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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

1 / 52



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

1 / 52



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

1 / 52



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

1 / 52



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

1 / 52



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

1 / 52



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

1 / 52



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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The concerns are not hypothetical

issues broadly recognized by system operators, device manufacturers, & academia

key events

I storm damages two lines
I control not resilient loss of

500 MW wind power
I between lines: conventional

grid would have survived

obstacle to sustainability

I integrating power electronics
I robust & resilient control
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ERCOT is recommending the transition to the following five AS products plus one additional AS 
that would be used during some transition period:     

1. Synchronous Inertial Response Service (SIR), 
2. Fast Frequency Response Service (FFR), 
3. Primary Frequency Response Service (PFR),  
4. Up and Down Regulating Reserve Service (RR), and 
5. Contingency Reserve Service (CR). 
6. Supplemental Reserve Service (SR)  (during transition period) 
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However, as these sources are fully controllable, a regulation can be 
added to the inverter to provide “synthetic inertia”. This can also be 
seen as a short term frequency support. On the other hand, these 
sources might be quite restricted with respect to the available 
capacity and possible activation time. The inverters have a very low 
overload capability compared to synchronous machines. 
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Critically re-visit modeling/analysis/control

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

Federico Milano
University College Dublin, Ireland

email: federico.milano@ucd.ie

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

ghug@ethz.ch

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

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

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

• New stability theory which properly reflects the new
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:

a key unresolved challenge: control of power converters in low-inertia grids

! industry & power community willing to explore green-field approach (see
MIGRATE)

with advanced control methods & theoretical certificates
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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:

a key unresolved challenge: control of power converters in low-inertia grids
! industry & power community willing to explore green-field approach (see
MIGRATE) with advanced control methods & theoretical certificates

5 / 52



Exciting research bridging communities

power
electronics

power
systems

control systems
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last figure was from a power

electronics scientist (Brian Johnson)



next figure is from a power

systems scientist (Uroö MarkoviÊ)



Control is the lingua franca connecting . . .
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Plenty of surveys from the power electronics /
power systems perspective emphasizing control !

8 / 52



Conclusion: unique opportunity for control
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Personal view on the field & agenda

device-level (power electronics)

decentralized nonlinear power

converter control strategies
experimental implementation,
validation, & comparison
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⇤
2)
��


� sin ✓⇤

2

cos ✓⇤
2

�
= 1

µ⇤
2u⇤

dc

�
vf � Zs2 îs2(✓
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is2 � îs2(✓2)

�

z

is2 vf

µ⇤
2


� sin ✓2

cos ✓2

�
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Focus of today’s tutorial VI
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modeling, control specifications, & game changers

focus: fast time scales & old vs. new
power system/converter control specifications & limitations
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Main look-up reference for this part
up to some ± sign conventions

Control of Low-Inertia
Power Systems

Florian Dörfler1 and Dominic Groß2

1Automatic Control Laboratory, ETH Zurich, Zurich, Switzerland, 8092; email:
dorfler@ethz.ch
2Electrical and Computer Engineering, University of Wisconsin-Madison,
Madison, United States, WI 53706; email: dominic.gross@wisc.edu

Xxxx. Xxx. Xxx. Xxx. YYYY. AA:1–30

https://doi.org/10.1146/((please add
article doi))

Copyright c� YYYY by Annual Reviews.
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Keywords

Power systems control, power electronics control, low-inertia systems,

grid-forming control, dynamic virtual power plant

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.

1
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Outline

Motivation: Challenges & Game Changers

Power Converter Modeling & Control Specifications

Elements of Power Electronics Control



modeling,
control specifications,

& game changers



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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L
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S2

PV cells   (dc) Power grid (ac)

Time (ms)

PV cell voltage

Time (ms)

dc to ac
Desired inverter 
output voltage

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

Time (ms)

Time (ms)

L
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S2

PV cells (dc) Power grid (ac)

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⇤

14 / 52



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

Time (ms)

Time (ms)

L
S1

S2

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

Inverter

L

dc source

control objective:
track reference i⇤

14 / 52



Power electronics dc/ac conversion basics
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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)

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

can be taken to further extremes by going from 2-level converters to
modular multilevel converters (MMC) with thousands of switches
(see fun & impressive .gifs online, e.g., on wikipedia.org)

“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)

16 / 52
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Averaging:( ac - side focus )

assume : Vinu is a
T- periodic (due to switching)
T

⇒ Vinu = ¥ S Vinu It) It

higher-order→ +¥ÉÉ1¥ - k . -4 + basin • k.tl
Fourier terms

current : write ac current as a superposition : i = i + i

where i follows the average dynamics :
all conclusion LÉ =

- Ri 1- Tino - ✓

grid c-
assume vgrid is periodichold with Ol#nd f follows the higher-order modes :

=É¥f
L F = - RT +

" Fourier series
"

( high switching '
harmonics of frequencies

frequency
' eofpffihw.tn

then T= 0 cut -off frequency % ¥ . te for he { a. 2, . . . }
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→ apply averaging
to all signals and drop the higher harmonics

