Network Aspects of Low-Inertia Systems
Florian Dérfler, ETH Zurich

EECI School M19, June 20-23, 2022, Stockholm




Outline

Motivation: low-inertia systems are not(?) all about inertia

Preliminary insights on aggregated system level

System-level performance metrics

Optimal allocation & tuning of virtual inertia

Ancillary services provided by dynamic virtual power plants



Outline

= Motivation: low-inertia systems are not(?) all about inertia



Recall: fault response & control actions

f A restoration time

nominal frequency

secondary control

inertial
response

primary control
inter-area
frequency nadir oscillations

\ ROCOF (max rate of change of frequency)

1. physical/virtual inertia provides decentralized derivative control
2. decentralized primary loops at devices provide proportional control

3. system-wide secondary loop provides centralized integral control
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Recall: fault response & control actions

f A restoration time

nominal frequency

secondary control

inertial primary control

response inter-area

frequency nadir oscillations

\ ROCOF (max rate of change of frequency)

1. physical/virtual inertia provides decentralized derivative control
2. decentralized primary loops at devices provide proportional control
3. system-wide secondary loop provides centralized integral control

— another perspective on the swing equation

t
(M 4+ Mvirtual) w + Kprimary(w — wref) aF Ksecondary/ (w — wref) dr = p(a) — Dref
0

1/40



Recall: low inertia & frequency stability

We loose our giant electromechanical low-pass filter: 0, w
d 5 ~ aQ
E w(f) = Pgeneration(t) - Pdemand (t) s < ) %
o} o
C =)
change of kinetic energy = instantaneous power balance > Y e

2/40



Recall: low inertia & frequency stability

We loose our giant electromechanical low-pass filter: 0. w

h

1
M % w(t) = Pyeneration(t) — Paemand(t)

generation
puewsp

change of kinetic energy = instantaneous power balance
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Low-inertia issues close to home

ggshd

# frequency violations in Nordic grid
(source: ENTSO-E)
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Low-inertia issues close to home
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Time-varying inertia depends on dispatch

“Impact of low rotational inertia on power system stability and operation” by Ulbig et al.

65

450 i .

Value of Aggregated Inertia Constant Hagg(t)

35 1 H

Aggregated Inertia Constant Hagg(t)
1

i T T i
325 33 3.35 3.4 3.45 35
Time [in 1/4-h steps] x10°

Temporal variation of the aggregated & normalized inertia constant
1

H = ;2" across Germany for the last quarter of 2013
Wref

Jw?
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Fast frequency response (or virtual inertia)
is becoming a technology & a product

so let's see how we can make use of it

Pure-play battery or hybrid grid energy
storage?

IRELAND u
Hybrid storage system looks to Ireland's Oct11,2016 1254 PMBST %0 <Share fin ¥ &
services market

22 November 2016 by Sara Vertvuggen , Bo the fst 1o comment

IRELAND: The pilot of a S76kW grid storage system using Fywheels and batteries
by Dublin-based Energie s lo
technology's deployment in Ireland's ancil Can Synthetlc inertia from Wind Power

Stabilize Grids?
P 0 T oonooon

racapacitor Energy Storage System. System Integrator: Win
bchnologies.

Fiywheel technology was provided by US firm Beacon Powe

Schwungrad Energie intends to develop a comn|
storage plant for Ireland's DS3 System Services
220MW/10MWh Flywheel and lead-acid battery|
provide 5-20 minutes of power at full output.

Prot:Sockohos

Quebec's wind farms can produce bursts of power to stabilize AC grid frequency
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Outline

= Preliminary insights on aggregated system level



Swing equation analysis

(covered on the board)
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things become more interesting
when including source dynamics



The role of inertia & source time constants

applies to synchronous machines & voltage source converters

aggregated model with
source, e.g., turbine or battery

M%w:p—pd

4 z ;requency nadir ~ M /T
d_ _ 4921 e
Tdtp P+ Kw RoCoF ~ 1 /M

0 5 \ 10

15 2‘0 2‘5 3‘0 35
Time ¢ [s]
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The role of inertia & source time constants

applies to synchronous machines & voltage source converters

aggregated model with

source, e.g., turbine or battery

EASG
7i/w =P —Pd Saed
T dt . Frequency nadir ~ M /T
492 e T .
a0 =—p+ Kuw | \Rocor~ UM

