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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

500. 600. 780. 800.

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

South Australia

South Australia blackout: entire state
left without power after storms

key events
» storm damages two lines

» control not resilient loss of
500 MW wind power

» between lines: conventional
grid would have survived
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However, as these sources are fully controllable, a regulation can be
added o 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.

The relevance of inertia in power systems

Pt Tilens . Dik Van Herten
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South Australia blackout: entire state
left without power after storms

key events
» storm damages two lines

» control not resilient loss of
500 MW wind power

» between lines: conventional
grid would have survived

obstacle to sustainability
» integrating power electronics
» robust & resilient control
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Critically re-visit modeling/analysis/control

Foundations and Challenges of Low-Inertia Systems

(Invited Paper)
Federico Milano Florian Dérfler and Gabriela Hug David J. Hill* and Gregor Verbi¢
University College Dublin, Ireland ETH Ziirich, Switzerland University of Sydney, Australia
email: federico.milano@ucd.ie emails: dorfler@ethz.ch, * also University of Hong Kong
ghug@ethz.ch emails: dhill@eee.hku.hk,

gregor.verbic@sydney.edu.au

The later sections contain many suggestions for further

work, which can be summarized as follows: e New control methodologies, e.g. new controller to
. mitigate the high rate of change of frequency in low
e New models are needed which balance the need to inertia systems;

include key features without burdening the model .
(whether for analytical or computational work) with ~® A power converter is a fully actuated, modular, and

uneven and excessive detail: very fast control system, which are nearly antipodal

characteristics to those of a synchronous machine.

e New stability theory which properly reflects the new Thus, one should critically reflect the control of a
devices and time-scales associated with CIG, new converter as a virtual synchronous machine; and

loads and use of storage; . -
: X . e The lack of inertia in a power system does not need to
e  Further computational work to achieve sensitivity (and cannot) be fixed by simply “adding inertia back”
guidelines including data-based approaches; in the systems.
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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
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

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.

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 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 (UroS Markovic)



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

Understanding Stability of Low-Inertia Systems

Uros Markovic, Student Member, IEEE, Ognjen Stanojev, Student Member; IEEE, Petros Aristidou, Member, IEEE,
Evangelos Vrettos, Member, IEEE, Duncan Callaway, Senior Member, IEEE, Gabriela Hug, Senior Member, IEEE

simplified generator control schemes, mostly due (0 the
lack of a uniform state-space formulation for stability analyses,
‘ al d*f&?‘m:" L p::l':)lunu ia. 1}1‘; Moreover, the focus is primarily on distribution networks and
SeSems. For tha purpose,  uniform se of Diffrentl-Algbraje  MCrogrids, (hus neglecting the potential impact of tansmis-
Equations (DAEs) dexcribing a generic, low-ines sion line dynamics. An example that does incorporate line
tem has been developed. A full-order, state-of-the-art control dynamics is [12], where the interactions between a virtual

hets yachirusoos aud courerir nerators are synchronous generator and a converter-interfaced load are in-
rentiating between grid-forming and yeigated by considering small-signal stability under different

rid-ollowing mode of operation. Purthermore, e dynamics # L
A Tlloniss Seod!sf opciation M Captured in' the moddl, OPeTang conditions. WHile the authors include a dynamical
Ush

Aburact—Largescal integraton of rencvable generation

‘modal analysis techniques such as participation factors model of the load and the interconnecting line, th yze
204 paramete seastvty, he ot volerable segments of the  sailty slcly via parameter swecps of the virul ineria
and the adverse efects of the underlying  constan and load impedan loes not provide enough

i ererene are tovestigniad. Moce e o or insight into the nature of pmcnlisl instabilities.

characterizes the maximum srer Breds

7687

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL 55, NO. & NOVEMBER/DECEMBE

On the Stability of Power Electronics-Dominated
Systems: Challenges and Potential Solutions

Qiao Peng ©, Student Member, IEEE, Qin Jiang, Yongheng Yang ©, Senior Member, IEEE,
Tiangi Liv, Senior Member, IEEE, Huai Wang ©, Senior Member, IEEE, and Frede Blaabjerg ©, Fellow, IEEE

Abstract—The modern power system s becoming more com-  FSM Frequency sensitive mode.
plcred due tath oo bcreasing pectraton ofpomer hocion: R Inertia respont
ich s referred to as a power-electronics-dominated system | (- D et cosiveste

mum In this case, the analysis, control, and operation of the

CC-HVDC ased high voltage direct current
tion pace, where the challenges should be properly tackled. After MIESCR  Multiinfeed interactive effective. short-circuit

the brif introduction of grid-connected converters, this artcle o
. PEDS: y e Multiinfeed interaction factor.
issue and multitimescale characteristics, as well as the dynamics Model predictive control

when connected to weak grids. The low inertia issue s considercd

25 one o gret chllenes tha power lecuronis ntroduce (0 he \m» Maximum power point
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Conclusion: unique opportunity for control

WITH GREAT POWER
COMES GREAT
RESPONSIBILITY...
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Personal view on the field & agenda

device-level (power electronics)

m decentralized nonlinear power
converter control strategies

m experimental implementation,
validation, & comparison

10/52



Personal view on the field & agenda

device-level (power electronics)

m decentralized nonlinear power
converter control strategies

m experimental implementation,
validation, & comparison

system-level (low-inertia grid)

