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(recent) power systems control challenges

— integration of renewable sources opportunities:
® converter-interfaced sources
— fast/modular/flexible actuation

® technological advances

— sensing/actuation/communication

— changing generation technology
® scientific advances

— control/optimization/learning
= end-to-end & real-time automation
of cyber-socio-technical power system

— scaling — distributed generation & prosumption — liberalized markets
8 ‘ I
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Replacing the 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 ?
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West Berlin re-connecting to Europe

Source: Energie-Museum Berlin

December 7, 1994

UCTE

*10 sec

581, ol &ho.

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

[miGra{
Massive H
s Review
hdations
Committee
key events
» storm damages two lines
» control not resilient loss of his0®
500 MW wind power
. . n
» between lines: conventional Zone
grid would have survived
Group
- R Hg::vfn':s thesensm:mes a:: Qxi\ly':;u'nl‘vo\lab\:?v:gu\aﬂon ﬁan:
obstacle to sustainability e rctvace o e i oversystems Son a0 sl oy sepot On e St bt tose
» integrating power electronics Biblis A generator stabilizes the grid as a
> robust & resilient control synchronous condenser PNl BTEVIEH
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Critically re-visit modeling/analysis/control

Federico Milano
University College Dublin, Ireland
email: federico.milano@ucd.ie

ghug@ethz.ch

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

e Mew 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;

o Mew stahil «wry which properly reflects the new
devices and time-scales associated with CIG, new
loads and use of storage;

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

Florian Dérfler and Gabriela Hug
ETH Ziirich, Switzerland
emails: dorfler@ethz.ch,

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

David J. Hill* and Gregor Verbi¢
University of Sydney, Australia
* also University of Hong Kong
emails: dhill@eee.hku.hk,
gregor.verbic@sydney.edu.au

Mew 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 “add i hack”
in the systems.

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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Exciting research domain bridging communities

power power
electronics systems

control systems
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Our research agenda

device-level (power electronics) system-level (low-inertia grid)
® decentralized nonlinear power ® |ow-inertia power system models,
converter control strategies stability, & performance metrics
® experimental implementation, ¢ optimal allocation of virtual inertia
validation, & comparison & fast-frequency response services

trying to bridge the gap from device-level to system level
& from fundamental control theory to practical experiments
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Focus of today’s tutorial

modeling, control specifications, & game changers
e focus: fast time scales & old vs. new
® power system control specifications & limitations

decentralized control of power converters
¢ grid-forming vs. grid-following: architectures & trade-offs
¢ grid-forming controls: VSM, droop, matching, & VOC

effect of local controls in large-scale systems
® ancillary service perspective & optimal allocation
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All references & many more details in

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

Florian Dérfler and Gabriela Hug David J. Hill* and Gregor Verbi¢
ETH Ziirich, Switzerland University of Sydney, Australia
emails: dorfler@ethz.ch, * also University of Hong Kong

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

Federico Milano
University College Dublin, Ireland
email: federico.milano@ucd.ie

Distributed Control and Optimization for Autonomous Power Grids

Florian Dérfler ~ Saverio Bolognani  John W. Simpson-Porco ~ Sergio Grammatico

Abstract.

The lectric power system s currently underg-  paricipaton in gencral provide huge challenges as well
of

2 a p
sustainability concerns lead to replacement of a algmﬁmnl
share of conventional fossil fuel-based power plants with re-
newable energy sources. As a result of this energy trans
central ulk generation based on fossil fuel and inter-
P el e ot

as opportunities to integrate an end-to-end
automated and sustainable socio-technical system.
Parallel to these technological advances, the control, opti-

mization, communication, computer science, and signal pro-
itio have deval 1

International Graduate School on Control

www.eec

Sc.eu

Independent Graduate Modules, one 21 hours module per week (3 ECTS)
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modeling,
control specifications,
& game changers



