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fuel

& synchronous machines
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+ central & dispatchable generation
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+ self-synchronize through the grid

+ resilient voltage / frequency control
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renewables

& power electronics

+ sustainable

– distributed & variable generation

– almost no energy storage

– no inherent self-synchronization

– fragile voltage / frequency control

+ fast / flexible / modular control
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The concerns are not hypothetical

issues broadly recognized by TSOs, device manufacturers, academia, agencies, etc.

UPDATE REPORT ! 

BLACK SYSTEM EVENT 

IN SOUTH AUSTRALIA ON 

28 SEPTEMBER 2016  
 

 

AN UPDATE TO THE PRELIMINARY OPERATING INCIDENT 

REPORT FOR THE NATIONAL ELECTRICITY MARKET. 

DATA ANALYSIS AS AT 5.00 PM TUESDAY 11 OCTOBER 2016. 

 

 

lack of robust control:

“Nine of the 13 wind farms
online did not ride through the
six voltage disturbances
experienced during the event.”

between the lines:
conventional system would
have been more resilient (?)

obstacle to sustainability:
power electronics integration

ERCOT is recommending the transition to the following five AS products plus one additional AS 

that would be used during some transition period:     

1. Synchronous Inertial Response Service (SIR), 

2. Fast Frequency Response Service (FFR), 

3. Primary Frequency Response Service (PFR),  

4. Up and Down Regulating Reserve Service (RR), and 

5. Contingency Reserve Service (CR). 

6. Supplemental Reserve Service (SR)  (during transition period) 

 

ERCOT CONCEPT PAPER 

Future Ancillary Services in ERCOT 

PUBLIC 

 

The relevance of inertia in power systems

Pieter Tielens n, Dirk Van Hertem

ELECTA, Department of Electrical Engineering (ESAT), University of Leuven (KU Leuven), Leuven, Belgium and EnergyVille, Genk, Belgium

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/rser

Renewable and Sustainable Energy Reviews

Renewable and Sustainable Energy Reviews 55 (2016) 999–1009

MIGRATE project: 

Massive InteGRATion of power Electronic devices

Frequency Stability Evaluation 
Criteria for the Synchronous Zone 
of Continental Europe  

– Requirements and impacting factors –  

RG-CE System Protection & Dynamics Sub Group  

However, as these sources are fully controllable, a regulation can be 
added to the inverter to provide “synthetic inertia”. This can also be 
seen as a short term frequency support. On the other hand, these 
sources might be quite restricted with respect to the available 
capacity and possible activation time. The inverters have a very low 
overload capability compared to synchronous machines. 

Impact of Low Rotational Inertia on
Power System Stability and Operation
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Critically re-visit modeling / analysis / control

Foundations and Challenges of Low-Inertia Systems
(Invited Paper)

Federico Milano
University College Dublin, Ireland

email: federico.milano@ucd.ie

Florian Dörfler and Gabriela Hug
ETH Zürich, Switzerland
emails: dorfler@ethz.ch,

ghug@ethz.ch

David J. Hill∗ and Gregor Verbič
University of Sydney, Australia
∗ also University of Hong Kong

emails: dhill@eee.hku.hk,
gregor.verbic@sydney.edu.au

• New models are needed which balance the need to
include key features without burdening the model
(whether for analytical or computational work) with
uneven and excessive detail;

• New stability theory which properly reflects the new
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Basic modeling insights: the network
interconnecting lines via Π-models & ODEs
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Basic modeling insights: the power converter
idc

DC port modulation LC output filter AC portcontrol (3-phase) to power grid

vdc
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i
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C vG
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2
vdc u

networkm

I passive DC port port (idc, vdc) for energy balance control

→ details mostly neglected today: assume vdc to be stiffly regulated

I modulation ≡ lossless signal transformer (averaged)

→ controlled switching voltage vdcm with m ∈
[
− 1

2
,+ 1

2

]
×
[
− 1

2
,+ 1

2

]
I LC filter to smoothen harmonics with R,G modeling filter/switching losses

well actuated, modular, & fast control system ≈ controllable voltage source

6



Basic modeling insights: the power converter
idc

DC port modulation LC output filter AC portcontrol (3-phase) to power grid

vdc
1

2

i
L R

C vG

io

1

2
vdc u

networkm

I passive DC port port (idc, vdc) for energy balance control

→ details mostly neglected today: assume vdc to be stiffly regulated

I modulation ≡ lossless signal transformer (averaged)

