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On the contents

this topic is a world in itself & there’s lot’s to say
�! we will cover selected aspects from the

foundations to contemporary research
. . .& while orthogonal to previous talks



Outline

Motivation: Challenges & Game Changers

Power Converter Modeling & Control Specifications

Device-Level: Control of Converter-Interfaced Generation

System-Level: Ancillary Services in Low-Inertia Grids

- grid-forming -

cross-forming



We will use the board
be prepared to take notes
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Replacing the system foundation

fuel

& synchronous machines

– not sustainable

+ central & dispatchable generation

+ large rotational inertia as bu�er

+ self-synchronize through the grid

+ resilient voltage / frequency control

– slow actuation & control

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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What do we see here ?

Hz

*10 secBEWAG      UCTE
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West Berlin re-connecting to Europe
Source: Energie-Museum Berlin

Hz

*10 secBEWAG      UCTE

December 7, 1994

before re-connection: islanded operation based on batteries & boiler
afterwards connected to European grid & synchronous generation
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Power-electronics-dominated power systems
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I relevant observation: system enabled by ubiquitous actuation, pervasive
sensing, & digitalization, i.e., control, rather than clever physical design

I aggressive integration of technology ! system issues : oscillations, lack
of inertia (! RoCoF limits) & reactive power (! SE Australia outages), . . .
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Issues are by now broadly recognized

low-inertia issues were not really

on the radar (outside few places, e.g.,
Ireland or Oz) until ten years ago

! led to outages & comical situations . . .

new challenges: low-inertia stability, grid-
forming control, & fast frequency support

! industry willing to explore green-field

approach & join forces with academia

since 2015: EU MIGRATE project &
successors (OSMOSE, POSYTYF, . . . )

across the pond:
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Biblis A generator stabilizes the grid as a 
synchronous condenser 

Instrumentation, Controls & Electrical

SPPA-E3000 Electrical Solutions
makes it possible to use the generator of 
Biblis A as a synchronous condenser. This 
serves to even out grid voltage fluctuations. 

The Plant 
The Biblis power plant, which has been in a 
permanently non-productive state, is located 
in the community of Biblis in the south of Hesse, 
Germany and belongs to RWE Power AG. 
Until 2011 it comprised two pressurized 
water reactors in units A and B, with an output 
of 1200 MW (unit A) and 1300 MW ( unit B) 
respectively. Based on the decision of the 
nuclear energy moratorium, unit A was 
disconnected from the grid on March 18, 2011. 
At that time unit B was already in a scheduled 
revision. 

The Task
As a result of the fluctuating infeed of 
renewable energy and the shutdown of 
nuclear power plants in southern Germany, 
voltage stabilization within the Amprion grid is 
becoming increasingly challenging. In order to 
stabilize the grid in the future too, the Biblis A 
generator was to be converted into a 
synchronous condenser. This called for a 
provider capable of implementing this project 
together with the customer and delivering the 
requisite major components in the shortest 
possible time. 

Our Solution 
For the first time a generator of this size 
was converted into a rotating synchronous 
condenser by usage of various solutions from 
the SPPA-E3000 Electrical Solutions product 
spectrum. 
A 14 MW medium-voltage startup converter 
was set up for generator startup. This was 
connected to a new 18.3 MVA transformer, 
which subsequently transforms its output 
voltage to the generator terminal voltage of 
27 kV via a further 17 MVA transformer. 
With a gas-insulated 30 kV medium voltage 
switchgear, the new system was connected to

The Result 

Ŷ Improved grid stability 
thanks to the generation of 
reactive power through the 
conversion of the generator 
to a synchronous 
condenser 

Ŷ Innovative further use of a 
shut down power plant

ŶOptimum planning security 
and deadline compliance 
thanks to smooth project 
handling 

the generator via the generator terminal lead. 
It was thus possible to connect the generator 
from unit A to the grid as a synchronous 
condenser. This now regulates the reactive 
power from -400 up to +900 MVar, which is 
made available to grid operator Amprion in 
situations of low or high grid voltage. The 
resulting voltage regulation thus ensures a 
balanced relationship between active and 
reactive power. 
During the start-up procedure of the 
synchronous condenser, special functions 
are set in the unit protection. Measures here 
include deactivation of the underfrequency
protection and switching to a sensitive-setting 
definite time overcurrent protection of the 
synchronous machine.
Even though the customer addressed additional 
requirements, it was possible to keep the set 
timeframe of five months for the realization of 
the project. 

Answers for energy.

"The synchronous condenser 
makes it easier for us to maintain 
system security in the grid 
even in difficult operational 
situations. The rapid completion 
of this ambitious project was 
only possible thanks to the 
outstanding work put in by all 
those involved.“
Dr. Klaus Kleinekorte
Technical Director, Amprion GmbH 

Reference – Electrical Solutions
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GENERATOR WIRD ZUM MOTOR

Die Spannungshaltung im deutschen Stromnetz wird durch die Einspeisung schwankender erneuerbarer
Energien und die Abschaltung von Kernkraftwerken vor allem im Süden Deutschlands immer
anspruchsvoller. Insbesondere im Herbst und Winter kann es hier zu Störungen kommen. Dies hat die
Bundesnetzagentur (BNA) in ihrem Bericht zu den Auswirkungen des Kernkraftausstieges auf die
Übertragungsnetze und die Versorgungssicherheit im Sommer 2011 deutlich gemacht.

Der Übertragungsnetzbetreiber Amprion und RWE Power haben vor diesem Hintergrund vereinbart, den
Generator von Block A im nicht-nuklearen Teil des abgeschalteten Kernkraftwerks Biblis für die
Netzdienstleistung ¿Phasenschieberbetrieb¿ umzurüsten und so zur Stabilisierung des Netzes im Süden
Deutschlands beizutragen.

¿Der Phasenschieber erleichtert es unseren Ingenieuren, die Systemsicherheit im Amprion-Netz auch in
schwierigen Netzsituationen aufrecht zu erhalten¿, so Dr. Klaus Kleinekorte, Technischer Geschäftsführer.
¿Die rasche Durchführung dieses ehrgeizigen Projektes war nur möglich, weil alle Beteiligten - Siemens,
RWE Power und unsere Mitarbeiter ¿ in den vergangenen Monaten hervorragende Arbeit geleistet haben.¿

Die elektrische Maschine ist technisch so von RWE Power und dem Hersteller Siemens umgerüstet worden,
dass der Generator jetzt im Motorbetrieb so genannte Blindleistung regeln kann, die für die
Spannungshaltung im Netz dringend benötigt wird.

Die ersten Planungen für die umfangreiche und technisch sehr schwierige und aufwändige Umrüstung
hatten im Juli vergangenen Jahres begonnen. ¿Uns blieb nicht viel Zeit, denn Amprion wollte den
Phasenschieber schon im Februar 2012 in Betrieb nehmen¿, sagte Marcel Lipthal, Projektleiter der Siemens
AG.

Die Umrüstung ab Oktober 2011 wurde zu einem großen Teil von Eigenpersonal des Kraftwerks Biblis
durchgeführt. Mitte Februar wurde der Generator erstmalig, wie geplant, mit dem Übertragungsnetz der
Amprion gekoppelt und damit der Phasenschieberbetrieb aufgenommen.

Eine Vereinbarung zwischen Amprion und RWE Power sieht zunächst eine Laufzeit bis Dezember 2013 vor.
Die Kosten in Höhe von rund sieben Millionen Euro trägt Amprion.

Hintergrund Blindleistung:

Bei der Stromproduktion, wie auch bei beim Stromtransport und der Stromnutzung entsteht aus
physikalischen Gründen eine von den Fachleuten als Blindleistung bezeichnete Energie. Diese ist auf der
einen Seite notwendig, damit sich zum Beispiel Elektromotoren drehen, auf der anderen Seite steht sie aber
dem eigentlichen Wirkstrom entgegen. Derzeit kann nur in Großkraftwerken diese Blindleistung geregelt
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AS SYSTEM SERVICE PROVIDERS
REPORT 2017:348
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new challenges: low-inertia stability, grid-
forming control, & fast frequency support

! industry willing to explore green-field

approach & join forces with academia

since 2015: EU MIGRATE project &
successors (OSMOSE, POSYTYF, . . . )

across the pond:
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the generator via the generator terminal lead. 
It was thus possible to connect the generator 
from unit A to the grid as a synchronous 
condenser. This now regulates the reactive 
power from -400 up to +900 MVar, which is 
made available to grid operator Amprion in 
situations of low or high grid voltage. The 
resulting voltage regulation thus ensures a 
balanced relationship between active and 
reactive power. 
During the start-up procedure of the 
synchronous condenser, special functions 
are set in the unit protection. Measures here 
include deactivation of the underfrequency
protection and switching to a sensitive-setting 
definite time overcurrent protection of the 
synchronous machine.
Even though the customer addressed additional 
requirements, it was possible to keep the set 
timeframe of five months for the realization of 
the project. 

Answers for energy.

"The synchronous condenser 
makes it easier for us to maintain 
system security in the grid 
even in difficult operational 
situations. The rapid completion 
of this ambitious project was 
only possible thanks to the 
outstanding work put in by all 
those involved.“
Dr. Klaus Kleinekorte
Technical Director, Amprion GmbH 
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Issues are by now broadly recognized

low-inertia issues were not really

on the radar (outside few places, e.g.,
Ireland or Oz) until ten years ago

! led to outages & comical situations . . .

Biblis A generator stabilizes the grid as a 
synchronous condenser 

Instrumentation, Controls & Electrical

SPPA-E3000 Electrical Solutions
makes it possible to use the generator of 
Biblis A as a synchronous condenser. This 
serves to even out grid voltage fluctuations. 

The Plant 
The Biblis power plant, which has been in a 
permanently non-productive state, is located 
in the community of Biblis in the south of Hesse, 
Germany and belongs to RWE Power AG. 
Until 2011 it comprised two pressurized 
water reactors in units A and B, with an output 
of 1200 MW (unit A) and 1300 MW ( unit B) 
respectively. Based on the decision of the 
nuclear energy moratorium, unit A was 
disconnected from the grid on March 18, 2011. 
At that time unit B was already in a scheduled 
revision. 

The Task
As a result of the fluctuating infeed of 
renewable energy and the shutdown of 
nuclear power plants in southern Germany, 
voltage stabilization within the Amprion grid is 
becoming increasingly challenging. In order to 
stabilize the grid in the future too, the Biblis A 
generator was to be converted into a 
synchronous condenser. This called for a 
provider capable of implementing this project 
together with the customer and delivering the 
requisite major components in the shortest 
possible time. 

Our Solution 
For the first time a generator of this size 
was converted into a rotating synchronous 
condenser by usage of various solutions from 
the SPPA-E3000 Electrical Solutions product 
spectrum. 
A 14 MW medium-voltage startup converter 
was set up for generator startup. This was 
connected to a new 18.3 MVA transformer, 
which subsequently transforms its output 
voltage to the generator terminal voltage of 
27 kV via a further 17 MVA transformer. 
With a gas-insulated 30 kV medium voltage 
switchgear, the new system was connected to

The Result 

Ŷ Improved grid stability 
thanks to the generation of 
reactive power through the 
conversion of the generator 
to a synchronous 
condenser 

Ŷ Innovative further use of a 
shut down power plant

ŶOptimum planning security 
and deadline compliance 
thanks to smooth project 
handling 

the generator via the generator terminal lead. 
It was thus possible to connect the generator 
from unit A to the grid as a synchronous 
condenser. This now regulates the reactive 
power from -400 up to +900 MVar, which is 
made available to grid operator Amprion in 
situations of low or high grid voltage. The 
resulting voltage regulation thus ensures a 
balanced relationship between active and 
reactive power. 
During the start-up procedure of the 
synchronous condenser, special functions 
are set in the unit protection. Measures here 
include deactivation of the underfrequency
protection and switching to a sensitive-setting 
definite time overcurrent protection of the 
synchronous machine.
Even though the customer addressed additional 
requirements, it was possible to keep the set 
timeframe of five months for the realization of 
the project. 

Answers for energy.

"The synchronous condenser 
makes it easier for us to maintain 
system security in the grid 
even in difficult operational 
situations. The rapid completion 
of this ambitious project was 
only possible thanks to the 
outstanding work put in by all 
those involved.“
Dr. Klaus Kleinekorte
Technical Director, Amprion GmbH 

Reference – Electrical Solutions
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GENERATOR WIRD ZUM MOTOR

Die Spannungshaltung im deutschen Stromnetz wird durch die Einspeisung schwankender erneuerbarer
Energien und die Abschaltung von Kernkraftwerken vor allem im Süden Deutschlands immer
anspruchsvoller. Insbesondere im Herbst und Winter kann es hier zu Störungen kommen. Dies hat die
Bundesnetzagentur (BNA) in ihrem Bericht zu den Auswirkungen des Kernkraftausstieges auf die
Übertragungsnetze und die Versorgungssicherheit im Sommer 2011 deutlich gemacht.

Der Übertragungsnetzbetreiber Amprion und RWE Power haben vor diesem Hintergrund vereinbart, den
Generator von Block A im nicht-nuklearen Teil des abgeschalteten Kernkraftwerks Biblis für die
Netzdienstleistung ¿Phasenschieberbetrieb¿ umzurüsten und so zur Stabilisierung des Netzes im Süden
Deutschlands beizutragen.

¿Der Phasenschieber erleichtert es unseren Ingenieuren, die Systemsicherheit im Amprion-Netz auch in
schwierigen Netzsituationen aufrecht zu erhalten¿, so Dr. Klaus Kleinekorte, Technischer Geschäftsführer.
¿Die rasche Durchführung dieses ehrgeizigen Projektes war nur möglich, weil alle Beteiligten - Siemens,
RWE Power und unsere Mitarbeiter ¿ in den vergangenen Monaten hervorragende Arbeit geleistet haben.¿

Die elektrische Maschine ist technisch so von RWE Power und dem Hersteller Siemens umgerüstet worden,
dass der Generator jetzt im Motorbetrieb so genannte Blindleistung regeln kann, die für die
Spannungshaltung im Netz dringend benötigt wird.