Modeling: signal space in 3-phase AC

three-phase AC balanced (nearly true) synchronous (desired)
Za(t) zo(t+T) sin(d(t)) sin(do + wot)
zp(t) | = |zp(t+T) = A(t) |sin(6(t) — 23“):| = A |sin(do + wot — 23):|
T (1) ze(t+1T) sin(0(t) + ?") sin(do + wot + Z&)
periodic with 0 average so that const. freq & amp
T
T Jo zi(t)dt =0 2o () + 2 (t) + z.(t)=0 = const. in rot. frame

assumption : balanced = 2d-coordinates =(t) = [xa (t) z5(t)] Or z(t) = A(t)e*®

from currents/voltages to powers: active p = v "4 and reactive ¢ = v [$ !]i
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Modeling: synchronous generator

M i is 1. primary energy supply 7., from

(4
w | : v turbine converting thermal to
T’rn( | | ;q mechanical energy (neglected)
| P
[O

== 2. mechanical (6, w) swing dynamics of
rotor (flywheel) with inertia M

do

Y _

dt 3. electro-mechanical energy

d _ . ) .
M = _Dw+ 7o + Linis [_51'“99}3.8 conversion through rotatl_ng magnetic

dt €08 field with inductance matrix

de : . — sin
LST; = —Rsls + Vg — Lm?wr‘ [ ch 90] w Ls 0 Lm 0089

Lo = 0 Ls Lmsin
Lmcos Lmysinf Ly

(neglected i, rotor current dynamics)

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

5. connection to grid with voltage v,
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Modeling: voltage source converter

1. primary energy supply ig. from lde
upstream DC boost converter or
storage (neglected) Ve
2. vgc DC charge dynamics with Cle
capacitance Cyc
3. power electronics modulation
dug X T.
ie =—m'i; and v, = mug, Cuc dtc = —GqcVde + tdc + M if
. . di .
with averaged & normallzed duty Lchtf = —Ryi; + vy — muge

cycle ratios m € [—1, 3] x [-3, 1]

4. iy AC filter dynamics
(sometimes also LC or LCL filter)

5. connection to grid with voltage v,
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Comparison: conversion mechanisms

M iy Ly iy Tde
w ? m
i . L
T Ca ] B
do
& =
dt
Mdiw_,D + + L, [ —siné T C dvdc__G i T a
4 = Dwt7m+ Lmir [omf] s de—g, = —Gdclde +ide +m iy
de . o di .
LS(T; = —Rsis +vg — Lmir [ 200 Jw LfGth = —Rjij +vg — Mmuge
controllable > energy _| controllable AC power physical & robust
energy storage |« eNergy sl gystem
supply conversion ~ VS. .
controlled & agile
Tm (SlOW) M (large) Ly (physical) resilient signal/energy
VS. VS. VvS. vs. transformer
i4c (fast) Cyc (small) m (control) fragile

(over-currents) 14/60



Deceiving similarities & control limitations

power balances (neglecting small
storage elements & losses):
d

1T T LT
7 sW Mw =w Tm—1t;v9 + 0

N—— N N~
internal energy supply demand conversion

—_— N N AN

d 1
dt 2

T T T
UacCdcVde = %deVdc — s vy + 0
control inertia

Antipodal control characteristics e state constraints: tolerance

° |arge M vs. neg||g|b|e Cyc energy to Iarge VS. NO over-currents
storage for disturbance rejection

® slow 7, vs. fast iy actuation of the robust vs. agile

energy supply (though iq4. constrained) resilient vs. fragile
slow vs. fast actuation

® |imited vs. full actuation of the energy .
physical vs. control system

conversion via Ly & modulation m
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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

Improvement of Transient Rcsponsc
in Microgrids Using ¥ I

Implementing Virtual Inertia in DFIG-Based

Wmd Powcr Generation

A survey and new perspectives

b o i
Dynamlc Frequency Control Support: a Virtual
Ineniz Provided by Distributed Energy Storage

Inertia Emulation Control Strategy for
VSC-HVDC Transmlsslon Systems

bl Zhu, Campbel D. Bout, Gran . Adam, Andre . Ros

and Cois . Bright

to Isolated Power Systems

Sy

Gnd Tled Converter with Viriual Kinet “‘T

NP van Wesenbossk' S W, e Haan'

o, IEEE, . Varss” a K. Vissher

controllable = _| controllable
energy > energy energy AC power
L S
supply storage < conversion | ===| System

slow vs. fast

telecom analogy (E. Mallada)
® works (under business-
as-usual operation)