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

optimal allocation of inertia & design
of fast-frequency response services

10/52



Personal view on the field & agenda

device-level (power electronics)

m decentralized nonlinear power
converter control strategies

m experimental implementation,
validation, & comparison

Foayi]  ofi [Re2]
&
z,  \ %/ 2.

theory <+ practice

| device <+ system

system-level (low-inertia grid)

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

optimal allocation of inertia & design
of fast-frequency response services

| proof <+ experiment
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Focus of today’s tutorial

modeling, control specifications, & game changers
m focus: fast time scales & old vs. new
m power system/converter control specifications & limitations

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

effect of local controls in large-scale systems
m ancillary service perspective & performance metrics
m allocation of inertia/damping & dynamic virtual power plants
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Main look-up reference for this part

up to some =+ sign conventions

Florian Dérfler! and Dominic Grof3?

1 Automatic 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
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Outline

= Power Converter Modeling & Control Specifications



modeling,
control specifications,
& game changers



If you want a detailed reference on
power electronics dc/ac conversion

Voltage-Sourced Converters
in Power Systems

Modeling, Control, and Applications

Amirnaser Yazdani
Reza Iravani

WWILEY
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Power electronics dc/ac conversion basics

adapted from slides by Tobias Geyer (ABB & ETH Zurich)

abstract dc-to-ac power conversion

Inverter

dc source

PV cell voltage

5 10 15
Time (ms)

Inverter

20

objective: transfer power to the grid

. "
""""""""

10 15 20
Time (ms)

A\/

0 5 10 15 20

Time (ms)
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Power electronics dc/ac conversion basics

adapted from slides by Tobias Geyer (ABB & ETH Zurich)

2-level inverter with idealized switches objective: transfer power to the grid

7 ~
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At e
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dc source Inverter Power grid (ac)
—_— 1 Vae ]
L e E— 2
PV cell voltage Desirad inverter
05 0 outputNoltage Vgrid
0 1
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Power electronics dc/ac conversion basics

adapted from slides by Tobias Geyer (ABB & ETH Zurich)

2-level inverter with idealized switches objective: transfer power to the grid

Viny — Vgrid ) N
—
N

o S,
control objective: ™,
track reference i* . e

0 5 10 15 20
Time (ms)

dc source Inverter Power grid (ac)

The switches are operated dually:

= S;onand S, off: v, = Vy/2

=> the current increases proportional
to the voltage difference: By

d ., 0 5 10 15 20
L 7i(t) = viny(t) — vgria(t) Time (ms)
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Power electronics dc/ac conversion basics

adapted from slides by Tobias Geyer (ABB & ETH Zurich)

2-level inverter with idealized switches objective: transfer power to the grid

control objective:
track reference i*
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Time (ms)

Power grid (ac)

dc source Inverter

The switches are operated dually:
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Power electronics dc/ac conversion basics

adapted from slides by Tobias Geyer (ABB & ETH Zurich)

inverter with semi-conductor switches objective: transfer power to the grid

control objective:
track reference i*

5 10 15 20
Time (ms)

T

dc source Inverter

Power grid (ac)

The switches are operated dually:

= S,onand S, off: v, = V2

=> the current increases

= S, offand S, on: v, = - V4 /2

Time (ms)

=> the current decreases
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Remarks on power electronics conversion

m there are many strategies for pulse-width modulation:
from threshold rules to MPC (see Tobias Geyer’s book)
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Remarks on power electronics conversion

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

® 0N average vin & vy, — role of L-filter is to remove switching harmonics
— can be further mitigated with LC-filter or even LCL filter

m switched system at kHz switching frequency — nearly smooth waveform

m 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)

m “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)
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Modeling review: signal space in 3-phase

three-phase AC

(@) zo(t+T)
|:$b(t):| = |::Eb(t + T)
zc(t) zc(t+T)

periodic with 0 average
L [T ai(t)ydt =0

19/52



Modeling review: signal space in 3-phase

three-phase AC balanced (nearly true)
(@) zo(t+T) sin(d(t))
[mb(t):| = {zb(t +T) = A(t) [sin(s(t) — 2;?)}
T (t) zc(t+1T) sin(8(t) + &)
periodic with 0 average so that

7 Jo @i(t)dt =0 Za(t) + z0(t) + 2o () =0
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Modeling review: signal space in 3-phase

three-phase AC balanced (nearly true) synchronous (desired)
(@) zo(t+T) sin(d(t)) sin(do + wot)
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T () ze(t+T) sin(8(t) + &) sin(8o + wot + 2F)
periodic with 0 average so that const. freq & amp

1 (T _
7 Jo mi(t)dt =0 2o () + zp(t) + 2 (t)=0 = const. in rot. frame
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Modeling review: signal space in 3-phase

three-phase AC balanced (nearly true) synchronous (desired)
(@) zo(t+T) sin(d(t)) sin(do + wot)
xp(t) | = |zp(t+T) = A(t) |sin(d(t) — 2§r):| = A |[sin(do + wot — 23“):|
T () ze(t+T) sin(8(t) + &) sin(8o + wot + 2F)
periodic with 0 average so that const. freq & amp
ar
7 Jo zi(t)dt =0 2o () + zp(t) + 2 (t)=0 = const. in rot. frame

assumption : balanced = 2d-coordinates x(t) = [xa (t) z5(t)] o z(t) = A(t)e’

