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Overview of grid-forming control strategies

w m
Ude if L
wo Cac
Wsync|
’ M ir I, iy
)
p(t) —p
droop control synchronous machine emulation

virtual oscillator control matching control & duality

2/48



Outline

= Virtual Synchronous Machine Emulation



Naive baseline: virtual inertia emulation

Pure-play battery or hybrid grid energy
T storage?

Hybrid storage system looks to Ireland's Oct11,2016 1254PM BST 0
services market

2 November 2016 by Sara Vertrgoen B he fst o comment

<share fin ¥ & =

IRELAND: The pilot of a 576kW grid storage system using flywheels and batteries

y i s - .
technology’ i Can Sy tic Inertia from Wind Power
; : Stabilize Grids?

PR 00T oomgoar]
Improvement of Transient Response

L . . : . Impl ting Virtual Inertia in DFIG-B:
in Microgrids Using Virtual Inertia mplementmg Virtual Inertia in G-Based

Nimish Soni, Student Member, [EEE, Suryanarayana Doolla, Member, IEEE, and Wind Power Generation
Mukul C. Chandorkar, Member, IEEE. mmadreza Fakhari Moghadd:

| virtual synchronous generators: A survey and new perspectives|

and Ehab F. El-Saadany, Senior Member, IEE]

Dynamic Frequency Control Support: a Virtual

Hassan Bevrani ***, Toshifumi Ise", Yushi Miura®

Hasa B A Inertia Provided by Distributed Energy Storage
e o el ecrnc and irmaton g, Ok ity o to Isolated Power Systems

uthier Dellle, Menmber IERE, Bruno Fransos,Senior Momber, IEEE, and Gilles Malaange
Grid Tied Converter with Virtual Kinetic
Storage

Inertia Emulation Control Strategy for
VSC-HVDC Transmission Systems

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',

3/48



Naive baseline: virtual inertia emulation

Pure-play battery or hybrid grid energy
storage?

A m
Hybrid storage system looks to Ireland's Oct 11,2016 1254 PMBST  #¢0 <share Fin W &=
services market

2 November 2016 by Sara Vertrgoen B he fst o comment

IRELAND: The pilot of a 576kW grid storage system using flywheels and batteries

P 0 - o
technology's deployment in Ireland's snci| Can Synthetic Inertia from Wind Power
: Stabilize Grids?

o S oomgoar]

i

Improvement of Transient Response
in Microgrids Using Virtual Inertia

Nimish Soni, Student Member, [EEE, Suryanarayana Doolla, Member, IEEE, and
Mukul C. Chandorkar, Member, IEEE.

Implementing Virtual Inertia in DFIG-Based
Wind Power Generation

mmadreza Fakhari Moghadd: and Ehab F. El-Saadany, Senior Member, IEE]

| Virtual synchronous generators: A survey and new perspectives| Dynamlc Frequency Control Support a Virtual
Hassan Bevrani***, Toshifumi lse”, Yushi Miura® Inertia Provided by Distributed Energy Storage
to Isolated Power Systems

authier Delille, Member, IEEE, Bruno Francois, 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',

e o ot e ot . sty of o 1 1 S
D of i B nd omaon . ks e,

» PD control on W(t) 5 M% w(t) + D W(t) - w()) = Pgeneration(t) - Pdemand(t)

3/48



Naive baseline: virtual inertia emulation

Pure-play battery or hybrid grid energy
storage?

A m
Hybrid storage system looks to Ireland's Oct 11,2016 1254 PMBST  #¢0 <share Fin W &=
services market

y Swa Verrugoon. B e frt o comment
IRELAND: The pilot of a 576kW grid storage system using flywheels and batteries

oy Db Erersiels o Can Synthetic Inertia from Wind Power
Stabilize Grids?

technology's deployment in Ireland's ancil|

gonaoon

By Pute ey
Posted7Nov 20161 2100 GHT

i

Improvement of Transient Response
in Microgrids Using Virtual Inertia

Nimish Soni, Student Member, [EEE, Suryanarayana Doolla, Member, IEEE, and
Mukul C. Chandorkar, Member, IEEE.

