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Replacing the power system foundation

fuel & synchronous machines

– not sustainable

+ central & dispatchable generation

+ large rotational inertia as buffer

+ 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 sec
BEWAG      UCTE
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Frequency of West Berlin re-connecting to Europe

Hz

*10 sec
BEWAG      UCTE

December 7, 1994

before re-connection: islanded operation based on batteries & single boiler

afterwards connected to European grid based on synchronous generation
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The concerns are not hypothetical
issues broadly recognized by TSOs, device manufacturers, academia, agencies, etc.

UPDATE REPORT ! 

BLACK SYSTEM EVENT 

IN SOUTH AUSTRALIA ON 

28 SEPTEMBER 2016  
 

 

AN UPDATE TO THE PRELIMINARY OPERATING INCIDENT 

REPORT FOR THE NATIONAL ELECTRICITY MARKET. 

DATA ANALYSIS AS AT 5.00 PM TUESDAY 11 OCTOBER 2016. 

 

 

lack of robust control:

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

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

obstacle to sustainability:
power electronics integration

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

that would be used during some transition period:     

1. Synchronous Inertial Response Service (SIR), 

2. Fast Frequency Response Service (FFR), 

3. Primary Frequency Response Service (PFR),  

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

5. Contingency Reserve Service (CR). 

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

 

ERCOT CONCEPT PAPER 

Future Ancillary Services in ERCOT 

PUBLIC 

 

The relevance of inertia in power systems

Pieter Tielens n, Dirk Van Hertem

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

Contents lists available at ScienceDirect

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

Renewable and Sustainable Energy Reviews

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

MIGRATE project: 

Massive InteGRATion of power Electronic devices

Frequency Stability Evaluation 
Criteria for the Synchronous Zone 
of Continental Europe  

– Requirements and impacting factors –  

RG-CE System Protection & Dynamics Sub Group  

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

Impact of Low Rotational Inertia on
Power System Stability and Operation

Andreas Ulbig, Theodor S. Borsche, Göran Andersson

ETH Zurich, Power Systems Laboratory
Physikstrasse 3, 8092 Zurich, Switzerland

ulbig | borsche | andersson @ eeh.ee.ethz.ch
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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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Our research agenda

system-level

• low-inertia power system models,
stability, & performance metrics

• optimal allocation of virtual inertia
& fast-frequency response services
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Exciting research domain bridging communities

power
electronics

power
systems

control systems
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Outline

Introduction: Low-Inertia Power Systems

Problem Setup: Modeling and Specifications

State of the Art: Comparison & Critical Evaluation

Dispatchable Virtual Oscillator Control

Experimental Validation

Conclusions



Modeling: signal space in 3-phase AC circuits

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

]
=

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

]
periodic with 0 average

1
T

∫ T
0
xi(t)dt = 0

2. PRELIMINARIES IN CONTROL THEORY AND POWER SYSTEMS
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Figure 2.1: Symmetric and asymmetric AC three-phase signals. The lines correspond to

xa ’—’, xb ’- -’, xc ’· · · ’.

30

balanced (nearly true)

= A(t)

[
sin(δ(t))

sin(δ(t)− 2π
3
)

sin(δ(t) + 2π
3
)

]
so that

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

=A

[
sin(δ0 + ω0t)

sin(δ0 + ω0t− 2π
3
)

sin(δ0 + ω0t+
2π
3
)

]
const. freq & amp

⇒ const. in rot. frame
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assumption : balanced⇒ 2d-coordinates x(t) = [xα(t)xβ(t)] or x(t) = A(t)eiδ(t)
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Modeling: the network
interconnecting lines via Π-models & ODEs

6

9 3

12

I quasi-steady state algebraic model
i1
...

in


︸ ︷︷ ︸

nodal injections

=


...

. . .
... . .

. ...
−yk1 · · · ∑n

j=1 ykj · · · −ykn
... . .

. ...
. . .

...


︸ ︷︷ ︸

Laplacian matrix with ykj =1 / complex impedance


v1
...

vn


︸ ︷︷ ︸

nodal potentials

I salient feature: local measurement reveal global information

ik︸︷︷︸
local variable

=
∑

j
ykj (vk − vj)︸ ︷︷ ︸

global information
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Modeling: the power converter
idc

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

vdc
1

2

i
L R

C vG

io

1

2
vdc u

network

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

→ details neglected today: assume vdc to be stiffly regulated

I modulation ≡ lossless signal transformer (averaged)

→ controlled switching voltage vdcu with u ∈
[
− 1

2
,+ 1

2

]
×
[
− 1

2
,+ 1

2

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

well actuated, modular, & fast control system ≈ controllable voltage source
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Control objectives in the stationary frame