T

current/voltage — power: active p=v'i and reactive g =v" [? (']i=v x i
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Modeling: voltage source converter

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

2. vygc DC charge dynamics with
capacitance Cyc

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

with averaged & normalized duty

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,

Vdc
Cdc
dvd . o
Cac dtc = —GycVdc + idc + mTlf
di
Lng = —Rjfiy + vy — My
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Modeling review: synchronous generator

M iTl _L_ 7 i

do
i
dt
dw : —sin 6@
ME = —Dw + Ty + Lmiy, [ cos 0
dig
dt

1".%'

}T

= —Rsis +vg — Lmir [ 50w

cos 6

Ls

1. primary energy supply 7., from

turbine converting thermal to
mechanical energy (neglected)

. mechanical (0, w) swing dynamics of

rotor (flywheel) with inertia M

. electro-mechanical energy

conversion through rotating magnetic
field with inductance matrix

Ls 0 Lmcosf
Lo = 0 Ls Lmsin6
Lmcos® Lmsinf Ly

(neglected i, rotor current dynamics)

. i, stator flux dynamics (sometimes

including additional damper windings)

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

M ir L, i,
w E v ?
7;n/( ;%Eézzi)u {EEEESESEEEE;;; ?

do
—~ —w
dt
Mdiwf_D 4L + Lmi [*SinO}T-
dt W T Tm mir | cos o s
Ld"fs__R i — b [7sin9]
S di = sls Vg mir | coso 1Y

idc

608, ...
| 9O *

dvg . .
Cdc*dtc = _Gdcvdc + 19c + mTzf
di
Lf% = 7Rfif +’Ug — M Vye
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Comparison: conversion mechanisms

idc

M__ i g, i
w g m

P vde L ' vy

T Cdc i ) ’ ‘ :

do @

— =w
dt
dw . T—sin@7 !, dvge . T oo
M~ = =D+ 7o + Lmiy [ 5] s Cae—g, = ~Ccvge +ide +m iy
di . . P di .
Ls d; = —Rsis +vg — Lmir [ czlsngg] w Lfd—tf = —Rjif + vy — muge
controllable > energy _| controllable AC power
energy g storage < energy sl gystem
supply conversion ~ Y
Tm (Slow) M (large) Ly (physical) resilient
VS. VS. VS. VS.
iqc (fast) Cyc (small) m (control) fragile

(over-currents)
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Comparison: conversion mechanisms

idc

M iy Ly i
w ? m
m( QO A
P vde L ' vy
T Cdc i ) : ‘ :
do @

— =W
dt
dw . T—sin@7 !, dvge . T oo
ME = —Dw + T + Lmir [ cos O } s Cdcw = —GgcVge + tgc + M if
di . o P di .
Lg dts = —Rsis +vg — Lmir [ czlsngg] w Lfd—tf = —Rjsi; +vg — muge
controllable > energy _| controllable AC power physical & robust
energy g storage |« eNergy Ll gystem
supply conversion ~ vS. .
controlled & agile
Tm (Slow) M (large) Ly (physical) resilient signal/energy
vs. vs. VS. Vvs. transformer
iqc (fast) Cqc (small) m (control) fragile + (kinetic) storage

(over-currents)
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Energy-based modeling & insights

(covered on the board)
Mebkge (GVU{Q ZJ): Cdc \./JL = - G.(,_ Ve + W OM ip
( LP I‘; = Q MV,(t
= Qv
pS) % d
1 ‘ Howilfoudan : BI (3,] = /3 /Cla 3 I/?__ A*
» = bek A e
=5 W o+ JZ_ L{_‘ :(.L
&95&95 t.-wusmn 0552) M

olgéhw"is" /
19 =™ ["‘”‘%) OVH ap I el

A
a = VHr]: vH - vH” z ?,e]

pouser bodin g : =
Vie et .
N~ PWJF@L

fost
power Su H> e‘d
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S woh Touous o ching : o= if ") 4 -7L/,')TL(9),\
YR SR

/ . v qe §l4|>() &0 2
evss @53 BW0Lr Son duss-pnboq \
Is @L«) Yobeus F

()azje/
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Great tutorial on energy-based modeling
— basis for energy-based control design

b

50
& \I—

Cantents lsts available a ScienceDiroct
Annual Reviews in Control
Joumal homepaga: www.slsevier.comflocatefarcontr

Full Length Article

Ar van der Schaft*", Tjerk St

Perspectives in modeling for control of power networks @

k

see also the tutorials/surveys of Ortega, Scherpen, v.d. Schaft, Schiffer, ...
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Summary: similarities & differences

(figure adapted from “Power system dynamics visualization ...” by F. Milano '18)
50/ Hz energy balances (neglecting
ower 1 : 4
P > o small storage elements & losses):
power
demand d 1

T T T
% 3w Mw =w Tm—1,95 + 0

N—_—— N N~ =~
internal energy supply demand conversion

control losses

inertia
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Summary: similarities & differences

(figure adapted from “Power system dynamics visualization ...” by F. Milano '18)