| virtual synchronous generators: A survey and new perspectives Dynamic Frequency Control Support: a Virtual
Hassan Bevrani . Toshifum Is”, Vshi Miura® Inertia Provided by Distributed Energy Storage
oy to Isolated Power Systems
authier Dellle, Mermber IEEE, Bruno Frangos,Senior Memer, IEEE, and Gilles Malarange
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

Implementing Virtual Inertia in DFIG-Based
Wind Power Generation

mmadreza Fakhari Moghadd: and Ehab F. El-Saadany, Senior Member, IEE]

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) = Peneration(t) — Poemand(t)

» there are smarter implementations at the cost of algorithmic complexity
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Details & initial conditions for further reading
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Droop as simplest reference model
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— reference are generator controls

logic for sync )

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

droop

— two SISO loops to control a
nonlinear MIMO system

o b loc DER

LCL Plant

— ignores DC source dynamics

— requires tricks in implementation
similar to virtual synchronous machine
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Derivation of ideal droop angle dynamics
(covered on the board)
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Droop control is de facto baseline solution

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

= simplified droop models are amenable to theoretic analysis & certificates
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Droop control is de facto baseline solution

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

= simplified droop models are amenable to theoretic analysis & certificates

(simplified) frequency droop = coupled oscillators
d .
ﬁel = Ti — Zj Q45 s1n(6’i — 9])
g ~~

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

=- part of many grid codes & ancillary service markets

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

@ unclear if droop control is the long-term solution (?) for low-inertia systems
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Details & initial condition for further reading
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Power sources & signal transformers

control control control control
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Power sources & signal transformers cont'd
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control control
Power Network Power
source source
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» governs system-level behavior » acts as signal transformer
» response time, power, . .. » negligible controlled dynamics
Key insights

m DC side & power source cannot be neglected
m focus on main energy storage elements & energy source
m synchronous machine maps power imbalance to turbine & governor
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Power sources & signal transformers cont'd

control map imbalance mapdimbalance control
Power Network Power
source source
power source DC/AC converter
» governs system-level behavior » acts as signal transformer
» response time, power, . .. » negligible controlled dynamics
Key insights

m DC side & power source cannot be neglected

m focus on main energy storage elements & energy source

m synchronous machine maps power imbalance to turbine & governor
m converter maps imbalance power to ...?
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Seeking more natural control strategies

do

= =w
dt

dw

M— = —Dw + Tm + Lmir

dt
dis

Ls—2 = —Rsis + vg — Lmir

dt

dugy . 2
Cdc dtc = —GycVdc + e + m’ 1f
di
Lf ;tf = —Rf’if +vg — Mg
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Seeking more natural control strategies

M L is
w
%) 3=

df

o —

dt

dw .
M— = =Dw + 7o + Lmir [sinf]

di . . =g

1. modulation in polar coordinates:

M = Mampl [*Si“é} & 0 = Mireq

cos

do
——=m P .
dt Tfreq V“/L c

duyg, 3 P 2
Cc dtc = —GgeVdc + td + Mampl | ciinzié} Tzf
di 3 — sin
LfTZc = _Rf"/f +vg — mamp'[ LT;)S‘LS(S}UdC
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Seeking more natural control strategies

M L i
w
) 3

dé

= =

dt

dw s T,
ME = —Dw + T + Lmir [ ngne‘g] 1s

de . T _si

1. modulation in polar coordinates:

_ —sind N

m = Mampl [ cos } & 0= Mireq
Wref
Vdc,ref

2. matching: myeq = nvge With n =

do
—=n-v
dt 7 Vdc
d’Ud . — & .
Cao—g,* =—GaoVao + e + Mampl [ 015’ ] i
di . — si
Lfd—tf = —Rf’l,f + Vg — Mampl [ L_(‘);‘(j}vdc
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Seeking more natural control strategies

= —w
dt
dw s T,

ME = —Dw + 7, + Lmir [ c;nee] 1s
ds . o P

Lo gy = ~Rets + vy = Lmiv [0 ]

1. modulation in polar coordinates:
M = Mampl [*Si”ﬂ & 6= Mireq

cos

2. matching: myeq = nvge With = e

Vdc,ref

— duality: Cy4; ~ M is equivalent inertia

)
—=n-v
dt 7 Vdc
d’Ud . — & .
Cao—g,* =—GaoVao + e + Mampl [ 015’ ] i
di g — sin
Lf djf = —Rf’Lf + Vg — Mampl [ C(‘)S 55}Udc

structural similarities :
m states: 0 = 9§, w = Nuge, ts = if
® control: Uampl = Lmir, tde/N = Tm