20 25 30

0 5\ 10 15
Time ¢ [s]

» parameters have can have different order of magnitude
— machine & turbine: T" = 2s (hydro) to 7" = 7s (steam), M = 3sto M = 10s
— converter: T' = 0.01s (PV) to T' = 0.30s (wind), Cy. small =— M small

> re-scaling time ¢ — ¢’ = T - t does not change frequency nadir
— ratio M /T is main parameter affecting nadir
» instantaneous RoCoF ~ 1/M depends on dominant time constant

— RoCoF not indicative of fault in low-inertia system — questionable
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case study suggest that we do not need
a lot of inertia as long as we have fast
source dynamics for regulation ...



Outline

= System-level performance metrics



control perspective on
fast-frequency response

colloquially
a4

Y

virtual inertia/damping



Power system in feedback with
grid-following fast-frequency control

disturbance inputs

(e.g., loss of load/generation)

converter injections

power system dynamics

synchronous machines, governors,
loads, transmission, batteries, PLL, ...

o be T 4 }..“.

DR A
ey _
o,

performance outputs

(e.g., generator frequencies)

measured frequencies

virtual inertia & damping

(implemented as causal PD control)

.
.
.

Tz$+1
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Power system in feedback with
grid-forming fast-frequency control

power system dynamics

disturbance inputs
—_—
(e.g., loss of load/generation)

converter AC voltage

synchronous machines, governors,
loads, transmission, batteries, PLL, ...

performance outputs

(e.g., generator frequencies)

power imbalance

virtual inertia & damping
(implemented as low-pass filter)

.
.
.
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Filtered droop — virtual inertia & damping

(covered on the board)
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these are parametric controllers which
we can tune by means of optimization !



these are parametric controllers which
we can tune by means of optimization !

which metric(s) should we optimize ?



Historic & revived (PMUs) metrics:
spectrum, nadir, RoCoF, & total inertia

Demystifying
Power System Oscillations

Graham Rogers*

)
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+
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damping ratio
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Historic & revived (PMUs) metrics:
spectrum, nadir, RoCoF, & total inertia
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Historic & revived (PMUs) metrics:
spectrum, nadir, RoCoF, & total inertia

Smart Frequency Control
for the Future GB Power System

Peter Wall Vandad Hamidi Douglas Wilson, Campbell Booth,
Negar Shams, Charlotte Grant Sedn Norris Qiteng Hong,
Vladimir Terzija National Grid Kyriaki Maleka Andrew Roscoe
‘Warwick, UK Alstom Grid - .
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Historic & revived (PMUs) metrics:
spectrum, nadir, RoCoF, & total inertia
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are these suitable metrics ?

let’s look at a case study



Modified Kundur three-area case study

700 MW
293 Mvar

208 Mvar

9
25km GD
700 MW

490 MW

T19MW
133 Mvar

611 MW
164 Mvar

T T
1050 MW 8 567TMW 1000MW &
284 Mvar 2 100 Mvar 100 Mvar E
< <
g g

m original inertia 40s: removed
m PLLs at all buses for inertia emulation rzf-zlclgc:rgtt::jloansaxlli\:vttlaclhir?:rrt]i:e
(overall device response time ~100ms)

m added third area to standard case

m transformer reactance 0.15 p.u, line " addtedlg?ve”rnors & <tiroop
impedance (0.0001+0.001i) p.u./km controt at afl generators
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RoCoF, spectrum, & inertia — poor metrics

metrics allocation 1 allocation 2

=

‘ [ original g alloc. 1 [/ alloc. 2 ‘

total inertia 40.85 s 40.85s

m; + m; [s]
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RoCoF, spectrum, & inertia — poor metrics

m; + m; [s]

Imaginary Axis

i

ot

‘ ‘ - L,rigir;;ll - auo;, I :] a]l(‘)c. 2 ‘ metrics allocation 1 allocation 2
totalinertia 40.85s 40.85s
damping ratio 0.1190 0.1206
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B
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RoCoF, spectrum, & inertia — poor metrics

10 ‘ ‘ - L,rigir;;ﬂ - allr);. 1 :] a]l(‘)c_ 2 ‘ metrics allocation 1 allocation 2
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IS damping ratio 0.1190 0.1206
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RoCoF, spectrum, & inertia — poor metrics

