by (26). In this work, we use T = 250ms, which is in line
with values suggested for protection schemes (see [28, Table
1]). Dividing the metrics (26) by the size of the magnitude of
the disturbance results in a measure of the system disturbance
amplification.

B. Test Network Configuration and Tuning Criteria

In order to study the performance of the control approaches
introduced in Section III, we apply the same strategy (with
identical tuning) for both converters (i.e., at nodes 2 and 3 in
Figure 3), resulting in four different SM-GFC paired models.
As a benchmark, we also consider an all-SMs system with
three identical SMs (i.e., at nodes 1-3). Selecting fair tuning
criteria for the different control strategies is a challenging

task. For this study, we tune the control parameters such
that all generation units exhibit identical proportional load
sharing behavior. Appendix B presents our tuning criteria and
derivation of some control parameters. Moreover, we comment
on the choice of control gains associated with the reference
model voltage dynamics, inner control loops and DC voltage
control.

C. Impact of Grid-Forming Control on Frequency Metrics

In this section we test the system behavior for different load
disturbances �pi. The network base load pl is constant and
uniformly distributed between nodes 5, 7 and 9 while �pi is
only applied at node 7. For each disturbance input we calculate
||�!i||� and |!̇i| for the SM at node 1 and normalize these
quantities by dividing by |�pi|. Figures 11 and 12 illustrate
the distribution of system disturbance input/output gains asso-
ciated with introduced frequency performance metrics. Note
that the network base load pl is 2 pu and the elements of the
load disturbance sequence �pi � [0.2, 0.9], i = 1, . . . , 100
are uniformly increasing by 0.007 pu starting from p1 = 0.2
pu. Figures 11 and 12 suggest that, regardless of the choice
of control strategy, the presence of grid-forming converters
improves the metrics compared to the all-SM system. This
possibly observation can be explained by the fast response
of converters compared to the slow turbine dynamics, i.e., ⌧g

in (9) is larger than ⌧dc in (2). Because of this, the converters
reach frequency synchronization at a faster time-scale and then
synchronize with the SM (see Figure 13). Overall, for any
given disturbance input, the converters are able to react faster
than the SM and the remaining power imbalance affecting the
SM is smaller than in the all-SM system. This result highlights
that the fast response of GFCs should be exploited instead of

14

to the tuning of control gains and choice of RoCoF computation window. However, due to the comparably slow

response of conventional generation technology the performance improvements for the system with grid-forming

converters over the all-SM system persists for a wide range of parameters. Moreover, using comparable tuning (see

Section IV-B) the differences between the different grid-forming techniques observed in this section are expected

to remain the same.

D. Instability Behavior – Large Load Disturbance

In this subsection we analyze the response of the grid-forming converters to large disturbances when the dc

source is working close to its maximum rated values. In this case study, the dc-side current limitation of GFCs has

a major impact on the overall system behavior. We stress that the current of the dc energy source is limited (see

(3), Figure 1 and [24]).

Fig. 10: Normalized distribution of the RoCoF |!̇i|/|�pi| of the synchronous machine frequency at node 1 for load

disturbances �pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, |!̇i|/|�pi| is normalized

by the maximum value corresponding to the all-SMs configuration.

Fig. 11: Normalized distribution of the nadir ||�!i||�/|�pi| of the synchronous machine frequency at node 1 for

load disturbances �pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, ||�!i||�/|�pi| is

normalized by the maximum value corresponding to the all-SMs configuration.

Fig. 12: Frequency of the system with two VSMs after a 0.75 pu load increase. The converters quickly synchronize

with each other and then slowly synchronize with the machine.
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Fig. 14: DC current demand of the converter at node 2 (top)
and its DC voltage (bottom) after a 0.75 pu load disturbance.

Fig. 15: DC current demand of the converter at node 2 (top)
and its DC voltage (bottom) after a 0.9 pu load disturbance.

Fig. 16: Frequency of the converter (using matching control)
at node 2 and SM after a 0.9 pu load disturbance (top) and
the DC current demand and saturated DC current (bottom).

Fig. 17: DC current demand (top) and DC voltage (bottom)
after a 0.9 pu load disturbance in an all-GFC system.