50:Hz

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

demand T T T
% %w Mw =w Tm—1t;v9g + 0

49

Y—— = M =

internal energy supply demand conversion
—_—~ N N AN
: d 1. T T .T
control nertia losses % 5UdcCacVde = tgctde — T vg + 0

Antipodal control characteristics

m large M vs. negligible Cy; energy
storage for disturbance rejection

m slow 7, vs. fast iqc actuation of the
energy supply (though i4; constrained)

m limited vs. full actuation of the energy
conversion via Ly & modulation m
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Summary: similarities & differences

(figure adapted from “Power system dynamics visualization ...” by F. Milano '18)

50/ Hz energy balances (neglecting

ower 1 4
P 5 o small storage elements & losses):

power

demand d

1T T T
7 2w Mw =w Tm—1,v5 + 0

N—_—— N N~ =~
internal energy supply demand conversion

—_—~ N N AN

. T T T
control ertia losses 4 1 046CacVde = ldeVdc — b5 Vg + 0
Antipodal control characteristics m state constraints: tolerance
] |arge M vs. neg||g|b|e Cyc energy to Iarge VS. NO over-currents

storage for disturbance rejection

m slow 7, vs. fast iqc actuation of the
energy supply (though i4; constrained)

m limited vs. full actuation of the energy
conversion via Ly & modulation m
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Summary: similarities & differences

(figure adapted from “Power system dynamics visualization ...” by F. Milano '18)

50/ Hz energy balances (neglecting

ower 1 4
P 5 o small storage elements & losses):

power

demand d

1T T T
% 3w Mw =w Tm—1,95 + 0

N—_—— N N~ =~
internal energy supply demand conversion

—_—~ N N AN

. T T T
control ertia losses 4 1 046CacVde = ldeVdc — b5 Vg + 0
Antipodal control characteristics m state constraints: tolerance
] |arge M vs. neg||g|b|e Cyc energy to Iarge VS. NO over-currents

storage for disturbance rejection
robust vs. agile

resilient vs. fragile
slow vs. fast actuation
physical vs. control system

m slow 7, vs. fast iqc actuation of the
energy supply (though i4; constrained)

m limited vs. full actuation of the energy
conversion via Ly & modulation m

26/52



Preview: pitfalls of naive inertia emulation

(nalve) baseline Solution . Improvement of Transient Response
) in Microgrids Using Virtual Inertia
inverter + storage + control :

Implementing Virtual Inertia in DFIG-Based
Wind Power Generation

fmbes, 1EE, nd

e Pkt Moghadda A e IEEE, a Eva . Sentay S Menter 5

Virtual synchronous generators: A survey and new perspectivey. Dynamic Frequency Control Support: a Virtual

— emu|ate V"'tual |nert|a Hassan Beurani>**, Toshifumi Ise", Yushi Miura® Inertia Provided by Distributed Energy Storage
to Isolated Power Systems

omber, EEE, and Gilles Mlarange

Inertia Emulation Control Strategy for [~ Grid Tied Converter with Virtual Kinet
VSC-HVDC Transmission Systems Storage
s

6 Bight

M van Wesenbeccld SV, ds s, S

. EEE,P. Vol and K. Vs’
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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 Response
in Microgrids Using Virtual Inertia

fmbes, 1EE, nd

Implementing Virtual Inertia in DFIG-Based

Wind Power Generation

ki Moghadd snd bl E 1 Soadany, Senir Member IEE

Virtual synchronous generators: A survey and new perspectives

Hassan Bevrani*, Toshifumi Ise”, Yushi Miura®

Dynamic Frequency Control Support: a Virtual
Inertia Provided by Distributed Energy Storage
to Isolated Power Systems

Inertia Emulation Control Strategy for
VSC-HVDC Transmissi

Grid Tied Converter with Virtual Kinet
Storage

M van Wesenbeccld SV, ds s, S

omber, EEE, and Gilles Mlarange

b, IEEE, . Varss ad K. Vissher
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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 Response
in Microgrids Using Virtual Inertia

Niish s EEE, i

Implementing Virtual Inertia in DFIG-Based
Wind Power Generation

s M IEE, S . Membes
I it b IFEE

snd Ehab 1S

Member IEE
Virtual synchronous generators: A survey and new perspectivey. Dynamic Frequency Control Support: a Virtual
Hassan Bevra Inertia Provided by Distributed Energy Storage
to Isolated Power Systems

Toshifum Ise”, Yushi Miura®

uhic Deile Mener EEE, Bruno Fransos, Svior Mober,IEEE, and Gills M

-
Grid Tied Converter with Virtual Kinetic
Storage

Inertia Emulation Control Strategy for

e
M van Wesenbeccld SV, ds s, S

member IEEE, . Vol and K. Vissehr’

controllable = _| controllable
energy > energy energy AC power
L NN
supply storage [« conversion | ==| System

slow vs. fast

large vs. small

physics vs. control  resilient vs. fragile
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Preview: pitfalls of naive inertia emulation

(naive) baseline solution:
inverter + storage + control
— emulate virtual inertia