10 ‘ [ original gy alloc. 1 [ alloc. 2 ‘ metrics allocation 1 allocation 2
= total inertia 40.85s 40.85s
13 damping ratio 0.1190 0.1206
+ 5 RoCoF 0.8149 Hz/s 0.8135 Hz/s
£ w nadir -84.8 mHz -65.1 mHz

peak injection 118.38MW  7.0446 MW
control effort 15.581 2.699
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RoCoF, spectrum, & inertia — poor metrics

10 | “-‘Origirlal iaun;n ‘:‘]all(‘)c_ 2“ metrics allocation 1 allocation 2
z tot .
IS damping ratio 0.1190 0.1206
+ 5 RoCoF 0.8149 Hz/s 0.8135 Hz/s
£ w nadir -84.8 mHz -65.1 mHz

P : ’
control effort 15.581 2.699

comparison for 100 MW load step at bus 7
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Analytic insights on board | Xz

(covered on the board)
. T /fof X
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Performance metrics for power systems

f A restoration time

secondary control

inertial
response

primary control
inter-area
frequency nadir oscillations

\ ROCOF (max rate of change of frequency)
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system norm quantifying signal amplifications

disturbances: performance

impulse (fault), step outputs: integral,
(loss of unit), white > peak, RoCoF,

noise (renewables) restoration time, ...

16/40



Performance metrics for power systems

f A restoration time

secondary control

inertial
response

primary control
inter-area
frequency nadir oscillations

\ ROCOF (max rate of change of frequency)

system norm quantifying signal amplifications

disturbances: performance
impulse (fault), step outputs: integral,
(loss of unit), white _> peak, RoCoF,
noise (renewables) restoration time, ...

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

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

/OOO 20T Qu(t) dt

nominal frequency
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Integral-quadratic performance metric

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

/Ooo 20T Qu(t) dt

nominal frequency

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

3. white noise 7 (renewables) — output variance tlim E(y(t)" y()
— 00
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Constraints on control inputs

1. energy constraint: f0°° uT Rudt directly captured in - framework
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Constraints on control inputs

1. energy constraint: [;° uT Rudt directly captured in - framework

2. power constraint: u; = M; &; + D; w; must satisfy |Ju;(t)||e., < T

e
o

RoCoF [Hz/s]

|
o
o
=
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Frequency deviation [Hz]

European frequency data (source: RTE)
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Constraints on control inputs

1. energy constraint: [;° uT Rudt directly captured in - framework

2. power constraint: u; = M; &; + D; w; must satisfy |Ju;(t)||e., < T

0.01
i =
z =
T 0 'n
] I
V) —
o o
[ ]
—0.01 :
L - L L L L — L ! 100
—-0.2-0.15-0.1-0.05 0 0.05 0.1 0.15
Frequency deviation [Hz] 0.2HzD
European frequency data (source: RTE) corresponding bounds on gains

= [[(wi(t), @i(8))llp, [1(Ds, M) |lq bounded (£ +2 =1) = ||ui(t)]., bounded
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Constraints on control inputs

1. energy constraint: [;° uT Rudt directly captured in - framework

2. power constraint: u; = M; &; + D; w; must satisfy |Ju;(t)||e., < T

0.01
i =
z =
T 0 'n
] I
V) —
o o
[ ]
—0.01 :
L - L L L L — L ! 100
—-0.2-0.15-0.1-0.05 0 0.05 0.1 0.15
Frequency deviation [Hz] 0.2HzD
European frequency data (source: RTE) corresponding bounds on gains

= [[(wi(t), @i(8))llp, [1(Ds, M) |lq bounded (£ +2 =1) = ||ui(t)]., bounded

3. budget constraint for finitely many devices: . u; = const.
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Derivation of H, norm formulae

(covered on the board)
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Outline

= Optimal allocation & tuning of virtual inertia



(sub)optimize performance
and see what we learn



System model & virtual inertia realization

nonlinear DAE dynamics

jss = fs($57zs)

0O = gs(ws, 25, 1)

x5 : system & control states
zs : network signals
i: current injections/faults
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System model & virtual inertia realization

follow the grid: lock to w

nonlinear DAE dynamics

jss = fs(xswzs)