Die ersten Planungen für die umfangreiche und technisch sehr schwierige und aufwändige Umrüstung
hatten im Juli vergangenen Jahres begonnen. ¿Uns blieb nicht viel Zeit, denn Amprion wollte den
Phasenschieber schon im Februar 2012 in Betrieb nehmen¿, sagte Marcel Lipthal, Projektleiter der Siemens
AG.

Die Umrüstung ab Oktober 2011 wurde zu einem großen Teil von Eigenpersonal des Kraftwerks Biblis
durchgeführt. Mitte Februar wurde der Generator erstmalig, wie geplant, mit dem Übertragungsnetz der
Amprion gekoppelt und damit der Phasenschieberbetrieb aufgenommen.

Eine Vereinbarung zwischen Amprion und RWE Power sieht zunächst eine Laufzeit bis Dezember 2013 vor.
Die Kosten in Höhe von rund sieben Millionen Euro trägt Amprion.

Hintergrund Blindleistung:

Bei der Stromproduktion, wie auch bei beim Stromtransport und der Stromnutzung entsteht aus
physikalischen Gründen eine von den Fachleuten als Blindleistung bezeichnete Energie. Diese ist auf der
einen Seite notwendig, damit sich zum Beispiel Elektromotoren drehen, auf der anderen Seite steht sie aber
dem eigentlichen Wirkstrom entgegen. Derzeit kann nur in Großkraftwerken diese Blindleistung geregelt
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The Result 
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thanks to the generation of 
reactive power through the 
conversion of the generator 
to a synchronous 
condenser 

Ŷ Innovative further use of a 
shut down power plant

ŶOptimum planning security 
and deadline compliance 
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the generator via the generator terminal lead. 
It was thus possible to connect the generator 
from unit A to the grid as a synchronous 
condenser. This now regulates the reactive 
power from -400 up to +900 MVar, which is 
made available to grid operator Amprion in 
situations of low or high grid voltage. The 
resulting voltage regulation thus ensures a 
balanced relationship between active and 
reactive power. 
During the start-up procedure of the 
synchronous condenser, special functions 
are set in the unit protection. Measures here 
include deactivation of the underfrequency
protection and switching to a sensitive-setting 
definite time overcurrent protection of the 
synchronous machine.
Even though the customer addressed additional 
requirements, it was possible to keep the set 
timeframe of five months for the realization of 
the project. 

Answers for energy.

"The synchronous condenser 
makes it easier for us to maintain 
system security in the grid 
even in difficult operational 
situations. The rapid completion 
of this ambitious project was 
only possible thanks to the 
outstanding work put in by all 
those involved.“
Dr. Klaus Kleinekorte
Technical Director, Amprion GmbH 
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UNIFI General Meeting 
External Advisory Board and Department of Energy Review Meeting 

 

Research Support Facility (San Juan Conference Rooms, 3rd Floor)  
National Renewable Energy Laboratory!" Golden, CO 80401  

 

Thursday, July 21, 2022 
Morning Session – Introduction and GFM Information 

8:00 am – 8:30 am Registration and Networking 

8:30 am – 9:00 am Welcome Address and Intro to UNIFI 
Ben Kroposki, NREL 

9:00 am – 9:30 am Unifying Principles for GFM 
Deepak Divan  (GT) and Deepak Ramasubramanian (EPRI) 

9:30 am – 10:00 am “Control in Low-Inertia Power Systems: from the device level to the system level” 
Florian Dörfler, ETH Zurich 

10:00 am – 10:30 am “Grid Forming Inverters for the Future Power System’ 
Frede Blaabjerg, Aalborg University 

10:30 am – 11:00 am Networking Break 

11:00 am – 11:30 am “Managing High Levels of Inverter-Based Resources on Tasmania” 
Andrew Groom, Australia Energy Market Operator (AEMO) 

11:30 am – 12:00 pm “A Raging Controversy? How Power Systems Experts Negotiated Bias in the 1950s” 
Julie Cohn, Univ. of Houston 

12:00 pm – 1:00 pm Lunch  

Afternoon Session – UNIFI Review Meeting 

1:00 pm – 1:30 pm Review of UNIFI Areas – Leadership and Project Management 
Ben Kroposki (NREL) 

1:30 pm – 2:00 pm Review of UNIFI Areas – Modeling and Simulation 

Wei Du (PNNL), Deepak Ramasubramanian (EPRI), Duncan Callaway (Univ. of California – Berkeley) 

2:00 pm – 2:30 pm Review of UNIFI Areas – Controls 
Dominic Gross (Univ. of Wisconsin), Yashen Lin (NREL) 

2:30 pm – 3:00 pm Review of UNIFI Areas – Hardware 

Brian Johnson (Univ. of Washington), Iqbal Husain (NCSU) 

3:00 pm – 3:30 pm Networking Break 

3:30 pm – 4:00 pm Review of UNIFI Areas – Integration and Validation 

Alejandro (Univ of Illinois), Jack Flicker (Sandia) 

4:00 pm – 4:30 pm Review of UNIFI Areas – 20MW Demonstration 
Jack Flicker (Sandia) 

4:30 pm – 5:00 pm Review of UNIFI Areas – Standards Development 
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Conclusion: re-visit models/analysis/control
plenty of surveys from the power electronics / power systems / control communities

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
devices and time-scales associated with CIG, new
loads and use of storage;

• Further computational work to achieve sensitivity
guidelines including data-based approaches;

• New control methodologies, e.g. new controller to
mitigate the high rate of change of frequency in low
inertia systems;

• A power converter is a fully actuated, modular, and
very fast control system, which are nearly antipodal
characteristics to those of a synchronous machine.
Thus, one should critically reflect the control of a
converter as a virtual synchronous machine; and

• The lack of inertia in a power system does not need to
(and cannot) be fixed by simply “adding inertia back”
in the systems.

The later sections contain many suggestions for further
work, which can be summarized as follows:

Annual Review of Control, Robotics, and
Autonomous Systems

Control of Low-Inertia
Power Systems

Florian Dörfler1 and Dominic Groß2

1Automatic Control Laboratory, ETH Zurich, Zurich, Switzerland; email: dorfler@ethz.ch
2Department of Electrical and Computer Engineering, University of Wisconsin–Madison,
Madison, Wisconsin, USA; email: dominic.gross@wisc.edu

Annual Review of Control, Robotics, and
Autonomous Systems

Stability and Control of
Power Grids

Tao Liu,1,∗ Yue Song,1,∗ Lipeng Zhu,1,2,∗

and David J. Hill1,3

1Department of Electrical and Electronic Engineering, University of Hong Kong, Hong Kong,
China; email: taoliu@eee.hku.hk, yuesong@eee.hku.hk, dhill@eee.hku.hk
2College of Electrical and Information Engineering, Hunan University, Changsha, China;
email: zhulpwhu@126.com
3School of Electrical Engineering and Telecommunications, University of New South Wales,
Kensington, New South Wales, Australia

On the Inertia of Future More-Electronics
Power Systems

Jingyang Fang , Student Member, IEEE, Hongchang Li , Member, IEEE,

Yi Tang , Senior Member, IEEE, and Frede Blaabjerg , Fellow, IEEE

Power systems without fuel

Josh A. Taylor a,n, Sairaj V. Dhople b,1, Duncan S. Callaway c

a Electrical and Computer Engineering, University of Toronto, Toronto, Canada ON M5S 3G4
b Electrical and Computer Engineering, University of Minnesota, Minneapolis, MN 55455, USA
c Energy and Resources Group, University of California, Berkeley, CA 94720, USA

Fundamentals of power systems modelling in the presence of converter-
interfaced generation

Mario Paolonea,
⁎

, Trevor Gauntb, Xavier Guillaudc, Marco Liserred, Sakis Meliopoulose,
Antonello Montif, Thierry Van Cutsemg, Vijay Vittalh, Costas Vournasi

Power system stability in the transition to a low carbon

grid: A techno-economic perspective on challenges and

opportunities

Lasantha Meegahapola1 | Pierluigi Mancarella2,3 | Damian Flynn4 |

Rodrigo Moreno5,6,7
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A unique opportunity for systems & control
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modeling, control specifications, & game changers

focus: fast time scales & old versus new
power system/converter control specifications & limitations

decentralized control of power converters

hierarchical control architectures & grid-forming versus grid-following
grid-forming: VSM, droop, matching, & VOC + over-current protection

e�ect of local controls in large-scale systems

ancillary service perspective & performance metrics
allocation of inertia / damping & dynamic virtual power plants

11 / 103



Outline

Motivation: Challenges & Game Changers

Power Converter Modeling & Control Specifications

Device-Level: Control of Converter-Interfaced Generation

System-Level: Ancillary Services in Low-Inertia Grids



modeling



If you want a detailed reference on
power electronics dc/ac conversion
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Power electronics dc/ac conversion basics
adapted from slides by Tobias Geyer (ABB & ETH Zürich)

abstract dc-to-ac power conversion objective: transfer power to the grid
Dc-to-ac power conversion Objective: transfer active power to the grid

Time (ms)

Time (ms)

L
S1

S2

PV cells   (dc) Power grid (ac)

Time (ms)

PV cell voltage

Inverter

Inverter L

dc source
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Power electronics dc/ac conversion basics
adapted from slides by Tobias Geyer (ABB & ETH Zürich)

2-level inverter with idealized switches objective: transfer power to the grid
Two-level inverter with idealized switches Objective: transfer active power to the grid
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Two-level inverter with idealized switches Objective: transfer active power to the grid
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The switches are operated dually:

! S1 on and S2 off: vinv = Vdc/2

=> the current increases

Inverter

L

slope of the current :

dc source

to the voltage difference:
proportional

L

control objective:
track reference i⇤
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Power electronics dc/ac conversion basics
adapted from slides by Tobias Geyer (ABB & ETH Zürich)

inverter with semi-conductor switches objective: transfer power to the grid
Two-level inverter with semiconductor switches Objective: transfer active power to the grid

Time (ms)

Time (ms)

PV cells (dc) Power grid (ac)

The switches are operated dually:

! S1 on and S2 off: vinv = Vdc/2

=> the current increases

! S1 off and S2 on: vinv = - Vdc/2

=> the current decreases

L
S1

S2

Inverter

L

dc source

control objective:
track reference i⇤
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Remarks on power electronics conversion

there are many strategies for pulse-width modulation:
from threshold rules to MPC (see Tobias Geyer’s book [link])

on average vinv ⇡ v
?
inv

! role of L-filter is to remove switching harmonics
! can be further mitigated with LC-filter or even LCL filter

switched system at kHz switching frequency ! nearly smooth waveform

topologies are varied: from 2-level converters to modular multilevel
converters (MMC) with thousands of switches (impressive .gifs online)

“on average” & “nearly smooth” can be made mathematically
precise by averaging theory (see board for details)
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Average-switch modeling of converters
(covered on the board)

idc Cdc Gdc

iinv

vinv vgrid

R L

su

sl

vdc

2

vdc

2

+

-

+

-

vdc

+

-

i
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me -

de dynamics : (de Y =

I
as dynanics : A i = -Ri + Vinu

- Ode Vdy + ide - lin
-

Vgrid

Switches : Su
, be 50 , 13

Su + Se = 1

Vinu= (su-sel
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Averaging of the ac dynamics :

assume that Vinu is T-periodic

=> Vin=viridi + an cos( h - t)
k= 1

+ bu sin( k .+)
↳ Fin um

higher-order terms from Fourier

scries

superposition of a c currents : i =I +

where i follows the
average dynamithe average

Li = - Ri + Vir-Vgrid
and i follows the higher-order dynamics ifi

Li =
- Ri + "Fourier series" & then i = 0(+)

me ~ 8

low-pass with cut-off frequency R/L
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us apply averaging
to all signals and drop higher harmonies :

= - Ri+-Vgrid Bu + Je = 1

↳ (5-se)* (25n - 1)
= Van

-

12)
=dLi =

- Ri + MV-Vid
S

modulation index

de dynamics : CdeVde + Ed
, Vo m = [- 121 + 4z]

= id-Tinvic-mi continuous after averaging

power balance accross
inv = me

the lossless switches ·
Pdc = Pac : Fin/ = Vinvi = m..]
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Modeling review: signal space in 3-phase

three-phase AC

"
xa(t)
xb(t)
xc(t)

#
=

"
xa(t + T )
xb(t + T )
xc(t + T )

#

periodic with 0 average
1
T

R T

0
xi(t)dt = 0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡
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bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0
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�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

balanced (nearly true)

= A(t)

"
sin(�(t))

sin(�(t) � 2⇡
3 )

sin(�(t) + 2⇡
3 )

#

so that

xa(t) + xb(t) + xc(t)=0

synchronous (desired)

=A

"
sin(�0 + !0t)

sin(�0 + !0t � 2⇡
3 )

sin(�0 + !0t + 2⇡
3 )

#

const. freq & amp

) const. in rot. frame

assumption : balanced ) 2d-coordinates x(t) = [x↵(t) x�(t)] or x(t) = A(t) · ei�(t)

current/voltage ! power : active p = v
>

i and reactive q = v
T [ 0 �1

1 0 ] i = v ⇥ i

19 / 103



Modeling review: signal space in 3-phase

three-phase AC

"
xa(t)
xb(t)
xc(t)

#
=

"
xa(t + T )
xb(t + T )
xc(t + T )

#

periodic with 0 average
1
T

R T

0
xi(t)dt = 0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

balanced (nearly true)

= A(t)

"
sin(�(t))

sin(�(t) � 2⇡
3 )

sin(�(t) + 2⇡
3 )

#

so that

xa(t) + xb(t) + xc(t)=0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

synchronous (desired)

=A

"
sin(�0 + !0t)

sin(�0 + !0t � 2⇡
3 )

sin(�0 + !0t + 2⇡
3 )

#

const. freq & amp

) const. in rot. frame

assumption : balanced ) 2d-coordinates x(t) = [x↵(t) x�(t)] or x(t) = A(t) · ei�(t)

current/voltage ! power : active p = v
>

i and reactive q = v
T [ 0 �1

1 0 ] i = v ⇥ i

19 / 103



Modeling review: signal space in 3-phase

three-phase AC

"
xa(t)
xb(t)
xc(t)

#
=

"
xa(t + T )
xb(t + T )
xc(t + T )