✓GFC � ✓SM = ✓max is constant.
This synchronization is achieved through the DC voltage

imbalance, i.e., as long as the DC voltage deviates from
its nominal value matching control adjusts its voltage angle
(see (19)). In particular, the brief initial frequency transient
(after the DC current reaches its limit) shown in Figure 16
balances the power flowing in and out of the DC capacitor
and results in an angle difference to the SM of ✓max. Overall,
this results in stability of DC link voltage (i.e., by (19)
vdc = !GFC/k✓ = !SM/k✓). The matching controlled converter
switches its behavior as soon as i� exceeds the limit at
approximately t = 0.5s in Figure 16. At around t = 3.5s,
the machine output power is sufficiently close to its steady-
state value, i

?
dc and i� return to below the limit imax, and

the matching controlled converter recovers its DC voltage and
frequency regulation capability and grid-forming dynamics.
This behavior of matching control has been observed also for
larger disturbance magnitudes. The nature of matching control
- which accounts for the DC side dynamics while regulating
the AC dynamics - results in increased robustness with respect
to large disturbances. In contrast, droop control, dVOC, and
the VSM implicitly assume that the DC and AC side are two
independent systems and that can be regulated independently.
This assumption is only justified under benign conditions and
does not hold for large disturbances. As a consequence droop
control, dVOC, and the VSM all exceed the limitations of the
DC source for large disturbances and become unstable.

We observe the same instability of droop control, VSM, and
dVOC when the test system contains one GFC and two SMs,
i.e., the instability cannot be prevented by adding more inertia
to the system. Figure 17 shows the DC current demand i�

(i.e., before saturation) and DC voltage in an all-GFC system
for a load increase of �p = 0.9 pu. The GFCs quickly
synchronize to the post-event steady state, which does not
exceed the maximum DC current, saturate the DC source for
only approximately 200ms, and remain stable. In contrast, in
the system with two GFCs and one SM, the SM does not reach
its increased post-event steady-state power injection for several
seconds. During this time the response of droop control, VSM,
and dVOC results in a power injection that exceeds the limits
of the DC source and collapses the DC voltage. This highlights
that the interaction of the fast GFC dynamics and slow SM
dynamics contributes to the instability shown in Figure 15.

E. Loss of Synchronous Machine Scenario

In this section, we study the response of grid-forming
converters when disconnecting the synchronous machine at
node 1, that is, the system turns into an all-GFCs network.
The implications of such a contingency are threefold. First,
the power injected by the machine, which partially supplies
the base load, is no longer available. Second, the stabilizing
dynamics associated with the machine’s governor, AVR, and
PSS are removed from the system. Third, the slow dynamics
of the SM no longer interact with the fast dynamics of the
GFCs. For this test, we set the base load to 2.1 pu, and
the turbine and converter power set-points are set to 0.6 and
0.75 pu respectively. Note that when the SM at node 1 is
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Abstract—An inevitable consequence of the global power sys-
tem transition towards nearly 100% renewable-based generation
is the loss of conventional bulk generation by synchronous
machines, their inertia, and accompanying frequency and voltage
control mechanisms. This gradual transformation of the power
system to a low-inertia system leads to critical challenges in
maintaining system stability. Novel control techniques for con-
verters, so-called grid-forming strategies, are expected to address
these challenges and replicate functionalities that so far have
been provided by synchronous machines. This article presents a
low-inertia case study that includes synchronous machines and
converters controlled under various grid-forming techniques. In
this work 1) the positive impact of the grid-forming converters on
the frequency stability of synchronous machines is highlighted, 2)
a qualitative analysis which provides insights into the frequency
stability of the system is presented, 3) we explore the behavior of
the grid-forming controls when imposing the converter dc and
ac current limitations, 4) the importance of the dc dynamics in
grid-forming control design as well as the critical need for an
effective ac current limitation scheme are reported, and lastly 5)
we analyze how and when the interaction between the fast grid-
forming converter and the slow synchronous machine dynamics
can contribute to the system instability.

I. INTRODUCTION

At the heart of the energy transition is the change in
generation technology; from fossil fuel based generation to
converter interfaced renewable generation [1]. One of the
major consequences of this transition towards a nearly 100%
renewable system is the gradual loss of synchronous machines
(SMs), their inertia, and control mechanisms. This loss of the
rotational inertia changes the nature of the power system to
a low-inertia network resulting in critical stability challenges
[1]–[3]. On the other hand, low-inertia power systems are char-
acterized by large-scale integration of generation interfaced by
power converters, allowing frequency and voltage regulation
at much faster time-scales compared to SMs [1], [4].