0O = gs(ws, 25, 1)

x5 : system & control states
zs - network signals grid-following
i: current injections/faults

virtual inertia & damping

= fast frequency response
implemented by means of

m converters & storage
m 2nd-order droop control
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System model & virtual inertia realization

nonlinear DAE dynamics
by = fs(xm Zs)

O = gs(z89287i)

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

virtual inertia & damping

= fast frequency response
implemented by means of

m converters & storage

m 2nd-order droop control
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Comparison: virtual inertiaimplementations

grid-following
w — Py

Non-linear system
I |y
. P [k @] " i
! Vi
- cPS J—— Kean J—_PLL

|
|
|
T
| |
| |
N s
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Comparison: virtual inertiaimplementations

grid-following grid-forming
w — Py Py — w

Non-linear system Non-linear system
i | T - ) . | Pvik

| | |

i | |
T !

I
I
x 7 !
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Closed-loop system & linearization

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

disturbances:
impulse (fault), step
(loss of unit), white
noise (renewables)

[y

performance
outputs: integral,
peak, RoCoF,
restoration time, ...

waG
wa
Ps
By
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Closed-loop system & linearization

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

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

waG
wa
Ps
By

Agog=(A+ BKC)Azxq + Gn, Ayp = CpAxy

linearized closed loop for optimal control design
23/40



Optimal control formulation

minimize |G|l3,, =trace(G'PG) performance metric
P, K 2

subject to K(m, d) € S constraint set
P(A+ BKC)+ (A+BKC)'P+G'G=0 Lyapunov equation
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Optimal control formulation

minimize |G|l3,, =trace(G'PG) performance metric
P, K 2

subject to K(m, d) € S constraint set
P(A+ BKC)+ (A+BKC)'P+G'G=0 Lyapunov equation

key insights:

1. non-convex problemin P, K

conservative convex upper/lower bounds can be obtained

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

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

. complexity of gradient computation O(n?) via controllability Gramian
L(A+ BKC)" + (A+ BKC)L+GG" =0
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Modified Kundur case study revisited




Results & insights for case study
Lere. :’ou ok

15
t[sec]
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Starting from here much more can be said

m suboptimize alternative performance metrics: Ho, ¢1, spectrum

m analytic insights for stylistic swing equation model
MG+ DO+ L0 =n

= optimal virtual inertia allocation matches disturbance
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Starting from here much more can be said

m suboptimize alternative performance metrics: Ho, ¢1, spectrum

m analytic insights for stylistic swing equation model
MG+ DO+ L0 =n

= optimal virtual inertia allocation matches disturbance

m _..and many variations on the theme

Primary Control Effort Under Fluctuating Power Global Analysis of Synchronization
Generation in Realistic High-Voltage Performance for Power Systems:
Power Networks Bridging the Theory-Practice Gap
Melvyn Tyloo™ and Philippe Jacquod ™, Member, IEEE Fernando Paganini @, Fellow, IEEE, and Enrique Mallada ©, Senior Member, IEEE
Optimal Placement of Virtual Inertia in The Price of Synchrony: Evaluating the Resistive
Power Grids Losses in Synchronizing Power Networks
Bala Kameshwar Poolla , Saverio Bolognani ', and Florian Dérfler Emma Tegling, Bassam Bamich, Fellow, IEEE, and Dennice F. Gayme, Senior Member, IEEE
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can we make this control
design strategy useful ?



Case-study: South-East Australian Grid

grid topology simulink model
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Case-study: South-East Australian Grid

The Sydncy Forning Herald

AAAAAAA v

State in the dark: South Australia's \é{
major power outage X

= Ehe New Pork Times Q
Australia Powers Up the

World’s Biggest Battery
— Courtesy of Elon Musk

grid topology simulink model
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Closed-loop simulations

non-linear model
m 54 buses, 14 gens, & 15 converters

m control: governors, AVRs, & PSSs

m replace generators with controllable
power sources + virtual inertia
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power sources + virtual inertia

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

02 /QM ﬂnﬂ M choose performance inputs/outputs
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Optimal allocation of virtual inertia/damping

(a) Grid-Forming

observations

I damping [MW s/rad]

m both control modes allocate virtual
inertia in (blackout & battery) area 5

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

(b) Grid-Following

0
102 208 212 215 216 308 309 312 314 403 405 410 502 504 508
node
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Optimal allocation of virtual inertia/damping

(a) Grid-Forming

—
I damping [MW s/rad]