#

periodic with 0 average
1
T

R T

0
xi(t)dt = 0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

balanced (nearly true)

= A(t)

"
sin(�(t))

sin(�(t) � 2⇡
3 )

sin(�(t) + 2⇡
3 )

#

so that

xa(t) + xb(t) + xc(t)=0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

synchronous (desired)

=A

"
sin(�0 + !0t)

sin(�0 + !0t � 2⇡
3 )

sin(�0 + !0t + 2⇡
3 )

#

const. freq & amp

) const. in rot. frame

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

assumption : balanced ) 2d-coordinates x(t) = [x↵(t) x�(t)] or x(t) = A(t) · ei�(t)

current/voltage ! power : active p = v
>

i and reactive q = v
T [ 0 �1

1 0 ] i = v ⇥ i

19 / 103



Modeling review: signal space in 3-phase

three-phase AC

"
xa(t)
xb(t)
xc(t)

#
=

"
xa(t + T )
xb(t + T )
xc(t + T )

#

periodic with 0 average
1
T

R T

0
xi(t)dt = 0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

balanced (nearly true)

= A(t)

"
sin(�(t))

sin(�(t) � 2⇡
3 )

sin(�(t) + 2⇡
3 )

#

so that

xa(t) + xb(t) + xc(t)=0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

synchronous (desired)

=A

"
sin(�0 + !0t)

sin(�0 + !0t � 2⇡
3 )

sin(�0 + !0t + 2⇡
3 )

#

const. freq & amp

) const. in rot. frame

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

assumption : balanced ) 2d-coordinates x(t) = [x↵(t) x�(t)] or x(t) = A(t) · ei�(t)

current/voltage ! power : active p = v
>

i and reactive q = v
T [ 0 �1

1 0 ] i = v ⇥ i

19 / 103



Modeling review: signal space in 3-phase

three-phase AC

"
xa(t)
xb(t)
xc(t)

#
=

"
xa(t + T )
xb(t + T )
xc(t + T )

#

periodic with 0 average
1
T

R T

0
xi(t)dt = 0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

balanced (nearly true)

= A(t)

"
sin(�(t))

sin(�(t) � 2⇡
3 )

sin(�(t) + 2⇡
3 )

#

so that

xa(t) + xb(t) + xc(t)=0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

synchronous (desired)

=A

"
sin(�0 + !0t)

sin(�0 + !0t � 2⇡
3 )

sin(�0 + !0t + 2⇡
3 )

#

const. freq & amp

) const. in rot. frame

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(a) Symmetric three-phase AC signal with

constant amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(b) Symmetric three-phase AC signal with

time-varying amplitude

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(c) Asymmetric three-phase AC signal with

phases not shifted equally by 2⇡
3

-2⇡ -⇡ 0 ⇡ 2⇡

�1

0

1

�

x
a
bc

(d) Asymmetric three-phase AC signal re-

sulting of an asymmetric superposition of a

symmetric signal with signals oscillating at

higher frequencies

Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

assumption : balanced ) 2d-coordinates x(t) = [x↵(t) x�(t)] or x(t) = A(t) · ei�(t)

current/voltage ! power : active p = v
>

i and reactive q = v
T [ 0 �1

1 0 ] i = v ⇥ i
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Transforms of 3-phase balanced signals
xabc"

xa

xb
xc

#
=

"
sin(�)

sin(� � 2⇡
3 )

sin(� + 2⇡
3 )

#

! orthogonal to
⇥
1 1 1

⇤

xa(t) + xb(t) + xc(t)=0

orthonormal Clarke transform: xabc ! x↵��

removing the balanced subspace
⇥
1 1 1

⇤

T↵�� =
q

2
3

2

664

1 �
1
2 �

1
2

0
p

3
2 �

p
3

2

1p
2

1p
2

1p
2

3

775

x↵�� = T↵�� xabc"
x↵

x�

x�

#
=

q
3
2

"
sin(�)

� cos(�)
0

#

! x� often discarded & x↵�

shown as phasor e
i(�� ⇡

2 )

orthonormal Park transform: x↵�� ! xdq0

into rotating frame with angle ✓

Tdq0 =
q

2
3

2

64
cos(✓) � sin(✓) 0

sin(✓) cos(✓) 0

0 0 1

3

75

xdq0 = Tdq0 x↵��"
xd

xq

x0

#
=

q
3
2

"
sin(✓ + �)

� cos(✓ + �)
0

#

! typical choice ✓ = ��

xdq0 = Tdq0 · T↵�� xabc with overall transform
q
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3

2

4
cos (✓) cos
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✓ + 2 ⇡

3

�
cos
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✓ �

2 ⇡
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�

sin (✓) sin
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✓ + 2 ⇡

3

�
sin
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✓ �
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3

�
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2
2

p
2

2

p
2

2

3

5
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it’s tedious but useful to work through
these calculations once in your lifetime



↵�� ! dq0 & rotation matrix tricks
(covered on the board)

sign convention R(✓) =


cos(✓) � sin(✓)
sin(✓) cos(✓)

�

key identity: R(✓) · R(�) = R(✓ + �)

analog of imaginary unit: J = R(⇡/2) =


0 �1
1 0

�

21 / 103

eso
R)- 0) = [00 SinT = RIO = CRID

R(t) - R( - 0 - R(0 - 0) = I/
F = j
-

↳
j = eith

j = - 1 : j
.

j = [-][%: = -I



derivative rule

application to circuits
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& RIOH)=
i

= eiH = E . J . RO

Li = Li

= L ( dotliota = Li

L R Bi Li = - Ri + V
,

- Vz
+ otTot

⑤
Un

-
Ve

-

transform from ap into da coordinates with coust
. frequ,

w

I = RtWH i
, V = Rtwt) Vis

I = ((Rtwt · i) Rtwt) :

↑Wit Rw+ V - vz)



Modeling: voltage source converter

1. primary energy supply idc from
upstream DC boost converter or
storage (neglected)

2. DC charge dynamics with voltage
vdc & capacitance Cdc

3. power electronics modulation

ix = �m>if and vx = mvdc ,

with averaged & normalized duty
cycle ratios m 2 [� 1

2 ,
1
2 ] ⇥ [� 1

2 ,
1
2 ]

4. AC filter dynamics with current if

(sometimes also LC or LCL filter)

5. connection to grid with voltage vg

vg
vdc

idc

Cdc

ix

vx

if
Lf

m↵�

Cdc
dvdc
dt

= �Gdcvdc + idc +m>if

Lf
dif
dt

= �Rf if + vg � m vdc
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comparison to synchronous machine



Modeling: synchronous machine
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 ✓

⇤
!

1. primary energy supply ⌧m from
turbine converting thermal to
mechanical energy (neglected)

2. mechanical (✓, !) swing dynamics of
rotor (flywheel) with inertia M

3. electro-mechanical energy

conversion through rotating magnetic
field with inductance matrix

L✓ =

2

4
Ls 0 Lm cos ✓

0 Ls Lm sin ✓

Lm cos ✓ Lm sin ✓ Lr

3

5

(neglected ir rotor current dynamics)

4. is stator flux dynamics (sometimes
including additional damper windings)

5. connection to grid with voltage vg
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Energy-based modeling & insights
(covered on the board)

Cdc
dvdc
dt

= �Gdcvdc + idc + m>if

Lf
dif

dt
= �Rf if + vg � m vdc
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converter : &
m

energy
: E = E Vai (d + ELe is

power balance : E = [ )(i)
dissipation
as /de power supplies

use

+ Ide : Ude + ifVg



d✓
dt

= !

M
d!
dt

= �D! + ⌧m + Lmir

⇥� sin ✓
cos ✓

⇤>
is

Ls
dis

dt
= �Rsis + vg � Lmir

⇥� sin ✓
cos ✓

⇤
!

26 / 103

E = Mo + If Lle) if

= - [](" -x](i)
+ To W + ig .

Vg



Comparison: storage & conversion mechanisms
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

Cdc
dvdc
dt

= �Gdcvdc + idc +m>if

Lf
dif
dt

= �Rf if + vg � m vdc

⌧m (slow)
vs.

idc (fast)

M (large)
vs.

Cdc (small)

L✓ (physical)
vs.

m (control)

resilient
vs.

fragile

physical & robust
vs.

controlled & agile
energy conversion

& (kinetic) storage

anti-podal characteristics =) do not use a converter to emulate a machine
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Preview: pitfalls of naive inertia emulation
(naive) baseline solution :
inverter + storage + control
! emulate virtual inertia

. . . can & has been done but

recall antipodal characteristics

!""" #$%&'%(#!)&' )& *)+"$ ','#"-'. /)01 23. &)1 2. -%, 2456 5676

!89:;8;<=><? />@=AB: !<;@=>B >< CD!EFGBH;I
+><I *JK;@ E;<;@B=>J<

-JLB88BI@;MB DBNLB@> -J?LBIIB8 %@B<>! "#$%&'# (&)*&+! ,---. B<I "LBO D1 ":F'BBIB<P! "&'./+ (&)*&+! ,---

!"#$%&'"'() %* +$,(-.'() /'-#%(-'
.( 0.1$%2$.3- 4-.(2 5.$)6,7 !('$).,

8.".-9 :%(.! "#$%&'# (&)*&+! ,---; :6$<,(,$,<,(, =%%77,! (&)*&+! ,---; ,(3
06>67 ?@ ?9,(3%$>,$! (&)*&+! ,---

Virtual synchronous generators: A survey and new perspectives

Hassan Bevrani a,b,⇑, Toshifumi Ise b, Yushi Miura b
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slow vs. fast large vs. small physics vs. control resilient vs. fragile

telecom analogy (E. Mallada)

works (under business-
as-usual operation)

there are better solutions
(espec. for contingencies)
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Preview: pitfalls of naive inertia emulation
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Modeling review: the network
interconnecting lines via ⇧-models & ODEs
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Time-scale separation issues – old & new

power system
operational time
scales

fast time scales:
converter/generator
controls & physics

! separated aside
from line dynamics

5 s 30 s 15min 75min T

Inertial Response

Primary Frequency Control

Secondary Frequency Control

Tertiary Frequency Control

Generator Rescheduling

VSC Frequency ResponseIBR Frequency Response

�! to avoid issues, model the line dynamics or slow down converter controls !
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control specifications & architecture



Control specifications
nominal synchronous operation:
– constant DC states: !̇ = v̇dc = 0

– synchronous AC states at !ref :
✓̇ = !ref, d

dt is =
h

0 !ref
�!ref 0

i
is, . . .

– set-points: kvgk = vref ,
P , i>

f vg = Pref ,
Q , i>

f [ 0 �1
1 0 ]vg = Qref

transient disturbance rejection & stabilization:
passively via physics (inertia) & actively via control

perturbed synchronous operation at ! 6= !ref & power:
deviations with specified sensitivities @P/@! (similar for v)

! decentralized droop/primary control P � Pref / ! � !ref

secondary control: regulation of ! ! !ref (similar for v)

tertiary control: (re)scheduling of set-points

9
=

;

similar as in
conventional
power systems
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✓̇ = !ref, d

dt is =
h

0 !ref
�!ref 0

i
is, . . .

– set-points: kvgk = vref ,
P , i>

f vg = Pref ,
Q , i>

f [ 0 �1
1 0 ]vg = Qref

transient disturbance rejection & stabilization:
passively via physics (inertia) & actively via control

perturbed synchronous operation at ! 6= !ref & power:
deviations with specified sensitivities @P/@! (similar for v)

! decentralized droop/primary control P � Pref / ! � !ref

P2P1
P

!

!*

!sync

!

p � p
?

!
?

!

secondary control: regulation of ! ! !ref (similar for v)

tertiary control: (re)scheduling of set-points

9
=

;
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conventional
power systems
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Cartoon of power electronics 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
io

n 
of

 D
C 

so
ur

ce
/b

oo
st measurement
processing

comparison 
to reference 

model

error

signal

PI

6. plus implementation tricks: saturation
via virtual impedance, low-pass filter for
dissipation, limiters, dead zones, logic, . . .

1. acquiring & processing
of AC measurements

2. synthesis of references

(voltage/current/power)
“how would a synchronous
generator respond now ?”

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

4. actuation via modulation

5. energy balancing via
dc voltage P-control
assumption: unlimited
power & instantaneous
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Hierarchical control architecture
(covered on the board)

+

�

vsw

+

�

vf

+

�

vg

+

�

vdc

if i

idc isw
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igrial
->

Wo[i]f(ii] f m . Vac E

ai = 1 -Ri + Jw() i + Yo-v

& (v = 1- GIc + (wj)r + i -

igrid

Control objective : v should track a reference very

Cascaded PI control :D "pretend that we can control

V via i
"

② control ; to itsrference
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① "voltage loop" : calculate an ideal current refrence
iref so that vIH -Viet

irf =

igrid + 1612-(wj) voh, /v-vog)
mem

- hz) v-reg dtfeedforward cancellation

Feedback
② "current loop" : control vsw

so that it - ingly
V

= v + (RIz + Joll : - by (i-ireg)
-

- by Si-irefdtfeedforward concellation
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Example: Inner/Outer Control Loops

+

�

vsw

+

�

vf

+

�

vg

+

�

vdc

if i

idc isw

37 / 103



Example: Inner/Outer Control Loops

+

�

vsw

+

�

vf

+

�

vg

referencevoltage PI

+

�

vdc

vrefiref

if i

�

idc isw

37 / 103



Example: Inner/Outer Control Loops

+

�

vsw

+

�

vf

+

�

vg

referencevoltage PIcurrent PI

+

�

vdc

vrefiref

if i

��

idc isw

37 / 103



Example: Inner/Outer Control Loops
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Outline

Motivation: Challenges & Game Changers

Power Converter Modeling & Control Specifications

Device-Level: Control of Converter-Interfaced Generation

System-Level: Ancillary Services in Low-Inertia Grids



Device-level challenges with inverter-based sources

!"#$%&'$%(!)*+),-"#.$+/&
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primary source: constrained in active/
reactive power, energy, bandwidth, . . .

interlinking converters: master vs. slave

fragile grid-connection (over-currents)

assuring time-scale separation &
avoiding resonances + oscillations

...

signal causality: following vs. forming
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Grid-forming vs. following converter control
grid-following grid-forming

converter-type

(loose but very
common definition)

current-controlled &
frequency-following

voltage-controlled &
frequency-forming!"#$%&''$#()

Qref

Pref
i

control vref

!ref
v

control

signal causality (!, kvk) �! (P, Q) (P, Q) �! (!, kvk)

dynamic reachability needs a sti� grid blackstart & islanded operation
disturbance sensitivity filters only low frequencies smoothens high frequencies

�! sti� voltage sources are obviously perfectly grid-forming

, but do not
react to imbalances �! for many reasons feedback control is preferable
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F ;

grid-forming = "distance to a stiff voltage source"
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Remark: definitions are debated
put 20 experts in a room . . .! no universal definition & many hybrid concepts

agreement on fact: power systems need XXX% of grid-forming sources

many services can be provided both in grid-forming / -following mode

previous definitions are compromise found in MIGRATE project

, but we also
came up with frequency-domain characterizations “sensitivity to grid frequency”
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Characterization of the Grid-forming function of a
power source based on its external frequency

smoothing capability
Debry Marie-Sophie, Denis Guillaume, Prevost Thibault

Réseau de Transport d’Electricité (Research and Development Department)
La Défense

marie-sophie.debry / guillaume.denis / thibault.prevost @rte-france.com

H1-Control of Grid-Connected Converters: Design,
Objectives and Decentralized Stability Certificates

Linbin Huang, Huanhai Xin, and Florian Dörfler

). —–
—– PLL-based controller by choosingfollowing

forming
!"#$#%&'()*+*),-*./0%+.1%21*34$.15*/6%%
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Fact: need XXX % grid-forming converters
figure taken from: “Grid-Following Inverters and Synchronous Condensers” by NRELapplication in all power systems indicating the potential need
for other solutions.