— equivalent inertia: M = Cy /7% &
energy imbalance signal w = vq.
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Properties of matching control
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Properties of matching control

m simple & robust implementation: vy — LI
S

Mampl [ 535" |
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m exploits structural similarities & DC/AC energy imbalance
— clarifies impact of DC side dynamics & limitations
— saturating DC current — saturating AC current
(no need for virtual impedance etc.)

m can also be derived from principled nonlinear control
— virtual angle + matching = internal model + passive interconnection (IDA-PBC)
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m exploits structural similarities & DC/AC energy imbalance
— clarifies impact of DC side dynamics & limitations
— saturating DC current — saturating AC current
(no need for virtual impedance etc.)

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

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

m closed-loop certificates : incremental stability & passivity ~ energy decreasing

m closed loop is only structurally equivalent to synchronous machine
— time constants are different & control gains need to be tuned differently

m robust but slow ac performance <+ ac side controlled via dc signals
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Rapid prototyping experimental validation

| Kpi(s)
de-supply

SMomatching loop

SE 4
el

| energy shaping (set-points) |

¥(a) LD) 10ms/div
VRPN,
Py Py 200W/div
4\
\.
24/div
S(b)
vyl 50V/div

i

energy shaping (set-points)

10ms/div
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Details & initial conditions for further reading

4308

IEEE TRA:

ACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 4, APRI

The Electronic Realization of Synchronous
Machines: Model Matching, Angle Tracking, and
Energy Shaping Techniques

Catalin Arghir® and Florian Dérfler

Abstract—In this article, we investigate grid-forming and grid-
following control strategies sta from a nonlinear state-space
modeling viewpoint. An electronic synchronous machine is an
inverter whose integral of the dc-bus measurement generates the
angle of the instantaneous modulation vector. We show how this
minimal augmentation constitutes an_exact physical realization

running in the feedback path, which setle at the appropriate
steady state. However, the large number of states of the inner
loops makes the analysis of multiple converters difficult (4],
motivating the study of more direct control approaches, [5], (6]

With the growing complexity of the power system at large

Grid-forming control for power converters based on matching of )
synchronous machines™ =0
Catalin Arghir *, Taouba Jouini, Florian Dorfler

Automatic . Swizerand

ARTICLE INFO ABSTRACT

Article history: We cnmldtr the problem of grid-forming control of power converters in low-inertia power systems.
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machine (SM) model and propose a novel converter control strategy which dwells upon the main

Available online 4]une 2018

a r r
characteristic of a SM: the presence of an internal rotating magnetic field. In particular, we augment the
y

the converter in closed-loop and the SM dynamics. We then provide a suficient conditon asserting
existence, uniqueness, and global

frame attached to the virtual oscillator angle. By actuating the DC-side mpm of the converter we
are able to enforce this condition and provide additional inertia and damping, In this framework. we
illustrate strict incremental passivity, droop, and power-sharing properties which are compatible with

droop techniques to design additional control loops that regulate the DC-side voltage, as well as AC-side
with ]
©2018 Elsevier Ltd. Al rights reserved.
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Also applies in a dual-port setup

apply matching control everywhere, i.e., to all dc/ac converters (at HVDCs,
wind turbines, ...) ala 6 = ¢;-(pge — pl) + c2- (pac — pis) (OF variations)

to map imbalances across & assure dc & ac grid-forming functionalities
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Also applies in a dual-port setup

apply matching control everywhere, i.e., to all dc/ac converters (at HVDCs,
wind turbines, ...) ala 0 = c1-(pge — pic) + c2-(pac — pae) (Or variations)

to map imbalances across & assure dc & ac grid-forming functionalities

— to get literature search started:

Dual-port grid-forming control of MMCs and its Hybrid Angle Control and Almost Global Stability
applications to grids of grids of Non-synchronous Hybrid AC/DC Power Grids
Doninc b, Meber EEE, nic S Sinche Member IEGE,Edvrdo iAo, Senio Al Tayyebi and Florian Dorfler

mber, IEEE, and Oriol Gomis-Bellmunt, Fellon
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Outline