® there are better solutions
(espec. for contingencies)

large vs. small

physics vs. control

ﬂ!'{ x5 g & PO
A T e .
——— -_
113 N e
[t o
"
8
Controfler

resilient vs. fragile

S
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Modeling: the network

I@—ﬁﬁw‘] interconnecting lines via II-models & ODEs
1 LLZ‘: & <

: :ﬁ‘
» conventional assumption: quasi-steady state algebraic model

i1 : . . 1
n
= [—Yk1 - Zj:l Yej °  —Ykn

in : : .. : Un,

nodal injections nodal potentials

Laplacian matrix with v, ; =1/ complex impedance

salient feature: local measurement ; _
> @ _ e = Y yks (ve—vy)
reveals synchronizing coupling N J
local variable global sync

» but quasi-steady-state assumption is flawed in low-inertia systems
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Control specifications

¢ nominal synchronous operation:

1 interfaced \generation

[ % ‘ primary control

! control of lconverter tertiary control — constant DC states: w = 9gc = 0
— synchronous AC states at wyef:

'_ d . _ 0 Wref .
0 = wret, als = [*Wref o :| Tsy vnn

— set-points: [|vg|| = vref,
P2 i;—vg = P,

/ ! : ;
5s  30s 15 mt 75 min
A T 10 -1 —
inertial response secondary control Q =15 [1 0 } Vg = Ql’ef

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

e perturbed synchronous operation at w # wy; & power:
deviations with specified sensitivities 9 P/dw (similar for v) L il

Pref,1 Pref2

— decentralized droop/primary control P — Pt X w — wyes

® secondary control: regulation of w — wye (similar for v) covered in

e tertiary control: (re)scheduling of set-points other tutorial§8/60



Controllers in action

50.02

f[Hz] 4"‘—‘17 | | ‘

50.01 Primary Control " “’ LT Tertiary Control
M IL

50.00 & : L kg
f - Setpoint 1

49.99 ‘ \l N ; —-
49.98 d I Ll V'Y , !
4007 4 ¥ I Secondary Control ™
49.96
f
PP - Outage R .
49.95 Jr <| Oscillation/Control I'
4994 H A
- 20 mHz
49.93 1 % . . v
4992 1 Q% ! W
49.91 4 %, ! !
X /o T V _.’
L 58
49.90 4 %, # A S— £
() I 5 g
4989 '),; ‘3,40 1662 4.1”__/1‘
49,88 : }
16:45:00 16:50:00 16:55:00 17:00:00 17:05:00 17:10:00 17:15:00

N 8. Dezember 2004
= Frequency Mettlen, Switzerland

— Frequency Athens

Source: W. Sattinger, Swissgrid
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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: 0, w
d I
M — w(t) = Pgeneration(t) — Paemand(t) % g
dt : :
2] o
change of kinetic energy = instantaneous power balance 5 -
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Berlin post-fault curves: before and after

50,0
Hz

49,8

496 |

494
492

490

-

t
0 5 10 15 20 25 s 30
loss of 1200 MW

loss of 2500 MW

Berlin re-connected to Europe

- islanded Berlin grid
loss of 146 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
mechanical swing dynamics of synchronous machines

® not just loosing inertia but also tight control of frequency & voltage
¢ distributed generation will lead to different contingencies
® no more separation of (P,w) and (Q, ||v||) dynamics/control

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

— certainly more brittle behavior (faster time scales)

— for really low inertia levels anything can happen

nominal frequency
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In the long run: free yourself from thinking
about power system stability / control as
in the conventional text book picture

f A restoration time

74

inertial
response

A
\/

nominal frequency

secondary control

primary control
inter-area
frequency nadir oscillations

\ ROCOF (max rate of change of frequency)
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decentralized control
of power converters



Grid-forming & following converter control

grid-following

grid-forming

converter-type

(loose but very
common definition)

current-controlled &
frequency-following

voltage-controlled &
frequency-forming

Pr,ef Wréf._
- O (e}
S . S
Qref__ i vref— E"__;
measurement (w, vl (P, Q)
set-point (P,Q) (w, [lv]l)

dynamic reachability

needs a stiff 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
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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”