→ controlled switching voltage vdcm with m ∈
[
− 1

2
,+ 1

2

]
×
[
− 1

2
,+ 1

2

]
I LC filter to smoothen harmonics with R,G modeling filter/switching losses

well actuated, modular, & fast control system ≈ controllable voltage source

6



Basic modeling insights: the power converter
idc

DC port modulation LC output filter AC portcontrol (3-phase) to power grid

vdc
1

2

i
L R

C vG

io

1

2
vdc u

networkm

I passive DC port port (idc, vdc) for energy balance control

→ details mostly neglected today: assume vdc to be stiffly regulated

I modulation ≡ lossless signal transformer (averaged)

→ controlled switching voltage vdcm with m ∈
[
− 1

2
,+ 1

2

]
×
[
− 1

2
,+ 1

2

]
I LC filter to smoothen harmonics with R,G modeling filter/switching losses

well actuated, modular, & fast control system ≈ controllable voltage source

6



Objectives for power converter control
1. synchronous frequency

d

dt
vk =

[
0 −ω0

ω0 0

]
vk

∼ harmonic oscillations at identical ω0

3. active & reactive power injections

v>k io,k = p?k , v>k
[

0 −1
+1 0

]
io,k = q?k

∼ non-linear but local specification

2. voltage amplitude

θ⋆
jk

vk

vjv⋆
k

ω0

ω0
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Main control challenges

θ⋆
jk

vk

vjv⋆
k

ω0

ω0

C v

io

vk

io,k

vdc

E nonlinear objectives (v?k, θ
?
kj) & stabilization of synchronous limit cycle

E intrinsic synchronization to ω0 rather than following weak grid frequency

E local set-points: voltage / power (v?k, p
?
k, q

?
k) but no relative angles θ?kj

E decentralized control: only local measurements (vk, io,k) available

E fragile physics needs tight control: state constraints & negligible storage

E no time-scale separation between slow sources & fast network

+ fully controllable voltage sources & stable linear network dynamics
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Naive baseline solution: emulation of virtual inertia
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Cartoon of low-level power converter control

DC/AC power inverter

measurement 
processing
(e.g., via PLL)

reference 
synthesis
(e.g., droop or
virtual inertia)

cascaded
voltage/current
tracking control

converter
modulation

DC voltage
control

DC voltage AC current &  voltagePWM

(P, Q, kV k,!)

ac
tu

at
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n 
of

 D
C

 s
ou
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e/
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os

t

1. acquiring & processing
of AC measurements

2. synthesis of references
“how would a synchronous
generator respond now ?”

3. cascaded PI controllers to
track references
assumption: no state
constraints encountered

4. actuation via modulation

5. energy balancing via fast
control of DC-side supply
assumption: unlimited
power & instantaneous
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Virtual synchronous machine ≡ flywheel emulation
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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.

[D’Arco et al., ’15]

• reference model : detailed model of
synchronous generator + controls

• robust implementation requires tricks:
low-pass filters for dissipation, virtual
impedances for saturation, limiters,. . .

→ most commonly accepted solution in
industry (

?

backward compatibility ?)

→ poor fit: converter 6= flywheel

– converter: fast actuation &
no significant energy storage

– machine: slow actuation &
significant energy storage

→ over-parametrized & ignores limits

→ performs very poorly post-fault
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. Thus, the VSM inertia emulation
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Droop as simplest reference model [Chandorkar, Divan, Adapa, ’93]

I frequency control by mimicking p− ω
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Original Virtual Oscillator Control (VOC)

nonlinear & open limit cycle
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• in practice proven to be robust mechanism
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Comparison of grid-forming control [Tayyebi et al., ’19]
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Overview of results