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

(b) Grid-Following

0
102 208 212 215 216

308 309 312 314 403 405 410 502 504 508
node

observations

m both control modes allocate virtual
inertia in (blackout & battery) area 5

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

m grid-forming: results in a more
uniform (thus robust) allocations

further conclusions

— total inertia/damping not crucial

— in comparison spatial allocation
& tuning make a big difference

— implications for pricing & markets
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Summary: system-level optimization

system-level sizing, allocation, & tuning of con-
verter control to minimize amplification of shocks:

f

restoration time

%

inertial
response

primary control

inter-area

frequency nadir oscillations

\ ROCOF (max rate of change of frequency)
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Summary: system-level optimization

system-level sizing, allocation, & tuning of con-
verter control to minimize amplification of shocks:

f restoration time

%

inertial
response

primary control

inter-area

frequency nadir oscillations

\ ROCOF (max rate of change of frequency)

— total inertia/damping has little effect; rather
sizing, tuning, & spatial allocation matters

wa [mHz)

= suboptimal control allocation

optimal control allocation t [s]

4 6 8 10 12 14
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Initial condition for further reading

Placement and Implementation of Grid-Forming and
Grid-Following Virtual Inertia and Fast
Frequency Response

Bala Kameshwar Poolla ", Student Member, IEEE, Dominic Grol “”, Member, IEEE,
and Florian Dorfler, Member, IEEE
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Initial condition for further reading

Placement and Implementation of Grid-Forming and
Grid-Following Virtual Inertia and Fast
Frequency Response

Bala Kameshwar Poolla ", Student Member, IEEE, Dominic Grol “”, Member, IEEE,
and Florian Dorfler, Member, IEEE

some of basic questions settled — now lots of emergent literature on

m virtual inertia placement & implementation schemes

m integration limits: how much inertia? how many forming units? where?
m inertia pricing, markets, & security-constrained dispatch

m more general fast-frequency response services

m ___still a lot more questions than answers
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Outline

= Ancillary services provided by dynamic virtual power plants



Recall: challenges in future systems

= conventional power systems m future power systems
— dispatchable generation — variable generation
— significant inertial response — reduced inertia levels
— fast frequency & voltage control — ancillary services for frequency & voltage

provided by bulk rotational generation provided by distributed energy resources
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Recall: challenges in future systems

= conventional power systems m future power systems
— dispatchable generation — variable generation
— significant inertial response — reduced inertia levels

— fast frequency & voltage control — ancillary services for frequency & voltage

provided by bulk rotational generation provided by distributed energy resources

= some of the manifold challenges

— grid fragility: intermittency & uncertainty
of renewables & reduced inertia levels

— device fragility: converter-interfaced
DERs limited in energy, power, fault
currents, ...

— ancillary services on faster time scales
& shouldered by distributed sources
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Dynamic Virtual Power Plant (DVPP)

DVPP: coordinate a heterogeneous ensemble
of distributed energy resources (DERs) to
collectively provide dynamic ancillary services

Dot
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— none of the devices itself is able to do so
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— fast response (grid fragility), e.g., inertia
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Dynamic Virtual Power Plant (DVPP)

DVPP: coordinate a heterogeneous ensemble
of distributed energy resources (DERs) to
collectively provide dynamic ancillary services

Sitaot

m sufficiently heterogenous collection of devices

— reliable provide services consistently across all motivating examples
power & energy levels and all time scales

[ ] i 3
— none of the devices itself is able to do so frequency control provided by non

minimum phase hydro & on-site

. . . batteries (for fast response)
= dynamic & robustly ancillary services

— fast response (grid fragility), e.g., inertia ® wind providing fast frequency
— specified as desired dynamic 1/O response ESPENED CTIECE SUppeT
. ) ) augmented with storage to
— robustly implementable on fragile devices recharge turbine
= coordination aspect ® hybrid power plants, e.g., PV +
— decentralized control implementation battery + supercap
— real-time adaptation to variable DVPP ® |oad/generation aggregators ...

generation & ambient grid conditions
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Abstraction: coordinated model matching

m setup (simplified): DVPP consisting of
— DERSs connected at a common bus

— PMU frequency measurement at PCC
broadcasted to all DERs

broadcast + aggregate

input signal + output signal

(PMU frequency
signal at PCC)

(active power
injection at PCC)

desired aggregate behavior
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m setup (simplified): DVPP consisting of
— DERSs connected at a common bus