Characterization of the Grid-forming function of a
power source based on its external frequency
smoothing capal

Debry Marie-Sophie, Denis Guillaume, P|
Réseau de Transport d’Electricité (Research and De
La Défense

marie-sophie.debry / guillaume.denis / thibault.prd -
z ﬂ*
4
s 0
#

Hoo-Control of Grid-Connected| v
Objectives and Decentralized Stability Certificates

Linbin Huang, Huanhai Xin, and Florian Dorfler
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Limitations of grid-following control

P

I\

stiff AC voltage

> /\/

~ 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 stiff grid with grid-following sources ...
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If everyone follows...

WHERE ARE WE?

T DoN'T KNOW.
T WAS FOLLOWING
youv.

WHAT?! gUT T wWAS
FOLLOWING You!
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Overview of grid-forming control strategies

Jde AW
m
e if

C ‘.;: ( S

M i I, i e S
) IEE T~y
Pref~1 Preﬂ? -

virtual synchronous machine droop control

1

X IETC

J

Il
= \ .- o i
N L 7

virtual oscillator control (VOC) vge ~ w matching control 28/60




Naive baseline: virtual inertia emulation

[Pure-play battery or hybrid grid energy

etnrana?

Improvement of Transient Response - = R
mpro . . E pon Implementing Virtual Inertia in DFIG-Based
in Microgrids Using Virtual Inertia s .
. Wind Power Generation
Nimish Soni, Sudent Member IEEE, Suryanarsyana Doolla, Member,IEEE, and
Mkl . Chandorr Membe 1EEE immadrez Fskbar Moghad Student Member,IEEE, and Ehab F Bl Suadany, Senior Menbes IEEE|
Dynamic Frequency Control Support: a Virtual

ors: A survey and new perspectives|

nchronous gene

Hassan Bevrani > Toshifumils”, Yoshi Miura® Inertia Provided by Distributed Energy Storage
to Isolated Power Systems

mber, IEEE, and Gilles Malarange

authier Delille, Member, IEEE, Bruno Frangois, Senio

Inertia Emulation Control Strategy for [~ Grid Tied Converter with Virtual Kmm‘_T

VSC-HVDC Transmission Systems Storage

Jiebei Zhu, Campbel D, Booth, Grain P. Adam, Andrew J. Roscoe, and Chris G. Bright
M.P.N van Wesenbeeck' . S.W.H. de Haan', Senior member, IEEE. P. Varela® and K. Visscher',

» PD control on w(t): M % w(t) + D(w(t) —wo) = Pgeneration(t) — Pyemand(t)

» there are smarter implementations at the cost of algorithmic complexity
29/60



Standard approach to converter control

actuation of DC source/boost

reference
synthesis

cascaded
voltage/current

tracking control £ dlheep 67

virtual inertia)

-

(.

measurement
DC voltage con(;/elrte_r processing
control modulation (e.g., via PLL)

-

f DC voltage * PWM  AC current & ‘voltage
A )

v:+d}+£}+ﬁl} i

] A,
L L,

o} 43 40

DC/AC power inverter
J

acquiring & processing
of AC measurements

. synthesis of references

(voltage/current/power)

“how would a synchronous
generator respond now ?”

3. cascaded PI controllers to

track references

. actuation via modulation

. hidden assumption:

DC-side supply can
instantaneously provide
unlimited power
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Virtual synchronous machine emulation

ide e reference: detailed model of
synchronous generator + controls

® implementation : low-pass filters for
dissipation, virtual impedances for
saturation, limiters,.. . tricks

— most commonly accepted solution
in industry (backward compatibility)

— over-parametrized & ignores DC
source dynamics and limits

O _ poor fit for converter:

i

— converter: fast actuation & no
significant energy storage

L,
L — machine: slow actuation &

%}a significant energy storage
=

— performs poorly post-fault

D'Arco et al., Electric Power Systems Research, 2015 — Stablllty analysis iS hOpeleSS 31/60



