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The City of Melbourne

Consistently ranked
O9EGF? L @=
most liveable cities

Top 5 Student
friendly city**

(Walk and bike

(#1 for many years everywheré)

in a row)*

*The EconomistintelligenceUnit
**QSBestStudent Cities2023

Multicultural and
vibrant: unique
mix of
Mediterranean
and Asian culture
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40% International
students
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Power and energy systems at UniMelb

MELBOURNE

Power and Energy

The energy sector is undergoing revolutionary changes to deliver energy that is affordable,

reliable and clean. Electrical networks are the backbone of the future energy infrastructure.
transition towards low-carbon power and energy systems is being enabled, particularly in ‘
Australia, by rapid developments of renewable energy sources (solar and wind) as well as j

different Smart Grid technologies (different types of energy storage, advanced control of '
networks and loads). The scale of the changes introduces unprecedented challenges for
operating and planning future power and energy systems.

We perform modelling activities, develop tools, and carry out studies to support decision-
making across the energy supply and value chains. We work closely with industrial partners
and policy makers, and are actively involved in national and international research
collaborations and activities with leading institutions. Our research has strong links with
different energy-related research groups within the University.

https://electrical.eng.unimelb.edu.au/power - energy
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The Australian East Coast power system
and the National Electricity Market (NEM)
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Source: AEMO
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Vision for a new grid
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o NEM forecast installed generation

300
%— Historical ) o

Electricity consumption

Grid-scale wind and solar from the grid

PV 4

to increase to nearly
- A
6-fold Jo0 v double
: »
Storage capacity )
i S 150 l : ‘
to increase £
L] L] . m
significantly g Gas-powered generation
o (&)
Batteries, virtual power plants, .
Bumped hydrs to Increase
v 100 While current mid-merit
- - g RRRRR Orror s plans il

ispatchable capacity

Cgordinated CER
sifrage” ®_®

Distributed solar PV .
Coal generation

T-'
|
. Mid-merit gas
to increase Brown coal b
4-fold Biomass . to be
Black coal ““I I IIII Flexible gas’ S withdrawn
0 Demand-side participation

Rooftop solar, . .
other distributed solar 2009-10 2019-20 2029-30 2039-40 2049-50 Capacity to be retired by:

g . And solar PV, overall? e

50

https://aemo.com.au/  -/media/files/major  -publications/isp/2024/2024  -integrated -system -plan -isp.pdf?la=en Source: AEMO, ISP 2024
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A postcard from the future:
100% demand supply from sol ar
Five years ago !

Figure 7 SA solar (grid and distributed) meets 100% of South Australia’s demand for the first time
South Australia operational demand by time of day - 11 October 2020

1,000 A
= 100 % load covered by
S 500 + renewables, of which
75% DER (rooftop PV)
0 ) L 1 1
-500 -
030 230 430 630 830 1030 1230 1430 1630 1830 2030 2230
Interconnector import _— Gas I Battery
m— \Vind Grid Solar Distributed PV
----- Operational demand = = =Underlying demand

e: AEMO and OpenNEM

DLP, fAVuelta a -ERegliencead 2025, Bi8Bl bao
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Fast -forward to the future!

BAU net -zero operati on 1 n South Aust

gUgwv] " Cwuvtcecnkc"i tkf"qgrgtcvgu" csevendayH:" "*rQetv™" dRp\b"

RenewEconomy https://reneweconomy.com.au/south-australia-grid-operates-at-99-8-per-cent-wind-and-solar-over-past-seven-days/

Qtl,Ykpf"fqokpcvgf"cpf"ogv"7803"rgt"egpv"qh"nqecn
rooftop solar providing a further 23.4 per cent, and dominating duringtheday k o g " j qwt u Yy

20 Oct 2023, 9:30 AM - 27 Oct 2023, 9:30 AM AEST

= Generation MW Av. 1,567 MW

Detaited o E""zf“ Contribution \\,\x‘l‘l‘w
Sources

Solar (Rooftop) 74 23.4% -$49.42
Solar (Utility) 135 4.3% -$24.70
B vind 178 56.2% -$5.17
. Battery (Discharging) 22 0.7% $33.39
Gas (Reciprocating) 0.3 0.08% $68.18
Gas (OCGT) 3.7 1.2% -$15.34
‘( ‘ .A- ) Gas (CCGT) 13.1 4.1% $43.59
iy B Gas (Steam) 6.7 2.1% $13.20
b a { . B pistillate 0.004 -0.001% -$35.14
: , b4 = . Imports <101 3.2% $45.69

s ' ' : 38
-1,000 B t h t d 't t k f? g 35 11.2% -$32.76
v 1 ) : ‘M u W a O eS I a e L) ry (Charging) 31 -§44 83

Net 320

Exice 34084 SR SHAREY Renewables 267 99.8%

Source: AEMO and OpenNEM, October 2023
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Balancing supply and demand at all times to guarantee system reliability
Rampin
o Short term anpd J
Resilience Extreme economic flexibility Inertia and
dispatch system

- i | \
Generation & Long -term \ Time -aheas ), System

Transmission Generation Generation :
Planning Scheduling Scheduling SRS

Actual delivery:

pnysical generation
& consymption

Months to
days before
delivery

One day to one
hour before
deljvery

ars before

Asset

nvestment Economic dispatch and UC Primary and secondary FR and

te rtiary reserves

Fuel contracts Time -ahead markets
Regulation/load following

Maintenance planning Balanci ket
alancing markets

Planning for adequacy Operating with security

| EEE PES DLP, AfiVuel ta a -ERegliencead 2025, BiliOl b ao
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Adequacy Security Resilience

Reliability

! |

: Often unknown,
Largely known, credible, ~ . . . .
Al ndi sti nct o, | e

ndiscreteg threats_ i ihreats
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Reliability, resilience and continuity of supply ReouN

NRar avis in terris
nigroque similima cygnm
Juvenal, 82 AD

Often unknown,
Sﬁi ndi stingct o, | e
credible threats

Largely known, credible,
Andi scretedqd threat
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Frequency control and
inertia

Variability, uncertainty
and visibility

System strength and
immunity

T h e

Sustained frequency excursions (regulation)
High ROCOF following contingency
Insufficient  regional inertia
Insufficient PFR