— PMU frequency measurement at PCC
broadcasted to all DERs

= DVPP aggregate specification
(ancillary service):
— grid-following fast frequency
response (virtual inertia & damping)
power = (H s + D) - frequency

(also possible: forming + distributed . ..)

broadcast

+ aggregate

input signal

(PMU frequency
signal at PCC)

+ output signal

(active power
injection at PCC)
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)

—
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Abstraction: coordinated model matching

m setup (simplified): DVPP consisting of
— DERSs connected at a common bus

— PMU frequency measurement at PCC
broadcasted to all DERs

= DVPP aggregate specification
(ancillary service):
— grid-following fast frequency
response (virtual inertia & damping)
power = (H s + D) - frequency

(also possible: forming + distributed . ..)

m task: coordinated model matching

— design decentralized DER controls s.t.
aggregate behavior matches specification

>, power, = (H s+ D) - PMU-frequency
— taking device-level constraints into account
— & online adapting to variable generation

broadcast + aggregate

input signal + output signal

(PMU frequency
signal at PCC)

(active power
injection at PCC)

desired aggregate behavior
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Case study

in collaboration with
J. Bjork (Svenska kraftnéat)
& K.H. Johansson (KTH)

AL Wind
@ Hydro
@® Thermal

aggregated 5-bus model of
Nordic grid
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Case StUdy = FCR-D service

. - — desired behavior
in collaboration with
J. Bjork (Svenska kraftnéat) power  3100-(6.55+1)

& K.H. Johansson (KTH) frequency T (2s+1)(17s+1)
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Case StUdy = FCR-D service

. - — desired behavior

in collaboration with

J. Bjork (Svenska kraftnéat) power  3100-(6.55+1)
& K.H. Johansson (KTH) frequency T (2s+1)(17s+1)

2 wind m well-known issue: actuation
® Hydro of hydro power via governor
® Thermal is non-minimumphase

— inverse response: initial
power surge opposes control
— unsatisfactory response

$ ., weor (hydro)
A ./ weor (desired)
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Case StUdy m FCR-D service m discussed solution:

— desired behavior augment hydro with

in collaboration with :
J. Bjork (Svenska kraftnat) power 3100-(6.55+1) batteries for fast response
& K.H. Johansson (KTH) frequency = @s+D)(A7s+1) — hybrid plant solution
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J. Bjork (Svenska kraftnat) power 3100-(6.55+1) batteries for fast response
& K.H. Johansson (KTH) frequency = @s+D)(A7s+1) — hybrid plant solution

works but not economic
m well-known issue: actuation

‘é o of hydro power via governor = better DVPP solution:

® Thenmal is non-minimumphase coordinate hydro & wind to
— inverse response: initial cover all time scales
power surge opposes control o
— unsatisfactory response |\
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Case StUdy m FCR-D service m discussed solution:

— desired behavior augment hydro with

in collaboration with :
J. Bjork (Svenska kraftnat) power 3100-(6.55+1) batteries for fast response
& K.H. Johansson (KTH) frequency = @s+D)(A7s+1) — hybrid plant solution

works but not economic
m well-known issue: actuation

‘é o of hydro power via governor ® better DVPP solution:

® Thermal is non-minimumphase coordinate hydro & wind to
—s inverse response: initial cover all time scales
power surge opposes control
— unsatisfactory response |\
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next up: how to do it ?
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DVPP Control Design
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tarting point for further reading

Dynamic Virtual Power Plant Design for Fast
Frequency Reserves: Coordinating Hydro and Wind

Joskim BGW. Sudert Mot EE Henrik Johansson®, Fellow, IEEE, and
Florian Dorfler, Senior Member, IEEL

Abstract—To ensure frequency stability in future low-nertia generation and other small-scale producers 1o participate in
frequency containment reserves (FCR) [4]
Virtual power plants (VPPS), aggregating together groups of

it the market with th fancionaity of  hrger comendons
o a1, 5, 16, The min ojsvs s o cordinte
sch, main

of
7). 181, But also other servi

such 15 voltage regulation (9]
and allocation of FCR resoutces [10]-{12] have been proposed.