= Virtual Oscillator Control (VOC)



CartOOn sum mary Of VOC (figures by Outi Supponen)

Conceptually, inverters are oscillators that have to synchronize
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CartOOn sum mary Of VOC (figures by Outi Supponen)

Hypothetically, they could sync by communication (not feasible)
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CartOOn sum mary Of VOC (figures by Outi Supponen)

Colorful idea: inverters sync through physics & clever local control
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Cartoon summary of VOC

(figures by Outi Supponen)

Colorful idea: inverters sync through physics & clever local control

energywise

I N IEEE
i SPEcTRUM

.

{1
3

T Jomuns

e the

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

nonlinear & open limit cycle B
oscillator as reference model

L
Co=-¢
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v CVS'/I/
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Original Virtual Oscillator Control (VOC)

—_
Lo g(v)
nonlinear & open limit cycle 4 v >
oscillator as reference model

= simplified model amenable to theoretic analysis

2
— almost global synchronization & local droop "~
= ;
= /
m in practice proven to be robust mechanism £ 0
with performance superior to droop & others S
-2
— problem: cannot be controlled(?) to meet
specifications on amplitude & power injections
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0
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Original Virtual Oscillator Control (VOC)

"o g (v)

nonlinear & open limit cycle —

pr— v v
oscillator as reference model @

= simplified model amenable to theoretic analysis

— almost global synchronization & local droop

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

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

— dispatchable virtual oscillator control

Current,

[\]

o

0
Voltage, v
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Synchronization analysis
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improvement of original ad hoc
virtual oscillator control (VOC)



MOdel & COntrO| ObJeCt|VeS (assumptions easy to generalize)

Lo,k

simplified multi-converter system model

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

(controllable)
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simplified multi-converter system model

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

» line dynamics = steady-state II-model with

(controllable) line admittance ||Yjx|| = 1/ sz + w(?ﬁij
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» homogeneous lines with xk = —T’_’; constant
i

desired steady-state behavior
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» voltage amplitude (uniform for simplicity)
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MOdel & COntrO| ObJeCt|VeS (assumptions easy to generalize)

Lo,k

(measurable)

(controllable)

desired steady-state behavior

» nominal synchronous frequency
% v = [S o] vk
» voltage amplitude (uniform for simplicity)
lowl] = v*
» active & reactive power injection
0—1

T * ol g £
Uk Yo,k =Pk > Vg [1 0 ]"wk = dk

cos( ) —sin(

& relative angles: v;, = [Sin( i ))] vg

simplified multi-converter system model

» converter = terminal voltage v, € R?

» line dynamics = steady-state II-model with
line admittance ||Yjx|| = 1/4/7%; + witi,

. . £
» homogeneous lines with xk = —T’_’; constant
i
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Colorful idea: closed-loop target dynamics
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Colorful idea: closed-loop target dynamics

O — x2
4y { w} ve + ex- (ol = Joxll?) v

w 0

rotation at w amplitude regulation to
n
cos( ) —sin( )
+ C2'§ :wjk Ty = sin(07,) cos(07,) Uk
Jj=1

synchronization to desired relative angles
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Decentralized implementation of dynamics

> wik(v; = R(0])or)

need to know wx, v, vy and
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Decentralized implementation of dynamics

ijjk(“j—R( Jok) = ijjk(”j —vK) + ijjk(f—R( ))Vk

need to know wx, v, vy and “Laplacian” feedback local feedback: Ky (¢ ) vy

insight I: non-local measurements from communication via physics

To,k = Z yir(v; — vk
~—~

local feedback distributed feedback with w1, = yp; = ||yl R(k)™!

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

oL 22 5k (1—cos( ))—W(lf]k sin(67,.)
T twgls,

* ) Z woljk (1—cos( )+ sin( )

2 202
Tjk+w0ejk
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Decentralized implementation of dynamics

ijjk(“j—R( Jok) = ijjk(”j —vK) + ijjk(f—R( ))Vk

need to know wx, v, vy and “Laplacian” feedback local feedback: Ky (¢ ) vy

insight I: non-local measurements from communication via physics

i(z,/«‘ = E y]k )j — Vk ,< = {_ e
~—~
local feedback distributed feedback with w1, = yp; = ||yl R(k)™1!