Risk of low-inertia and insufficient
separation

PFR after

Large variation in net demand

Insufficient short - and medium -term and ramping
reserves

Visibility of Distributed Energy Resources (DER)

Fault current shortage

Voltage instability

Sustained voltage oscillations after fault
Fault -ride through issues

Minimum demand issues

t ® al yOI NBf f I THe ¥riRyileGswiq Thehphykids ¥l didbrioritics Bf security services iFOdwND 2 Y

Nnew physics

Y THE UNIVERSITY OF
O MELBOURNE

Minimum inertia levels

Compulsory droop response

Additional amount of PFR

Co-optimization of energy, frequency response, and (regional and system -
level) inertia

Regional allocation of reserves

New sources of fast frequency response (e.g., batteries, electrolysers)
Management of largest contingency and interconnector flows (system at
risk of regional separation)

Better forecasting
Artificial  intelligence
network tools)

Use of more flexible resources including energy storage (e.g., pumped
hydro)

to assess reserves (e.g., dynamic Bayesian belief

Minimum level of inertia and fault current (generators constrained on)
Synchronous condensers

STATCOM and SVC to improve voltage stability

Improvements  of control loops (especially in solar farms)

Grid forming inverters

LJ2 ¢ fERE Rowed anGBN&rgy Magazize21

© 2025

i P. Mancarella
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AfVuel t a a -ERegliancea 0

2025, BI3l bao



MANCHESTER.
1824

The finew physicso EEk

- Minimum inertia levels
- Compulsory droop response
- Additional amount of PFR
- Co-optimization of energy, frequency response, and (regional and system
level) inertia
Regional allocation of reserves
- New sources of fast frequency response (e.g., batteries, electrolysers)
- Management of largest contingency and interconnector flows
risk of regional separation)

- Sustained frequency excursions (regulation)

- High ROCOF following contingency

Frequency control and - Insufficient regional inertia

inertia - Insufficient PFR

- Risk of low-inertia and insufficient PFR after
separation

= Better forecasting

- Large variation in net demand . . ) : : :
g Artificial  intelligence to assess reserves (e.g., dynamic Bayesian belief

Variability, uncertainty - Insufficient short - and medium -term and ramping
and visibility reserves network tools)
L L Use of more flexible resources including ener storage (e.g., pumped
- Visibility of Distributed Energy Resources (DER) ) 9 9y ge (e.g., pump
- Fault current shortage - Minimum level of inertia and fault current (generators constrained on)
- Voltage instability - Synchronous condensers
System strength and _ _— . -
. y . g > Sustained voltage oscillations after fault - STATCOM and SVC to improve voltage stability
immunity . . . :
- Fault -ride through issues - Improvements  of control loops (especially in solar farms)
- Minimum demand issues - Grid forming inverters

t ® al yOF NBf f I THe ¥riyileGid TheAphybids ¥r@l bidbrioriiics ¥f security services irQdwND 2 Y  LJ2 ¢ fENE Rowed andBhdrgy MagazRe21
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A textbook example:

The 2016 nbl

L. BOUNDARIES

Source: ABC

TORRENS ISLAND

Source: AEMO

thermal

import

| EEE
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Sy

Heywood AC
Interconnector

Figure 5 S5SA frequency compared o Victoria during event

Fregquency - 54 v WIC - 28/9/16

Heywooad Interconractor opens ot ——_
161821538

Source: AEMO
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renewables  -rich systems MELBOURN

50 T T T
—High Inertia
49.9 - .
------- Low Inertia
49.8 i
Traditional Frequency
N49.7F Control Ancillary
< Services (FCAS)
€ 496 /e f
Low -inertia conditions A

faster frequency dynamics o e T

49.4 -

49.3 -

49.2
25

lower inertia results in both lower frequency Nadir and shorter time to Nadir

P. Mancarella et aPowemfi system security assessment of the fRetpwrd Nat isaufegéd REIvad®twdihceiltdyn eM@2rOKLert o

© 2025 1 P.Mancarella | EEE PES DLP, AfiVuel ta a -ERegliencead 2025, Bl6|l b ao



MANCHESTER

ity

The Universit
of Manchester

The dawn of new frequency control and inertia
services and markets

Co-optimization of energy, frequency control ancillary services, and inertia

PFR (MW)
kinetic energy (GW.s)

Power system security assessment of
the future National Electricity Market

0 - 0
Q“DQ & : N \"5‘bQ Q“"Ba N N ; x*mu
Areport by the
=—PFR (MW) == System kinetic energy (GW.s) Melbourne Energy Institute
at the
University of Melbourne
in support of the

‘Independent Review into the
Future Security of the National Electricity Market’

Independent Review into
the Future Security of the June 2017
National Electricity Market

Blueprint for the Future

; NI ; S & S8 P

N & v ¥ & & v & June 2017
BNetdemand Brenewable generation

Or Alan Finke! AD, Crilef Schentist, Chalr of the Expert Parel
My Karen Mones FAICD | M Chioe Munm | Me Terry Eeney | Profesior Mary O Kene AC

P. Mancarella et aPowemMmi system security assessment of the fRetpwrd Nat iscuRiegeéd RElvadtwrdihceilJtdyn eM&@2r0kLert o
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Frequency response security map
g | E Secure Area
= . e Nadir Requirement
31 \:
5.)_ " e o+ « « ROCOF Requirement
ha Secure Area
o
o
=l Low Inertia
II " I I | ‘ .
? . ROCOF increases with lower inertia ==Hligh Inert.ua
= . Low Inertia
& : |

Aggregated inertia after contingency [GW{|

Adapt controls (and markets!)
to the new physics!

same Quasi Steady-State Frequency value
493 :

49.2 - ; i ;
0 5 10 15 20 25
Time (s)
lower inertia results in both lower frequency Nadir and shorter time to Nadir