T this work, we design controllers that coordinate FCR
ver all time scales, beyond mere set-point racking. forming

plant. (DVPP) offering dynam
e individu devices

1 he need to nsall btiery _ancillary services [13]. Wi
Sorage or o waste wind energy by curaing the wind turbings, may be able 1o provide FCR consistntly scross all power

Control Design of Dynamic Virtual Power Plants:
An Adaptive Divide-and-Conquer Approach

Verena Hiberle, Michael W. Fisher, Eduardo Prieto-Araujo and Florian Dorfler

e o The ey 10 s s eer
asuffcient; eneous group of tevics complen
o o o of encey ot bty oo
times, and weather depe

nadapive divide-and-conquer straegy: | ancilry servce:
e th dcird rncy i olge ol scles, Wi none o he individal Gevices s e doo

bt this paper, e presen ot control approsch
for dynan ! Py In part

peialonof e e dapve dmamic par. ~ Moiivating examples of collctons of eterogencous en-
e oo -m-m e e o ey souces o dymamic anilay senvices ,.mmm include

ydro-power with initally inverse response dynamics com:
peued by batsies on ot e .m 81 omelvonous
condensers. (with rotational en e Wi comener
Sased eneraion IS, or hybrd somgs pling batines wih
saperspecior povding Tegulion o difren ey
ranges [10 e the condination ofll s collections
is Concentudii) ciendible

0l. Howere
iy custonised. nd ot 1

Sirateey i a cas study based on the IEEE, nine-bus ysem.

DYNAMIC VIRTUAL POWER PLANT: A NEW CONCEPT FOR
GRID INTEGRATION OF RENEWABLE ENERGY SOURCES

A PREPRINT

Marinescu® 0. Gomis-Bellmunt E. Difler
Ecole Cetrle Namen-L9N, Fance  CITCEA-UPC Baroions. Spain  ETH Zurich, Switzerland

H. Schul L. Sigrist
HTW-Berlin, Germany T, Madid, Spain

Coordinated Control of Virtual Power Plants to Improve Power
System Short-Term Dynamics

We

in Zhong ', Junru Chen 2%, Muyang Liu , Mohammed Ahsan Adib Murad *® and Federico Milano >

Room 157, School o Hlectricl and Fcctoni Enginceing, University College Dubln, Blfild,
DO VIV Dullin, Iedand; wolnshngucdeonnect
: Oramehi 30046, C »
muyang Julduen (L)
DIESLENT Gnbi, 72810 Comarnge, Grmany, mohammedrhedenncie

Comespandence: ederico mianodued

Abstract The paper proposes a coordinated frequency control strategy for Virtual Power Plants

(VPPs), with the incusion of Distributed Energy Resources (DERs) ., Solar Phota-Voltaic Gen-

eration (SPVG), Wind Generator (WG) as well as Energy Storage System (ESS). The abjective is

to improve the short-term dynamic response of the overall power system. The tobustness o the
Monte Ci

d speed, o

ated. The case study is based on o modified version of the WSCC 9-bus test system with inchusion of
VPP, This is modeled as a disribution network with inclusion of a variety of DERS,
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Conclusions on low-inertia systems

Summary & take-aways

= changing system characteristics
— lower inertia levels & DER intermittency
— more brittle & fast dynamics

— revisit modeling: time-scale separation
issues & converter-dominated dynamics

= converter-interfaced generation control

— sync via grid-forming vs. following control
— do not try to emulate the old system!

— grid-forming controls: nonlinear, constrained,
multivariable, & take dc-side into account

= ancillary services provided by DERs
— tuning & spatial allocation of fast-frequency
response, i.e., virtual inertia/damping

— pooling of heterogeneous devices into
dynamic virtual plant providing services
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Conclusions on low-inertia systems

Summary & take-aways

= changing system characteristics
— lower inertia levels & DER intermittency
— more brittle & fast dynamics

— revisit modeling: time-scale separation
issues & converter-dominated dynamics

= converter-interfaced generation control

— sync via grid-forming vs. following control
— do not try to emulate the old system!

— grid-forming controls: nonlinear, constrained,
multivariable, & take dc-side into account

= ancillary services provided by DERs
— tuning & spatial allocation of fast-frequency
response, i.e., virtual inertia/damping

— pooling of heterogeneous devices into
dynamic virtual plant providing services

m there is still a lot to be understood
about modeling, dynamics, control, &
operation of low-inertia systems

m these are very exciting times !
— great opportunity for control