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

oL 22 rik(1—cos(07, ) —wol; sin(07,)

2 2,2
rjk+w0 ij 1 . .
dx Pk
gh= —u"? woljr(L—cos(6 N +rsin(e’) [ = Ki(07) = —R(k)| 7, %
= > T v —Pr Gk
TijFWo ik N——
global parameters local parameters
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Properties of virtual oscillator control

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

d
avk = 2 l')w} Vg +C1 - ([‘(2 - ||7*'k‘||2) V. + C2 - R(K/) (,1’ [:152 Z%] UV — io,l\">

N e’
rotation at wq local amplitude regulation synchronization through physics
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0 —w %2 2 S 5
— v = o +er - (077 = ||ug Vi co-R(R)[ = Vk — To.k
Zo= [0 ¢ lveter (0 — ol ve + e2 ()(,[m; b= oy
N——
rotation at wq local amplitude regulation

synchronization through physics

2. connection to droop control revealed in polar coordinates (for inductive grid)
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— Ul — N |V t+c1 (v T — ||k Vk co-R(KR)| == Vk — %o,k
Zo= [0 ¢ lveter (0 — ol ve + e2 ()(,[m; b= oy
N——
rotation at wq local amplitude regulation

synchronization through physics

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

d Dk Pk
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dt o+e (/“2 |

|2) ol wo + ¢z (pi. —pr)  (p—w droop)
v ||~
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Properties of virtual oscillator control

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

Pk 9k

d o 5 = .
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N e’
rotation at wq local amplitude regulation

synchronization through physics

2. connection to droop control revealed in polar coordinates (for inductive grid)
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dt vta (w? Tl ) oien o T2k —pi)  (p—wdroop)
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Properties of virtual oscillator control

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

—Pp 49

d o 5 2w .
Pl [0 @ loe+er- (02 = lukl*) ve + c2- R (k) (1 [ I, ”:’] VL — Z(),/c>
———

rotation at wq local amplitude regulation synchronization through physics

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

— = wotc | = — ~ wo + c2 (pr, — pr — w droo
dt ! (/**2 |k || llog |21 (P =pi) (P P)

d - X
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Properties of virtual oscillator control

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

Pk 9k

d o 5 = .
avk = 2 l')w}q"‘k' +Cl : ([‘ 2 - ||7*'k‘||2) Vk I C2 - R(K/) (,1’ |: Qk* I’;] Vi — l(),/«‘)
N——

rotation at wq local amplitude regulation synchronization through physics

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

d 2 Dk x
W — ~ + . — Dk — w droo
dt nra (/“2 [0sl2) forlima 0T Gt =) =Ry

d - .
@HWH ~ e (gh—qr)+ (v —

llvgll=1

lvell) (¢ — [lv|| droop)

3. almost global asymptotic stability if

m power transfer “small” compared to network connectivity
= amplitude control “slower” than synchronization control
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Details on stability condition

If| ... |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 wy.
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Details on stability condition

If| ... |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 wy.

. g . (e 1 C1
e.g., for resistive grid: 3 A2 > max»  — |pil + =
~— k Jj=1 ~—— C2

algebraic connectivity power transfer

= power transfer p,;, “small” compared to network connectivity )\,

= amplitude control “slower” than synchronization control: ¢; /c; < 1
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Proof sketch: Lyapunov & center manifold
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Proof sketch: Lyapunov & center manifold

Lyapunov function: V(v) = Ldist(v, S)? + <& 3, (0*% — |Jox||?)?
(decreasing under parametric condition)

7 U0 is globally attractive

Z0} O-stable manifold

tli)rgo dist(v(t), TUO) =0

sync subspace &

T is stable
diSt(U(t), T) < Ko diSt(U(), T)

T is almost globally attractive
0 exponentially unstable
—> Z,0, has measure zero

Yvo ¢ 3{0} : lim diSt(’U(t), 7—) =0
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Proof sketch: Lyapunov & center manifold

Lyapunov function: V(v) = Ldist(v, S)? + <& 3, (0*% — |Jox||?)?
(decreasing under parametric condition)