P. Mancarella et aPowemfi system security assessment of the fRetpwrd Nat isaufegéd REIvad®twdihceiltdyn eM@2rOKLert o
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28 Making history:
23 Engineering the grid of the future MELEOURNE
HornsdalePower Reserve, Jamestown, South Australia
a¢cSatl . A3 .| 0G0SNEE
50 T T T
49.9 - \ ROCOF increases with lower inertia = High Inettia Il
Y O\ e, [ [ Low Inertia |
AT 1 .
g4g.e~ 1
& 49.5-
w. FFR ‘ _
) same Quasi Steady-State Frequency value_
49.2 ! \\ ! . ,
,,,,,,,,,,,,,, | 0 5 \o / i 15 20 2
- - wal lower inertia results in both lower frequency Nadir and shorter time to Nadir
— pmn..mi‘

Source: Neoen, PV Magazine Australia
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51 - 2 - .
- = = =No electrolyzer - = =No electrolyzer
E 508 7= Grid-following HE = g ————— Grid-following HE
- I ~——VSM HE an — VSM HE
> ! e = 3 2
5 50.6 ¢ 3 ~50.71 Hz [ N
= o .
2 Q I} 1.1 Hz/
=.50.4 = e i Z/S 1,95 Hz/s
"g 509 - & 0w w NWM’SWM?M\-N
< ¢ > RN
@240 50.42 Hz (a) ~ 1=40.8s (b)
. ' L 2] . :
40 45 50 55 40 45 50 55
Time (second) Time (second)
— 150 - = 150 1 50.6
= R | Grid-following HE — s VSM battery power | e
= : N ~———VSM HE . B | — SA frequency - E
o 100 e S 2 IR~ 504 =
D 100 .4 N UPpto 145 MW in250ms| % = 100 ~50.42 Hz 9
®) I -t ' —
a. N . PROT > = ¥ \ 1 50.2 g
9 1 Vll‘l’ual mnertia I'CS[‘)OnSC (—3 E—- . | Up to 143 MW in 235 ms o
o \ A Z sty )
= Q= : ﬁ
23] 90 MW (©) O Scenario-3 d C
T , - 0 A : - .| PP
40 45 50 55 60 65 40 45 50 55 60 65
Time (second) Time (second)
M. Ghazavi Dozein, et al., fiFast frequency response from utility scale hydrogen el e ct r o |IBEE &rans 0Sustainable Energy , 2021

M. Ghazavi Dozein, et al., fiVirtual Inertia Response and Frequency Control Ancillary Services from Hydrogen Electrolyzers 0 JEEE Tran. on Pow. Syst, 2022

S. D. Tavakoli, From Hydrogen Electrolyzers fi JEEE Transactions on Sustainable Energy , 2023

et al., "Grid -Forming  Services

B20l b ao
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55 N ynec ronousa®o V S ncontro * MELBOURNE
£%
battery, electrolyser
© Demand (HD) 17GW Gen Loss 700MW
g Load-damping factor 1%/Hz Nadir Target 49.3Hz 3000
A FFR Resources: 0.3s Activation Time - Delivery time 0.05s " - ,
: = »=»» ROCOF Requirement
2 2500 — FFR: 0.0MW
@ .
— i . t 3000 i — FFR: 100.0MW
i i - .
' 8.2000 FFR: 200.0MW
o —— FFR: 300.0MW
2500 =
= — FFR: 400.0MW
@ 1500
] FFR: 500.0MW
2000 g_
.?:’ 1000
PFR1500 e
e 500
E
|
1000 o
0
0 100 150 200
500
Aggregated inertia after contingengy (GWs)
» - 0 "O'YX & 0 "OY "O"O'YX
N 06 0V Y0¥ oY’ 06 oV vBs
\\ FFR
\\ 500 '*"2'00
%
B.Moya, etal., A TeEkmmomi ¢c Assessment of Inertia Measurements: A Case St udREP&nd8EGAM2O25Austral i an Nati on
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=0
Sé I L L h.dl ? Posh
2 g THE UNIVERSITY OF
)5 S Inertia ni INg : e
=6
Measuredlhertia Theoreticallhertia
220K
200K -
180K -
160K
- .
= T :
= Pl
© ] . s
£ 140K 4 i
[} -+ ° . N
= o :[ L ' I I
lZOKI : : H I : : : - I i .
: | Py R Do <o Foiod
O R o T i : ! II
I con : Pl ' I I :[: I T i ;
H . ; . ' . i . ] . H =!=
“’OK‘?"u!fII.*I N *
I i . II i ! [ ] —_— H ; [] . H N .
17 I+1 T -
I ] .
s I L
0 2 3 4 6 7 8 9 1011 12 13 14 15 16 17 18 22 230 2 3 4 6 7 8 9 10 11 12 13 14 15 16 17 18 22 23
L
% .o. .ooo .
reactive
B.Moya, etal., ATeEkmmomi ¢c Assessment of Inertia Measurements: A Case StudREPR0BY t he Austr al i an ™®N&awq on
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Real -life example:
Cascading failures in May 2021 i

QNI flow” during 25 May 2021 incident

2 Very sharp rise in
& active power flowing
Generation P through QNI
deficit in QLD ”
NT )
gac-a——————— T ——
QuD :
NSW generators to cover 5 Beyond the
the generation loss : W Interconnector nominal
5 capacity!
\ LA /.

QNI trips! Queensland

Basslink separation!

T S . & & &¥ o o &
kN kN S S Qb QO ) Ny N
AS R R N N N R A NS B

Time (hh:mm:ss)

A. Measured at Bulli Creek substation High Speed Monitoring (HSM).

© 2025 1 P.Marncarella i EEE FES ODLP, fivuerta a -cRepiewe o 20625, B23|1 bao
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Real -life example:

Cascading failures in May 2021 Sisouns

Queensland” and New South Wales® frequency during multiple contingencies, 25 May 2021

504 QLD frequency
recovers and QNI

=2
recloses

Multiple
contingencies

Generation

deficit in QLD
NT Q

494

WA

QLD Frequency (Hz)

o
Y]

SA
Heywood

9

49

s I Around 2.3 GW
T load shedding in

486 \/V

UFLS relays operate QLD|

Basslink

484
14:06:15 14:06:20 14:06:25 14:06:30 14:06:35 14:06:40 14:06:45 14:06:50 14:06:55 14:07:00 14:07:05 14:07:10 14:07:15

TAS Time (hh:mm:ss)

e QLD frequency  =———NSW frequency

Need to protect the system against islanding: co - optimization of contingency size