We propose a novel control strategy for grid-forming converters in low-inertia power 
grids. Our strategy is inspired by identifying the structural similarities between the 
three-phase DC/AC converter and the synchronous machine model. We explicitly match 
these models through modulation control so that they become structurally equivalent. 
Compared to standard emulation of virtual synchronous machines, our controller relies 
solely on readily available DC-side measurements and takes into account the natural DC 
and AC storage elements which are usually neglected. As a result, our controller is 
generally faster and less vulnerable to delays and measurement inaccuracies. We provide 
a virtual adaptive oscillator interpretation of our controller various plug-and-play 
properties of the closed loop, such as passivity with respect to the DC and AC ports as 
well as the steady-state droop slopes, which we illustrate in simulations.
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three-phase DC/AC converter and the synchronous machine model. We explicitly match 
these models through modulation control so that they become structurally equivalent. 
Compared to standard emulation of virtual synchronous machines, our controller relies 
solely on readily available DC-side measurements and takes into account the natural DC 
and AC storage elements which are usually neglected. As a result, our controller is 
generally faster and less vulnerable to delays and measurement inaccuracies. We provide 
a virtual adaptive oscillator interpretation of our controller various plug-and-play 
properties of the closed loop, such as passivity with respect to the DC and AC ports as 
well as the steady-state droop slopes, which we illustrate in simulations.
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Colorful idea: closed-loop target dynamics
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vk

vjv⋆
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ω0

ω0

d

dt
vk =

[
0 −ω0

ω0 0

]
vk︸ ︷︷ ︸

rotation at ω

+ c2 ·
(
‖vk‖?2 − ‖vk‖2

)
vk︸ ︷︷ ︸

amplitude regulation to v?k

+ c1 ·
n∑
j=1

wjk

(
vj −

[
cos(θ?jk) − sin(θ?jk)

sin(θ?jk) cos(θ?jk)

]
vk

)
︸ ︷︷ ︸

synchronization to desired relative angles θ?jk
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Decentralized implementation of dynamics
∑

j
wjk(vj−R(θ?jk)vk)︸ ︷︷ ︸

need to know wjk, vj , vk and θ?jk

=
∑

j
wjk(vj − vk)︸ ︷︷ ︸

“Laplacian” feedback

+
∑

j
wjk(I−R(θ?jk))vk︸ ︷︷ ︸

local feedback: Kk(θ
?)vk

insight I: non-local measurements from communication via physics

io,k︸︷︷︸
local feedback

=
∑

j
yjk(vj − vk)︸ ︷︷ ︸

distributed feedback with wjk = ykj = ‖ykj‖R(κ)−1

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

p?k = v?2
∑
j

rjk(1−cos(θ?jk))−ω0`jk sin(θ?jk)

r2
jk

+ω2
0`

2
jk

q?k = −v?2
∑
j

ω0`jk(1−cos(θ?jk))+rjk sin(θ?jk)

r2
jk

+ω2
0`

2
jk

⇒Kk(θ?)︸ ︷︷ ︸
global parameters

=
1

v?2
R(κ)

[
q?k p?k
−p?k q?k

]
︸ ︷︷ ︸

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 −ω0
ω0 0

]
vk︸ ︷︷ ︸

rotation at ω0

+ c1 ·R (κ)

(
1
v?2

[
q?k p?k
−p?k q?k

]
vk − io,k

)
︸ ︷︷ ︸

synchronization through physics

+ c2 · (v?2 − ‖vk‖2) vk︸ ︷︷ ︸
local amplitude regulation

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

d

dt
θk = ω0 + c1

(
p?k
v?2
− pk
‖vk‖2

)

≈
‖vk‖≈1

ω0 + c1 (p?k − pk) (p− ω droop)

d

dt
‖vk‖ ≈

‖vk‖≈1
c1 (q?k − qk) + c2 (v? − ‖vk‖) (q − ‖v‖ droop)

3. almost global asymptotic stability with respect to pre-specified set-point if

I power transfer “small” compared to network connectivity
I amplitude control “slower” than synchronization control

18



Properties of virtual oscillator control
1. desired target dynamics can be realized via fully decentralized control

d

dt
vk=

[
0 −ω0
ω0 0

]
vk︸ ︷︷ ︸

rotation at ω0

+ c1 ·R (κ)

(
1
v?2

[
q?k p?k
−p?k q?k

]
vk − io,k

)
︸ ︷︷ ︸

synchronization through physics

+ c2 · (v?2 − ‖vk‖2) vk︸ ︷︷ ︸
local amplitude regulation

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

d

dt
θk = ω0 + c1

(
p?k
v?2
− pk
‖vk‖2

)