7 U0 is globally attractive

Z0} O-stable manifold

tli)rgo dist(v(t), TUO) =0

sync subspace &

amplitude set A T is stable

diSt(U(t), T) < Ko diSt(U(), T)

T is almost globally attractive
0 exponentially unstable

—> Z,0, has measure zero
Yoo & Zioy : tli)rgo dist(v(t), 7) =0

stability & almost global attractivity — almost global asymptotic stability
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t = 0s: black start of three inverters
® initial state: ||v;(0)|| ~ 1073

= convergence to set-point
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Case study: IEEE 9 Bus system

L=y

t = 0s: black start of three inverters t = 5s: load step-up
® initial state: ||v;(0)|| ~ 1073 m 20% load increase at bus 5
m convergence to set-point m consistent power sharing

t = 10s: loss of inverter 1
m the remaining inverters synchronize

= they supply the load sharing power
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Simulation of IEEE 9 Bus system
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Experimental setup @ NREL

radial line
impedance
emulator

secondary

custom  impedance 3
inverters emulator
‘4

grid
simulator

resistive

load bank

()-8 o
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Experlmental results
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black start of inverter #1 under 500 W load
(making use of almost global stability)
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Details & initial condition for further reading

Control of Grid-Form

and Florian Dorfler

Abstract—In this paper, we explore a new approach to
synchronization of coupled oscillators. In contrast to the
celebrated Kuramoto model, we do not work in polar co-
ordinates and do not consider oscillations of fixed magni-
tude. We propose a synchronizing feedback based on rela-

induces
consensus-like dynamics. We show that, under a mild sta-
bility condition, the combination of the synchronizing feed-
back with a decentralized magnitude control law renders
the oscilators” aimost globally symptotically stable with
respect to set points e phase shift, frequency; and
Maanitude. We S00iY these FSURl 1o RGGroueN Sowe

Global Phase and Magnitude Synchronization of
Coupled Oscillators With Application to the

ing Power Inverters

Marcello Colombino , Dominic GroB ©, Member, IEEE, Jean-Sébastien Brouillon ©,

, Member, IEEE

distribution grid may operate without conventional bulk gener-

ation by synchronous machines n ciber cae,the power grid

loss o * rotational

inertia and the loss of sel-synchronization dynamics nherent
10 synchronous machin

‘The prevalent sppmuhcs to controlling inverters in the fu-

tare grid ar based on mimicking the physical characieisics

I 11-3]. O
this approach is appealing because it esults in a well-studicd
closed-loop behavior compatible with the legacy power system.

and Florian Dorfler

Abstract—In this paper, we analyze the effect of trans-
mission line dynamics on grid-forming control for inverter-
based ac power systems. In particular, we investigate a
dispatchable virtual oscillator control (dVOC) strategy that
was recently proposed in the literature. When the dynam-
ics of the transmission lines are neglected, that is, if an
algebraic model of the transmission network is used, dVOC
almost global asymptotic stability of a network of
ac power inverters with respect to a prespecified solution
of q . While thi is
typically justified for conventional power systems, the elec-
tromaanetic transients of the transmission lines can com-

The Effect of Transmission-Line Dynamics on
Grid-Forming Dispatchable Virtual
Oscillator Control

Dominic GroB ©, Member, IEEE, Marcello Colombino ©, Jean-Sébastien Brouillon ©,

, Member, IEEE

inverter is not limited to power tracking, but acts as a con-
trolled voltage source that can change its power output (thanks
10 storage or curtailment), and is controlled to contribute to the
stability of the grid. Most of the common approaches of grid-
forming control focus on droop control (1], [2]. Other popular
approaches are based on mimicking the physical characteristics
and controls of synchronous machines (3], [4] or controlling
inverters to behave like virtual Liénard-type oscillators [S}-{7].
While strategies based on machine-emulation are compatible
with the legacy power system, they use a system (the inverter)
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the following issues apply to all
grid-forming control strategies, but
we discuss them here only for VOC



Dropping assumptions: dynamic lines
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m very inductive lines delay
the information transfer

m the controller must be slow
in very inductive networks
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Dropping assumptions: dynamic lines

observations

m inverter control interferes
5([)-0]2 | | with the line dynamics
flHz

49.99
0

control gains ~ 1.8 -107*

| | m controller needs to be
2 4 5] artificially slowed down

= well recognized problem

150 | | t ked trol
= — networked control reason
f [HZ} I 'A“‘L |
0 ‘ = communication through