© 2025 1 P.Marncarella i EEE FES ODLP, fivuerta a -cRepiewe o 20625, B24| b ao
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Separation -constrained UC/OPF

MELBOURNE
0
— — — — — — _— — — _— _— — — — — — 1
— — — — —_— —_— —_— — — — — — — — — —_— Py
| : Q p
| Area B c) Il 2 o LD ma
wv
| I A ] EE T STy gy e w
| 2
|I I >.~1000
| QLD J 11
I g
I I I S, -1500 Secure area
I & —— Zenith Requirement
I I I g — — Static Requirement
I - & ==== ROCOF Requiremen
I I g —— Minimum Inertia Re.
F I )
[ | 10 20 30 0 60 70 80

—

Regional  co -optimization of energy, frequency control ancillary services,
I G Inertia, contingency level, and interconnector flows

I PN~ v v

I G I I = 2500 =— Nadir Requirement Gen Loss
I = = Static Requirement Gen Loss
I ==== ROCOF Requirement Gen Loss
I I SA I I 2000 = Minimum Inertia Requirement
1 viC |

G |
I I
II TAS .
| I
| 1!
(1 Area A ||

SA-VIC-NSW-TAS map

1000

500

Raise primary frequency response (M

—

0 20 40 60 80 100 120 140
SyStem Aggregated inertia after contingengy (GWs)

S. Puschel, et al., i Se p ar atent econstrained optimal power flow to enhance resilience in low-inertia power s y st e nkkedric Power System Research, 2020
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- Minimum inertia levels

- Compulsory droop response

- Additional amount of PFR

- Co-optimization of energy, frequency response, and (regional and system -
level) inertia
Regional allocation of reserves

- New sources of fast frequency response (e.g., batteries, electrolysers)

- Management of largest contingency and interconnector flows (system at
risk of regional separation)

- Sustained frequency excursions (regulation)

- High ROCOF following contingency

Frequency control and - Insufficient regional inertia

inertia - Insufficient PFR

- Risk of low-inertia and insufficient PFR after
separation

= Better forecasting

- Large variation in net demand

- . - . . Artificial  intelligence to assess reserves (e.g., dynamic Bayesian beli
Variability, uncertainty - Insufficient short - and medium -term and ramping g (e y y
nd visibilit reserves network tools)
and vistoiity Use of more flexible resources including energy storage (e.g., pumpe

- Visibility of Distributed Energy Resources (DER)

hydro)
- Fault current shortage - Minimum level of inertia and fault current (generators constrained on)
- Voltage instability - Synchronous condensers
System strength and _ _— . -
. y . g > Sustained voltage oscillations after fault - STATCOM and SVC to improve voltage stability
immunity . . . :
- Fault -ride through issues - Improvements  of control loops (especially in solar farms)
- Minimum demand issues - Grid forming inverters
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Challenges with weather -driven DER:
Rapid cloud formation in Perth, 16 March 2021 MELBOURNE

The Universit
of Manchest

ROOFTOP PV

—

(=

o

[=]
L

800 A

600

400

Rooftop PV Qutput (MW)

200

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00
Time (HH:MM)

50.1

50.0

49.9 1

49.8 1

System Frequency (Hz)

Y

o o

o
1 1

SYSTEM FREQUENCY
49.5 +

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00
Time (HH:MM)

Tuesday, 16 March 2021 10:00 am AWST

Slide courtesy of Julius Susanto, AEMO

© 2025 i P. Mancarella | EEE PES DLP,

AfiVuel ta a -ERegliencead 2025, Ba71 bao
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Security in a weather -fuelled system:
DER impact on reserves S

eldto switch off

‘ s

NEl ectricity provider authori s

=

Source: ABC News, 27 August 2020

This is the consequence of DER not being
visible/dispatchable/controllable!

| EEE PES DLP, AfiVuel ta a -ERegliencead 2025, B281 b ao
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Integrated provision of
system and local services from DER

| Capability NOE l-FeasibliIity NOE |

5 e
THE UNIVERSITY OF

MELBOURNE

S =
[#) [an] [8)]
| |

Reactive power (p.u.)
[

-1.5

Key role of locational economic valuation
of active and reactive power from DER
| | | | |

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Active power (p.u.)

M.Liu etal., AGrid and mar ket s er VIEEE Paverfind &margy Megazire d g &ulg/August 2021
S.Riaz etal, fAModel |l ing and characterisation of f | exilBHEITiarisactiofisoroRowedSystems i hduly 2001 ener gy resourc
C. Bas Domenech, etal. , ATowards Distributed Energy Mar ket s: Ac c u rlEEE €rana. Erkrgy Matk.uHolicy andeRed L MBanR0®4& o mp o
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- Minimum inertia levels

- Compulsory droop response

- Additional amount of PFR

- Co-optimization of energy, frequency response, and (regional and system -
level) inertia
Regional allocation of reserves

- New sources of fast frequency response (e.g., batteries, electrolysers)

- Management of largest contingency and interconnector flows (system at
risk of regional separation)

- Sustained frequency excursions (regulation)

- High ROCOF following contingency

Frequency control and - Insufficient regional inertia

inertia - Insufficient PFR

- Risk of low-inertia and insufficient PFR after
separation

= Better forecasting

- Large variation in net demand . . ) : : :
g Artificial  intelligence to assess reserves (e.g., dynamic Bayesian belief

Variability, uncertainty - Insufficient short - and medium -term and ramping
and visibility reserves network tools)
L L Use of more flexible resources including ener storage (e.g., pumped
- Visibility of Distributed Energy Resources (DER) ) 9 9y ge (e.g., pump
- Fault current shortage - Minimum level of inertia and fault current (generators cons
- Voltage instability - Synchronous condensers
System strength and _ _— . -
. y . g > Sustained voltage oscillations after fault - STATCOM and SVC to improve voltage stability
immunity . . . :
- Fault -ride through issues - Improvements  of control loops (especially in solar farms)
- Minimum demand issues - Grid forming inverters

t ® al yOF NBf f I THe ¥riyileGid TheAphybids ¥r@l bidbrioriiics ¥f security services irQdwND 2 Y  LJ2 ¢ fENE Rowed andBhdrgy MagazRe21

© 2025 1 P. Mancarella | EEE PES DLP, fAVuelta a -ERegllammea0o 2025, B30l bao
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Increasing ramping requirements:
The Australian duck s

Figure 15 NEM average winter net demand curves
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Impact of DER on reactive power reserves

MELBOURNE

Generation MW

1,500

What is the risk of
_________ | operating with
high voltages?