Fig. 2. Bears on bicycles showing conceptually that with high levels of grid-
following PECs, the system becomes unstable simply because sufficient levels
of grid-forming assets are not present [13]. Here, the full bicycle is any grid-
forming asset, either SGs or grid-forming PECs, whereas the tagalong bicycle
is a grid-following asset, with or without grid-supporting functionality.

For power systems experiencing high instantaneous PEC
penetrations today, and facing the reality that grid-forming
PECs are not yet a standard technology in larger power
systems, a possible solution is pairing grid-following inverters
(GFLs), a type of PEC, and SCs. In this system, the GFLs
provide the real power to the system, whereas the SCs provide
the sinusoidal AC waveform necessary for the GFLs to track.
The proffered solution could allow 100% PEC penetrations
for short periods of time—but only after the power system
is operational; i.e., this is not a black-start system. The
intent of this work is to assess the stability of this pair with
electromagnetic transient (EMT) simulations of perturbations,
such as load steps and faults, on a small two-bus test system
with varying transmission line lengths.

II. METHODOLOGY

The applicability of this scenario is to a power system in
steady state; i.e., the SC is operating at nominal frequency,
and load is being mostly served by the GFL. Such a case
is analogous to a power system operating with a surplus of
renewable energy (perhaps because of curtailment or because
it is stored in a battery energy system) interfaced with the
GFL, but with a SG presence. The motivation to disconnect
these SGs comes from minimum output constraints; although
there is a surplus of renewable energy, some fossil-based
consumption will occur because the SGs cannot be ramped
down any farther. Under these conditions, it might be advan-
tageous to disconnect the SGs to achieve full renewable energy
consumption while the surplus is present. Thus, although the
SC and GFL pair is not black-start capable, it is applicable
to a power system already in steady state with a renewable
energy surplus.

To assess the steady state and transient stability of the GFL
and SC system, EMT simulations are performed using PSCAD
on a small test system. The system is shown in Fig. 3, where
the SC and load are located at Bus 1, and the GFL is located
at Bus 2. The length of the single transmission line between

them is adjusted to change the electrical distance between the
two devices. A basic assumption in these simulations is that
sufficient headroom is available for the GFL. This headroom
source is not further discussed, but conceptually it might be
supplied by methods such as curtailment or a battery energy
storage system.

Fig. 3. Two-bus system setup with a grid-following PEC, a synchronous
condenser, a constant power load, and a Bergeron model transmission line
with varied length. Transformers interface the synchronous condenser and
PEC.

The GFL is operated only with a frequency droop func-
tionality, where a change in frequency outside of a deadband
results in a modulation of real power output. Fig. 4 shows this
relationship between power output and frequency. There is no
secondary response to frequency deviations, and as a result the
frequency does not return to nominal after the disturbance. For
the last set of simulations, unbalanced faults with different line
lengths were investigated.

Fig. 4. Frequency droop curve showing the change in real power output
based on frequency deviations for a 5% droop. Frequency deadband is visible
as the deviation from nominal without a corresponding real power output
modulation.

III. SIMULATION SETUP

The test system for these studies is a simple two-bus 230-
kV system with a single transmission line interconnect. The
transmission line is simulated with a PSCAD Bergeron model,

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
2
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Grid-forming control “typically” enters as
reference behavior in control architecture
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DC P
vdc,ref vrefiref
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���
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What if the reference is droop behavior ?
(covered on the board)

43 / 103

⑳ line is in steady state

fact ① interconnection is lossless

Vagi
B

Gi ② every
converter can be modeled by

its voltage reference dynamics
-> perfect tracking of voltage/current
- do not encounter

any state
constraintsfrequency imposedo neglect voltage amplitude llvill = 1

↓ at converter :
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What if the reference is droop behavior ?
(covered on the board)
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Conventional reference behaviors
virtual synchronous machine

vdc

idc

Cdc

if
Lf

m

M

!

⌧m

ir L✓ is

reference = machine (order 3,. . . ,12)

! most commonly accepted solution in
industry (

?

backward compatibility ?)

! poor fit: converter 6= flywheel
– good small-signal but poor post-fault

performance (reference not realizable)
– over-parametrized & ignores limits

! emulate only “useful” dynamics

droop / power-synchronization

direct control of frequency & voltage
via (p, !) & (q, kvk) droop

! � !
?

/ p � p
?

d
dtkvk = �c1(kvk � v

?) � c2(q � q
?)

! decoupling 6= true in transients

! good small-signal but poor large

signal (narrow region of attraction)
! main reason: two linear SISO

loops for MIMO nonlinear system

! need “nonlinear & MIMO” droop
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Initial conditions for further reading
debated topic “put the new system in the old shoes ?” �! make up your own mind

Virtual synchronous generators: A survey and new perspectives

Hassan Bevrani a,b,⇑, Toshifumi Ise b, Yushi Miura b

aDept. of Electrical and Computer Eng., University of Kurdistan, PO Box 416, Sanandaj, Iran
bDept. of Electrical, Electronic and Information Eng., Osaka University, Osaka, Japan
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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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Modern reference behaviors: VOC family

nonlinear & open limit cycle

oscillator as reference model

+

-
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early works on Virtual Oscillator Control (VOC)
[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 of virtual oscillators
(covered on the board)
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L tank-linear oscillator connected to a guid

I tigrid it Lin = Y & v = -Esk-figid1

= - i us v(t) ~sin(t)T 1
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Coordinate change : [] -> [] = [ii]

difference coordinate :

1 D = - ECBV - E Dill Stable

> Ar -> 0 "synchronize"

average
coordinate :

= -E, -> He sinMt

~ synchronization to harmonic oscillation
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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/
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I homogeneous lines with  =
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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
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, relative angles: vk =
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Colorful idea: closed-loop target dynamics
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Decentralized implementation of dynamics
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insight I: non-local measurements from communication via physics
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Properties of virtual oscillator control
1. desired target dynamics can be realized via fully decentralized control

d

dt
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synchronization through physics

2. connection to droop control revealed in polar coordinates (for inductive grid)
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� 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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Experimental setup @ NREL
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Experimental validation

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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Initial conditions for further reading

�! dVOC = complex droop:

!̃ � !̃
?

⇠ s̃ � s̃
?

!̃ & s̃ are complex frequency & power
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Duality & matching of synchronous machine
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Experimental validation (concept often replicated)
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Details & initial conditions for further reading
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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 2 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 2 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) 2 Sn denotes the stacked
vector of the absolute phase angles of the ac grids, !g ,
(!g,1, . . . , !g,n) 2 Rn denotes the vector of angular
frequencies, J , diag

�
{Jj}

n
j=1

�
2 Rn�n

>0 denotes the
diagonal matrix of the moment of inertia constants, Tm ,
(Tm,1, . . . , Tm,n) 2 Rn denotes the vector of mechanical
torques, Df , diag

�
{Df,j}

n
j=1

�
2 Rn�n

>0 denotes the diagonal
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also applicable in a dual-port setup

(HVDC, wind turbine, hybrid grid, . . . ) à la

✓̇ = c1 · (dc imbalance) +

c2 · (ac imbalance)

to map imbalances across dc/ac ports &
assure simultaneous dc & ac grid-forming

1

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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comparison of grid-forming controllers



High-level comparison
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Detailed 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
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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 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||�/|�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 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||�/|�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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competence unit of the Austrian Institute for Technology (AIT), ETH Zürich
funds, and by the European Unions Horizon 2020 research and innovation
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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 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||�/|�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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I identical steady-state & similar small-signal behavior (after tuning)
I virtual synchronous machine has poor transients (converter 6= flywheel)
I VOC has best large-signal behavior: stability, post-fault-response, . . .
I matching control ! ⇠ vdc is most robust though with slow AC dynamics
I . . . comparison suggests multivariable control (e.g., VOC + matching)
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Abstract perspective on converter controls
1 droop control = 3 decoupled SISO loops
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Optimal multivariable grid-forming control
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! can include all other controls (e.g.,
droop or VOC) depending on I/O’s

I optimal/robust linear design via
H2 / H1 & nonlinear implementation

I forming / following mode enforced
by small-signal Bode characterization

I linear stability under interconnection
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Fig. 12. Simulation comparisons among different grid-forming converters
when grid frequency decreases from 50 Hz to 49.9 Hz.

DC source Inverter

LCL filter

dSPACE System

PC
Oscilloscope

Grid Simulator

Fig. 13. Experimental setup.

V. CONCLUSION

This paper proposes a generalized configuration for the grid-
forming converter based on multi-input-multi-output feedback
control theory. Instead of assuming that different loops are
decoupled, the proposed configuration considers DC voltage
control, frequency control, and voltage control as a single
MIMO control transfer matrix to be designed. It is shown
that many of the popular grid-forming controls as well as
their improved formulations can be unified into a generalized
control transfer matrix in the proposed configuration. Besides,

Fig. 14. Experimental results of the proposed MIMO-GFM controller when
Pre f steps from 0.5 p.u. to 1 p.u.

Fig. 15. Experimental results of the proposed MIMO-GFM controller when
grid frequency decreases from 50 Hz to 49.9 Hz.

this configuration is also helpful in comparison and design
of controls. We also proposed a new MIMO-GFM control
without increasing the order of the controller. To cope with
the multiple control parameters, this paper presents how the
optimal control design can be transformed to a standard H�
optimization problem. The simulation and experimental results
verify the superior performance of the proposed method.
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Initial conditions for further reading
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Grid-Forming Hybrid Angle Control and Almost
Global Stability of the DC–AC Power Converter

Ali Tayyebi , Adolfo Anta , and Florian Dörfler

Abstract—This article introduces a new grid-forming
control for a grid-connected dc–ac power converter, termed
hybrid angle control (HAC) that combines the dc-based
matching control with a novel nonlinear angle feedback
reminiscent of (though not identical to) classic droop
control. The synthesis of HAC is inspired by the comple-
mentary 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 nonlinear converter model that is con-
nected to an infinite bus or a center-of-inertia dynamic
grid models. We provide parametric sufficient existence,
uniqueness, stability, and boundedness conditions that are
met by appropriate choice of control parameters. Next, we
take into account the safety constraints of power con-
verter, and synthesize a new current-limiting control that is
compatible with HAC. Last, we present details on the prac-
tical implementation of HAC that are followed by a robust-
ness analysis (which showcases a theory–practice gap),
uncover the HAC droop behavior, derive a feedforward-like
ac voltage and power control, and illustrate the behavior of
the system with simulation case studies.

Index Terms—DC-AC power converters, grid-forming

whereby the converter features frequency and voltage control,
black-start, and load-sharing capabilities.

Several grid-forming control techniques have been recently
proposed. Droop control mimics the speed droop of synchronous
generators (SG), controls the converter modulation angle
proportional to the active power imbalance, and is widely
recognized as the baseline solution [4]. As a natural extension
of droop control, the emulation of SG dynamics and control
led to virtual synchronous machine (VSM) strategies [5].
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 [7]–[10]. Furthermore, virtual oscillator

control (VOC) mimics the dynamical behavior of Liénard-type
oscillators and globally synchronizes a converter-based network,
[11]. Last, dispatchable virtual oscillator control (dVOC) is
proposed that ensures almost global synchronization of a
network of oscillator-controlled converters to prespecified
set-points consistent with the power flow equations [12].

IEEE TRANSACTIONS ON SMART GRID, VOL. 13, NO. 4, JULY 2022 2873

Generalized Multivariable Grid-Forming
Control Design for Power Converters
Meng Chen , Member, IEEE, Dao Zhou , Senior Member, IEEE, Ali Tayyebi ,

Eduardo Prieto-Araujo , Senior Member, IEEE, Florian Dörfler , Senior Member, IEEE,

and Frede Blaabjerg , Fellow, IEEE

Abstract—The grid-forming converter is an important unit in
the future power system with more inverter-interfaced genera-
tors. However, improving its performance is still a key challenge.
This paper proposes a generalized architecture of the grid-
forming converter from the view of multivariable feedback
control. As a result, many of the existing popular control strate-
gies, i.e., droop control, power synchronization control, virtual
synchronous generator control, matching control, dispatchable
virtual oscillator control, and their improved forms are unified
into a multivariable feedback control transfer matrix work-
ing on several linear and nonlinear error signals. Meanwhile,
unlike the traditional assumptions of decoupling between AC
and DC control, active power and reactive power control, the
proposed configuration simultaneously takes all of them into con-
sideration, which therefore can provide better performance. As
an example, a new multi-input-multi-output-based grid-forming
(MIMO-GFM) control is proposed based on the generalized con-
figuration. To cope with the multivariable feedback, an optimal
and structured H∞ synthesis is used to design the control param-
eters. At last, simulation and experimental results show superior
performance and robustness of the proposed configuration and
control.