0 2 4 s currents to infer voltages
. " m very inductive lines delay
re-do the math leading to new condition: the information transfer

amplitude control slower than sync

. o |
control slower than line dynamics i EORITEIRE MEE &2 cilony

in very inductive networks
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Proof extension: perturbation-inspired Lyapunov

L= f.(v,0)

%I = fi(l'y7j)
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Proof extension: perturbation-inspired Lyapunov

Individual Lyapunov functions
> slow system: V(v) for v = f,(v, h(v))
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‘% Ly = £,(0,1) }77 > fast system: W (y) for Ly = fi(v,y + h(v))
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Proof extension: perturbation-inspired Lyapunov

— dv=19)

o=
y=i—h(v)

o o)

— Li= i)

Individual Lyapunov functions
> slow system: V(v) for v = f,(v, h(v))

> fast system: W (y) for Ly = fi(v,y + h(v))
where £v = 0 & coordinate y = i — h(v)

Lyapunov function for the full system
» v(z) =dW(i— h(v))+ (1 —-d)V(v)
where d € [0, 1] is free convex coefficient

» Ly (x) is decaying under stability condition

Almost global asymptotic stability
> T'uU globally attractive & 7 stable

> has measure zero
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Evaluation of stability conditions

ok | [p.u.]

synchronization gain [p.u.]

5

10 15 20

amplitude gain [p.u.]

>G4
7

increase of control gains by factor 10
= oscillations, overshoots, & instability

= conditions are highly accurate
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Dropping assumptions: detailed models

voltage source model: detailed converter model with LC filter:
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Dropping assumptions: detailed models

voltage source model: detailed converter model with LC filter:

m idea: invert LC filter so that v ~ vq.u

— control: perform robust inversion of LC filter via cascaded PI
m analysis: repeat proof via singular perturbation Lyapunov functions

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

VOC model < line dynamics < voltage Pl < currentPI‘

m __ . similar steps for control of v4. in an even more detailed model

39/48



Details & initial conditions for further reading

A Lyapunov framework for nested dynamical systems on multiple
time scales with application to converter-based power systems

Irina Suboti¢, Dominic GroB, Marcello Colombino, and Florian Dérfler

Abstract—In this work, we present a Lyapunov function frame-
work for establishing stability with respect to a compact set of a
nested interconnection of nonlinear dynamical systems ordered
from slow to fast according to their convergence rates. The
‘proposed approach explicitly considers more than two time scales,
and does not require modeling multiple time scales via scalar
time constants. Motivated by the technical results, we develop a
novel control strategy for a grid-forming power converter that
consists of an inner cascaded two-degree of freedom controller
and dispatchable virtual oscillator control as a reference model.
The resulting closed-loop converter-based AC power system is in
the form of a nested system with multiple time scales. We apply
our technical results to obtain explicit bounds on the controller

‘The analysis in this paper is based on a recently developed
Lyapunov characterization of almost global asymptotic stabil-
ity with respect to a compact set presented in (8] that requires
that the set of states that are unstable but attractive has zero
Lebesgue measure. The technical contribution is twofold: first,
we develop a Lyapunov characterization of unstable hyperbolic
fixed points that have a region of attraction of measure zero;
then we provide a Lyapunov framework that results in con-
ditions under which the guarantees obtained by applying the
aforementioned Lyapunov conditions in (8] to a reduced-order
system translate o the full-order nested dynamical system. Our

High-Fidelity Model Order Reduction
for Microgrids Stability Assessment

Petr Vorobev —, Member, IEEE, Po-Hsu Huang, Senior Member, IEEE, Mohamed Al Hosani ~, Member, IEEE,
James L. Kirtley, Jr, Life Fellow, IEEE, and Konstantin Turitsyn ~, Member, IEEE

Abstract—Proper modeling ul‘ inve erler based microgrids is cru-
cial for accurate assessment llity boundaries. It has been
recently realized that the stabi , mnd]llnm for such microgrids
are significantly different from those known for large-scale power
systems. In particular, the network dynamics, despite its fast na-
ture, appears to have major influence on stability of slower modes.