Indeed, power converters are already starting to provide
new ancillary services, modifying their active and reactive
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power output based on local measurements of frequency and
voltage. However, because of the dependency on frequency
measurements these grid-following control techniques only
replicate the instantaneous inertial response of SMs after a
contingency with a delay and result in degraded performance
on the time scales of interest [5]. To resolve this issue, grid-
forming converters (GFCs) are envisioned to be the corner-
stone of future power systems. Based on the properties and
functions of SMs, it is expected that grid-forming converters
must support load-sharing/drooping, black-start, inertial re-
sponse, and hierarchical frequency/voltage regulation. While
these services might not be necessary in a future converter-
based grid, a long transition phase is expected, where SMs
and GFCs must be able to interact and ensure system stability.

Several grid-forming control strategies have been proposed
in recent years [4]. Droop control mimics the speed droop
mechanism present in SMs and is a widely accepted baseline
solution [6]. As a natural further step, the emulation of SM
dynamics and control led to so-called virtual synchronous
machine (VSM) strategies [7]–[9]. Recently, matching control
strategies that exploit structural similarities of converters and
synchronous machine and match their dynamic behavior have
been proposed [10]–[13]. In contrast, virtual oscillator con-
trol (VOC) uses GFCs to mimic the synchronizing behavior
of Liénard-type oscillators and can globally synchronize a
converter-based power system [14]. However, the nominal
power injection of VOC cannot be specified. This limitation
is overcome by dispatchable virtual oscillator control (dVOC)
[15]–[17] that ensures synchronization to a pre-specified op-
erating point that satisfies the ac power flow equations.

In this article, the dynamics of the converter dc-link ca-
pacitor, the response time of the dc power source, and its
current limits is explicitly considered. We review four dif-
ferent grid-forming control strategies and combine them with
standard low-level cascaded control design accounting for the
ac voltage control and the ac current limitation and control
[18]. We explore the various performance aspects of GFC
control techniques in an electromagnetic transients (EMT)
simulation of the IEEE 9-bus test system, namely: 1) the
impact of GFCs on the frequency performance metrics e.g.,
nadir and rate of change of frequency (RoCoF) [19]–[22], 2)
the response of GFCs under large load disturbances, 3) their
behavior when imposing dc and ac current limitations, and 4)
their response to the loss of SM and performance in a pure
converter-based system. Furthermore, we provide an insightful
qualitative analysis of the simulation results. The models used
in this work are available online [23].

This study highlights the positive impact of GFCs on im-
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Fig. 11: Normalized distribution of the RoCoF |!̇i|/|�pi| of the synchronous machine frequency at node 1 for load disturbances
�pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, |!̇i|/|�pi| is normalized by the maximum value
corresponding to the all-SMs configuration.

Fig. 12: Normalized distribution of the nadir ||�!i||�/|�pi| of the synchronous machine frequency at node 1 for load
disturbances �pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, ||�!i||�/|�pi| is normalized by the
maximum value corresponding to the all-SMs configuration.

Fig. 13: Frequency of the system with two VSMs after a 0.75
pu load increase. The converters quickly synchronize with each
other and then slowly synchronize with the machine.

tangent to the post-event frequency trajectory) defined by

||�!||� := max
t�t0

|!? � !(t)|, (26a)

|!̇| :=
|!(t0 + T ) � !(t0)|

T
, (26b)

where t0 > 0 is the time when the disturbance is applied to the
system, and T > 0 is the RoCoF calculation window [1], [29].
See Figure 10 for visual representation of the metrics described
by (26). In this work, we use T = 250ms, which is in line
with values suggested for protection schemes (see [28, Table
1]). Dividing the metrics (26) by the size of the magnitude of
the disturbance results in a measure of the system disturbance
amplification.

B. Test Network Configuration and Tuning Criteria

In order to study the performance of the control approaches
introduced in Section III, we apply the same strategy (with
identical tuning) for both converters (i.e., at nodes 2 and 3 in
Figure 3), resulting in four different SM-GFC paired models.
As a benchmark, we also consider an all-SMs system with
three identical SMs (i.e., at nodes 1-3). Selecting fair tuning
criteria for the different control strategies is a challenging

task. For this study, we tune the control parameters such
that all generation units exhibit identical proportional load
sharing behavior. Appendix B presents our tuning criteria and
derivation of some control parameters. Moreover, we comment
on the choice of control gains associated with the reference
model voltage dynamics, inner control loops and DC voltage
control.