≈
‖vk‖≈1

ω0 + c1 (p?k − pk) (p− ω droop)

d

dt
‖vk‖ ≈

‖vk‖≈1
c1 (q?k − qk) + c2 (v? − ‖vk‖) (q − ‖v‖ droop)

3. almost global asymptotic stability with respect to pre-specified set-point if

I power transfer “small” compared to network connectivity
I amplitude control “slower” than synchronization control

18



Properties of virtual oscillator control
1. desired target dynamics can be realized via fully decentralized control

d

dt
vk=

[
0 −ω0
ω0 0

]
vk︸ ︷︷ ︸

rotation at ω0

+ c1 ·R (κ)

(
1
v?2

[
q?k p?k
−p?k q?k

]
vk − io,k

)
︸ ︷︷ ︸

synchronization through physics

+ c2 · (v?2 − ‖vk‖2) vk︸ ︷︷ ︸
local amplitude regulation

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

d

dt
θk = ω0 + c1

(
p?k
v?2
− pk
‖vk‖2

)
≈

‖vk‖≈1
ω0 + c1 (p?k − pk) (p− ω droop)

d

dt
‖vk‖ ≈

‖vk‖≈1
c1 (q?k − qk) + c2 (v? − ‖vk‖) (q − ‖v‖ droop)

3. almost global asymptotic stability with respect to pre-specified set-point if

I power transfer “small” compared to network connectivity
I amplitude control “slower” than synchronization control

18



Properties of virtual oscillator control
1. desired target dynamics can be realized via fully decentralized control

d

dt
vk=

[
0 −ω0
ω0 0

]
vk︸ ︷︷ ︸

rotation at ω0

+ c1 ·R (κ)

(
1
v?2

[
q?k p?k
−p?k q?k

]
vk − io,k

)
︸ ︷︷ ︸

synchronization through physics

+ c2 · (v?2 − ‖vk‖2) vk︸ ︷︷ ︸
local amplitude regulation

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

d

dt
θk = ω0 + c1

(
p?k
v?2
− pk
‖vk‖2

)
≈

‖vk‖≈1
ω0 + c1 (p?k − pk) (p− ω droop)

d

dt
‖vk‖

≈
‖vk‖≈1

c1 (q?k − qk) + c2 (v? − ‖vk‖) (q − ‖v‖ droop)

3. almost global asymptotic stability with respect to pre-specified set-point if

I power transfer “small” compared to network connectivity
I amplitude control “slower” than synchronization control

18



Properties of virtual oscillator control
1. desired target dynamics can be realized via fully decentralized control

d

dt
vk=

[
0 −ω0
ω0 0

]
vk︸ ︷︷ ︸

rotation at ω0

+ c1 ·R (κ)

(
1
v?2

[
q?k p?k
−p?k q?k

]
vk − io,k

)
︸ ︷︷ ︸

synchronization through physics

+ c2 · (v?2 − ‖vk‖2) vk︸ ︷︷ ︸
local amplitude regulation

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

d

dt
θk = ω0 + c1

(
p?k
v?2
− pk
‖vk‖2

)
≈

‖vk‖≈1
ω0 + c1 (p?k − pk) (p− ω droop)

d

dt
‖vk‖ ≈

‖vk‖≈1
c1 (q?k − qk) + c2 (v? − ‖vk‖) (q − ‖v‖ droop)

3. almost global asymptotic stability with respect to pre-specified set-point if

I power transfer “small” compared to network connectivity
I amplitude control “slower” than synchronization control

18



Properties of virtual oscillator control
1. desired target dynamics can be realized via fully decentralized control

d

dt
vk=

[
0 −ω0
ω0 0

]
vk︸ ︷︷ ︸

rotation at ω0

+ c1 ·R (κ)

(
1
v?2

[
q?k p?k
−p?k q?k

]
vk − io,k

)
︸ ︷︷ ︸

synchronization through physics

+ c2 · (v?2 − ‖vk‖2) vk︸ ︷︷ ︸
local amplitude regulation

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

d

dt
θk = ω0 + c1

(
p?k
v?2
− pk
‖vk‖2

)
≈

‖vk‖≈1
ω0 + c1 (p?k − pk) (p− ω droop)

d

dt
‖vk‖ ≈

‖vk‖≈1
c1 (q?k − qk) + c2 (v? − ‖vk‖) (q − ‖v‖ droop)