1. synchronous frequency:

d

dt
vk =

[
0 −ω0

ω0 0

]
vk ∀ k ∈ V := {1, . . . , N}

∼ stabilization at harmonic oscillation with synchronous frequency ω0

2. voltage amplitude:

‖vk‖ = v? ∀ k ∈ V (for ease of presentation)

∼ stabilization of voltage amplitude ‖vk‖

3. prescribed power flow:

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

0 −1
+1 0

]
io,k = q?k ∀ k ∈ V

∼ steady-state active & reactive power injections {p?k, q?k}
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Main control challenges

θ⋆
jk

vk

vjv⋆
k

ω0

ω0

C v

io

vk

io,k

vdc

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

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

?
k) but no relative angles θ?kj

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

E converter physics not resilient: no significant storage & state constraints

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

+ fully controllable voltage sources & stable linear network dynamics
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Limitations of grid-following control

PLL
vθ̂, ω̂ stiff AC voltage

P

≈ P

I is good for transferring power to a strong grid (what if everyone follows?)

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

I tomorrow’s grid needs grid-forming control ≡ emergence of synchronization
14



Naive baseline solution: emulation of virtual inertia
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Standard approach to 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

4. actuation via modulation

5. hidden assumption: DC
supply instantaneously
provides unlimited power

→ tight & fast DC-side control
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Virtual synchronous machine ≡ flywheel emulation

vdc

idc

Cdc

if

Lf

m

M
ω

τm

ir Lθ is

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., ’15]

• reference model : detailed model of
synchronous generator + controls

→ most commonly accepted solution in
industry (backward compatibility)

→ robust implementation requires tricks

→ good nominal performance but poor
post-fault behavior→ not resilient

→ poor fit: converter 6= flywheel
– converter: fast actuation &

no significant energy storage
– machine: slow actuation &

significant energy storage

→ over-parametrized & ignores limits

→ issues can be partially alleviated via
proper nonlinear control [Arghir et al. ’17, ’19]
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Droop as simplest reference model [Chandorkar, Divan, Adapa, ’93]

I frequency control by mimicking p− ω
droop property of synchronous machine:

ω − ω0 ∝ p− p?

I voltage control via q − ‖v‖ droop control:
d
dt
‖v‖ = −c1(‖v‖ − v?)− c2(q − q?)

P2P1
P

!

!*

!syncωsync

ω

p(t) − p∗

ω0

→ direct control of (p, ω) and (q, ‖v‖)
assuming they are independent
(approx. true only near steady state)

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

→ performance: good near steady
state but narrow region of attraction

filtering

logic for sync

droop

tracking controllers

tricks

18



Virtual Oscillator Control (VOC)

nonlinear & open limit cycle
oscillator as reference model
for terminal voltage (1-phase):

v̈ + ω2
0v + g(v) = io

+

-

g(v) v

io

−

+

v v

)v(g

• simplified model amenable to theoretic analysis

→ 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

[J. Aracil & F. Gordillo, ’02 ], [Torres, Hespanha, Moehlis, ’11],

[Johnson, Dhople, Krein, ’13], [Dhople, Johnson, Dörfler, ’14]
−4 −2 0 2 4
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Comparison of grid-forming control [Tayyebi et al., ’19]

P2P1
P

!

!*

!syncωsync

ω

p(t) − p∗

ω0

droop control
+ good performance near steady state
– relies on decoupling & small attraction basin

vdc

idc

Cdc

if

Lf

m
M

ω

τm

ir Lθ is

synchronous machine emulation
+ backward compatible in nominal case
– not resilient under large disturbances

R CLg(v)v
+

-

PWM

dc,k

virtual oscillator control (VOC)
+ robust & almost globally synchronization
– cannot meet amplitude/power specifications

Automatic Control Laboratory
Institut für Automatik
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Inertia and damping interpretation

Limit-cycle-oscillator behavior

Grid-friendly matching of synchronous machines by 
tapping into the DC storage
Taouba Jouini, Cătălin Arghir, Florian Dörfler
Automatic Control Laboratory, ETH Zürich, Switzerland

Abstract Summary

tjouini@student.ethz.ch

carghir@control.ee.ethz.ch

dorfler@control.ee.ethz.ch
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M

xαβ

Structural similarities allow model matching 
by adding one integrator 
Feedback relies solely on the DC voltage 
DC capacitor storage is translated into 
physical inertia 
Droop enabled Limit-cycle-oscillator with 
passivity properties in closed loop 
Mechanical equivalent has smaller inertia 
but higher damping compared to a SM

Overview of results

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

Matching Parameters
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2V ∗

x

v∗
dc

Lmif =
µ

2η

Open-Loop System Closed-Loop System

Plug-and-Play properties

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)

0

0.05

0.1

0.15

0.2

g l
oa
d(
Ω
-1
)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)