Droop as simplest reference model

» frequency control by mimicking P — w
droop property of synchronous machine:

D(UJ _wref) = P — Py
» voltage control via Q — ||v|| droop:

g llvll = —cr (ol = vrer) — €2(Q — Qrer)

— reference are generator controls

— direct control of (P,w) and (Q, ||v)
assuming they are independent
(approx. true only near steady state)

— ignores DC source dynamics

— requires tricks in implementation
similar to virtual synchronous machine

AW

Wref

Wo

Y

PrCf-,l Pref,Z

logic for sync

tracking controllers

droop
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Droop control is de facto baseline solution

o after (lots of) deliberate tuning, it works well locally near steady state
® admits both grid-forming & grid-following implementations

e simplified droop models are amenable to theoretic analysis & certificates

(simplified) frequency droop = coupled oscillators
d

—01 = Ti — E Q45 sin(@i — 0])
dt J
N~~~ ~~

% terminal voltage active power set-point  active power flows from grid

= part of many grid codes & ancillary service markets

@ poor post-fault performance due to delays, wind-up, decoupling, SISO, ...
o no stability certificates for detailed, nonlinear, & interconnected systems

o unclear if droop control is the long-term solution (?) for low-inertia systems
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matching control



Power sources & signal transformers

control control control control
11 11 11 11
Power Power
source DC/AC Network AC/DC source

complete system model

control control

Static &
lossless

abstraction & objectives of previous controllers
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Power sources & signal transformers cont'd

control mapdmbalance

il

Power
source

power source

» governs system-level behavior
» response time, power, . ..

Key insights

map dmbalance control

il
Power
Network
source
DC/AC converter

> acts as signal transformer

» negligible controlled dynamics

® DC side & power source cannot be neglected

e focus on main energy storage elements & energy source

® synchronous machine maps power imbalance to turbine & governor

® converter maps imbalance power to ...?

35/60



Seeking more natural control strategies

M b L i
w : v,
T”L (@ % 7g i

de

&

dt

dw i T.
ME = —Duw + Ty + Liir [ cj;nee] s

di . R
Loy, = ~Rats vy = Imir [ 20 ]w

1. modulation in polar coordinates:

—siné
cos é

M = Mampl [ } & 0 = Mireq

2. matching: myeq = nuge With n = =t

Vdc,ref

— duality: Cyqc ~ M is equivalent inertia

lde

—

—siné] T,
cos o J 2F

=—GlcVde + de + Mampl [

Li—L = —Ryis +vg — mampi [ 2 |vge

structural similarities (duality):

® states: 0 = 0, w = NUge, ts = iy

® control: wampl = Lmir, tdc/N = Tm
— equivalent inertia: M = Cyc/n* &

energy imbalance signal w = vq.
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Properties of matching control

cos d

. . . 5 .
simple & robust implementation: vg, — —= | Mampt [ 520 ] |[— m
S

exploits structural similarities & DC/AC energy imbalance
— clarifies impact of DC side dynamics & limitations
— similar results for higher-order machine models
— saturating DC current — saturating AC current
(no need for virtual impedance etc.)

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

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

closed-loop certificates : incremental stability & passivity ~ energy decreasing
closed loop is only structurally equivalent to synchronous machine

— time constants need to be tuned differently (later: H,-optimal tuning)
37/60



Rapid prototyping experimental validation
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virtual oscillator control (VOC)



Cartoon summary of VOC approach

Conceptually, inverters are oscillators that have to synchronize

Hypothetically, they could sync by communication (not feasible)

39/60



Cartoon summary of VOC approach

Colorful idea: inverters sync through physics & clever local control

theory: sync of coupled
oscillators & nonlinear
decentralized control

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

=l g (v)

nonlinear & open limit cycle

oscillator as reference model .

. v v
for terminal voltage (1-phase):

B4+ wov + gv) = 4o

¢ simplified model amenable to theoretic analysis 4
— almost global synchronization & local droop 9
® in practice proven to be robust mechanism £ |/
with performance superior to droop & others g O
=] \
— problem: cannot be controlled(?) to meet © 9
specifications on amplitude & power injections )
= - 4

0
Voltage, v
40/60



improvement of original ad hoc
virtual oscillator control (VOC)



|\/|Od€| & COI’]’[I’O| ObJeCt|VeS (assumptions easy to generalize)

G0,k Simplified multi-converter system model

(measurable) » converter = terminal voltage v, € R?