C. Impact of Grid-Forming Control on Frequency Metrics

In this section we test the system behavior for different load
disturbances �pi. The network base load pl is constant and
uniformly distributed between nodes 5, 7 and 9 while �pi is
only applied at node 7. For each disturbance input we calculate
||�!i||� and |!̇i| for the SM at node 1 and normalize these
quantities by dividing by |�pi|. Figures 11 and 12 illustrate
the distribution of system disturbance input/output gains asso-
ciated with introduced frequency performance metrics. Note
that the network base load pl is 2 pu and the elements of the
load disturbance sequence �pi � [0.2, 0.9], i = 1, . . . , 100
are uniformly increasing by 0.007 pu starting from p1 = 0.2
pu. Figures 11 and 12 suggest that, regardless of the choice
of control strategy, the presence of grid-forming converters
improves the metrics compared to the all-SM system. This
possibly observation can be explained by the fast response
of converters compared to the slow turbine dynamics, i.e., ⌧g

in (9) is larger than ⌧dc in (2). Because of this, the converters
reach frequency synchronization at a faster time-scale and then
synchronize with the SM (see Figure 13). Overall, for any
given disturbance input, the converters are able to react faster
than the SM and the remaining power imbalance affecting the
SM is smaller than in the all-SM system. This result highlights
that the fast response of GFCs should be exploited instead of

14

to the tuning of control gains and choice of RoCoF computation window. However, due to the comparably slow

response of conventional generation technology the performance improvements for the system with grid-forming

converters over the all-SM system persists for a wide range of parameters. Moreover, using comparable tuning (see

Section IV-B) the differences between the different grid-forming techniques observed in this section are expected

to remain the same.

D. Instability Behavior – Large Load Disturbance

In this subsection we analyze the response of the grid-forming converters to large disturbances when the dc

source is working close to its maximum rated values. In this case study, the dc-side current limitation of GFCs has

a major impact on the overall system behavior. We stress that the current of the dc energy source is limited (see

(3), Figure 1 and [24]).

Fig. 10: Normalized distribution of the RoCoF |!̇i|/|�pi| of the synchronous machine frequency at node 1 for load

disturbances �pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, |!̇i|/|�pi| is normalized

by the maximum value corresponding to the all-SMs configuration.

Fig. 11: Normalized distribution of the nadir ||�!i||�/|�pi| of the synchronous machine frequency at node 1 for

load disturbances �pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, ||�!i||�/|�pi| is

normalized by the maximum value corresponding to the all-SMs configuration.

Fig. 12: Frequency of the system with two VSMs after a 0.75 pu load increase. The converters quickly synchronize

with each other and then slowly synchronize with the machine.
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Fig. 14: DC current demand of the converter at node 2 (top)
and its DC voltage (bottom) after a 0.75 pu load disturbance.

Fig. 15: DC current demand of the converter at node 2 (top)
and its DC voltage (bottom) after a 0.9 pu load disturbance.

Fig. 16: Frequency of the converter (using matching control)
at node 2 and SM after a 0.9 pu load disturbance (top) and
the DC current demand and saturated DC current (bottom).

Fig. 17: DC current demand (top) and DC voltage (bottom)
after a 0.9 pu load disturbance in an all-GFC system.

✓GFC � ✓SM = ✓max is constant.
This synchronization is achieved through the DC voltage

imbalance, i.e., as long as the DC voltage deviates from
its nominal value matching control adjusts its voltage angle
(see (19)). In particular, the brief initial frequency transient
(after the DC current reaches its limit) shown in Figure 16
balances the power flowing in and out of the DC capacitor
and results in an angle difference to the SM of ✓max. Overall,
this results in stability of DC link voltage (i.e., by (19)
vdc = !GFC/k✓ = !SM/k✓). The matching controlled converter
switches its behavior as soon as i� exceeds the limit at
approximately t = 0.5s in Figure 16. At around t = 3.5s,
the machine output power is sufficiently close to its steady-
state value, i

?
dc and i� return to below the limit imax, and

the matching controlled converter recovers its DC voltage and
frequency regulation capability and grid-forming dynamics.
This behavior of matching control has been observed also for
larger disturbance magnitudes. The nature of matching control
- which accounts for the DC side dynamics while regulating
the AC dynamics - results in increased robustness with respect
to large disturbances. In contrast, droop control, dVOC, and
the VSM implicitly assume that the DC and AC side are two
independent systems and that can be regulated independently.
This assumption is only justified under benign conditions and
does not hold for large disturbances. As a consequence droop
control, dVOC, and the VSM all exceed the limitations of the
DC source for large disturbances and become unstable.

