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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



Critically re-visit modeling / analysis / control
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The later sections contain many suggestions for further
work, which can be summarized as follows: .

e 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;

e New stability theory 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
ideli: including data-based Is
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David J. Hill* and Gregor Verbic¢
University of Sydney, Australia
* also University of Hong Kong
emails: dhill@eee.hku.hk,
gregor.verbic@sydney.edu.au

New control e.g. new 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.

key unresolved challenge: resilient control of grid-forming power converters

— industry & academia willing to explore green-field approach (see MIGRATE)
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Modeling: synchronous generator
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. energy supply ., from governor

. mechanical (0, w) swing dynamics

of rotor (flywheel) with inertia M

. is stator flux dynamics

(rotor/damper flux dynamics neglected)

. electro-mechanical energy

conversion through rotating magnetic
field with inductance matrix

Lg 0 Lmcosf
Lo = 0 Ls Lmsin
Lmcos® Lmpsinf Ly



Modeling: voltage source converter

. energy supply iq; from
upstream DC boost converter

2. DC link dynamics vq With
capacitance Cgyc

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

. power electronics modulation
. T.
iz =—m iy and v, = mug,

with averaged & normalized duty

cycle ratios m € [—57 5] X [_5’ 5]

Vdc
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dUd 2 .
Cac dtc = —GycVdc + tdc + mT'Lf
di
Lf% fRfif+vgfmUdc



Comparison: conversion mechan
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Objectives for grid-forming converter control (as frame)

stationary control objectives » voltage amplitude ||vx|| = v}

» synchronous frequency ) ) L
» active & reactive power injections

2 0 —wo 7
— v = )k T & T —17;
dt wo 0 Vg Uik = Dk 5 Uk [fl 01] Vfk = ai

unique
<= relative voltage angles

conversion

cos(f,) —sin(0),)

Uk = sin(07,)  cos(07,)

Vj

dynamic control objectives

» droop at perturbed operation: w —wo =k - (p — p*) with specified
power/frequency sensitivity k = g—g droop (similar for ||v|| and g)

» disturbance (fault) rejection: passively via physics (inertia) or via control

» grid-forming: intrinsic synchronization rather than tracking of exogenous wo



Naive baseline solution: emulation of virtual inertia

Pure-play battery or hybrid grid energy

T . | storage?

Hybrid storage system looks to Ireland's Oct 11,2016 1254 PMBST %0 <share fin ¥ &

services market ‘
F—
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Improvement of Transient Response
in Microgrids Using Virtual Inertia
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M.P.N van Wesenbeeck' . S.W.H. de Haan', Senior member, IEEE. P. Varela® and K. Visscher',




Virtual synchronous machine = flywheel emulation

idc

—yg

— poor fit: converter # flywheel
very different actuation & energy storage

® reference model for converter voltage
loop : detailed model of synchronous
generator + controls (of order 3,...,12)

— most commonly accepted solution in
industry (¢ backward compatibility ?)

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

— performs well in small-signal regime but
performs very poorly post-fault

— over-parametrized & ignores limits

controllable = _| controllable
energy > energy > energy > AC power
< tor - : WN tem
supply storage conversion > Syste
slow vs. fast large vs. small physics vs. control  resilient vs. fragile



Droop as simplest reference model

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

*
Ww—wyg X p—p
» voltage control via ¢ — ||v|| droop control:

gillvll = —er(lloll = v*) — e2(g — ")

® reference are generator controls

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

— requires tricks in implementation :
similar to virtual synchronous machine

wo

Wsyne

good small-signal but poor
large signal behavior (rather
narrow region of attraction)

main reason for poor performance:

two linear SISO loops for MIMO
nonlinear system (SISO & linear
only near steady state)



Duality & matching of synchronous machines
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1. modulation in polar coordinates:

) —sing j
M = Mampl [ ot ] & 0 = Mireq

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

Vdc,ref

— duality: Cy. ~ M is equivalent inertia
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theory & practice: robust duality w ~ vec |



Original Virtual Oscillator Control (VOC)

-

. 10 g (v)
nonlinear & open limit cycle B v >
oscillator as reference model T
for converter voltage loop -

¢ simplified model amenable to theoretic analysis 4

— almost global synchronization & local droop

* in practice proven to be robust mechanism
with performance superior to droop & others

Current, 7
=)

— problem: cannot be controlled(?) to meet
specifications on amplitude & power injections