» line dynamics = steady-state II-model with

{controllable) line admittance ||Y;x|| = 1/ T%j + w(%fij

. . Cik
» homogeneous lines with xk = ﬁ constant
4

Desired steady-state behavior

» nominal synchronous frequency
% Vi = [S 76"’} Vg
» voltage amplitude (uniform for this talk)

[[ox]| = v*

» active & reactive power injection

P o x T 70 =17, .k
U o,k =Pk » Uk [1 0 ]lo.k' = Gk

41/60
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Colorful idea: closed-loop target dynamics

d 0 —Ww *2 2
0 = L 0 } vk + c1-(Jloel™ = llvell®) vs
rotation at w amplitude regulation to «;;

- (0%,) —sin(0%,)
+ ca Z“’jk (U-f - [:)j( ) coss( ) %’")
j=1

synchronization to desired relative angles
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Decentralized implementation of dynamics




Properties of virtual oscillator control

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

d ; P
. = [0 —w . 1 Ak Pr |, _ s (0 *2 2
dtUk = [M i lvg+ec1-R(k)| = [_1,2 q;} Vk — ok | +c2- (2 llvell*) vi
——
rotation at wg synchronization through physics local amplitude regulation

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

d Pk Pk «
- _ ~ — Dk — w droo
dt wota (w2 [orlZ) lorlie “° +e1(pi —pr) - (p—w droop)

d N .
—llvell = e (gp —aqr) + c2 (v = |lokl]) (g — [|v|| droop)
dt vk =1

3. almost global asymptotic stability if

e power transfer “small enough” compared to network connectivity

¢ amplitude control slower than synchronization control
44/60



Experimental setup @ NREL



Experimental results

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

250 W to 750 W load transient with two
inverters active

connecting inverter #2 while inverter #1 is

regulating the grid under 500 W load

change of setpoint: p* of inverter #2
updated from 250 W to 500 W
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relative comparison



Comparison of control strategies @AIT

4.00

St o] | @ all perform well nominally &
?3.00 SM-VSM SM-dVOC 1 . .
& — — —-max. DC current under minor disturbances
S ] e e i | R e

= e *® relative resilience:

i — matching > VOC > droop >
?;0)2 ] virtual synchronous machine
%0.90

004 v arvocl — itis a very poor strategy for a
R T T T converter to emulate a flywheel
t[s]
Interactions of Grid-Forming Power Converters and ® promising hybl‘ld control
Synchronous Machines — A Comparative Study directions: VOC + matChing
SM-droop SM-VSM SM-matching [N SM-dVOC all-SMs
3‘3 ; Ll 5 l‘b 36.5 90 95 100
[1Awi| | /| Api| [%]

1Awilloc/ AP %]
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system-level optimization



Performance metrics for power systems

f A restoration time

nominal frequency

secondary control

inertial

primary control
response inter-area
frequency nadir oscillations

\ ROCOF (max rate of change of frequency)

System norm quantifying signal amplifications

disturbances: performance
impulse (fault), step outputs: integral,
(loss of unit), white —>| system peak, ROCOF,
noise (renewables) restoration time, . ..

Trade-offs: inout/output combination & worst-case vs. average performance
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Integral-quadratic performance metric

recall: the post-fault response in a low-inertia system may look very different

/oo c(t)TQx(t) dt
0

nominal frequency

H. system norm interpretation: 1) _> y
1. performance output: y = Q'/%z
2. impulsive 7 (faults) — output energy [ y®) T y(t)dt

3. white noise ) (renewables) — output variance lim E (y® y®)
—00
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System model & virtual inertia realization

nonlinear DAE dynamics

d"s = fs(w57zs)