Index Terms—Grid-forming, power converter, multiple-input-

tasks of the smart grid is to enable a robust integration of
various renewable energies and energy storage systems. As
most of these are interfaced via power inverters, the control of
power inverters plays a fundamental role to ensure the require-
ments of the smart grid on stable, flexible, and efficient power
regulation [1]–[3].

As more inverter-interfaced generators (IIGs) are integrated
into the smart grid, stability issues are becoming more pro-
nounced due to the lack of inertia and poor regulation
of the frequency and voltage. To cope with these chal-
lenges, grid-forming converters can establish the frequency
and voltage by themselves without relying on the power
grid. The synchronization among the grid-forming convert-
ers and with the power grid is based on the power balance
rather than on a phase-locked loop (PLL) like in a tradi-
tional grid-following converter. Therefore, by proper power
control, grid-forming converters are able to participate in the
frequency and voltage regulation and then help to enlarge
the penetration of the IIGs in the power system. On the

14280 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

State Feedback Reshaping Control of Voltage
Source Converter

Federico Cecati , Member, IEEE, Rongwu Zhu , Member, IEEE, Sante Pugliese , Member, IEEE,
Marco Liserre , Fellow, IEEE, and Xiongfei Wang , Senior Member, IEEE

Abstract—Admittance reshaping is a widely used strategy to
address the converters low-frequency stability issues in weak grid,
caused by the PLL and its interaction with the dc and ac voltage
controls. However, the asymmetric control of the d- and q-axis cur-
rent references and the coupling between the converter ac and dc
sides restricts the damping capability of single-input single-output
feedbacks. This phenomenon gets even worse in the presence of
nearby converters. This article extends the concept of admittance
reshaping to multi-input multi-output control. A full state feedback
is added to the current reference of the converter to increase
the damping of the conventional multiloop control. A systematic
offline algorithm is delegated to design the feedback, and a scalar
coefficient is employed to activate/deactivate online the reshaping
feedback, making the proposed solution user-friendly. The pro-
posed control is analyzed both in time and frequency domains
and tested in parallel-operation with other converters, and shows
higher damping capability than conventional solutions and good
robustness with respect to grid impedance and operating point
variations. Experimental tests under ac and dc disturbances are
conducted both in lab setup and in hardware-in-the-loop.

vcc 2 R2 Auxiliary state variable of the current control.
ig 2 R2 Converter injected ac current.
x 2 R11 State vector.
u 2 R2 Reshaping control input vector.
d 2 R3 Disturbance input vector.
r 2 R2 Reference input vector.
y 2 R3 Output vector.
T (�) 2 R2⇥2 Reference frame transformation matrix.
⌦ 2 R2⇥2

dq axes cross-coupling matrix.
v

⇤

dc 2 R DC-link voltage voltage reference.
v

⇤

g 2 R AC voltage voltage reference.
i
⇤

g 2 R2 Current control reference.
!cc 2 R Bandwidth of the current loop in rad/s.
Cdc 2 R DC-link capacitor.
Kp 2 R Proportional gain of the current controller.
Ki 2 R Integral gain of the current controller.
Kp,DC 2 R Proportional gain of the dc voltage controller.

Integral gain of the dc voltage controller.
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On Power Control of Grid-Forming Converters:
Modeling, Controllability, and Full-State

Feedback Design
Meng Chen , Member, IEEE, Dao Zhou , Senior Member, IEEE, Ali Tayyebi ,

Eduardo Prieto-Araujo , Senior Member, IEEE, Florian Dörfler , Senior Member, IEEE,
and Frede Blaabjerg , Fellow, IEEE

Abstract—The popular single-input single-output control struc-
tures and classic design methods (e.g., root locus analysis) for
the power control of grid-forming converters have limitations in
applying to different line characteristics and providing favorable
performance. This paper studies the grid-forming converter power
loops from the perspective of multi-input multi-output systems.
First, the error dynamics associated with power control loops
(error-based state-space model) are derived while taking into ac-
count the natural dynamical coupling terms of the power converter
models. Thereafter, the controllability Gramian of the grid-forming
converter power loops is studied. Last, a full-state feedback control
design using only the local measurements is applied. By this way, the
eigenvalues of the system can be arbitrarily placed in the timescale
of power loops based on predefined time-domain specifications.
A step-by-step construction and design procedure of the power
control of grid-forming converters is also given. The analysis and
proposed method are verified by experimental results and system-
level simulation comparisons in Matlab/Simulink.

converters is typically nested with multiple loops, e.g., inner
cascaded voltage and current loops as well as the outer power
loops. To simplify the analysis and design, the cascaded loops are
usually designed with higher bandwidths than those of the power
loops. As a result, the cascaded loops with the fast dynamics
and the power loops with the slow dynamics can be studied
separately [1].

In terms of the cascaded loops, the conventional structure is
with double proportional-plus-integral (PI) controllers. In [2], an
additional high-pass filter is added to the current feedback loop
to obtain a faster voltage tracking. The sliding-mode control
is used to completely replace the PI control for the cascaded
loops in [3]. These strategies enhance the decoupling between
the inner cascaded loops and the outer power loops.

As for the power controls, several strategies have been pro-
posed, e.g., droop control [4], [5], virtual synchronous generator

65 / 103



Often research goes in circles until
we (hopefully) arrive at a bigger picture
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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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When you actually implement grid-forming
controls, you realize that you need . . .

X performant inner control loops: highly tuned and/or MIMO versions

X low-pass filters: to avoid algebraic loops, filter measurements, and/or
control bandwidth of controls (e.g., to ensure time-scale separation)

.

.

.

7 over-current protection (= limit the current in response to a grid-fault)
while remaining grid-forming (= synchronizing the angle dynamics)

�! hackish solutions: virtual impedance, switch to following, anti-windup,
limiter + adaptive gain in current loop, . . .) can be tuned for any fault,
but not robust, not principled, poor transients, & case-by-case tuning

�! over-educated solutions: MPC, projected dynamics, . . .) works,
limiting the current is easy, but how to remain (or encode) forming ?
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.

.

.

7 over-current protection (= limit the current in response to a grid-fault)
while remaining grid-forming (= synchronizing the angle dynamics)

�! hackish solutions: virtual impedance, switch to following, anti-windup,
limiter + adaptive gain in current loop, . . .) can be tuned for any fault,
but not robust, not principled, poor transients, & case-by-case tuning

�! over-educated solutions: MPC, projected dynamics, . . .) works,
limiting the current is easy, but how to remain (or encode) forming ?
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Limitations independent of implementation
(covered on the board)

generic circuit with a current-saturated source

circuit laws & vector diagram during normal operation |i|  Ilim
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circuit laws & vector diagram during current saturation |i| = Ilim
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· during saturation : (i) = Flin

·E lIxvl = llz . ill = 1211 · Fein is fixed
·

remaining free variables are KV and Ki

·

any solution toKv must intersect

· cross-forming : il
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Principled ways out of the dilemma

facts during current saturation (independent of control architecture):
1 the current magnitude is imposed, 2 the voltage magnitude follows the

circuit law (“voltage decline”), & 3 the voltage angle can still be imposed

�! current magnitude |i| is thus “formed” & voltage-forming is impossible

two principled remedies during saturation

7 form current angle \i ⇠ switch to grid-following (issues listed before)

X cross-forming control: keep on forming
voltage angle \v (= remain synchronizing)
while current magnitude |i| = Ilim is imposed
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Summary & cross-forming control specs
generic cross-forming control architecture

norminal equivalent circuit presented to the grid: zvi = v̂ � v

current-saturated equivalent circuit presented to the grid: Ilim & \v̂ are
imposed, reference voltage v̂ with unknown scaling � & \î follow circuit law

zvi = �v̂ � v & |i| = Ilim
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Possible cross-forming implementation

equivalent circuit during nominal operation: zvi = v̂ � v

equivalent circuit during saturation |i| = Ilim: zvi = �v̂ � v with scaling �

, µzv î = �v̂ � v with degree of saturation µ =
commanded current

limited current
=

i

î
2 [0, 1]

feedback of v/µ ) circuit equation is satisfied with � = µ : zv î =

✓
v̂ �

v

µ

◆

�! circuit characteristics preserved if both current i & voltage v are scaled by µ:
the former due to saturation & the latter through feedback of v/µ

�! angle forming is preserved: scaled internal voltage µv̂ has same angle as v̂

�! . . .more to be said but requires a separate course . . .
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✓
v̂ �

v

µ

◆

�! circuit characteristics preserved if both current i & voltage v are scaled by µ:
the former due to saturation & the latter through feedback of v/µ

�! angle forming is preserved: scaled internal voltage µv̂ has same angle as v̂

�! . . .more to be said but requires a separate course . . .

72 / 103



Possible cross-forming implementation

equivalent circuit during nominal operation: zvi = v̂ � v

equivalent circuit during saturation |i| = Ilim: zvi = �v̂ � v with scaling �
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✓
v̂ �

v

µ

◆

�! circuit characteristics preserved if both current i & voltage v are scaled by µ:
the former due to saturation & the latter through feedback of v/µ

�! angle forming is preserved: scaled internal voltage µv̂ has same angle as v̂

�! . . .more to be said but requires a separate course . . .

72 / 103



Possible cross-forming implementation

equivalent circuit during nominal operation: zvi = v̂ � v

equivalent circuit during saturation |i| = Ilim: zvi = �v̂ � v with scaling �

, µzv î = �v̂ � v with degree of saturation µ =
commanded current

limited current
=

i

î
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✓
v̂ �

v

µ

◆

�! circuit characteristics preserved if both current i & voltage v are scaled by µ:
the former due to saturation & the latter through feedback of v/µ

�! angle forming is preserved: scaled internal voltage µv̂ has same angle as v̂

�! . . .more to be said but requires a separate course . . .

72 / 103



Possible cross-forming implementation

equivalent circuit during nominal operation: zvi = v̂ � v

equivalent circuit during saturation |i| = Ilim: zvi = �v̂ � v with scaling �
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Experimental validations
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Saturation-informed current-limiting control for grid-forming converters

Maitraya Avadhut Desai, Xiuqiang He
<
, Linbin Huang, Florian Dörfler

Automatic Control Laboratory, ETH Zurich, 8092 Zurich, Switzerland

A R T I C L E I N F O

Keywords:

Complex-droop control

Current limiting

dVOC

Grid-forming converter

Transient stability

A B S T R A C T

In this paper, we investigate the transient stability of a state-of-the-art grid-forming complex-droop control

(i.e., dispatchable virtual oscillator control, dVOC) under current saturation. We quantify the saturation level

of a converter by introducing the concept of degree of saturation (DoS), and we propose a provably stable

current-limiting control with saturation-informed feedback, which feeds the degree of saturation back to the

inner voltage-control loop and the outer grid-forming loop. As a result, although the output current is saturated,

the voltage phase angle can still be generated from an internal virtual voltage-source node that is governed

by an equivalent complex-droop control. We prove that the proposed control achieves transient stability

during current saturation under grid faults. We also provide parametric stability conditions for multi-converter

systems under grid-connected and islanded scenarios. The stability performance of the current-limiting control

is validated with various case studies.

Cross-Forming Control and Fault Current Limiting
for Grid-Forming Inverters

Xiuqiang He, Member, IEEE, Maitraya Avadhut Desai, Graduate Student Member, IEEE,
Linbin Huang, Member, IEEE, and Florian Dörfler, Senior Member, IEEE

Abstract—This article proposes a “cross-forming” control con-
cept for grid-forming inverters operating against grid faults.
Cross-forming refers to voltage angle forming and current mag-
nitude forming. It differs from classical grid-forming and grid-
following paradigms that feature voltage magnitude-and-angle
forming and voltage magnitude-and-angle following (or current
magnitude-and-angle forming), respectively. The cross-forming
concept addresses the need for inverters to remain grid-forming
(particularly voltage angle forming, as required by grid codes)
while managing fault current limitation. Simple and feasible cross-
forming control implementations are proposed, enabling inverters
to quickly limit fault currents to a prescribed level while pre-
serving voltage angle forming for grid-forming synchronization
and providing dynamic ancillary services, during symmetrical
or asymmetrical fault ride-through. Moreover, the cross-forming
control yields an equivalent system featuring a constant virtual
impedance and a “normal form” representation, allowing for the
extension of previously established transient stability results to
include scenarios involving current saturation. Simulations and
experiments validate the efficacy of the proposed cross-forming
control implementations.

Index Terms—Current limiting, fault ride-through (FRT), grid

A. Related Work

When grid-forming inverters are operated under normal grid
conditions (i.e., the current is not saturated), managing grid-
forming synchronization and providing grid-forming ancillary
services is by now well understood. In respect thereof, the
transient stability of grid-forming inverters has been widely
investigated in the literature; see [5] for a comparative study
and [6], [7] for a review. In parallel, the provision of dynamic
ancillary services for grid-forming inverters under normal op-
erating conditions has also been extensively explored in the
literature; see [8] for a survey. In contrast to normal operating
conditions, the critical challenge under grid fault conditions
arises from current limiting. In the literature, the current lim-
iting of grid-forming inverters is addressed with three typical
strategies: 1) adaptive/threshold virtual impedance [9], [10]; 2)
current limiter cascaded with virtual admittance [11]–[15]; and
3) current-forming voltage-following control [16]–[22]. Their
different merits and shortcoming are described below.
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Synopsis & lessons learnt on device level

1 converter 6= flywheel: very di�erent actuation & energy storage

2 take dc voltage into account: robust imbalance signal akin to frequency

3 multivariable design instead of decoupling: simple but results in huge gains
! based on optimization & account for grid-forming / following specifications
! motivates architecture-free definitions of grid connection requirements,

grid codes, & ancillary service specifications (talk to Verena in the audience)

4 hard problem: satisfy current constraints & remain grid-forming post-fault
! cross-forming control as a principled remedy

5 synchronization is only the beginning: what to do once sync’d ? services !
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4 hard problem: satisfy current constraints & remain grid-forming post-fault
! cross-forming control as a principled remedy

5 synchronization is only the beginning: what to do once sync’d ? services !
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Outline

Motivation: Challenges & Game Changers

Power Converter Modeling & Control Specifications

Device-Level: Control of Converter-Interfaced Generation

System-Level: Ancillary Services in Low-Inertia Grids



Hook curve & services in conventional system
source: W. Sattinger, Swissgrid
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Naive insight: we are loosing inertia

We loose our giant electromechanical low-pass filter:

M d

dt
!(t) = Pgeneration(t) � Pdemand(t)

change of kinetic energy = instantaneous power balance
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Berlin post-fault curves: before & after

islanded Berlin grid
loss of 146 MW

loss of 2500 MW

Berlin re-connected to Europe

loss of 1200 MW

Source: Energie-Museum Berlin
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Low-inertia issues close to home

# frequency violations in Nordic grid
(source: ENTSO-E)

same in Switzerland (source: Swissgrid)

a day in Ireland (source: F. Emiliano) a year in France (source: RTE)
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Fig. 3.2:  Frequency quality behaviour in Continental Europe during the last ten years. Source: Swissgrid 

It can clearly be observed how the accumulated time continuously increases with higher 
frequency deviations as well as the number of corresponding events. 