Why are these gas
generators operating with = -\SEEER-----
these market prices?

---_-*

—— — = Sources
07:00 10:00 13:00 16:00 Solar (Rooftop)
Solar (Utility)

B wind

. Battery (Discharging)

Price $/MWh

Gas (Reciprocating)
Gas (OCGT)
Gas (CCGT)

! Gas (Steam)

B Distillate

4’_'_|—| . Imports
?\%]_;—\—! — ) Loads

Lol """" B Exports

Battery (Charging)

07:00 10:00 13:00 16:00
Net Source: AEMO and  OpenNEM

© 2025 1 P.Mancarella | EEE PES , AfiVuel ta a -ERegliencead 2025, B321 bao
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Active -reactive power interaction in weak grids

(275kV)

Wudinna (Low SCR)
200 MW

Seafold Yadnarie . BESS
« 1 [ 5. Middleback (o7,
Cathedral Rock Port Lincols -
Wind Farm (DFIG) ey —'u—"3 o P i o
(Case-2)
[ 50.1 = T = T
= & /\ Case-1 g8 Case-ii
5, Y BEL >
2.49.8 Base case_ = % 4| Base \/
b g S "
& 497} &Casedii @ B> | o= = (b)
4 4.05 4.1 4.15 4.2 JOR 4 402 404 406 4.08
Time (second) Time (second)
T ——
0.5 . -

&5 R V Case-i
X o . ¥ &
= = -link é =
5, o insfability | o & |
Qs Case-i _(ﬁ =

2 caseiii| @ 2 N

dse-
: : -0.5
T~—— 40— 4l N—
Time (second)

support limit impmc*\ support (9.8 MVar)

s ANAN

0 0 o 4

0 = 4{ gase i (¢) /—\——- > % . _ s 3%1 B
2 Case-ii o > o 306 304 ' VIC-NSW grid
32 Poor frequency_—7/ 52 i
5 B2l CHECIY Converter 2 = Significant reactive 331 312 -
A L 172] g}
(58) >3

‘ <

o

0 ‘VVVVV . £ _7#‘;\/\'_/—-\___‘__\‘___;
e =1 4.15 4 65 x 4.15
Time (second) Time (second)

M. Ghazavi, O Gomis -Bellmunt, P. Mancarella, i Si mu | t aRrawisian sof Dynamic Active and Reactive Power Response from Ultility -scale Battery Energy Storage Systems in Weak Gr i dI&EE, Transactions on Power Systems, 2021

M. Ghazavi Dozein, B. Pal, P. Mancarella, i Dy n a naf eerter -Based Resources in Weak Distribution Gr i dI&EE, Transactions on Power Systems , 2022
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Sympathetic DER tripping:
November 2019 event in Queensland

o5 UoE.
THE UNIVERSITY OF

MELBOURNE

180 MW -310 MW PV disconnection following a fault

disconnections by distance from fault location in Queensliand

Zone 4 /

/" Zone 3

40%
35%
30%

N
U
R

Disconnection proportion (%)
no
o
R

15%
10%
5%
0%
<50 km 50-150 km 150-250 km >250 km
Zone 1 Zone 2 Zone 3 Zone 4

W Systems on 2015 standard M Systems on 2005 standard

© 2025 1 P.Mancarella | EEE PES DLP, AfiVuel ta a -ERegliencead 2025, B34l bao
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Resorting to old school technologies: oo

Effect of synchronous compensators

@ Energy ~  South Australia -

3D 7D 30D 1y ALL 5m m

18 Nov 2021, 1:00 AM Toral 1,439 MW

= Generation MW

Power

Default v MW
Sources 1,640
Solar (Rooftop) Q0
Solar (Utility) 0
W wins 1,513
. Battery (Discharging) 45
Gas (Reciprocating) 0
Gas (OCGT) 0
Gas (CCGT) 0
i Gas (Steam) 122
. Distillate 0
. Imports (1}
Loads -201
. Exports -198
= Price /MWn ,’ 18 Nov 2021, 1:00 AM -$2.60 Batery(Chareing) 35
,, Net 1,439
300 ; : ,’ Renewables 1,513
U
4
4
4
Y4
Source: https://reneweconomy.com.au/south -australia -sets -stunning -new -benchmark -as-gas-output -halved -and -wind -at-record -highs/
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Pic sourced from the internet
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Power system stability classification

MELBOURNE

Power system stability
New, faster instability phenomena
o Converter- Rotor angle Voltage Frequency
REsoanCe sabiity déiven stability stability stability stability
y v Kv ! ‘\
: y Fast Slow 2 Small- e- Small-
Elegtriral Tosicos! interaction interaction Tonsieot disturban: d!’ turbance disturbance

Somehow associayedemwi $thr € n[@ofedd|O [Longterm TR | E—

IEEE Power SystemDynamic PerformanceCommittee,"Task Force on stability definitions and characterizatiorof dynamic behaviourin systemswith high penetrationof power electronicinterfaced
technologies,"2020Q

B37i bao
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But what is system strength?

System Strength

Small-Signal Strength Large-Signal Strength Short-Circuit Strength

Voltage Frequency Damping Frequency Voltage Connection
Strength Strength Strength Strength Strength Strength

System strength aspect

Berry, J. V. Mi |l anovili, and P. Mancar ellEEE AccgsS, % em strength beyond
| EEE PES DLP, AfVuel ta a -ERegliencead 2025, B38| bao

M. Ghazavi Dozein ' B.
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New technology options to deliver
system strength products

- SSEmg
555~ R

THE UNIVERSITY OF

MELBOURNE

And network reinforcement

M. Ghazavi Dozein

So,

B . Berry, J.

|t

V.

Contributing Factors to System Strength
IBR Type Reactive Virtual Cont. | Regulation| Peak current/negative : Synchronizing
power VBAI inertia FFR FCAS FCAS component current Damping power/services
Grid Legacy
following Enhanced
Type 1
Type 2
Grid
forming Type 3
Type 4

can enhance several forms of system strength too!