O = gs(wé??zsai)

x5 : system & control states
zs : network signals
11 current injections/faults

virtual inertia & damping

= fast frequency response
implemented by means of

® converters & storage

e 2nd-order droop control
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Comparison: virtual inertia implementations

grid-following grid-forming
w — PV| PVI — W
Non-linear system Non-linear system

droop via phased-locked loop grid-forming 2nd-order droop
ék = Wk éVI,k = WVlI,k
: . - = —ah _ @ im
TRk = —Wk — Kpvg,x — Ki [vg kdT WLk = =0k My, WylLE — My,
P =Kok [ O] T vk = Kromx [ovie P)T

Note: control coefficients interpretable as “virtual inertia & damping” or “P & D”
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Closed-loop system & linearization

here: grid-following implementation; analogous for grid-forming implementation

disturbances: performance
impulse (fault), step -_> outputs: integral,
(loss of unit), white : peak, ROCOF,
noise (renewables) restoration time, ...
. wa
CPS ; System PLL ;)G
VI
Ufoll Yroll UYp

Ao =(A+ BKC)Aze + By(I1')n, Ayp = CplAzy

linearized closed loop for optimal control design
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Optimal control formulation

mir})irp(ize ||G|\?HE = trace(B, ' P B,) performance metric

subject to K(m, d) € S constraint set

P(A+BKC)+(A+BKC)'P+C, C,=0 Lyapunov equation

Key Insights:

1.

a9 k0D

non-convex problem in P, K

conservative convex upper/lower bounds can be obtained

assume knowledge of disturbance profile IT or go for min-max

gradient-based approach: scalable, can handle constraints, suboptimal

complexity of gradient computation O(n?) via controllability Gramian
L(A+BKC)" + (A4 BKC)L + ByB, = O
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Case-study: South-East Australian Grid

= €he New Nork Times Q
Australia Powers Up the

World’s Biggest Battery
— Courtesy of Elon Musk

grid topology

simulink model
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Closed-loop simulations

we [Hz/s) we [(mHz)

Pyr [MW]

—150

—50 ,\/
—100 [

— Low-Inertia

[N NIV ]
g a4 A4 ASSIEE

W

— Grid-Following _ o

—

14

Non-linear model

54 buses, 14 gens, & 15 converters
control: governors, AVRs, & PSSs

replace generators with controllable
power sources + virtual inertia

numerically linearize model,
choose performance inputs/outputs
& gradient-based optimization routine

non-linear closed-loop simulations:
200 MW disturbance at node 508

Observations

system-level optimization makes
a difference (even at same inertia)

— forming vs. following: signal causality

has major impacts (e.g., peak power)
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Optimal allocation of virtual inertia/damping

(a) Grid-Forming

50 [ == —
I damping [MW s/rad] .
10}~ | Observations
sl | ® both control modes allocate virtual

inertia in (blackout & battery) area 5

20 [~

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

10 |~

102 208 212 215 216 308 309 312 314 403 405 410 502 504 508 ) grid_forming reSU|tS |n a more
(b) Grid-Following uniform (thus robust) allocations

sol- | — total inertia/damping not crucial
— spatial allocation matters a lot

— implications for pricing & markets

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

* low-inertia stability & converter control are major bottlenecks for sustainability
® power system community & industry are open to green-field approaches

— low-inertia systems — opportunity for collaboration: control & power

WITH GREAT POWER
COMES GREAT
RESPONSIBILITY..
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ETH Ziirich, Switzerland University of Sydney, Australia
emails: dorfler@ethz.ch, * also University of Hong Kong

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

Federico Milano
University College Dublin, Ireland
email: federico.milano@ucd.ie

Distributed Control and Optimization for Autonomous Power Grids

Florian Dérfler ~ Saverio Bolognani  John W. Simpson-Porco ~ Sergio Grammatico

Abstract.

The lectric power system s currently underg-  paricipaton in gencral provide huge challenges as well
of

2 a p
sustainability concerns lead to replacement of a algmﬁmnl
share of conventional fossil fuel-based power plants with re-
newable energy sources. As a result of this energy trans
central ulk generation based on fossil fuel and inter-
P el e ot

as opportunities to integrate an end-to-end
automated and sustainable socio-technical system.
Parallel to these technological advances, the control, opti-

mization, communication, computer science, and signal pro-
itio have deval 1
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