3. almost global asymptotic stability with respect to pre-specified set-point if

I power transfer “small” compared to network connectivity
I amplitude control “slower” than synchronization control

18



Properties of virtual oscillator control
1. desired target dynamics can be realized via fully decentralized control

d

dt
vk=

[
0 −ω0
ω0 0

]
vk︸ ︷︷ ︸

rotation at ω0

+ c1 ·R (κ)

(
1
v?2

[
q?k p?k
−p?k q?k

]
vk − io,k

)
︸ ︷︷ ︸

synchronization through physics

+ c2 · (v?2 − ‖vk‖2) vk︸ ︷︷ ︸
local amplitude regulation

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

d

dt
θk = ω0 + c1

(
p?k
v?2
− pk
‖vk‖2

)
≈

‖vk‖≈1
ω0 + c1 (p?k − pk) (p− ω droop)

d

dt
‖vk‖ ≈

‖vk‖≈1
c1 (q?k − qk) + c2 (v? − ‖vk‖) (q − ‖v‖ droop)

3. almost global asymptotic stability with respect to pre-specified set-point if

I power transfer “small” compared to network connectivity
I amplitude control “slower” than synchronization control

18



Details on stability condition
I power transfer pjk “small” compared to network connectivity λ2

I amplitude control “slower” than synchronization control: c2/c1 � 1

e.g., for resistive grid: 1
2
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I proof relies on Lyapunov arg’s
I conditions can be extended to
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loops [Subotic, Gross, Colombino, & Dörfler,’19]
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Experimental setup @ NREL
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Experimental results [Seo, Subotic, Johnson, Colombino, Groß, & Dörfler, ’19]

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 21



Detour: duality & matching of machines [Arghir & Dörfler,’19]
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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||1/|�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||1/|�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

||�!||1 := 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||1 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 2 [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||1/|�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||1/|�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||1/|�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||1/|�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

||�!||1 := 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||1 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 2 [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||1/|�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||1/|�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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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
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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||1/|�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||1/|�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

||�!||1 := 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||1 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 2 [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||1/|�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||1/|�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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Hybrid Angle Control and Almost Global Stability
of Grid-Forming Power Converters

Ali Tayyebi, Adolfo Anta, and Florian Dörfler

Abstract—This paper introduces a new grid-forming control
for power converters, termed hybrid angle control (HAC) that
ensures the almost global closed-loop stability. HAC combines
the recently proposed matching control with a novel nonlinear
angle feedback reminiscent of (though not identical to) classic
droop and dispatchable virtual oscillator controls. The synthesis
of HAC is inspired by the complementary benefits of the dc-based
matching and ac-based grid-forming controls as well as ideas
from direct angle control and nonlinear damping assignment. The
proposed HAC is applied to a high-fidelity nonlinear converter
model that is connected to an infinite bus or a center-of-inertia
dynamic grid models via a dynamic inductive line. We provide
insightful parametric conditions for the existence, uniqueness,
and global stability of the closed-loop equilibria. Unlike related
stability certificates, our parametric conditions do not demand
strong physical damping, on the contrary they can be met by
appropriate choice of control parameters. Moreover, we consider
the safety constraints of power converters and synthesize a new
current-limiting control that is compatible with HAC. Last, we
present a practical implementation of HAC and uncover its
intrinsic droop behavior, derive a feedforward ac voltage and
power control, and illustrate the behavior of the closed-loop
system with publicly available numerical examples.

Index Terms—grid-forming converter control, current-limiting
control, power system stability, hybrid angle control.

I. INTRODUCTION

The Generation technology in power system has been dras-
tically changing in recent years. The increasing replacement
of bulk synchronous generators (SG) with converter-interfaced
generation is transforming the power system to a so-called
low-inertia system. The stability aftermath of this transition
is highlighted by significant inertia reduction, fluctuating ac-
tuation (i.e., volatile generation), and the potential adverse
interactions due to the presence of adjacent timescales [1]–[7],
among others. The grid-forming control concept is envisioned
to address the aforementioned stability challenges, whereby
the converter features frequency and voltage regulation, black-
start, and load-sharing capabilities [8].