2 0
— dispatchable virtual oscillator control Voltage, v



Colorful idea: closed-loop target dynamics
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rotation at w amplitude regulation to v
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synchronization to desired relative angles




Properties of virtual oscillator control

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

d , ok
—[ 0 —wo 1 k. Pk P
— ) —z Ik — Uf .k —||lv
b= [ 6% ]ueter | o5 [—PZ q;} vk — gk )tz (Ui = [lokll®) ve
rotation at wq synchronization through grid current local amplitude regulation

2. connection to droop control seen in polar coordinates (though multivariable)

d D Dk «

o © ~ — Dk — w droo
dt v (”[2 Toel? ) forima e (pk = py) (p = droop)
|| kll c1 (gk — gx) + c2 (v — [lukll) (g = |lv|| droop)

Hull~1

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

» power transfer “small” compared to network connectivity

» amplitude control “slower” than synchronization control



Experimental results

[Seo, Subotic, Johnson, Colombino, Grof3, & Dérfler, '19]
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250 W to 750 W load transient with two
inverters active

change of setpoint: p* of inverter #2
updated from 250 W to 500 W
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High-level comparison of grid-forming control

w

wo

p(t) —p°
droop control

+ good performance near steady state
— relies on decoupling & small attraction basin

synchronous machine emulation

+ backward compatible in nominal case
— not resilient under large disturbances

virtual oscillator control

+ excellent large-signal behavior + local droop

< e

= Cac
Vde

NI
]

matching control & duality

+ simple & robust



Detailed comparison(s) of control strategies

Comparison of Virtual Oscillator and Droop
Controlled Islanded Three-Phase Microgrids

Zhan $hi®, Member, IEEE.

Senior Member, IEEE

Comparison of Virtual Oscillator and Droop Control

Similarities between Virtual Oscillator Controlled
and Droop Controlled Three-Phase Inverters

John E. Flecher, Jiacheng Li
o, UNSW Sydoey, NSW, 2052 Ausirla

Emi:

Frequency Stability of Synchronous Machines and
Grid-Forming Power Converters
i ©

Al Tayyei, Dominc Grob, Menber,IEEE, Adofo Ants, Fricdrich Kuprog an er Member, IEEE

Comparison of Droop Control and Virtual Oscillator
Control Realized by Andronov-Hopf Dynamics

Minghi L, Victor P, Sir] Dhople. Brian Johmson

Comparative Transient Stability Assessment of
Droop and Dispatchable Virtual Oscillator
Controlled Grid-Connected Inverters

ITY, CONTROL
AND CHALLENGES IN FUTURE GRIDS APPLICATION

A TAYYERI
AITand ETH Zirich - Austia

DORFLER hKUPZOG
ierknd At wsteia

Transient response comparison of virtual
il nd droop
three-phase inverters under load changes

Mathias Melby

Simulation-based study of novel control

id-forming and grid-following

Author: Alessandro Crivellara

for inverters in low-inertia system: Comparison of virtual oscillator
control and droop control in an
inverter-based stand-alone microgrid

Grid-Forming Converters control based on DC voltage

identical steady-state & similar small-signal behavior (after tuning)
virtual synchronous machine has poor transients (converter = flywheel)
VOC has best large-signal behavior: stability, post-fault-response, ...
matching control w ~ vy is most robust though with slow AC dynamics

...comparison suggests hybrid VOC + matching control direction

17



Hybrid angle control = matching + oscillator control

hybrid angle control dynamics implementation aspects

0 = wo + c1-(vge — vde) + c2-sin <40 — Ogrid — 9*) > tuning gains: ¢ & cz
- C

2 (robustness & performance)

N——— i
matching control term 1/2 synchronizing oscillator term > error S|gnals — VOItage &
current measurements

- - > ¢ either voltage reference
a few selected theoretical certificates or modulation angle

» almost global stability for sufficiently large c:/c,

» compatibility: local droop behavior & stability
preserved under dc source or ac grid dynamics

» active current limitation (pulling down modulation
magnitude) with guaranteed closed-loop stability

Hybrid Angle Control and Almost Global Stability
of Grid-Forming Power Converters

Ali Tayyebi, Adolfo Anta, and Florian Dorfler

theory: best grid-forming control (!) — ongoing work: practice 18



Exciting research bridging communities

power
electronics

power
systems

control systems

— today’s references on my website (1ink) under the keyword “power electronics control” 19
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