We observe the same instability of droop control, VSM, and
dVOC when the test system contains one GFC and two SMs,
i.e., the instability cannot be prevented by adding more inertia
to the system. Figure 17 shows the DC current demand i�

(i.e., before saturation) and DC voltage in an all-GFC system
for a load increase of �p = 0.9 pu. The GFCs quickly
synchronize to the post-event steady state, which does not
exceed the maximum DC current, saturate the DC source for
only approximately 200ms, and remain stable. In contrast, in
the system with two GFCs and one SM, the SM does not reach
its increased post-event steady-state power injection for several
seconds. During this time the response of droop control, VSM,
and dVOC results in a power injection that exceeds the limits
of the DC source and collapses the DC voltage. This highlights
that the interaction of the fast GFC dynamics and slow SM
dynamics contributes to the instability shown in Figure 15.

E. Loss of Synchronous Machine Scenario

In this section, we study the response of grid-forming
converters when disconnecting the synchronous machine at
node 1, that is, the system turns into an all-GFCs network.
The implications of such a contingency are threefold. First,
the power injected by the machine, which partially supplies
the base load, is no longer available. Second, the stabilizing
dynamics associated with the machine’s governor, AVR, and
PSS are removed from the system. Third, the slow dynamics
of the SM no longer interact with the fast dynamics of the
GFCs. For this test, we set the base load to 2.1 pu, and
the turbine and converter power set-points are set to 0.6 and
0.75 pu respectively. Note that when the SM at node 1 is
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Abstract—An inevitable consequence of the global power sys-
tem transition towards nearly 100% renewable-based generation
is the loss of conventional bulk generation by synchronous
machines, their inertia, and accompanying frequency and voltage
control mechanisms. This gradual transformation of the power
system to a low-inertia system leads to critical challenges in
maintaining system stability. Novel control techniques for con-
verters, so-called grid-forming strategies, are expected to address
these challenges and replicate functionalities that so far have
been provided by synchronous machines. This article presents a
low-inertia case study that includes synchronous machines and
converters controlled under various grid-forming techniques. In
this work 1) the positive impact of the grid-forming converters on
the frequency stability of synchronous machines is highlighted, 2)
a qualitative analysis which provides insights into the frequency
stability of the system is presented, 3) we explore the behavior of
the grid-forming controls when imposing the converter dc and
ac current limitations, 4) the importance of the dc dynamics in
grid-forming control design as well as the critical need for an
effective ac current limitation scheme are reported, and lastly 5)
we analyze how and when the interaction between the fast grid-
forming converter and the slow synchronous machine dynamics
can contribute to the system instability.

I. INTRODUCTION

At the heart of the energy transition is the change in
generation technology; from fossil fuel based generation to
converter interfaced renewable generation [1]. One of the
major consequences of this transition towards a nearly 100%
renewable system is the gradual loss of synchronous machines
(SMs), their inertia, and control mechanisms. This loss of the
rotational inertia changes the nature of the power system to
a low-inertia network resulting in critical stability challenges
[1]–[3]. On the other hand, low-inertia power systems are char-
acterized by large-scale integration of generation interfaced by
power converters, allowing frequency and voltage regulation
at much faster time-scales compared to SMs [1], [4].

Indeed, power converters are already starting to provide
new ancillary services, modifying their active and reactive
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power output based on local measurements of frequency and
voltage. However, because of the dependency on frequency
measurements these grid-following control techniques only
replicate the instantaneous inertial response of SMs after a
contingency with a delay and result in degraded performance
on the time scales of interest [5]. To resolve this issue, grid-
forming converters (GFCs) are envisioned to be the corner-
stone of future power systems. Based on the properties and
functions of SMs, it is expected that grid-forming converters
must support load-sharing/drooping, black-start, inertial re-
sponse, and hierarchical frequency/voltage regulation. While
these services might not be necessary in a future converter-
based grid, a long transition phase is expected, where SMs
and GFCs must be able to interact and ensure system stability.