Several grid-forming control techniques have been recently
proposed. Droop control mimics the speed droop of SG, con-
trols the modulation angle proportional to the active power im-
balance, and is widely recognized as the baseline solution [9],
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[10]. As a natural extension of droop control, the emulation of
SG dynamics and control led to virtual synchronous machine
(VSM) strategies [11], [12]. The recently proposed matching
control exploits structural similarities of the converter and SG;
and matches their dynamics by controlling the modulation
angle according to the dc voltage [13]–[17]. Furthermore,
virtual oscillator control (VOC) mimics the dynamical be-
havior of Liénard-type oscillators and globally synchronizes
a converter-based network [18], [19]. Recently, dispatchable
virtual oscillator control (dVOC) is proposed that ensures
almost global synchronization of a homogeneous network
of oscillator-controlled inverters (with simplified dynamics)
to pre-specified set-points consistent with the power flow
equations [20], [21] (also see [22] for a comparative transient
stability assessment of dVOC and droop control).

A comparison of the aforementioned control strategies
reveals complementary benefits; see [2, Rem. 2]: dc-based
matching techniques are robust with respect to (w.r.t.) the load-
induced over-currents and ac-based techniques (droop, VSM,
and especially dVOC) have superior transient performance.
Here we leverage these complementary benefits and design a
hybrid angle control (HAC) which combines matching control
and a nonlinear angle feedback (reminiscent of, though not
identical to, droop control and dVOC) and is inspired by ideas
from direct angle control [17] and sign-indefinite nonlinear
damping assignment [23], [24]. Our proposed controller al-
most globally stabilizes the closed-loop converter dynamics
when connected via an inductive line to either an infinite
bus (IB) or a dynamic center-of-inertia (COI) grid model.
We provide insightful parametric conditions for the existence,
uniqueness, and almost global stability of closed-loop equi-
libria. Last but not least, we take into account the converter
safety constraints, design a new current-limiting control, and
investigate its stability in combination with HAC.

In contrast to most other related works, we consider a high-
fidelity converter model including an explicit representation of
energy source dynamics, the dc bus, LC filter, line dynamics,
COI grid dynamics, and the converter set-points. In compari-
son to related stability certificates [17], [25], [26], our stability
conditions do not demand strong physical damping, but they
can be met by appropriate choice of control gains.

Moreover, our complementary choice of the angle-
dependent terms in the Lyapunov / LaSalle function and
in the HAC formulation overcomes the analysis obstacles
arising from lack of damping in angle state. Finally, we
conclude this paper with some extensions, namely: a practical
implementation and droop behavior of the HAC is described, a
feedforward ac voltage and power control is discussed, and the
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Hybrid Angle Control and Almost Global Stability
of Grid-Forming Power Converters

Ali Tayyebi, Adolfo Anta, and Florian Dörfler

Abstract—This paper introduces a new grid-forming control
for power converters, termed hybrid angle control (HAC) that
ensures the almost global closed-loop stability. HAC combines
the recently proposed matching control with a novel nonlinear
angle feedback reminiscent of (though not identical to) classic
droop and dispatchable virtual oscillator controls. The synthesis
of HAC is inspired by the complementary benefits of the dc-based
matching and ac-based grid-forming controls as well as ideas
from direct angle control and nonlinear damping assignment. The
proposed HAC is applied to a high-fidelity nonlinear converter
model that is connected to an infinite bus or a center-of-inertia
dynamic grid models via a dynamic inductive line. We provide
insightful parametric conditions for the existence, uniqueness,
and global stability of the closed-loop equilibria. Unlike related
stability certificates, our parametric conditions do not demand
strong physical damping, on the contrary they can be met by
appropriate choice of control parameters. Moreover, we consider
the safety constraints of power converters and synthesize a new
current-limiting control that is compatible with HAC. Last, we
present a practical implementation of HAC and uncover its
intrinsic droop behavior, derive a feedforward ac voltage and
power control, and illustrate the behavior of the closed-loop
system with publicly available numerical examples.
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I. INTRODUCTION

The Generation technology in power system has been dras-
tically changing in recent years. The increasing replacement
of bulk synchronous generators (SG) with converter-interfaced
generation is transforming the power system to a so-called
low-inertia system. The stability aftermath of this transition
is highlighted by significant inertia reduction, fluctuating ac-
tuation (i.e., volatile generation), and the potential adverse
interactions due to the presence of adjacent timescales [1]–[7],
among others. The grid-forming control concept is envisioned
to address the aforementioned stability challenges, whereby
the converter features frequency and voltage regulation, black-
start, and load-sharing capabilities [8].