E.tse = I

LÉ =
- Ri + Inv - ✓grid

L ¥ Isi - si) ! ¥ ( 25A - 1)
= Vdc Isi - %)
-

K : me [- % ,
+ "
z ]

⇒ LÉ = - Rit mvdc - Vgoid modulation ( cont. control

signal after averaging)averaged model
D8

Back to the dc dynamics : Cdc Idc + Gdc Vac = idc - inv; ide -mi

power balance : Finn XD = Fine • T

Cdc hide = - Gdc ✓de tide - Mi =

mya, I



Modeling review: signal space in 3-phase

three-phase AC
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xa(t)
xb(t)
xc(t)

#
=

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

#

periodic with 0 average
1
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R T

0
xi(t)dt = 0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS
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(a) Symmetric three-phase AC signal with

constant amplitude
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(b) Symmetric three-phase AC signal with

time-varying amplitude
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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 = vT [ 0 �1
1 0 ] i = v ⇥ i
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current/voltage ! power : active p = v>i and reactive q = vT [ 0 �1
1 0 ] i = v ⇥ i
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Modeling review: signal space in 3-phase

three-phase AC
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Modeling: voltage source converter

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

2. vdc DC charge dynamics with
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. if AC filter dynamics

(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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Modeling review: synchronous generator
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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Comparison: 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
(over-currents)

physical & robust
vs.

controlled & agile
signal/energy

transformer

+ (kinetic) storage
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Energy-based modeling & insights
(covered on the board)

23 / 52

model ( averaged) : Cdc Idc = - Gdc Vdc + idc@Iif
-

Lf ii. = - Rfi ⑤Vg④ nude

↳
q

= CdYdc
Hamiltonian : 1-119,11 = { 9%

,

1- { 1%
,> = Lf if

=di t ¥
t.fi?dynamics:-/

lossless conversion losses \
small

[ = # m

-m ] - [
"" 31.01-1+1%1+Rf

0 _ dissipation

power
balance : ti = OH'T OH

-
OH

'_

[ °" riot /

fast - '
+ i'?⃝\

fragile
power supply
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synchronous machine : 1- I = { p?⃝ + { 11-10-71

ti = O
- oti [ ' p, ] •HY

n + istvg
'

\ supply /dissipationlossless conversion

robust
slow

large



Great tutorial on energy-based modeling
! basis for energy-based control design

see also the tutorials/surveys of Ortega, Scherpen, v.d. Schaft, Schi�er, . . .
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Summary: similarities & di�erences
(figure adapted from “Power system dynamics visualization . . . ” by F. Milano ’18)

50 Hz
51 49

inertia

power
supply power 

demand

control losses

energy balances (neglecting
small storage elements & losses):

d
dt

1
2!>M!

| {z }
internal energy

= !>⌧m

| {z }
supply

� i>s vg

| {z }
demand

+ 0

|{z}
conversion

d
dt

z }| {
1
2v>

dcCdcvdc =

z }| {

i>dcvdc �

z }| {

i>f vg +

z}|{

0

Antipodal control characteristics

large M vs. negligible Cdc energy

storage for disturbance rejection
slow ⌧m vs. fast idc actuation of the

energy supply (though idc constrained)
limited vs. full actuation of the energy

conversion via L✓ & modulation m

state constraints: tolerance
to large vs. no over-currents

robust vs. agile
resilient vs. fragile
slow vs. fast actuation
physical vs. control system
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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
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works (under business-
as-usual operation)

there are better solutions
(espec. for contingencies)
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Modeling review: the network
interconnecting lines via ⇧-models & ODEs

6

9 3

12

I conventional assumption: quasi-steady state algebraic model
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I salient feature: local measurement
reveals synchronizing coupling
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| {z }
global synchronization

I but quasi-steady-state assumption is flawed in low-inertia systems
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Review: 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>s vg = Pref,
Q , i>s [ 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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Review: controllers in action
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f - Setpoint

Frequency Mettlen, Switzerland

PP - Outage

PS Oscillation

Source: W. Sattinger, Swissgrid

Primary Control

Secondary Control

Tertiary Control

Oscillation/Control

Mechanical Inertia
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thought experiment:
extrapolation to

low-inertia systems



Insight: loss of inertia & frequency stability

We loose our giant electromechanical low-pass filter:

M d
dt

!(t) = Pgeneration(t) � Pdemand(t)

change of kinetic energy = instantaneous power balance

⌧m

✓, !

⌧

M

      
                  

dem
and

ge
ne

ra
tio

n
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Berlin post-fault curves: before and 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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This may be true up 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, . . .

on the positive side: actuation is much faster!