OS no

Mi |l anovil,

t only about synchronous

and P. Mancar ellEEE AccdssS, AR5 e m

strength beyond

© 2025 i P. Mancarella
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Can renewables provide voltage support?

MELBOURNE

€~) AEMO

GENERATION SYMBOLS
wicain @ $F O & A p @
Prenegoaion @ $F O & A | &
Registation (@) * O 8 A B O
‘Commissioning Q * a g i = .
Operafional @ * o 4 5 ! g

TRANSMISSION INFRASTRUCTURE

& O 500KV Transmissicn Line
= I 330KV Transmizzion Line
) MM 775KV Transission Line
EEE 220KV Transmission Line
N 153G/ 110 &V Transmission Line
wmmmmm 53 kV Transmission Line
—

Courtesy of Julius Susanto NSW Generation Map [Source : ]

© 2025 1 P.Mancarella | EEE PES DLP, AfiVuel ta a -ERegliencead 2025, B40Il bao


https://aemo.com.au/-/media/files/electricity/nem/network_connections/generation-maps/nsw-map.pdf?la=en

MANCI I{. STER

ity

The Universit
of Manchester

Do we really needthose gas plants on?

Q[MVAR]

Field current limit
Lagging Qmu O P

SA solar (grid and distributed) meets 100% of South Australia’s demand for the first time Lauing
ralia operational demand by time of day - 11 October 2020 .
1,500 1 power Armature heating
______________ factor

_~ constraints

Synchronous
Generator

0

- -
--------
LA A B B L L L L L L L B J

P [MW]

Nactive capability of

-500 -
0:30 230 4:30 6:30

18:30 20:30 223

12:30 1430 16:30

8:30 1030

Interconnector import — Gas B Battery PVi
inverter
m—— \V/ind Grid Solar Distributed PV
----- Operational demand = = =Underlying demand

factor ey W 3 et
Leading Winding end region heating limit

Under excitation limit

P max
(prime mover limit)

How about batteries?

Figure source: NREL, Demonstration of Essential Reliability Services by a 300 -MW Solar Photovoltaic Power Plant, 2015

© 2025 1 P.Mancarella DL P, AfiVuel ta a -ERegliencead 2025, B4ll bao
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Example: Dalrymple battery

MELBOURNE

The Universit

30 MW/8 MWh BESS

Lithium -ion technology

Connected to the SA grid via a 33 kV/132 kV transformer
Supplies average local demand of 3 MW, 8 MW peak

> > > > >

Equipped with  virtual synchronous machine control with converter overloading
capability of 2 pu for 2 seconds

Simplified single -line diagram of the York Peninsula in South Australia

'T Dalrymple substation VT Upstream grid
3 1 { s RRRRS
25 km é 132 kv 1%
33 kv

BESS building \

BESS and Dalrymple substation

Load/DER

Dalrymple BESS 1.8 MW

30 MW /8 MWh

El ect r aNe t-SAbatterg €dralge project operational report#3, August 2020.

© 2025 1 P.Mancarella DL P, AfiVuel ta a -ERegliencead 2025, B42| b ao
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Fr om

ngrid

foll owingbo

f or mingo

Dalrymple battery

wv

-10

-15

Reactive Power (Mvar)

-20

25
0.000

0.500 1.000 1.500 2.000
Time (sec)

Single -phase i to -ground
fault on January 13, 2020

Battery terminal voltage dynamics

2.500 3.000

Battery reactive power response

19.5

Dalrymple 33 kV Phase Voltage

19

18.5

18

Phase Votlage (kV)

17

16.5
0.000

El ect r aNe t-SAbatterg €drage project operational report#3, August 2020.

‘F'\ ’J/—\,\_‘ e —

f \\«'r]

0.500 1.000 1.500 2.000 2.500 3.000
Time (sec)

5
THE UNIVERSITY OF

MELBOURNE

B43| bao
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The future emulates the past:

nNVirtual synchronous mac

The 30 MW Dalrymple battery

SA frequency dynamics ; ”V|rFuaI ;?erstlz response
following the separation event ° OWII\rII(?vter?\ber fg p;\(r)itéon,
Trend: Frequency By Phase Voltage ,
50.8 Hz
50.7 Hz
506 Hz 1 Dynamic behaviour of the Dalrymple
505 Hz battery during the event
504 Hz
0
503 Hz - 0 2 10
50.2 Hz -1
50.1 Hz 4
-2

T T T T T

T T T
06:05:17s PM  18s 19s 20s 21s 22s 23s 24s
A Frequency By Phase V12 Min/Max A Frequency By Phase V23 Min/Max
A Frequency By Phase V31 Min/Max

FCAS ramping

/e Power (MW)
IS w

How about distribution networks?
e T T

S.Cherevatskgt.al> G DNAR FT2NXAy3d SySNH& adG2N}r 38 aéeaidsSy
addresses challenges of grids with high penetration of renewables
0! OFr&asS &aiGdzR@0Zé HANHIBR2020DWY t I NAad a4S3aA2yT LILIO ™ i
Time (sec)

o: UoE.
THE UNIVERSITY OF

MELBOURNI:

© 2025 i P. Mancarella
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Integrated provision of ¢
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system and local services from DER
5 | Capability NOE l-FeasibliIity NOE |
1.5 N
— 1 B )
=
8 05F -
T
= 0
o
o
.g -0.5 _
©
e -1- —
Q
(14
-1.5 - N
2 .
25 | | | | | | |
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Active power (p.u.)
M.Liu etal., AGrid and mar ket s er VIEEE Paverfind &margy Megazire d g &ulg/August 2021
S.Riaz etal, fAModel |l ing and characterisation of f | exilBHEITiarisactiofisoroRowedSystems i hduly 2001 ener gy resourc
C. Bas Domenech, etal. ATowards Distributed Energy Mar ket s: Ac c u  rlEEE €rana. Erergy Matk.uHoltcy andeRed L M Ban RG24 o mp o
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Power system resilience and grid fragility MELsOUE
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What is an extreme event in a fragile grid?

The Flaw of Averages:
A statistician drowns while
crossing a river that is only
three feet deep, on average.