Several grid-forming control strategies have been proposed
in recent years [4]. Droop control mimics the speed droop
mechanism present in SMs and is a widely accepted baseline
solution [6]. As a natural further step, the emulation of SM
dynamics and control led to so-called virtual synchronous
machine (VSM) strategies [7]–[9]. Recently, matching control
strategies that exploit structural similarities of converters and
synchronous machine and match their dynamic behavior have
been proposed [10]–[13]. In contrast, virtual oscillator con-
trol (VOC) uses GFCs to mimic the synchronizing behavior
of Liénard-type oscillators and can globally synchronize a
converter-based power system [14]. However, the nominal
power injection of VOC cannot be specified. This limitation
is overcome by dispatchable virtual oscillator control (dVOC)
[15]–[17] that ensures synchronization to a pre-specified op-
erating point that satisfies the ac power flow equations.

In this article, the dynamics of the converter dc-link ca-
pacitor, the response time of the dc power source, and its
current limits is explicitly considered. We review four dif-
ferent grid-forming control strategies and combine them with
standard low-level cascaded control design accounting for the
ac voltage control and the ac current limitation and control
[18]. We explore the various performance aspects of GFC
control techniques in an electromagnetic transients (EMT)
simulation of the IEEE 9-bus test system, namely: 1) the
impact of GFCs on the frequency performance metrics e.g.,
nadir and rate of change of frequency (RoCoF) [19]–[22], 2)
the response of GFCs under large load disturbances, 3) their
behavior when imposing dc and ac current limitations, and 4)
their response to the loss of SM and performance in a pure
converter-based system. Furthermore, we provide an insightful
qualitative analysis of the simulation results. The models used
in this work are available online [23].

This study highlights the positive impact of GFCs on im-
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all perform well nominally &
under minor disturbances

relative resilience :
matching > VOC > droop >
virtual synchronous machine

! it is a very poor strategy for a
converter to emulate a flywheel

promising hybrid control
directions: VOC + matching

7

Fig. 11: Normalized distribution of the RoCoF |!̇i|/|�pi| of the synchronous machine frequency at node 1 for load disturbances
�pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, |!̇i|/|�pi| is normalized by the maximum value
corresponding to the all-SMs configuration.

Fig. 12: Normalized distribution of the nadir ||�!i||�/|�pi| of the synchronous machine frequency at node 1 for load
disturbances �pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, ||�!i||�/|�pi| is normalized by the
maximum value corresponding to the all-SMs configuration.

Fig. 13: Frequency of the system with two VSMs after a 0.75
pu load increase. The converters quickly synchronize with each
other and then slowly synchronize with the machine.

tangent to the post-event frequency trajectory) defined by

||�!||� := max
t�t0

|!? � !(t)|, (26a)

|!̇| :=
|!(t0 + T ) � !(t0)|

T
, (26b)

where t0 > 0 is the time when the disturbance is applied to the
system, and T > 0 is the RoCoF calculation window [1], [29].
See Figure 10 for visual representation of the metrics described
by (26). In this work, we use T = 250ms, which is in line
with values suggested for protection schemes (see [28, Table
1]). Dividing the metrics (26) by the size of the magnitude of
the disturbance results in a measure of the system disturbance
amplification.

B. Test Network Configuration and Tuning Criteria

In order to study the performance of the control approaches
introduced in Section III, we apply the same strategy (with
identical tuning) for both converters (i.e., at nodes 2 and 3 in
Figure 3), resulting in four different SM-GFC paired models.
As a benchmark, we also consider an all-SMs system with
three identical SMs (i.e., at nodes 1-3). Selecting fair tuning
criteria for the different control strategies is a challenging

task. For this study, we tune the control parameters such
that all generation units exhibit identical proportional load
sharing behavior. Appendix B presents our tuning criteria and
derivation of some control parameters. Moreover, we comment
on the choice of control gains associated with the reference
model voltage dynamics, inner control loops and DC voltage
control.