3.1.2. CAUSES 

The unbundling process has separated power generation from TSO, imposing new 
commercial rules in the system operating process. Generation units are considered as 
simple balance responsible parties without taking dynamic behaviour into account: slow 
or fast units. Following the principle of equality, the market has created unique rules for 
settlement: energy supplied in a time frame versus energy calculated from schedule in 
the same time frame. Energy is traded as constant power in time frame. 

The market, being orientated on energy, has not developed rules for real time operation 
as power. In consequence we are faced with the following unit behaviour (Figure 3.3): 

 

 

 

 

 
 
 
 
Fig. 3.3 a:  Unit behaviour in scheduled time frames. Source: Transelectrica 
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Time-varying inertia depends on dispatch
“Impact of low rotational inertia on power system stability and operation” by Ulbig et al.

Noting that frequency excursions are usually small de-
viations around the reference value, we replace fm by
f0 and Pm by Pm0, and complete the classical Swing
Equation by adding frequency-dependent load damping, a
self-stabilizing property of power systems, by formulating

ḟm = �
f0

2HSBDload
fm +

f0

2HSB
(Pm, 0 � Pe) . (4)

Here f0 is the reference frequency and Dload denotes the
frequency-dependent load damping constant. Pm, 0 is the
nominally scheduled mechanical generator power. Another
definition of load damping is kload with kload = 1

Dload
.

Please note that in literature, concurrent labelings like Dl
(or simply D) and kl (or k) are also in wide use. The high
share of conventional generators is translated into a large
rotational inertia of the here presented power system. The
higher the inertia constant H, the slower and more benign
are frequency dynamics, i.e. for identical faults frequency
deviations fm and their derivatives ḟm are smaller.

With an increasing penetration of inverter-connected
power units, the rotational inertia of power systems is
reduced and becomes highly time-variant as wind&PV
shares are fluctuating heavily throughout the year. This
is notably a concern for small power networks, e.g. island
or micro grids, with a high share of generation capacity
not contributing any inertia as was discussed and illus-
trated, for example, in Tielens and Van Hertem (2012).
Frequency stabilization becomes thus more difficult. Ap-
propriate adaptations of grid codes are hence needed.

3.2 Aggregated Swing Equation Model

Modeling interconnected power systems, i.e. different ag-
gregated generator and load nodes that are connected via
tie-lines, can be realized in a similar fashion as modeling
individual generators. Reformulating the classical Swing
Equation (Eq. 4) for a power system with n generators,
j loads and l connecting tie-lines, leads to the so-called
Aggregated Swing Equation (ASE) (Kundur, 1994)

ḟ = �
f0

2HSBDload
f +

f0

2HSB
(Pm � Pload � Ploss) , (5)

with

f =

�n
i=1 Hi SB,i fi�n

i=1 Hi SB,i
, SB =

n�

i=1

SB,i , H =

�n
i=1 HiSB,i

SB
,

Pm =
n�

i=1

Pm,i , Pload =
j�

i=1

Pload,i , Ploss =
l�

i=1

Ploss,i .

Here the term f is the Center of Inertia (COI) grid
frequency, H the aggregated inertia constant of the n

generators, SB the total rated power of the generators,
Pm the total mechanical power of the generators, Pload
the total system load of the grid and Ploss the total
transmission losses of the l lines making up the grid
topology and f0 = 50 Hz. The term Dload is the frequency
damping of the system load, which is assumed here to be
constant and uniform. All power system parameters are
given in Table 1.

The ASE model (Eq. 5) is valid for a highly meshed grid,
in which all units can be assumed to be connected to the
same grid bus, representing the Center of Inertia of the
given grid. Since load-frequency disturbances are normally
relatively small, linearized swing equations with �fi =
fi � f0 can be used. Considering the system change (�)
before and after a disturbance, the relative formulation of
the ASE, assuming that �Ploss = 0, is

�ḟ = �
f0

2HSBDload
�f +

f0

2HSB
(�Pm � �Pload) . (6)

In frequency stability analysis often the assumption is
used that the (aggregated) inertia constant H is constant
(and the same) for all swing equations of a multi-area
system. This assumption was valid in the past but is
nowadays increasingly tested by reality as is illustrated in
Fig. 2, again for the case of the German power system. It
shows that its aggregated inertia Hagg, as calculated using
the respective equation in (5), has indeed become highly
time-variant and fluctuates between its nominal value of
6 s, i.e. at times when only conventional generators are
dispatched, and significantly lower levels of 3–4 s, i.e. at
times when significant shares of wind&PV generation are

Fig. 2. (a) Time-Variant Aggregated Rotational Inertia Hagg in German Power System (December 2012). It is
assumed that conventional generators provide inertia (Hconv = 6 s) and inverter-connected RES generators do
not (HRES = 0 s). (b) Histogram of Aggregated Rotational Inertia in German Power System (full-year 2012).

Temporal variation of the aggregated & normalized inertia constant
H =

1
2 J!2

2·base·!ref
across Germany for the last quarter of 2013
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This may be true to first order . . .but

the physics of a low-inertia system are not any longer dominated
by the mechanical swing dynamics of synchronous machines

not just loosing inertia but also tight control of frequency & voltage

distributed generation will lead to di�erent contingencies (more but smaller)
exception: largest contingency (loss of HVDC line) still present (even more ?)

no more separation of (P, !) and (Q, kvk) in dynamics & control

many new phenomena : line dynamics matter, subsychronous oscillations, . . .

! certainly more brittle behavior & for very low inertia levels anything may happen

! on the positive side: actuation is much faster !
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Second-order observations beyond naive insight

nadir ~ M/T

M

T
~ 1/M

aggregated model:
M

d
dt! = pmech � pelec

T
d
dtpmech = �pmech + K!

first-order observation: less inertia M =) steeper RoCoF & lower nadir

second-order observation: can trade o� inertia M with faster actuation T

more profound observations: the above classic hook curves reflect the
physical behavior of a system dominated by synchronous machines

! new physical phenomena ! new metrics & new ancillary services needed
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In the long run: free yourself from thinking
about power system stability / control as

in the conventional text book picture

nominal frequency

ROCOF (max rate of change of frequency)

frequency nadir

restoration time

secondary control

inertial 
response

primary control
inter-area 
oscillations

f
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Fact: no more hook curves in low-inertia systems
source: confidential – but you can make your guesses
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Fast frequency response provided by converters
can be implemented in either grid-forming or following paradigm

1

Mis + Di

. . .

. . .

power system

!

⌧m

⌧e i↵�

if

Lg

Lg Lg

iPV

Lg

fast-frequency response

synchronous machines, governors, 
loads, transmission, batteries, PLL, …

disturbance inputs performance outputs

(implemented as inertia + damping)

converter AC voltage power imbalance

! p

(e.g., generator frequencies)(e.g., loss of load/generation)

which metric(s) should we optimize when tuning controls ?
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metrics



Historic & revived (PMUs) metrics:
spectrum, nadir, RoCoF, & total inertia

RoCoF       

frequency nadir
source: http://www.think-grid.org 

damping ratio 
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Need for synthetic inertia (SI) for 
frequency regulation 
ENTSO-E guidance document for national 
implementation for network codes on grid connection 
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are these suitable metrics ?
let’s look at a case study



Futility of traditional metrics
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Kundur case study with 3rd area
& ⇠ 40s of rotational inertia

removed 28s of inertia which can
be re-allocated as virtual inertia

study 2 virtual inertia allocations

metrics allocation 1 allocation 2

total inertia 40.85 s 40.85 s

damping ratio 0.1190 0.1206
RoCoF 0.8149 Hz/s 0.8135 Hz/s
! nadir -84.8 mHz -65.1 mHz
peak injection 118.38 MW 7.0446 MW
control energy 15.581 2.699

traditional metrics ambiguous ! discard

comparison for 100 MW load step at bus 7
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Why eigenvalues can be deceiving ?
(covered on the board)

88 / 103

105
nX2

Example : [] =[ *) -13x1
105

Eigenvalues are E-100, -103 for all choices of
xz(t) = e

10 +

Y20 t

Xn(f) = 2
-1007

X10 + 105(et
-T)x()dT

go

-> eigenvales do not
say

much about transient behavior

Example with disturbance : [* ] = [200105(] + (n)
-> disturbance gets multiplied disturbance
by 105 before hitting x



More useful metrics: system norms
from step responses in a conventional power system to more modern (1980)
system norms quantifying the e�ect of shocks on variables of interest

disturbances: impulse
(fault), step (loss of
generation), stochastic
signal (renewables)

system⌘ y

performance outputs:
signal energy or peak
in time / frequency
domain of output

practical: e�ciently computable, analysis & design, & captures relevant shocks

example: as a result of fault choose best fast frequency response to minimize
Z 1

0

{frequency deviation}2 + {coherency: deviation from COI}2 + {control e�ort}2 dt
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fast frequency response
based on system norms



Case-study: South-East Australian Grid

grid topology
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Closed-loop with optimal fast frequency response

model & fast frequency response

replaced some machines with converters

& (forming or following) fast frequency
response: virtual inertia + damping

frequency =
1

M s + D
power

choose performance inputs / outputs &
optimize response on linearized model
nonlinear closed-loop simulations:
200 MW disturbance at node 508

observations

! system-level optimization makes

a di�erence (even at same inertia)
! forming beats following in nadir,

RoCoF, & peak power
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Optimal allocation of virtual inertia + damping
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inertia [MW s
2
/rad]

damping [MW s/rad]
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node

(b) Grid-Following

observations

both control modes allocate virtual
inertia in (blackout & battery) area 5

grid-following : more reliance on
damping (due to PLL-delay in !̇)

grid-forming : results in a more
uniform (thus robust) allocations

conclusions

! total inertia/damping not crucial

! in comparison spatial allocation

& tuning make a big di�erence

! implications for pricing & markets

92 / 103



Optimal allocation of virtual inertia + damping

102 208 212 215 216 308 309 312 314 403 405 410 502 504 508
0

10

20

30

40

50

(a) Grid-Forming

inertia [MW s
2
/rad]

damping [MW s/rad]

102 208 212 215 216 308 309 312 314 403 405 410 502 504 508
0

10

20

30

40

50

node

(b) Grid-Following

observations

both control modes allocate virtual
inertia in (blackout & battery) area 5

grid-following : more reliance on
damping (due to PLL-delay in !̇)

grid-forming : results in a more
uniform (thus robust) allocations

conclusions

! total inertia/damping not crucial

! in comparison spatial allocation

& tuning make a big di�erence

! implications for pricing & markets

92 / 103



Optimal allocation of virtual inertia + damping

102 208 212 215 216 308 309 312 314 403 405 410 502 504 508
0

10

20

30

40

50

(a) Grid-Forming

inertia [MW s
2
/rad]

damping [MW s/rad]

102 208 212 215 216 308 309 312 314 403 405 410 502 504 508
0

10

20

30

40

50

node

(b) Grid-Following

observations

both control modes allocate virtual
inertia in (blackout & battery) area 5

grid-following : more reliance on
damping (due to PLL-delay in !̇)

grid-forming : results in a more
uniform (thus robust) allocations

conclusions

! total inertia/damping not crucial

! in comparison spatial allocation

& tuning make a big di�erence

! implications for pricing & markets

92 / 103



Optimal allocation of virtual inertia + damping

102 208 212 215 216 308 309 312 314 403 405 410 502 504 508
0

10

20

30

40

50

(a) Grid-Forming

inertia [MW s
2
/rad]

damping [MW s/rad]

102 208 212 215 216 308 309 312 314 403 405 410 502 504 508
0

10

20

30

40

50

node

(b) Grid-Following

observations

both control modes allocate virtual
inertia in (blackout & battery) area 5

grid-following : more reliance on
damping (due to PLL-delay in !̇)

grid-forming : results in a more
uniform (thus robust) allocations

conclusions

! total inertia/damping not crucial

! in comparison spatial allocation

& tuning make a big di�erence

! implications for pricing & markets

92 / 103



Initial condition for further reading
IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 34, NO. 4, JULY 2019 3035

Placement and Implementation of Grid-Forming and
Grid-Following Virtual Inertia and Fast

Frequency Response
Bala Kameshwar Poolla , Student Member, IEEE, Dominic Groß , Member, IEEE,

and Florian Dörfler, Member, IEEE

Abstract—The electric power system is witnessing a shift in the
technology of generation. Conventional thermal generation based
on synchronous machines is gradually being replaced by power
electronics interfaced renewable generation. This new mode of gen-
eration, however, lacks the natural inertia and governor damping,
which are quintessential features of synchronous machines. The
loss of these features results in increasing frequency excursions
and, ultimately, system instability. Among the numerous studies
on mitigating these undesirable effects, the main approach involves
virtual inertia (VI) emulation to mimic the behavior of synchronous
machines. In this paper, explicit models of grid-following and grid-
forming VI devices are developed for inertia emulation and fast
frequency response in low-inertia systems. An optimization prob-
lem is formulated to optimize the parameters and location of these
devices in a power system to increase its resilience. Finally, a case
study based on a high-fidelity model of the South-East Australian
system is used to illustrate the effectiveness of such devices.