Sources: http:f/webd.stanford.edu/~savage/faculty/savage/FOA%20Index htm
WWW.danZigercartoons.com

P. Mancarell a, AEl ectricity grid fragrididar mod OxbasirEdenyyeorene i Blectacityf Nettivarkis i a Neé t -Zero - Carbon Economy , 124, pages 41 -
45, Sept 2020

J. Eggleston, C. Zuur, P. Mancarella, fi Fr osecturity to resilience : technical and regulatory options to manage extreme events in low-carbon g r i dIEEE, Power & Energy Magazine ,
Sept/Oct 2021
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Fragility challenges in weak grids e

Frequency Stability System strength

Voltage magnitude

System frequency ; I
and angle

IBR control instability, small - signal instability

Lack or reactive power control, voltage instability

Cascading events (frequency and angle instability)

| EEE PES DLP, AfiVuel ta a -ERegliencead 2025, B471 bao
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Grid fragility

The Universit

example:
demand disconnection event, UK, 09/08/19 Tty

MELBOURNE

Fault cleared
Circuit fault [16:52-:33 564]
Eaton Socon-
Hornsea loss of 737MW
Wymaondley

[16:52:33.490]

Little Barford ST trip 244MW

Circuit closed on Little Barford

\
DAR [ \* “‘“‘-{ GT1b trip 187MW
[16:52:53] ™ / \ [16:53:58]

\

gen. loss 200

[15:52:55] MW @49Hz

Frequency breaches 48 8Hz triggering LFDD
[16:53:49.398]

The 950 MW Iow—frequéncy demand disconnection

net demanddisconnectionwasactuallyonly 350 MW

Frequency is

[16:57:15]

0.125 Hz/s settings, and the frequency went
down by about 0.4 Hz during the first 3 s)

E'Stﬂred to 50Hz
& __,_-f/_‘---)
]

/ 49 Hz ]
--—'Freuuencrfaﬁ-—--'gﬁ.b-eda'ea-—';;k—---jz- ------------------------ I B -
arrested at 43.1Hz !

ESO Mational Control instruct 1,240 MW of
actions to restore frequency to operational
limits and restore frequency response and
reserve services.

[16:52:34] // T T
[ ityisiokivia | TheLoMtrigger was based on embedded
|| [16:52:34] generation protection relay settings based or
Il Freguency response Little Barford GT1a trip SBls Shiﬁ(abOUt =20 MW) A (Rl ©F g
I'|I recovers frequency to 210MW [16:53:31] Change Of Frequency gROCQF) (abPU} %59= J R R ; .
|| 492Hz a2z la a2fReé SYOSRRSR 3ISYSNI}IUgNBR KIR
'\‘ [15:53:18] /
llu

1 (LFDD)schemesalso triggered substantial (almost 600 [ 200 MW of embeddedgenerationtripped at the frequencythreshold
MW!) embeddedgenerationdisconnectionso that the of 49 Hz,exacerbatinghe cascadindeforedemanddisconnection

Source UKNationalGridESO¢@ ¢ S O Krgpart®@h tie eventsof 9 August201% Bitps://www .ofgemgov.uk/system/files/docs?019 09/eso_technical_report-_finalpdf

© 2025 i P. Mancarella
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Circuit fault
Eaton Socon-
Wymaondley

Fault cleared
[16:52-33.564]

Hornsea loss of 737MW

| [16:52:33.835]

Frequency is
restored to S0Hz

Grid fragility example:
demand disconnection event, UK, 09/08/19 MELBOURNE

[16:52:33.490]

[16:57:15]

SR 3ISYSNIGRNBR KIR

Circuit closed on

DAR [t
[16:52:53]

= =t = = fFrequencyfatt — — = [~
arrested at 49.1Hz
[16:52:58]

Frequency breaches 48 8Hz trigge
[16:53:49.398]

The 950 MW Iow—frequéncy demand disconnection S
1 (LFDD)schemesalso triggered substantial(almost 600 [ 200 MW of embeddedgenerationtripped at the frequencythreshold

MW!) embeddedgenerationdisconnectionso that the of 49 Hz,exacerbatinghe cascadindeforedemanddisconnection

net demanddisconnectionwasactuallyonly 350 MW

Source UKNationalGridESO¢@ ¢ S O Krgpart®@h tie eventsof 9 August201% Bitps://www .ofgemgov.uk/system/files/docs?019 09/eso_technical_report-_finalpdf

© 2025 i P. Mancarella | EEE PES DLP, AfVuel t a a B49| b ao
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Grid fragility
demand disconnection event, UK, 09/08/19

example:

. Fault cleared
Circuit fault [16:52-33.564]
Eaton Socon-
Wymondley | Hornsea loss of 737MW
T 16:52:33.835
[16:52:33.490] - [ ]

Frequency is
restored to S0Hz

\ Fregquency
| | recoversf
|| 4921z
\| [16:53:18]

\
Circuit closed on | ‘\
DAR N
[16:52:53] "‘“X
= =1 = -1 fremuencyfatt — — = = F fbedd:
arrested at 49.1Hz gen. lo
[16:52:58] MW @

Frequency breaches 48 8Hz trigge
[16:53:49.308]

[16:57:15] o

| (LFDD)chemesalso triggered substantial (almost 600
MW!) embeddedgenerationdisconnection so that the
net demanddisconnectionwasactuallyonly 350 MW

The 950 MW Iow—frequéncy demand disconnection

— 200 MW of embeddedgenerationtripped at the frequencythreshold
of 49 Hz,exacerbatinghe cascadindeforedemanddisconnection

Source UKNationalGridESO¢@ ¢ S O Krgpart®@h tie eventsof 9 August201% Bitps://www .ofgemgov.uk/system/files/docs?019 09/eso_technical_report-_finalpdf

© 2025 i P. Mancarella
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In a fragile grid, security and resilience merge!

The Flaw of Averages:
A statistician drowns while
crossing a river that is only
three feet deep, on average.