C. Impact of Grid-Forming Control on Frequency Metrics

In this section we test the system behavior for different load
disturbances �pi. The network base load pl is constant and
uniformly distributed between nodes 5, 7 and 9 while �pi is
only applied at node 7. For each disturbance input we calculate
||�!i||� and |!̇i| for the SM at node 1 and normalize these
quantities by dividing by |�pi|. Figures 11 and 12 illustrate
the distribution of system disturbance input/output gains asso-
ciated with introduced frequency performance metrics. Note
that the network base load pl is 2 pu and the elements of the
load disturbance sequence �pi � [0.2, 0.9], i = 1, . . . , 100
are uniformly increasing by 0.007 pu starting from p1 = 0.2
pu. Figures 11 and 12 suggest that, regardless of the choice
of control strategy, the presence of grid-forming converters
improves the metrics compared to the all-SM system. This
possibly observation can be explained by the fast response
of converters compared to the slow turbine dynamics, i.e., ⌧g

in (9) is larger than ⌧dc in (2). Because of this, the converters
reach frequency synchronization at a faster time-scale and then
synchronize with the SM (see Figure 13). Overall, for any
given disturbance input, the converters are able to react faster
than the SM and the remaining power imbalance affecting the
SM is smaller than in the all-SM system. This result highlights
that the fast response of GFCs should be exploited instead of

14

to the tuning of control gains and choice of RoCoF computation window. However, due to the comparably slow

response of conventional generation technology the performance improvements for the system with grid-forming

converters over the all-SM system persists for a wide range of parameters. Moreover, using comparable tuning (see

Section IV-B) the differences between the different grid-forming techniques observed in this section are expected

to remain the same.

D. Instability Behavior – Large Load Disturbance

In this subsection we analyze the response of the grid-forming converters to large disturbances when the dc

source is working close to its maximum rated values. In this case study, the dc-side current limitation of GFCs has

a major impact on the overall system behavior. We stress that the current of the dc energy source is limited (see

(3), Figure 1 and [24]).

Fig. 10: Normalized distribution of the RoCoF |!̇i|/|�pi| of the synchronous machine frequency at node 1 for load

disturbances �pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, |!̇i|/|�pi| is normalized

by the maximum value corresponding to the all-SMs configuration.

Fig. 11: Normalized distribution of the nadir ||�!i||�/|�pi| of the synchronous machine frequency at node 1 for

load disturbances �pi ranging from 0.2 p.u. to 0.9 p.u. at node 7. For each load disturbance, ||�!i||�/|�pi| is

normalized by the maximum value corresponding to the all-SMs configuration.

Fig. 12: Frequency of the system with two VSMs after a 0.75 pu load increase. The converters quickly synchronize

with each other and then slowly synchronize with the machine.
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Often research goes in circles until we
(hopefully) arrive at a bigger picture

JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 5

TABLE I
SUMMARY OF CONTROL TRANSFER MATRICES CORRESPONDING TO DIFFERENT GRID-FORMING CONTROLLERS

Feedback Signals yyy vdc p �u q V vdc p �u q V vdc p �u q V

Transfer Matrix �i j �11 �12 �13 �14 �15 �21 �22 �23 �24 �25 �31 �32 �33 �34 �35

droop-1 [2], [3] PI 0 0 0 0 0 P 0 0 0 0 0 0 P 0
droop-2 [8] PI 0 0 0 0 0 0 0 P 0 0 I 0 0 I

droop-3 [3], [30] PI 0 0 0 0 0 IF 0 0 0 0 0 0 0 0
droop-4 [11] PI 0 0 0 0 0 PD 0 0 0 0 0 0 P 0
droop-5 [4] PI 0 0 0 0 0 P{IF�D} 0 0 0 0 0 0 P 0
PSC-1 [3] PI 0 0 0 0 0 P 0 0 0 0 0 0 P 0