..can & has been done but

Improvement of Transient Response
in Mlcmgnd: Using Virtual Inertia

o b 655, S Member EEE, snd

Implementing Virtual Inertia in DFIG-Based

Wind Povs er Generation

il b E-Suadany, Senior Membur, EE

Virtual wnu\muum

erators: A survey and new perspectives|

Dynamlc Frequency (,omro] Support: a Vmual
Inertia Provided by Distributed Energy Storage
to Isolated Power Systems

VSC-HVDC Transmission Systems

Inertia Emulation Control Strategy for

i Dle Momber, EEE, Brono Franis, Sen

Gnd Tied Converter wnh Virtual Kmun

» Mener, IEEE, and Gille

Storage
reca” antipodal Characterisﬁcs e N
controllable = _| controllable
energy T Shery energy || /C POWer
storage |< ! ——1 system
supply conversion 7

slow vs. fast

telecom analogy (E. Mallada)

large vs. small

R

4 4 4

Controler [y 127

Controller

physics vs. control

resilient vs. fragile
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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 Response
in Microgrids Using Virtual Inertia

wdens e, EEE, fmbes, 1EE, nd

e EEE

Implementing Virtual Inertia in DFIG-Based

Wind Power Generation

snd Ehab 1S

Member, £

Virtual synchronous generators: A survey and new perspectives

Hassan Bevrani*, Toshifumi Ise”, Yushi Miura®

Dynamic Frequency Control Support: a Virtual
Inertia Provided by Distributed Energy Storage
to Isolated Power Systems

Inertia Emulation Control Strategy for

uhic Deile Mener EEE, Bruno Fransos, Svior Mober,IEEE, and Gills M

-
Grid Tied Converter with Virtual Kinetic
Storage

e
0PN van Wbl 5.

member IEEE, . Vol and K. Vissehr’

controllable _ _| controllable
energy | energy | energy
storage |« !
supply conversion

AC power

= system

ZZZ|

slow vs. fast

telecom analogy (E. Mallada)

large vs. small

REEENTNE pec
M| s —
“T 0L liﬂ .
Controler | et v vor
Controller

physics vs. control

resilient vs. fragile
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Preview: pitfalls of naive inertia

emulation

(naive) baseline solution:

Improvement of Transient Response

in Microgrids Using Virtual Inertia
Mo IEEE, 04

s Menbe IEEE, S

Implementing Virtual Inertia in DFIG-Based

Wind Power Generation

snd bl E 1 Soadany, Senir Member IEE

inverter + storage + control
— emulate virtual inertia

Virtual synchronous generators: A survey and new perspectives

Dynamic Frequency Control Support: a Virtual
Inertia Provided by Distributed Energy Storage
to Isolated Power Systems

..can & has been done but

VSC-HVDC Transmission Systems

Inertia Emulation Control Strategy for

i e Momber, EEE, Bruno Fr

Gnd Tied Converter with Virtual Kmun

evior Mber, IEEE, nd Gille

Storage
recall antipodal characteristics s U1 oot P S a0 e
controllable _ _| controllable
energy > energy " " energy > AC power
storage |« ! WN/ system
supply conversion 7
slow vs. fast large vs. small physics vs. control  resilient vs. fragile

telecom analogy (E.Mallada) ] | [T —
m works (under business- 499 i

Controller | vab e ver

as-usual operation)

m there are better solutions
(espec. for contingencies)

Controller

27/52



Modeling review:

the network

interconnecting lines via II-models & ODEs
i Rr Lt iy _
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Modeling review: the network

interconnecting lines via II-models & ODEs
i Rr Lt iy _

» conventional assumption: quasi-steady state algebraic model

i1 : % : o : v1
n
==Yk 0 Xi1Ukj  —Ukn
in : 20" : "o : Un
nodal injections Laplacian matrix with 3, ; =1/ complex impedance ~nodal potentials
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Modeling review: the network

interconnecting lines via II-models & ODEs
i Rr Lr i

+-Lc G UJ-C G,
T T

v

» conventional assumption: quasi-steady state algebraic model

1 : o : oG : v1
= | —Yk1 - 22;1 Ykj 0 T Ykn
in 0 0 : Un,
nodal injections Laplacian matrix with 3, ; =1/ complex impedance ~nodal potentials
salient feature: local measurement . _
> - . in = Y ks (ve—vy)
reveals synchronizing coupling N J

local variable global synchronization
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Modeling review: the network

interconnecting lines via II-models & ODEs
i Rr Lt iy _

» conventional assumption: quasi-steady state algebraic model

i1 : % : o : v1
==Yk 0 Xi1Ukj  —Ukn
in : . 0 Un
nodal injections Laplacian matrix with 3, ; =1/ complex impedance ~nodal potentials
> salient feature: Io?a.l measurgment o — Z»ykﬁ (v — v5)
reveals synchronizing coupling N J
local variable global synchronization

» but quasi-steady-state assumption is flawed in low-inertia systems
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Review: control specifications

= nominal synchronous operation:
— constant DC states: w = 04 = 0
— synchronous AC states at wref:
0= Wref, (;itis = [_Bref wéei] Tsy ...
— set-points: ||vg|| = Vrer,
P2ilvg = Py,

Qéi:[gzl}vg = Qret
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Review: control specifications

= nominal synchronous operation:

1 interfaced generation

: % : primary control

! control of converter tertiary control — constant DC states: w = Uge = 0

— synchronous AC states at wref:

3 d - _ 0 Wref .
0 = wWrer, dils = [—Wref (r)e:|

— set-points: ||vg|| = vrer,
: : P & z;rvg = Pref:
15 mt 75 min

4 .
5s  30s A LT
L 0 -1 —
i/enial response secondary control Q =1 [1 0 ]’l)g - Qref

Ts, ...
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Review: control specifications

i control of \converter
1 interfaced generation

; [ % i primary control

tertiary control

15 mt 75 min

secondary control

4 .
/ 5s  30s
inertial response

= nominal synchronous operation:

— constant DC states: w = 04 = 0

— synchronous AC states at wref:

0 wref | 2
—wref 0

. ‘.
0 = wWrer, dils = [

— set-points: ||vg|| = Vrer,
P2 i;rvg = P,

Qﬁiz[?Bl]vg = Qref

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

Ts, ...
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Review: control specifications

i control of \converter
1 interfaced generation

; [ % i primary control

tertiary control

15 mt 75 min

secondary control

4 .
/ 5s  30s
inertial response

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

m perturbed synchronous operation at w # wret & power:
deviations with specified sensitivities 0 P/dw (similar for v)

— decentralized droop/primary control P — Pt o w — wyef

= nominal synchronous operation:
— constant DC states: w = 04 = 0

— synchronous AC states at wref:

0 wref | 2
e 0| Ter e

. ‘.
0 = wWrer, dils = [

— set-points: ||vg|| = Vrer,
P2 i;rvg = P,

Qéiz[ﬁ)}l]vg

Q ref

Pret1 Preta
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Review: control specifications
= nominal synchronous operation:

1 interfaced generation

: % : primary control

! control of converter tertiary control — constant DC states: w = Vge = 0

— synchronous AC states at wyef:

0 Wref] is
P

4 d -
0= Wref, gzls = I:_wref 0

— set-points: [|vg|| = vrefs
P e ’l:;r’Ug 7 R’ef:

4 | : |
5s  30s 15 mt 75 min . y
i/enial response secondary control Q é 'L;r [(1) 01 ] vg — Qref
m transient disturbance rejection & stabilization: w

passively via physics (inertia) & actively via control

m perturbed synchronous operation at w # wret & power:
deviations with specified sensitivities 9 P/dw (similar for v)

; ; P
— decentralized droop/primary control P — Pret &< w — wyet Pt Pt
) similar as in
conventional

power systems
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Review: controllers in action

50.02
[Hz)
50.01 4 Primary Control
50.00 #
}\ f - Setpoint |
49.99 ‘ \L henfed ,.
49.98 I LA v"{ , !
4007 | ¥ I Secondary Control -~
49.96
4

_+-PP - Outage . .
49.95 4’ <I Oscillation/Control I'
4994 14 //l,

20 mH
49.93 4 2 — )( /fk e
49.92 QQ’ NN V
49.91 1 GO‘ T "‘\-/ T
: . \ W
> 5s

49.90 - %,

% \s{ 16:53:45
49.89 %
49.88 N

16:45:00 16:50:00 16:55:00 17:00:00 17:05:00 17:10:00 17:15:00

= Frequency Mettlen, Switzerland

- Frequency Athens

8. Dezember 2004

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: /D 0, w
j c /\
a
m it w(t) = Pgeneration(t) — Piemand (t) - D w %( ) §
4 () O
= 3
[) Q
change of kinetic energy = instantaneous power balance 2 Y;
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Insight: loss of inertia & frequency stability

We loose our giant electromechanical low-pass filter: 0, w
i ~
a
M T w(t) = Pgeneration(t) — Pyemand (t)

generation
/\E
S~—~
puewsp

change of kinetic energy = instantaneous power balance

9 1 1 1 1 1 1
9

15 20 25 30 35
Time ¢ [3]
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Berlin post-fault curves: before and after

50,0
Hz

498

49,6 -

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

32/52



This may be true up to first order ... but

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

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

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

® no more separation of (P,w) and (Q, ||v||) in dynamics & control
= many new phenomena: line dynamics matter, subsychronous oscillations, ...

m on the positive side: actuation is much faster!
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This may be true up to first order ... but

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

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

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

® no more separation of (P,w) and (Q, ||v||) in dynamics & control
= many new phenomena: line dynamics matter, subsychronous oscillations, ...

m on the positive side: actuation is much faster!

— 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

7

inertial

A
v

nominal frequency

secondary control

primary control
inter-area
frequency nadir oscillations

response

\ ROCOF (max rate of change of frequency)
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Outline

m Elements of Power Electronics Control



decentralized control
of power converters



Cartoon of power converter control

1. acquiring & processing

cascaded feiorencs of AC measurements
synthesis

voltage/current

tracking control o divelp @7

virtual inertia) J 2. synthesis of references

V1) (voltage/current/power)
measurement
processing

(e.g., via PLL)

p
DC voltage converter
control modulation

(.

“how would a synchronous
generator respond now ?”

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

-

3. cascaded PI controllers to

Y EI} EI} track references

9 9 9 ’_/vv\(.L_. assumption: no state
- N, constraints encountered
I LA
1 '”:1} '{H} 4. actuation viamodulation

DC/AC power inverter
J

actuation of DC source/boost
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Cartoon of power converter control

1. acquiring & processing

cascaded feiorencs of AC measurements
synthesis

voltage/current

tracking control o divelp @7

virtual inertia) J 2. synthesis of references

V1) (voltage/current/power)
measurement
processing

(e.g., via PLL)

p
DC voltage converter
control modulation

(.