i iled model il the both i

expensive and not transparent enough to provide an insight into
the instability mechanisms and factors. In this paper, a compu-
tationally efficient and accurate reduced-order model is proposed

g based microgrids. ped model has

a
properly accounts {or th effects of ctwork dynamics. The main
factors affecting microgrid stability are analyzed using the devel-

solution for geographically remote areas, where the intercon-
nection to the main power grid is infeasible, but also are consid-
ered as an improvement for conventional distribution networks
during their disconnection from the feeding substation [1]-[3].
While in grid-connected mode, the simplest and most com-
 renewable source:
interconnection taking
responsibility for any power imbalances. With the increasing
share of distributed generation and, more importantly, in the
islanded mode of operation, there is a need for proper control
of individual inverters power output [1], [4]. The problem of
designing proper controls for microgrids has been the subject of
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High-level comparison of grid-forming controllers
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— relies on decoupling & small attraction basin — not resilient under large disturbances
M Ly
w
o E
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T Cde :”
Vde
virtual oscillator control matching control & duality
+ excellent large-signal behavior + local droop + s:mple & rolfaust
— voc, droop, & vsm need strong dc source slow ac periormance 41/48




Some details of comparison study @AIT
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Optimal multivariable linear grid-forming control

® inputs: modulation,
“ e dc-power supply, &
S =K(s) | inner references

Um Yp

m outputs: (nonlinear)
state tracking errors
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Optimal multivariable linear grid-forming control

® inputs: modulation,

“ b dc-power supply, &
=K(s) | : inner references
Um Yrl  w outputs: (nonlinear)

state tracking errors

— MIMO transfer matrix relating error
signals includes all other controls
(e.g., droop, VOC, VSM, matching, ...)

m optimal/robust linear design via
Ho / Hoo & nonlinear implementation

= forming/following mode enforced by
small-signal Bode characterization

m linear stability under interconnection
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Hybrid angle control = matching + oscillator control

[Tayyebi, Anta, & Dorfler '21], [Subotic & GroB '21]
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Hybrid angle control = matching + oscillator control

. . . . [(0—0"
0 =w —|—c1(vdc—vdc)+0251n( 3 )

matching control 1/2 oscillator control

— matching + VOC: robust + performance
= almost global stability for c > ¢

= compatibility: local droop & stability with
dc source or ac grid dynamics

m tuning c; & c2 (robustness & performance)
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Hybrid angle control = matching + oscillator control

. . . . [(0—0"
0 =w —|—c1(vdc—vdc)+0251n( 3 )

matching control 1/2 oscillator control

— matching + VOC: robust + performance
= almost global stability for c > ¢

= compatibility: local droop & stability with
dc source or ac grid dynamics

m tuning c; & c2 (robustness & performance)

implementation aspects
» needs voltage & current measurements

» active current limitation with guaranteed
stability — check out Lyapunov proof ©®
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matching control 1/2 oscillator control

— matching + VOC: robust + performance
= almost global stability for c > ¢

= compatibility: local droop & stability with
dc source or ac grid dynamics

m tuning c; & c2 (robustness & performance)

implementation aspects
» needs voltage & current measurements

» active current limitation with guaranteed
stability — check out Lyapunov proof ©®
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Often research goes in circles until we
(hopefully) arrive at a bigger picture

. r,=0
l,=0 VaV* o SG rotor
vOoC pr*=q*=0 7,=0 Droop Tp > simulation
(averaged) dvoc (Q-f/P-V) MO SG
average 1,=0 A
over one V=V* V=V* k,=0 Cacx M matching physics
cycle p*=q*=0 7,= 0 bae ™ through feedback
VOC Droop dual-port m,=0 SG
il (P-f/Q-V) GFM matching
resistive grid inductive grid

Florian Dérfler' and Dominic Grof3?

Laboratory, ETH Zurich 8092; email
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take-home messages: (1) converter # flywheel, (2) multivariable design
instead of decoupling, @ take current constraints & (4) dc voltage into

account
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Exciting research bridging communities

power
electronics

power
systems

control systems

take-home messages: (1) converter # flywheel, (2) multivariable design
instead of decoupling, (3) take current constraints & @ dc voltage into

account ... & (8) sync is only the beginning: what to do once sync'd ?
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finally ...recall