PSC-2 [12] PI 0 0 0 0 0 IF�PD 0 0 0 0 0 0 I 0
PSC-3 [13] PI 0 0 0 0 0 IF�PD 0 0 0 0 0 0 I 0

VSG-1 [22], [31] PI 0 0 0 0 0 IF 0 0 0 0 0 0 0 IF
VSG-2 [21], [22], [29] PI 0 0 0 0 0 IF 0 0 0 0 0 0 PI PI

VSG-3 [17] PI 0 0 0 0 0 IF 0 0 0 0 0 P P 0
VSG-4 [32] PI 0 0 0 0 0 IF IF 0 0 0 0 0 P 0

VSG-5 [4], [21], [33] PI 0 0 0 0 0 IF IF 0 0 0 0 0 PI PI
VSG-6 [16] PI 0 0 0 0 0 IF 0 0 IF 0 0 0 I I
VSG-7 [15] PI 0 0 0 0 0 O�PD 0 0 0 0 0 0 I I
VSG-8 [4] PI 0 0 0 0 0 IF�PD 0 0 0 0 0 0 PI PI
VSG-9 [19] PI 0 0 0 0 IF�PD IF�PD 0 0 0 0 0 0 P 0

VSG-10 [21] PI 0 0 0 0 0 IF1{IF1�IF2�D} 0 0 0 0 0 0 PI PI
VSG-11 [23] PI 0 0 0 0 0 O�PD{O�IF�PD�D} 0 0 0 0 0 0 I I

VSG-12 [20], [21] PI 0 0 0 0 0 O�PD1{O�IF�PD2�D} 0 0 0 0 0 0 PI PI
matching-1 [5] P 0 0 0 0 P 0 0 0 0 0 0 0 0 PI

matching-2 [18] 0 0 0 0 0 P 0 0 0 0 P 0 0 0 0

Generated Inputs uuu iu �u Eu

P: Proportional controller k, I: Integral controller 1
T s , D: Derivative controller T s, PI: Proportional integral controller k(1+ 1

T s ), PD: Proportional derivative
controller k(1+T s), IF: Inertia factor k

T s+1 , O: Oscillatory factor k
T 2s2+2T � s+1 .

{}: the term is only applied to the feedback channel.

Fig. 7. Block diagram of matching control.

C. Discussion on Proposed Generalized Configuration
According to the aforementioned analysis, the following

advantages of the proposed generalized configuration of the
grid-forming converter can be concluded:

1) Not only the basic formulations of the grid-forming
controls, but also many of their improved variations can
be presented as control transfer matrices in a unified
setting.

2) The comparisons between different grid-forming con-
trols is straightforward. From Table I, it can be de-
duced how the performance may improve by changing
the elements of the control transfer matrix. A typical
strategy is using higher-order controllers, especially in
the frequency control of deriving �u. Meanwhile, the

relationships between different controls are obvious. For
example, although PSC-2, PSC-3, and VSG-8 have dis-
tinctions from the original control blocks, and they are
derived from different motivations, their frequency con-
trols are actually identical. As another example, many
works have proved the equivalence between droop-5
and VSG-2 in the frequency control [4], [25]. However,
this is not entirely correct from Table I. When the
disturbance is from the output side, e.g., p, the droop-
5 is actually identical with VSG-2. However, if the
disturbance is from the input side, e.g., Pre f , they are
not identical. A similar analysis can be applied to study
also other methods.

3) Different loops, i.e., DC control, active power control,
and reactive power control of the grid-forming controls
can be taken care of simultaneously to optimize the
performance. Most of the existing grid-forming controls
aim to decouple those control loops to simplify the
design and analysis. However, note from Table I that
some methods have successfully used some coupling
terms to improve the performance.

4) New grid-forming controls can be inspired: In the
proposed generalized configuration, the design of the
grid-forming control is attributed to the control transfer
matrix � . In the future, two directions can be pursued
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Abstract

Electric power systems are undergoing an unprecedented transition

from fossil fuel-based power plants to low-inertia systems that predom-

inantly rely on power electronics and renewable energy resources. This

article reviews the resulting modeling and control challenges, both at

the device- and system-level, and predominantly focuses on novel as-

pects or classical concepts that have to be revised in light of the tran-

sition to low-inertia systems. To this end, we survey the literature

on modeling of low-inertia systems, control of grid-connected power

converters, and discuss the frequency dynamics of low-inertia systems.

Moreover, we discuss system-level services from a control perspective.

Overall, we conclude that the system-theoretic mind set is essential to

bridge di�erent research communities and understand the complex in-

teractions of power electronics, electric machines, and their controls in

large-scale low-inertia power systems.
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electronics

power
systems

control systems

take-home messages: 1 converter 6= flywheel, 2 multivariable design
instead of decoupling, 3 take current constraints & 4 dc voltage into
account . . .& 5 sync is only the beginning: what to do once sync’d ?
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