“how would a synchronous
generator respond now ?”

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

-

3. cascaded PI controllers to

Y EI} EI} track references

9 9 9 ’_zvvx(.L_. assumption: no state
- N, constraints encountered
I LA
1 '”:1} '{H} 4. actuation viamodulation

DC/AC power inverter
J

actuation of DC source/boost

5. energy balancing via
DC-side supply
(P-control on DC voltage)
assumption: unlimited
power & instantaneous
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Hierarchical power electronics archltecturg w

(covered on the board)

Conptrhr - ac —equbosgiop | LT = ERTR* Job) @ k-
(i uh*ah'b &nw Gt ﬁre!wm:) w) Cv =-(CTe+ C_wJ)-V +1- iar;.(

/E: 1114}“7 ’

(ouhae v\o'\ec{ivx: VsLM,Qo{ %mcL C rﬂu-ﬂ/uc,g de {e.(c]_ MLQLDH’( C.'l.c

G QJV\ c- Mo.btl " th/

o

’ ?mb@:m: V 5 uot o‘dtuafco(} we  Cm ouhed MJ Vin,

o throry s Ry I by wh il dymedes o
Vey = G (5) V“d

issue i Vruc{"a : rawmlhc

U'ACETfGl"\'I'D > oo O- bpsed fuutSipn ijoru«; Ip”rCU
o coscaded TT bl &  wor tobust |
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MY
JL

® VDQ*D! e QQ)O to c.?cq&k_
ou o€ curpent T‘d)M“CL
o tht v % \/.ed

Ll = (-®T + Swl/)i + Y~V
Cv = (6Tt Co]) v + i~ igsd

¢
il‘% = [an-d + (C I, + CwJ)V - kr(v— vxd) - LI SV~V,76/1‘
- ()

feed foraard [ wugfﬂt}io«/») stabeerahon "J"e“ fon
current Gop o {dt T i A M
® _ wS L| (__' ) _ Ll‘(._. 6’7"
Vyy = Vv (1212+ ng)( -y b c,(d ) ‘Jg
feedforoarol

(] \A_EE}'. i fmu‘w‘u lﬁﬁ--\ e (geu“')fwwd is wof l‘l-\rav\f.qklj
venlore o rowhly  fokor A five ~swak se ramﬁbq
\9&)[ wen 'U«c emorS / befles : bac L‘S"Fl’:“ﬂ
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wakr poLer LoGauca :

° mob’M(Jaﬂ'aq i ewu‘Jj Vw«'\‘“q (jus(‘ cov.vfrsr‘m/
o ‘)mtzr bofonncg s comfolled b f,,(,_ Y

'(wlu'caFw( b(j e d L ‘/dr_? Cch = - 9 me v,

ot 2 G

de opply )

* DC- L (ouhol: ¢
(o!c = Mgmd + I‘ (‘/olc - Vdﬂ:"‘d)

f 1
feedhorvonrd l"'a h- Jﬁfq P conhel

('(MPQIC'J' 0\55‘4*«“)in 2 d Sour Can p{,ﬁiuu)
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Example: Inner/Outer Control Loops

figure provided by Irina Suboti¢

idc 7;sw

Bl

\MH
[

1
&
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Example: Inner/Outer Control Loops

figure provided by Irina Suboti¢

ref|
< voltage PI ¢k—()é— reference

idc 7:sw

>4 Wi@%

Vg

- Ir
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Example: Inner/Outer Control Loops

figure provided by Irina Suboti¢

current PI

idc 7:sw <

ref]
voltage PI g—()¢— reference
A

>4 Wi@%

Vg

T :
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Example: Inner/Outer Control Loops

figure provided by Irina Suboti¢

Vde,ref Tref
current PI — voltage PI (Tg?(— reference
- ’l\
+ + +
Us - Vg

El
IH
[
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Crash course: synchronous reference
frame (SRF) Phase-locked loop (PLL)

(covered on the board) P reg (25 - SOHy)

Vil —060'\-! +—} >of——1 B

ot
Vo ——lo/pla—~ { \/p( v- Cos (9 + wi)
\"
v. > | /ub|

= V- sin( D¢ wé)

v =?(é ' IVK]: [—gu(é\—el]: o
[V"I] #w) ‘% ! ws(0-98) ] ¢ VI"]

© '.Jmcej b-0
~> St 96 L ol
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Example: PLL - Based Control Architecture

figure provided by Uro§ Markovi¢

System-level control

Power
Calculation
Unit,

Pe e

] el
1 Power
.| Controller | !
t : I
| 0. |
Pl Active | Virtual
L Power L Impedance Voltage
L Controller |1 Block Controller

N
DC-Side Controller

Device-level control |

e |
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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

Pref w,réf,
™ o Q
] 8
Qref’ S ’vrefy a
measurement (w, [Ivll) (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
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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