-200

-100

0

100

200

V
x

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

0.05

0.1

0.15

0.2

vx[V]

4

0 0.5 1 1.5 2
×104

0

50

100

150

Am
pl

itu
de

 (V
)

0

10

20

30

40

50

Fr
eq

ue
nc

y 
(H

z)

Vx[V]

Px[W]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)

0

0.05

0.1

0.15

0.2

g l
oa
d(
Ω
-1
)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)

-200

-100

0

100

200

V
x

Gload[Ω
−1]

vx[V]

ω[Hz]Vx =
µ

4Gdc
(idc ±

√
i2dc − 4GdcPx)

A step in          shows droop and transient behaviorZgrid

vx =
µ

2η

[
− sin θ
cos θ

]
ω

vxAmplitude and frequency of      are related by a constant:

Vx = ∥vx∥ =
µ

2η
ω

vdc !→ ω = ηvdc

θ̇ = ηvdc

mαβ = µ

[
− sin θ
cos θ

]

Open- and closed-loop systems are passive with input 
               , output               and storage function:(idc, igrid) (vdc, v↵�)
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today: foundational control approach
[Colombino, Groß, Brouillon, & Dörfler, ’17, ’18,’19]
[Seo, Subotic, Johnson, Colombino, Groß, & Dörfler, ’18]
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Cartoon summary of today’s approach
Conceptually, inverters are oscillators that have to synchronize

Hypothetically, they could sync by communication (not feasible)

theory: sync of coupled
oscillators & nonlinear
decentralized control

power systems/electronics
experiments @NREL show
superior performance

21



Cartoon summary of today’s approach
Colorful idea: inverters sync through physics & clever local control

theory: sync of coupled
oscillators & nonlinear
decentralized control

power systems/electronics
experiments @NREL show
superior performance

21



Recall problem setup
1. simplifying assumptions (will be removed later)

d
dt
vk(t) = uk(vk, io,k)

io,k to network • converter ≈ controllable voltage source

• grid ≈ quasi-static: ` d
dt
i+ ri ≈

(
jω0`+ r

)
i

• lines ≈ homogeneous κ = tan(`kj/rkj) ∀k, j

2. fully decentralized control of converter terminal voltage & current

E set-points for relative angles {θ?jk}
E nonlocal measurements vj
E grid & load parameters

X local measurements (vk, io,k)

X local set-points (v?k, p
?
k, q

?
k)

3. control objective
stabilize desired quasi steady state
(synchronous, 3-phase-balanced,
and meet set-points in nominal case)

θ⋆
jk

vk

vjv⋆
k

ω0

ω0

22



Colorful idea for closed-loop target dynamics

d

dt
vk =

[
0 −ω0

ω0 0

]
vk︸ ︷︷ ︸

rotation at ω0

+ c1 · eθ,k(v)︸ ︷︷ ︸
synchronization

+ c2 · e‖v‖,k(vk)︸ ︷︷ ︸
amplitude regulation

θ⋆
jk

vk

vjv⋆
k

ω0

ω0
synchronization:

eθ,k(v) =
∑n

j=1
wjk
(
vj −R(θ?jk)vk

)

amplitude regulation:

e‖v‖,k(vk) =
(
v?2 − ‖vk‖2

)
vk

23



Decentralized implementation of target dynamics

eθ,k(v)=
∑

j
wjk(vj−R(θ?jk)vk)︸ ︷︷ ︸

need to know wjk, vj , vk and θ?jk

=
∑

j
wjk(vj − vk)︸ ︷︷ ︸

“Laplacian” feedback

+
∑

j
wjk(I−R(θ?jk))vk︸ ︷︷ ︸

local feedback: Kk(θ
?)vk

insight I: non-local measurements from communication through physics

io,k︸︷︷︸
local feedback

=
∑

j
yjk(vj − vk)︸ ︷︷ ︸

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

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

p?k = v?2
∑
j

rjk(1−cos(θ?jk))−ω0`jk sin(θ?jk)

r2
jk

+ω2
0`

2
jk

q?k = −v?2∑j

ω0`jk(1−cos(θ?jk))+rjk sin(θ?jk)

r2
jk

+ω2
0`

2
jk

⇒Kk(θ?)︸ ︷︷ ︸
global parameters

=
1

v?2
R(κ)

[
q?k p?k
−p?k q?k

]
︸ ︷︷ ︸

local parameters
24



Main results
1. desired target dynamics can be realized via fully decentralized control :

d

dt
vk =

[
0 −ω0
ω0 0

]
vk︸ ︷︷ ︸

rotation at ω0

+ c1 ·
∑n

j=1
wjk(vj −R(θ?jk)vk)︸ ︷︷ ︸

synchronization with global knowledge

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

=
[

0 −ω0
ω0 0

]
vk︸ ︷︷ ︸

rotation at ω0

+ c1 ·R (κ)

(
1
v?2

[
q?k p?k
−p?k q?k

]
vk − io,k

)
︸ ︷︷ ︸

synchronization through physics

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

2. almost global stability result :

If the . . . condition holds, the system is almost globally asymptotically
stable with respect to a limit cycle corresponding to a pre-specified solution
of the AC power-flow equations at a synchronous frequency ω0.
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Main results cont’d
3. certifiable, sharp, and intuitive stability conditions :

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

e.g., for resistive grid: 1
2

λ2︸︷︷︸
algebraic connectivity

> max
k

∑n

j=1

1

v?2
|pjk|︸ ︷︷ ︸

power transfer

+ c2
c1
v?