Index Terms—Low-inertia systems, optimization methods,
power system dynamic stability.

I. INTRODUCTION

THE past decade has seen a concerted focus on alternate
sources of energy to replace conventional synchronous

machine-based generation. A majority of the concerns forcing
such a shift- namely greenhouse emissions, safety of nuclear
generation and waste disposal, etc., are effectively addressed by
cleaner alternatives, primarily-wind turbines and photovoltaics.
These sources are interfaced by means of power electronic con-
verters. Their large-scale integration, however, has raised con-
cerns [1]–[3] about system stability and especially frequency
stability [4]–[6]. The inherent rotational inertia [7]–[9] of the
synchronous machines and the damping provided by governors
assures system stability in the event of faults such as loss of gen-
erators, sudden fluctuation in power injections due to variable
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Color versions of one or more of the figures in this paper are available online
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renewable sources, tie line faults, system splits, loss of loads,
etc. In case of a frequency deviation, the inertia of synchronous
machines acts as a first response by providing kinetic energy to
the system (or absorbing energy). In contrast, converter inter-
faced generation fundamentally offers neither of these services,
thus, making the system prone to instability.

Several studies have been carried out to propose control tech-
niques to mitigate this loss of rotational inertia and damping.
One extensively studied technique relates to using power elec-
tronic converters to mimic synchronous machine behavior [10]–
[13]. These studies develop methods which rely on concepts
ranging from simple proportional-derivative to more complex
controls under the name of, e.g., Virtual Synchronous Genera-
tors. All these strategies depend on some form of energy storage
such as batteries, super-capacitors, flywheels, or the residual ki-
netic energy of wind turbines [14], which acts as a substitute for
the kinetic energy of machines.

These investigations have established the efficacy of virtual
inertia (VI) and fast frequency response (FFR), i.e., primary fre-
quency control without turbine delay, as a short-term replace-
ment for machine inertia in low-inertia power systems. Also,
as power converters operate at a much faster time scales com-
pared to conventional generation, it is plausible to foresee future
power systems based on predominantly converter-interfaced
generation, without a major distinction between different time-
scale controls such as inertia and fast frequency response, and
primary frequency control provided by synchronous machines
[9], [15], [16]. Here, we exclusively focus on power systems
with reduced inertia due to loss of synchronous machines and
utilize virtual inertia and fast primary frequency control as a
remedy.

Conventionally, the total inertia and primary frequency con-
trol in the system are the main metrics utilized for system re-
silience analysis [3]. However, the authors in [17] showed that
not only is virtual inertia and primary frequency control vital,
but its location in the power system is equally crucial and there
can be a degradation in the performance due to ill-conceived spa-
tial inertia distributions, even if the total virtual inertia added to
the power system is identical [18]. Other commonly used per-
formance metrics to quantify power system robustness include
frequency nadir, RoCoF (Rate of change of frequency), and
power system damping ratio [19]. In the literature, the problem

0885-8950 © 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.

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on August 26,2020 at 20:27:14 UTC from IEEE Xplore.  Restrictions apply. 

some of basic questions settled ! lots of emergent literature on
virtual inertia placement & implementation schemes

integration limits: how much inertia? how many forming units? where?

inertia pricing, markets, & security-constrained dispatch

more general fast-frequency response services

. . . still a lot more questions than answers
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who should provide these services ?



Services from Dynamic Virtual Power Plant (DVPP)

DVPP: coordinate heterogeneous set of DERs to
collectively provide dynamic ancillary services

heterogenous collection of devices
– reliable provide services consistently across

all power & energy levels and all time scales
– none of the devices itself is able to do so

dynamic ancillary services
– fast response, e.g., inertia for brittle grid,

robustly implementable on converter sources
– specified as desired dynamic I/O response

coordination aspect
– decentralized control implementation
– real-time adaptation to variable DVPP

generation & ambient grid conditions

8 9 3
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4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

8 9 3
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hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

�
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examples

I frequency containment with
non-minimum phase hydro &
batteries (for fast response)

I wind providing fast frequency
response & voltage support
augmented with storage

I hybrid power plants, e.g.,
PV + battery + supercap

94 / 103



Services from Dynamic Virtual Power Plant (DVPP)

DVPP: coordinate heterogeneous set of DERs to
collectively provide dynamic ancillary services

heterogenous collection of devices
– reliable provide services consistently across

all power & energy levels and all time scales
– none of the devices itself is able to do so

dynamic ancillary services
– fast response, e.g., inertia for brittle grid,

robustly implementable on converter sources
– specified as desired dynamic I/O response

coordination aspect
– decentralized control implementation
– real-time adaptation to variable DVPP

generation & ambient grid conditions

8 9 3

6

4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

8 9 3

6

4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

�

<latexit sha1_base64="u9TlhYF1chaJglqJH0mOQprDJzc="></latexit>

examples

I frequency containment with
non-minimum phase hydro &
batteries (for fast response)

I wind providing fast frequency
response & voltage support
augmented with storage

I hybrid power plants, e.g.,
PV + battery + supercap

94 / 103



Services from Dynamic Virtual Power Plant (DVPP)

DVPP: coordinate heterogeneous set of DERs to
collectively provide dynamic ancillary services

heterogenous collection of devices
– reliable provide services consistently across

all power & energy levels and all time scales
– none of the devices itself is able to do so

dynamic ancillary services
– fast response, e.g., inertia for brittle grid,

robustly implementable on converter sources
– specified as desired dynamic I/O response

coordination aspect
– decentralized control implementation
– real-time adaptation to variable DVPP

generation & ambient grid conditions

8 9 3

6

4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

8 9 3

6

4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

�

<latexit sha1_base64="u9TlhYF1chaJglqJH0mOQprDJzc="></latexit>

examples

I frequency containment with
non-minimum phase hydro &
batteries (for fast response)

I wind providing fast frequency
response & voltage support
augmented with storage

I hybrid power plants, e.g.,
PV + battery + supercap

94 / 103



Services from Dynamic Virtual Power Plant (DVPP)

DVPP: coordinate heterogeneous set of DERs to
collectively provide dynamic ancillary services

heterogenous collection of devices
– reliable provide services consistently across

all power & energy levels and all time scales
– none of the devices itself is able to do so

dynamic ancillary services
– fast response, e.g., inertia for brittle grid,

robustly implementable on converter sources
– specified as desired dynamic I/O response

coordination aspect
– decentralized control implementation
– real-time adaptation to variable DVPP

generation & ambient grid conditions

8 9 3

6

4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

8 9 3

6

4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

�

<latexit sha1_base64="u9TlhYF1chaJglqJH0mOQprDJzc="></latexit>

examples

I frequency containment with
non-minimum phase hydro &
batteries (for fast response)

I wind providing fast frequency
response & voltage support
augmented with storage

I hybrid power plants, e.g.,
PV + battery + supercap

94 / 103



Services from Dynamic Virtual Power Plant (DVPP)

DVPP: coordinate heterogeneous set of DERs to
collectively provide dynamic ancillary services

heterogenous collection of devices
– reliable provide services consistently across

all power & energy levels and all time scales
– none of the devices itself is able to do so

dynamic ancillary services
– fast response, e.g., inertia for brittle grid,

robustly implementable on converter sources
– specified as desired dynamic I/O response

coordination aspect
– decentralized control implementation
– real-time adaptation to variable DVPP

generation & ambient grid conditions

8 9 3

6

4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

8 9 3

6

4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

�

<latexit sha1_base64="u9TlhYF1chaJglqJH0mOQprDJzc="></latexit>

examples

I frequency containment with
non-minimum phase hydro &
batteries (for fast response)

I wind providing fast frequency
response & voltage support
augmented with storage

I hybrid power plants, e.g.,
PV + battery + supercap

94 / 103



Services from Dynamic Virtual Power Plant (DVPP)

DVPP: coordinate heterogeneous set of DERs to
collectively provide dynamic ancillary services

heterogenous collection of devices
– reliable provide services consistently across

all power & energy levels and all time scales
– none of the devices itself is able to do so

dynamic ancillary services
– fast response, e.g., inertia for brittle grid,

robustly implementable on converter sources
– specified as desired dynamic I/O response

coordination aspect
– decentralized control implementation
– real-time adaptation to variable DVPP

generation & ambient grid conditions

8 9 3

6

4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

8 9 3

6

4

1

hydro

BESS super-
capacitor

SG 3
(thermal-based)

DVPP 1

�

<latexit sha1_base64="u9TlhYF1chaJglqJH0mOQprDJzc="></latexit>

examples

I frequency containment with
non-minimum phase hydro &
batteries (for fast response)

I wind providing fast frequency
response & voltage support
augmented with storage

I hybrid power plants, e.g.,
PV + battery + supercap

94 / 103



Nordic case study

FCR-D service

! desired behavior
power

frequency =
3100 · (6.5s + 1)
(2s + 1)(17s + 1)

well-known issue:

actuation of hydro is
non-minimum phase
! initial power surge

opposes control
! unsatisfactory response

discussed solution:
augment hydro with on-site
batteries for fast response
! works but not economic

better DVPP solution:
coordinate hydro & wind
to cover all time scales

95 / 103



Nordic case study

FCR-D service

! desired behavior
power

frequency =
3100 · (6.5s + 1)
(2s + 1)(17s + 1)

well-known issue:

actuation of hydro is
non-minimum phase
! initial power surge

opposes control
! unsatisfactory response

discussed solution:
augment hydro with on-site
batteries for fast response
! works but not economic

better DVPP solution:
coordinate hydro & wind
to cover all time scales

95 / 103



Nordic case study

FCR-D service

! desired behavior
power

frequency =
3100 · (6.5s + 1)
(2s + 1)(17s + 1)

well-known issue:

actuation of hydro is
non-minimum phase
! initial power surge

opposes control
! unsatisfactory response

discussed solution:
augment hydro with on-site
batteries for fast response
! works but not economic

better DVPP solution:
coordinate hydro & wind
to cover all time scales

95 / 103



Nordic case study

FCR-D service

! desired behavior
power

frequency =
3100 · (6.5s + 1)
(2s + 1)(17s + 1)

well-known issue:

actuation of hydro is
non-minimum phase
! initial power surge

opposes control
! unsatisfactory response

discussed solution:
augment hydro with on-site
batteries for fast response
! works but not economic

better DVPP solution:
coordinate hydro & wind
to cover all time scales

95 / 103



Nordic case study

FCR-D service

! desired behavior
power

frequency =
3100 · (6.5s + 1)
(2s + 1)(17s + 1)

well-known issue:

actuation of hydro is
non-minimum phase
! initial power surge

opposes control
! unsatisfactory response

discussed solution:
augment hydro with on-site
batteries for fast response
! works but not economic

better DVPP solution:
coordinate hydro & wind
to cover all time scales

95 / 103



Enabler: dynamic & adaptive participation factors

specify desired aggregate DVPP behavior Tdes(s),
e.g., a desired fast frequency response p 7! f

disaggregate Tdes(s) into local desired behaviors for
each device taking dynamics constraints into account
& adapt disaggregation to varying ambient conditions
via dynamic & adaptive participation factors

Ti(s) = mi(s)Tdes(s)

decentralized model matching control to achieve Ti(s)

desired behavior

...

...

Tdes(s)t = 0
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DVPP Control Design
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Starting points for further reading
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Dynamic Virtual Power Plant Design for Fast
Frequency Reserves: Coordinating Hydro and Wind

Joakim Björk , Student Member, IEEE, Karl Henrik Johansson , Fellow, IEEE, and
Florian Dörfler , Senior Member, IEEE

Abstract—To ensure frequency stability in future low-inertia
power grids, fast ancillary services such as fast frequency reserves
(FFR) have been proposed. In this work, the coordination of
conventional (slow) frequency containment reserves (FCR) with
FFR is treated as a decentralized model matching problem.
The design results in a dynamic virtual power plant (DVPP)
whose aggregated output fulfills the system operator (SO) require-
ments in all time scales, while accounting for the capacity and
bandwidth limitation of participating devices. This is illustrated
in a 5-machine representation of the Nordic synchronous grid.
In the Nordic grid, stability issues and bandwidth limitations
associated with non-minimum phase zeros of hydropower is
a well-known problem. By simulating the disconnection of a
1400 MW importing dc link, it is shown that the proposed DVPP
design allows for coordinating fast FFR from wind, with slow
FCR from hydro, while respecting dynamic limitations of all
participating devices. The SO requirements are fulfilled in a
realistic low-inertia scenario without the need to install battery
storage or to waste wind energy by curtailing the wind turbines.

Index Terms—Decentralized control, frequency stability, low-
inertia power systems, model matching, non-minimum phase,
smart grid.

I. INTRODUCTION

DEREGULATION of the market and the transition to-
wards renewable energy, is diversifying the mechanics

behind electricity production. Regulatory services provided
by distributed energy resources coordinated as virtual plants
are expected to be an important supplement to the services
provided by large-scale power plants [1]. At the same time, the
frequency stability of grids are becoming more sensitive to load
imbalances due to the growing share of converter-interfaced
generation [2]. A number of relatively recent blackouts are
related to large frequency disturbances. The incidence of this
phenomenon is expected to increase in the future as the
energy transition continues; in fact they have doubled from the
early 2000s [3]. With growing shares of renewables, system
operators (SOs) are therefore increasingly demanding renewable

This work has been submitted to the IEEE for possible publication. Copyright
may be transferred without notice, after which this version may no longer be
accessible

This work was supported by the KTH PhD program in the digitalization
of electric power engineering and in part by the Knut and Alice Wallenberg
Foundation, the Swedish Research Council, the Swedish Foundation for
Strategic Research, and the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 883985.

J. Björk and K. H. Johansson are with the School of Electrical Engineering
and Computer Science, KTH Royal Institute of Technology, 100 44 Stockholm,
Sweden (email: joakbj@kth.se; kallej@kth.se).

F. Dörfler is with the Department of Information Technology and Electrical
Engineering, ETH Zürich, 8092 Zürich, Switzerland (e-mail: dorfler@ethz.ch).

generation and other small-scale producers to participate in
frequency containment reserves (FCR) [4].