! certainly more brittle behavior (faster time scales)

! for really low inertia levels anything can happen
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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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Outline

Motivation: Challenges & Game Changers

Power Converter Modeling & Control Specifications

Elements of Power Electronics Control



decentralized control
of power converters



Cartoon of power converter control

DC/AC power inverter

measurement 
processing
(e.g., via PLL)

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

cascaded
voltage/current
tracking control

converter
modulation

DC voltage
control

DC voltage AC current &  voltagePWM

(P, Q, kV k, !)

ac
tu

at
io

n 
of

 D
C

 s
ou

rc
e/

bo
os

t

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 references
assumption: no state
constraints encountered

4. actuation via modulation

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

36 / 52

,↑hk

Converter - ac - equations :( LC filter / L i = C-RI, + JWL ) i + Vinu
- ✓

( in a rotating frame with frequency w/ Ci =
- (GI et Cwf ) - v + i - igrid

igñd

i.

^

Control objective : V should track a reference by leg .
"

behave like

a sync
.

machine)
• problem : ✓ is not actuated

,
we can control only Vin

.

• theory solution : F→✓ why not
" invert the dynamics

"

as

Vinu = G-
'

(s ) -

Voyissue in practice : parametric
uncertainty vs model- based inversion performs poorly

• cascaded PI control is more robust !
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"
Mirek

• voltage Coop to calculate

an ideal current reference
Li = C-RI, + JWL ) i + vi.u

- u

C. i = - (GI et Cwf ) - v + i - igrid
so that v ≈ ✓

ref
f

ing = igrid + ( G Iz + Cw] ) v -kplv-vrfl-kifv-uydifeedforward%ab.nlT.Ei-ah.cn#eaT
• current loop so that i ≈ ing

Vinu = ✓ + IRI, + gw4i
- ÑÉ) - k±TÉÑi

¥Éd-

• nods: • in practice often the feedforward is not implemented
• enforce a roughly factor 10 time - scale separation
between the loops / better : backstopping
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Converter power balance
:

• modulation is energy
neutral Ijust conversion/

• power balance is controlled by idc and it is

indicated by Vdc i { Vdi Cdc = idc . ✓de
- Mi ' Vdc
-
-

to thedc supply switches
• Dc - P- control :

idc = ide.mg + klvdc-vdc.mg)
↑ ↑

feedforward high-gain P- control

(implication : de source can deliver)
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Example: Inner/Outer Control Loops
figure provided by Irina SubotiÊ

+

�

vsw

+

�

vf

+

�

vg

+

�

vdc

if i

idc isw
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figure provided by Irina SubotiÊ

+

�

vsw
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�

vf

+

�

vg
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Crash course: synchronous reference
frame (SRF) Phase-locked loop (PLL)
(covered on the board)
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Example: PLL - Based Control Architecture
figure provided by Uroö MarkoviÊ
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Grid-forming & 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

measurement (!, kvk) (P, Q)

set-point (P, Q) (!, kvk)

dynamic reachability
needs a sti� grid

to track frequency
can operate in islanded
mode & black-start grid

. . . feedforward-controlled (constant) power and voltage sources are
forming & following ! for many reasons feedback control is preferable

44 / 52



Grid-forming & 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

measurement (!, kvk) (P, Q)

set-point (P, Q) (!, kvk)

dynamic reachability
needs a sti� grid

to track frequency
can operate in islanded
mode & black-start grid

. . . feedforward-controlled (constant) power and voltage sources are
forming & following ! for many reasons feedback control is preferable

44 / 52



Remark: definitions are debated

put 20 experts in a room . . .! no universal definition & many hybrid concepts

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
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Limitations of grid-following control

PLL
v✓̂, !̂

sti� AC voltage

P

⇡ P

is good for transferring power to a strong grid (main underlying assumption)

is not good for providing a voltage reference, stabilization, or black start

prevalent today, but tomorrow’s grid needs (many) grid-forming sources
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A sti� grid with grid-following sources . . .
figures by Outi Supponen
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If everyone follows...
figures by Outi Supponen
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Fact: need XXX % grid-forming converters
figure taken from: “Grid-Following Inverters and Synchronous Condensers”application 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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Naive baseline: virtual inertia emulation
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I there are smarter implementations at the cost of algorithmic complexity
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Recall: hierarchical converter control

DC/AC power inverter

measurement 
processing
(e.g., via PLL)

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

cascaded
voltage/current
tracking control

converter
modulation

DC voltage
control

DC voltage AC current &  voltagePWM

(P, Q, kV k, !)
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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 references
assumption: no state
constraints encountered

4. actuation via modulation

5. energy balancing via
DC-side supply
(P-control on DC voltage)
assumption: unlimited
power & instantaneous
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Example: virtual machine — conceptual
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Example: virtual machine — details
S. D’Arco et al. / Electric Power Systems Research 122 (2015) 180–197 183

Fig. 1. Overview of investigated system configuration and control structure for the Virtual Synchronous Machine.

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

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

3.2. Modelling conventions

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

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

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

x = xd + j · xq (1)

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

p = Re(v ·
#
i) = vd · id + vq · iq

q = Im(v ·
#
i) = −vd · iq + vq · id

(2)

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

3.3. System modelling

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

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

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

dωVSM

dt
= pr∗

Ta
− p

Ta
− pd

Ta
(3)

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

D’Arco et al., Electric Power Systems Research, 2015
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