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

d

dt
θk = ω0 + c1

(
p?k
v?2
− pk
‖vk‖2

)
≈

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

d

dt
‖vk‖ ≈

‖vk‖≈1
c1 (q?k − qk) + c2 (v? − ‖vk‖) (q − ‖v‖ droop)
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Proof sketch for algebraic grid: Lyapunov & center manifold

Lyapunov function: V (v) = 1
2

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

∑
k

(
v?2 − ‖vk‖2

)2

Z{02N} 0-stable manifold
sync set S

amplitude set A T

target set T

02N

T ∪ 02N is globally attractive
lim
t→∞
‖v(t)‖T ∪02N = 0

T is stable
‖v(t)‖T ≤ χ(‖v0‖T )

T is almost globally attractive
02N exponentially unstable
=⇒ Z{02N} has measure zero
∀v0 /∈ Z{02N} : lim

t→∞
‖v(t)‖T = 0

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

1
2

3

v1

v2

v3

4
8

6

5

9

7E

t = 0 s: black start of three inverters
• initial state: ‖vk(0)‖ ≈ 10−3

• convergence to set-point

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

t = 10 s: loss of inverter 1
• the remaining inverters synchronize
• they supply the load sharing power
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Simulation of IEEE 9 Bus system
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Dropping assumptions: dynamic lines

control gains ∼ 1.8 · 10−4
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.] control gains ∼ 1.8 · 10−3
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fr.
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η = 1.8 · 10−3
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0
2
4
6

time [s]

‖v
k
‖

[p
.u

.] re-do the math leading to updated condition:
amplitude control slower than sync control
slower than line dynamics

observations
I inverter control interferes

with the line dynamics
I controller needs to be

artificially slowed down
I recognized problem

[Vorobev, Huang, Hosaini, & Turitsyn,’17]

“networked control” reason
I communication through

currents to infer voltages
I very inductive lines delay

the information transfer
I the controller must be slow

in very inductive networks
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Proof sketch for dynamic grid: perturbation-inspired Lyapunov

d
d t
v = fv(v, i)

i = h(v)

−h(v)

d
d t
i = fi(v, i)

v

i

v

y = i− h(v)

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

d t
v = fv(v, h(v))

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

where d
d t
v = 0 & coordinate y = i− h(v)

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

where d ∈ [0, 1] is free convex coefficient

I d
d t
ν(x) is decaying under stability condition

Almost global asymptotic stability
I T ′ ∪ {0n} globally attractive & T ′ stable

I Z{0n} has measure zero
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Evaluation of stability conditions

0 5 10 15 20
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10−4

10−3
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linear instability
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‖v
k
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.] increase of control gains by factor 10
⇒ oscillations, overshoots, & instability
⇒ conditions are highly accurate
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Dropping assumptions: detailed converter model

voltage source model:

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

io

detailed converter model with LC filter:
i

L R

C vG

io

1

2
vdc uvdc
1

2

I idea: invert LC filter so that v ≈ vdcu

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

I analysis: repeat proof via singular perturbation Lyapunov functions

→ almost global stability for sufficient time scale separation (quantifiable)

VOC model < line dynamics < voltage PI < current PI

[Subotic, ETH Zürich Master thesis ’18]

I . . . similar steps for control of vdc in a more detailed model
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Experimental setup @ NREL
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Experimental results [Seo, Subotic, Johnson, Colombino, Groß, & Dörfler, APEC’18]

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 35



Conclusions
Summary
• challenges of low-inertia systems
• dispatchable virtual oscillator control
• theoretic analysis & experiments

Ongoing & future work
• theoretical questions: robustness & regulation
• practical issue: compatibility with legacy system
• experimental validations @ ETH, NREL, AIT

Main references (others on website)

D. Groß, M Colombino, J.S. Brouillon, & F. Dörfler. The effect of transmission-line
dynamics on grid-forming dispatchable virtual oscillator control.

M. Colombino, D. Groß, J.S. Brouillon, & F. Dörfler. Global phase and magnitude synchron-
ization of coupled oscillators with application to the control of grid-forming power inverters.
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