Pref w,réf,
™ o Q
] 8
Qref’ S ’vrefy a
measurement (w, [Ivll) (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

m put 20 experts in a room ... — no universal definition & many hybrid concepts
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Remark: definitions are debated

m put 20 experts in a room ... — no universal definition & many hybrid concepts
®m many services can be provided both in grid-forming/-following mode

m 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 S—

—— following
— forming

H-Control of Grid-Connected| ",

Objectives and Decentralized Stability Certificates

Linbin Huang, Huanhai Xin, and Florian Dérfler

Debry Marie-Sophie, Denis Guillaume, P|

Réseau de Transport d’Electricité (Research and De
La Défense

marie-sophie.debry / guillaume.denis / thibault.prd

Magnitude (dB)

g

Phase (deg)
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Limitations of grid-following control

P‘

I\

stiff AC voltage

o




Limitations of grid-following control

stiff AC voltage

o
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Limitations of grid-following control

L. k—2 stiff AC voltage
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Limitations of grid-following control

P

I\

stiff AC voltage

> /\/

Q
v

m s good for transferring power to a strong grid (main underlying assumption)
m is not good for providing a voltage reference, stabilization, or black start

m prevalent today, but tomorrow’s grid needs (many) grid-forming sources
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A stiff grid with grid-following sources ...

figures by Outi Supponen




If everyone follows...

figures by Outi Supponen

WHERE ARE WE7

T DoN'T KNOW.
I WAS FOLLOWING
yov.

WHAT?! gUuT I waAS
FOLLOWING You'!
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Fact: need XXX % grid-forming converters

figure taken from: “Grid-Following Inverters and Synchronous Condensers”

Grid Forming Grid Following Power

100% Grid Forming 75% Grid Forming 25% Grid Forming 0% Grid Forming
0% Grid Following 25% Grid Following 75% Grid Following 100% Grid Following
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Naive baseline: virtual inertia emulation

Pure-play battery or hybrid grid energy

Hybrid storage system looks to Ireland's
services market

storage?
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IRELAND: The pilot of a 576kW grid storage system using flywheels and batteries
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Implementing Virtual Inertia in DFIG-Based
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Inertia Provided by Distributed Energy Storage

Inertia Emulation Control Strategy for [ Grid Tied Converter with Virtual Kinetic
VSC-HVDC Transmission Systems Storage

Jicbei Zhu, Campbell D. Booth, Grain P. Adam, Andrew J. Roscoe, and Chris G. Bright

to Isolated Power Systems
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Hybrid storage system looks to Ireland's
services market

2016 by Swa Vruggon. Go e st o comment

<shae finw 3=

IRELAND: The pilot of a 576kW grid storage system using flywheels and batteries
Can Synthetic Inertia from Wind Power
Stabilize Grids?

s gonooon

PostedTNov 20181 2100 GMT

L il

y is
technology's deployment in Ireland's ancill

Improvement of Transient Response . 5 i
mproY . X . pon Implementing Virtual Inertia in DFIG-Based
in Microgrids Using Virtual Inertia - .
Nimish Soni, Student Member; IEEE, Suryanarayana Doolla, Member; IEEE, and Wind Power Generation
Nk C. Chandora, Membes JEEE : ez akhari Moghadd ent Member, IEGE, and Ehab . E-Suadany. Snior Member IEE
| Virtual synchronous generators: A survey and new perspectives Dynamic Frequency Control Support: a Virtual
Hassan Bevrani** T“’“‘f“m‘,‘“ - Yushi M“‘”: Inertia Provided by Distributed Energy Storage
*Dept. o Flectical. Eectronic and information Eng. Dsak ers sity, Oska, Jope to Isolated Power SyStCmS
h authier Delille, Member, IEEE. Bruno Frangois, Senior Member, IEEE. and Gilles Malarange

Inertia Emulation Control Strategy for [ Grid Tied Converter with Virtual Kinetic
VSC-HVDC Transmission Systems Storage

Jiebei Zhu, Campbell 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): M2 w(t) + D (w(t) — wo) = Pyeneration(t) — Paemand(t)
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» PD control on w(t): M2 w(t) + D (w(t) — wo) = Pyeneration(t) — Paemand(t)

» there are smarter implementations at the cost of algorithmic complexity
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Recall: hierarchical converter control

1. acquiring & processing

cascaded feiorencs of AC measurements
synthesis

voltage/current

tracking control o divelp @7

virtual inertia) J 2. synthesis of references

V1) (voltage/current/power)
measurement
processing

(e.g., via PLL)

p
DC voltage converter
control modulation

(.

“how would a synchronous
generator respond now ?”

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

-

3. cascaded PI controllers to

Y EI} EI} track references

9 9 9 ’_zvvx(.L_. assumption: no state
- N, constraints encountered
I LA
1 '”:1} '{H} 4. actuation viamodulation

DC/AC power inverter
J

actuation of DC source/boost

5. energy balancing via
DC-side supply
(P-control on DC voltage)
assumption: unlimited
power & instantaneous
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Example: virtual machine — conceptual

Té8e, 4 |

M (= ;
i o Lg AAA LUs
Tm(a:‘:o —/ YW\, [*
E I, Vo Vo N
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Example: virtual machine — details

&
I
-
ZE

Measurement

Processing 3 L !
,

I(‘V
Virtual s Current | | dg /| M Zrm
> > PWM > ST
Impedance Control afp
f i [ _
11 Coe
V,
DC

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