Virtual power plants (VPPs), aggregating together groups of
small-scale producers and consumers, is a proposed solution to
allow smaller players with more variable production to enter
into the market with the functionality of a larger conventional
power plant [1], [5], [6]. The main objectives are to coordinate
dispatch, maximize the revenue, and to reduce the financial risk
of variable generation, in the day-ahead and intra-day markets
[7], [8]. But also other services, such as voltage regulation [9]
and allocation of FCR resources [10]–[12] have been proposed.

In this work, we design controllers that coordinate FCR
over all time scales, beyond mere set-point tracking, forming
a dynamic virtual power plant (DVPP) offering dynamic
ancillary services [13]. While none of the individual devices
may be able to provide FCR consistently across all power
and energy levels or over all time scales, a sufficiently
heterogeneous ensemble will be able to do so. Examples
of heterogeneous devices complementing each other while
providing fast frequency reserves (FFR) include hydropower
with initially inverse response dynamics compensated by battery
sources on short time scales [14], hybrid storage pairing
batteries with supercapacitors providing regulation on different
time scales [15], [16], demand response [17], or wind turbines
(WTs) [18], [19] that can provide a quick response but are
subject to a rebound effect that have to be compensated by
other sources later on, if not operated below the maximum
power point (MPP) [20].

In the Nordic grid, FCR is almost exclusively provided
by hydropower. The controllability and storage capability of
hydropower makes it ideal for this purpose. In recent years,
however, the inertia reduction due to the renewable energy
transition has made the bandwidth limitations associated with
non-minimum phase (NMP) waterway dynamics a problem.
Since the bandwidth of hydro-FCR cannot be increased without
reducing the closed-loop stability margins [21], the Nordic
SO’s have developed a new market for FFR [22]. Units
participating in FFR are subjected to ramp down limits and a
10 s buffer period before the device is allowed to recover energy
exerted during the FFR event. This helps to avoid a secondary
frequency dip before the hydro-FCR have fully activated.
However, the requirement of a recovery-period disqualifies the
use of uncurtailed WTs. Since these operate at the MPP, any
temporary power outtake will decelerate the turbine, thereby
immediately lowering the sustainable power output. The open-
loop control method proposed in [22] is therefore a potentially
costly solution that require controllable storage devices such as
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DYNAMIC VIRTUAL POWER PLANT: A NEW CONCEPT FOR
GRID INTEGRATION OF RENEWABLE ENERGY SOURCES

A PREPRINT
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ABSTRACT

The notion of Virtual Power Plant (VPP) has been used many times in last years in power systems
and for several reasons. As a general trend, the behavior of a classic synchronous generator is to be
emulated for a class of conventional grid components like, e.g., renewable generators or/and power
electronic units. Most of the times production of these units is of interest, as it is the case for the
new AGC scheme of Spain which, from this point of view, looks like a VPP. However, dynamic
aspects are of high importance, especially for increasing the actual rate of penetration of Renewable
Energy Sources (RES). Indeed, to go above the actual rate of RES penetration, one should deal
with full participation of RES to grid services. This means not only to get some positive impact
on grid voltage and frequency dynamics but to bring concepts which allows one to integrate RES
to existing secondary regulation schemes on the same level as the classic synchronous generators.
For that, we propose here a new concept called Dynamic VPP (DVPP) which fully integrates the
dynamic aspects at all levels: locally (for each RES generator), globally (for grid ancillary services
and interaction with other neighbor elements of the grid) and economically (for internal optimal
dispatch and participation to electricity markets). A DVPP is a set of RES along with a set of control
and operation procedures. This means methodologies for: choosing the participating RES, optimal
and continuous operation as a whole (especially in case of loss of natural resources - e.g., wind,
sun - on a part of the DVPP), regulation (in the dynamic sense) to ensure local objectives for each
generator, participation to ancillary services of the DVPP as a unit and to diminish negative effects of
interaction with neighbor dynamics elements of the power system, integration in both actual power
systems scenarios (with mixed classic and power electronics based generation) and future ones with
high degree of RES penetration. Concrete structures of DVPP as well as ways to address the other
control and economical aspects will be shown. This new DVPP concept is now under development in
the H2020 POSYTYF project (https://posytyf-h2020.eu/).

Keywords Virtual Power Plant · Renewables · Grid integration · Grid ancillary services

1 Introduction

Renewable Energy Sources (RES) are key means of global energy transformation. The volume of RES was increasing
last decades in all power systems. Fig. 1 shows that, in Europe, the RES share nearly doubled from 2005 to 2015. By
using more renewables to meet its energy needs, the European Union (EU) lowers its dependence on imported fossil
fuels and makes its energy production more sustainable, in line with Energy Union priority.

�Corresponding author Bogdan.Marinescu@ec-nantes.fr
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Control Design of Dynamic Virtual Power Plants:
An Adaptive Divide-and-Conquer Approach

Verena Häberle, Michael W. Fisher, Eduardo Prieto-Araujo and Florian Dörfler

Abstract—In this paper, we present a novel control approach
for dynamic virtual power plants (DVPPs). In particular, we
consider a group of heterogeneous distributed energy resources
(DERs) which collectively provide desired dynamic ancillary
services such as fast frequency and voltage control. Our control
approach relies on an adaptive divide-and-conquer strategy:
first, we disaggregate the desired frequency and voltage control
specifications of the aggregate DVPP via adaptive dynamic par-
ticipation matrices (ADPMs) to obtain the desired local behavior
for each device. Second, we design local linear parameter-varying
(LPV) H1 controllers to optimally match this local behaviors.
In the process, the control design also incorporates the physical
and engineered limits of each DVPP device. Furthermore, our
adaptive control design can properly respond to fluctuating device
capacities, and thus include weather-driven DERs into the DVPP
setup. Finally, we demonstrate the effectiveness of our control
strategy in a case study based on the IEEE nine-bus system.

Index Terms—Dynamic virtual power plant, fast ancillary
services, matching control.

I. INTRODUCTION

FUTURE power systems will contain an increasing pen-
etration of non-synchronous distributed energy resources

(DERs). In this regard, reliable ancillary services provision,
as currently ensured by conventional generators, has to be
shouldered by DERs. This imposes great challenges to cope
with the fluctuating nature of renewable energy sources [1],
as well as their device-specific limitations.

As early as 1997, the concept of virtual power plants (VPPs)
has been proposed to pave the way for future ancillary services
by DERs [2]. VPPs are collections of distributed generators
(all with individual device limitations), aggregated to have the
same visibility, controllability and market functionality as a
unique power plant [3]–[5]. Today, most commercial imple-
mentations as well as the scientific landscape are restricted to
VPPs providing static ancillary services in the form of tracking
power and voltage set points, see, e.g., [6].

In this work, we are interested in the vastly underexplored
concept of a dynamic virtual power plant (DVPP) consisting of
heterogeneous DERs, which all-together can provide desired
dynamic ancillary services beyond mere set point tracking [7].
In particular, we are interested in dynamic ancillary services on
faster time scales, such as fast frequency and voltage control,
which cannot be provided by existing VPP setups restricted to

This paper is based upon work supported by the King Abdullah University
of Science and Technology (KAUST) Office of Sponsored Research (award
No. OSR-2019-CoE-NEOM-4178.11) and by the European Union’s Horizon
2020 research and innovation program (grant agreement No. 883985).

V. Häberle, M. W. Fisher and F. Dörfler are with the Automatic Control
Laboratory, ETH Zurich, 8092 Zurich, Switzerland.

E. Prieto-Araujo is a Serra Húnter Lecturer with the Centre d’Innovació Tec-
nològica en Convertidors Estàtics i Accionamients, Department d’Enginyeria
Elèctrica, Universitat Politècnica de Catalunya, 08028 Barcelona, Spain.

Email:{verenhae,mfisher,dorfler}@ethz.ch; eduardo.prieto-araujo@upc.edu

tracking set points. The key to success is heterogeneity: Only
a sufficiently heterogeneous group of devices (complementing
each other in terms of energy/power availability, response
times, and weather dependency) can reliably provide dynamic
ancillary services across all power and energy levels and time
scales, while none of the individual devices is able to do so.

Motivating examples of collections of heterogeneous en-
ergy sources for dynamic ancillary services provision include
hydro-power with initially inverse response dynamics com-
pensated by batteries on short time scales [8], synchronous
condensers (with rotational energy) paired with converter-
based generation [9], or hybrid storage pairing batteries with
supercapacitor providing regulation on different frequency
ranges [10]. However, the coordination of all these collections
is highly customized, and not (even conceptually) extendable
to other device aggregations. Further, none of these collections
are controlled to match a desired aggregate dynamic behavior,
therefore lacking optimal performance and reliability during
ancillary services provision. In contrast, other works in [11],
[12] propose more versatile DVPP approaches to achieve a
desired short-term frequency response on an aggregate level.
In particular, [12] relies on static participation factors and a
coordinated control signal which is communicated to each de-
vice, but therefore subject to communication delays and single
point of failure risk. As opposed to this, [11] presents a fully
decentralized control strategy based on dynamic participation
factors, which can be used to take local device dynamics into
account. However, both [12] and [11] are restricted to provide
frequency control, do not consider device-level constraints, and
are non-adaptive, therefore prone to failure during temporal
variability of weather-driven DERs.

In this work, we present a novel multivariable control
approach for DVPPs, capable of providing multiple desired
dynamic ancillary services at once. We particularly focus
on fast frequency and voltage control objectives, specifying
them as a desired dynamic multi-input multi-output (MIMO)
behavior of the aggregate DVPP, given in terms of a desired
transfer matrix from frequency and voltage to active and
reactive power. In addition to the desired aggregate output,
our DVPP control strategy also incorporates the DVPP internal
constraints of the devices (e.g. speed limitations, capacities,
current constraints, etc.), to ensure they are not exceeded
during normal operating conditions. We pursue a local control
strategy and design individual feedback controllers for each
DVPP device, subject to its own limitations, but so that the
aggregate behavior meets the desired MIMO specification.
More specifically, our control approach relies on an adaptive
divide-and-conquer strategy composed of two steps: first, we
disaggregate the MIMO specification among the devices using
adaptive dynamic participation matrices (ADPMs) which take
the form of MIMO transfer matrices, and basically represent
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Abstract: The paper proposes a coordinated frequency control strategy for Virtual Power Plants
(VPPs), with the inclusion of Distributed Energy Resources (DERs), e.g., Solar Photo-Voltaic Gen-
eration (SPVG), Wind Generator (WG) as well as Energy Storage System (ESS). The objective is
to improve the short-term dynamic response of the overall power system. The robustness of the
proposed control is evaluated through a Monte Carlo analysis and a detailed modeling of stochastic
disturbances of loads, wind speed, and solar irradiance. The impact of communication delays of a
variety of realistic communication networks with different bandwidths is also discussed and evalu-
ated. The case study is based on a modified version of the WSCC 9-bus test system with inclusion of
a VPP. This is modeled as a distribution network with inclusion of a variety of DERs.

Keywords: Virtual Power Plant (VPP); frequency control; Distributed Energy Resource (DER);
Energy Storage System (ESS); communication delay

1. Introduction
1.1. Motivation

A Virtual Power Plant (VPP) is obtained by aggregating the capacity of several Dis-
tributed Energy Resources (DERs), Energy Storage System (ESS), and dispatchable loads [1].
It operates as a virtual transmission-connected generator in the existing power system [2].
For operation purposes, the active power output of a VPP is scheduled similarly to conven-
tional generators, e.g., through the solution of a daily ahead unit-commitment problem [3].
In transient conditions, e.g., following a contingency, VPPs must provide frequency sup-
port [4]. The active power scheduling and the frequency control are generally decoupled
due to their different time scales. Instead, this paper proposes to combine these functions
by switching to coordinated control of the DERs and ESSs that form the VPP during the
contingency.

1.2. Literature Review
The primary purpose of a VPP is to optimize the performance of its constituent parts

by coordinating the production and consumption [5]. Similar to VPPs, the concept of
microgrid has been introduced as a solution for the reliable aggregation of DERs, ESS and
controllable loads [6]. Therefore, in this paper, the VPP is modeled as a microgrid that is
connected to the Transmission Grid (TG) through a Point of Connection (POC) [7], with the
inclusion of Distributed Generators (DGs), voltage-dependent loads and ESS. Although
VPPs are not microgrids, some control techniques originally designed for microgrids can
be also applied to VPPs, and vice versa. In this vein, the literature review below includes
works that discuss the short-term dynamics and control of microgrids.

Energies 2021, 14, 1182. https://doi.org/10.3390/en14041182 https://www.mdpi.com/journal/energies
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Synopsis & lessons learnt on system level

1 initial literature was all about inertia . . . but we should not extrapolate from

the old system: total inertia & conventional metrics might be misleading

2 system norms are more useful, practical, & sharper metrics for
both system analysis & optimal design of fast frequency response

3 spatial allocation & tuning of fast frequency response & forming vs.

following behavior matters more than total amount of inertia & damping

4 dynamic virtual power plants to distribute ancillary services across
heterogeneous DERs collectively covering all power levels & time scales

5 wide open: specification of future ancillary services, e.g., desired
input / output responses + share & location of grid-forming sources
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Preliminary ideas on future ancillary service specs

decoupling issues with standard services separating (p, ✓) & (q, kvk) dynamics

! recall VOC error coordinates & define

normalized power s̃ = p/kvk
2 + i q/kvk

2

complex frequency !̃ = d
dt lg(kvk) + i d

dt✓

[Milano, 2022]

! VOC = complex droop: !̃ � !̃
?

⇠ s̃ � s̃
?

! the right coordinates for analysis & control !?!

from static to dynamic ancillary service specifications, including, e.g., roll-o�,
PD-action, interconnected stability certificates, forming/following specifications, . . .

! ideally seek architecture-free & computationally tractable definitions, e.g.,

minimize cost
�
!̃, s̃

�
subject to device & operational constraints
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Conclusions
do not think only of “inertia” when designing converter controls,
analyzing power systems, or specifying ancillary services

rather: adopt more system-theoretic & computational mind-set:
specify desired responses & use optimization + multivariable control

grid-forming control is only part of the puzzle: what to do once sync’d?

services! who provides them? where? how? disaggregate desired behavior?

last: free yourself from textbook plots – tomorrow’s system will be di�erent
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finally . . . recall