Several grid-forming control techniques have been recently
proposed. Droop control mimics the speed droop of SG, con-
trols the modulation angle proportional to the active power im-
balance, and is widely recognized as the baseline solution [9],
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[10]. As a natural extension of droop control, the emulation of
SG dynamics and control led to virtual synchronous machine
(VSM) strategies [11], [12]. The recently proposed matching
control exploits structural similarities of the converter and SG;
and matches their dynamics by controlling the modulation
angle according to the dc voltage [13]–[17]. Furthermore,
virtual oscillator control (VOC) mimics the dynamical be-
havior of Liénard-type oscillators and globally synchronizes
a converter-based network [18], [19]. Recently, dispatchable
virtual oscillator control (dVOC) is proposed that ensures
almost global synchronization of a homogeneous network
of oscillator-controlled inverters (with simplified dynamics)
to pre-specified set-points consistent with the power flow
equations [20], [21] (also see [22] for a comparative transient
stability assessment of dVOC and droop control).

A comparison of the aforementioned control strategies
reveals complementary benefits; see [2, Rem. 2]: dc-based
matching techniques are robust with respect to (w.r.t.) the load-
induced over-currents and ac-based techniques (droop, VSM,
and especially dVOC) have superior transient performance.
Here we leverage these complementary benefits and design a
hybrid angle control (HAC) which combines matching control
and a nonlinear angle feedback (reminiscent of, though not
identical to, droop control and dVOC) and is inspired by ideas
from direct angle control [17] and sign-indefinite nonlinear
damping assignment [23], [24]. Our proposed controller al-
most globally stabilizes the closed-loop converter dynamics
when connected via an inductive line to either an infinite
bus (IB) or a dynamic center-of-inertia (COI) grid model.
We provide insightful parametric conditions for the existence,
uniqueness, and almost global stability of closed-loop equi-
libria. Last but not least, we take into account the converter
safety constraints, design a new current-limiting control, and
investigate its stability in combination with HAC.

In contrast to most other related works, we consider a high-
fidelity converter model including an explicit representation of
energy source dynamics, the dc bus, LC filter, line dynamics,
COI grid dynamics, and the converter set-points. In compari-
son to related stability certificates [17], [25], [26], our stability
conditions do not demand strong physical damping, but they
can be met by appropriate choice of control gains.

Moreover, our complementary choice of the angle-
dependent terms in the Lyapunov / LaSalle function and
in the HAC formulation overcomes the analysis obstacles
arising from lack of damping in angle state. Finally, we
conclude this paper with some extensions, namely: a practical
implementation and droop behavior of the HAC is described, a
feedforward ac voltage and power control is discussed, and the
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Zürich, Switzerland, e-mail: dorfler@ethz.ch.

This work was partially funded by the independent research fund of the
Austrian Institute for Technology, and ETH Zürich funds.

[10]. As a natural extension of droop control, the emulation of
SG dynamics and control led to virtual synchronous machine
(VSM) strategies [11], [12]. The recently proposed matching
control exploits structural similarities of the converter and SG;
and matches their dynamics by controlling the modulation
angle according to the dc voltage [13]–[17]. Furthermore,
virtual oscillator control (VOC) mimics the dynamical be-
havior of Liénard-type oscillators and globally synchronizes
a converter-based network [18], [19]. Recently, dispatchable
virtual oscillator control (dVOC) is proposed that ensures
almost global synchronization of a homogeneous network
of oscillator-controlled inverters (with simplified dynamics)
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equations [20], [21] (also see [22] for a comparative transient
stability assessment of dVOC and droop control).

A comparison of the aforementioned control strategies
reveals complementary benefits; see [2, Rem. 2]: dc-based
matching techniques are robust with respect to (w.r.t.) the load-
induced over-currents and ac-based techniques (droop, VSM,
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son to related stability certificates [17], [25], [26], our stability
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