Sources: http:f/webd.stanford.edu/~savage/faculty/savage/FOA%20Index htm
WWW.danZigercartoons.com

P. Mancarella, fAElectricity grid fragrdidar bmord xpmlirEdenyyeforene i Blectacity Netivarks im a Nee t -Zero - Carbon Economy , 124, pages 41
45, Sept 2020

J. Eggleston, C. Zuur, P. Mancarella, fi Fr osecturity to resilience : technical and regulatory options to manage extreme events in low-carbon g r i dIEEE, Power & Energy Magazine ,
Sept/Oct 2021
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Categorisation of new, nNr es

Discrete
events

Non-
traditional
indistinct
events

J. Eggleston, C. Zuur, P. Mancarella,
Sept/Oct 2021

moving beyond security

Credible events

Secure for single
credible
contingency

Secure for low

impact indistinct

contingency

Secure operating state

fi F r osecurity to resilience :

technical

Non-credible events

RECLASSIFICATION
Non-credible discrete contingency
reclassified as credible during
abnormal conditions High impact low
probability events with
multiple outages

PROTECTED EVENTS
Discrete standing risks

Indistinct standing risks

High impact, low
probability events with
multiple distinct outages

PROTECTED OPERATION and indistinct events

Abnormal conditions
causing indistinct risks

Resilience expected to Material risk of black
avoid black system < > system event

S,
RS

THE UNIVERSITY OF

MELBOURNE

and regulatory options to manage extreme events in low-carbon g r i dIEEE, Power & Energy Magazine ,
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Grid fragility example:
Iberian peninsula blackout, 28 April 2025

N

What should be done moving forward?

r
—
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Will more  redundancy
enhance reliability (and resilience)?

Why Investments Do Not
Prevent Blackouts

The idea that increasing the capacity of the transmission
network should improve the security of the system and
reduce the probability of blackouts is intuitively
appealing. However, this intuition does not withstand
scrutiny.

Daniel Kirschen and Goran Strbac

D. Kirschen and G. Strbac, AWhy i nvest ment s The &lectiaty Joynale v Manch 2004l ackout s o,
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Planning for resilience:
The Resilience Trilemma —

Y 4 N\ Make the network more
I smarter? \ responsive (e.g. faster
\\ /' restoration), self-
adaptive, resourceful,
Su” P
| etc.
Resilience
Enhancement
Upgrade Build new
existing . infrastructure,
- Bigger? e
infrastructure, e.g. transmission
asset life lines,
extension, etc. substations, etc.
M. Panteli and P. Mancarella , The Grid: Stronger, Bigger, Smarter? Presenting a conceptual framework of power system resilience, IEEE Power and Energy Magazine, May/June 2015
R. Moreno, etal., fiFrom Rel i ability to Resilience: P | alBEBEiPowgr ahdiErergMagarineA g, dulynAugust02® Ext r e me s 0,
M. Panteli, etal. , "Power Systems Resilience Assessment: Hardening and Smart Operational Enhancement Strategies," Proceedings of the IEEE, 105 , 7, pp.- 1202 -1213, July 2017
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Redundancy
o—
<~/
D

R. Moreno, A. Street, J.M. Arroyo, and P. Mancarella , i P a n n4Carlgon Elestucity Systems under Uncertainty Considering Operational Flexibility and Smart Grid

Tec hnol oRhiosophical Trans. Royal Society A, June 2017

B. Moya, etal. , AUncertainty representation +{dcraribrowe ptoment Egyttcd v SystemoResedrahw , Volume 212 |, Nov. 2022, 108470

© 2025 1 P.Mancarella | EEE PES DLP, AfiVuel ta a -ERegliencead 2025, B561 b ao



MANCHESTER

Planning for the new grid
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The University
of Manchester

Scenario 4: high investment
cost of solar power generation

Redundancy

Scenario 3: mid-high investment
cost of solar power generation

Senario 2: mid-low investment
cost of solar power generation

Senario 1: low investment
cost of solar power generation

>
Epoch Epoch Epoch Time
1 2 3

R. Moreno, A. Street, J.M. Arroyo, and P. Mancarella , i P a n n4Carlgon Elestucity Systems under Uncertainty Considering Operational Flexibility and Smart Grid
Tec hnol oRhiosophical Trans. Royal Society A, June 2017

B. Moya, etal. , AUncertainty representation +{dcraribrowe ptoment Egyttcd v SystemoResedrahw , Volume 212 |, Nov. 2022, 108470
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Tec hnol oRhiosophical Trans. Royal Society A, June 2017

B. Moya, etal. , AUncertainty representation
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anning for the new grid oo
22
Need to think in terms of cost -value -risk analysis !
Scenario 4: high investment
cost of solar power generation
Scenario 3: mid-high investment
cost of solar power generation
Scenario 2: mid-low investment
cost of solar power generation
A A i B
Needto pl an for nexpectedo cascad]l
v 40%) Scenario L. 10w Investment
cost of solar power generation
: ~ . . - —>
B.V. Venkatas_ubramanlan, . etal. , i I nvest ment planning framewor kEpJCHO "Epoth tEﬁO(ﬂhat I Nghe
cascadi ng Electri¢ Rowee Systems Research , Volume 234, September 2024 1 2 3
R. Moreno, A. Street, J.M. Arroyo, and P. Mancarella , i P a n n4Carlgon Elestucity Systems under Uncertainty Considering Operational Flexibility and Smart Grid

icra ribrovne ptomes i t EsgutixdP e SstemoResedran w , Volume 212 |, Nov. 2022, 108470
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Key starting point:
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F. Billimoria etal. ,

© 2025 P. Mancarella
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System Security Products:
Control-based response

Frequency
Control

Primary - switched
Primary - automatic
Emulated inertia
Freq. regulation
Differentiated reliability

regul atory

System Requirements
Frequency stability

Voltage stability
System Risks L
Angular stability
Contingency (credible &
non credible)
Forecast uncertainty

Resource stability

s Static Intra-period deviation
Eg Dynamic _/ System ramps
<>) 8 Regulation Control instability
HILP events

g3 Fault ride-through P ’ h
5 5 Postfault active power ower confrolsystems canhave
o C S ts 1. Different contributions to system risks
] 8 E‘querl'rce ‘curren . 2. Different reliance on system security parameters
&= ~Power oscillation damping

| .

| System Security

| Inherent response

Synchronous inertia

‘ Synchronising torque

Fault current
\
Deliveryvia Deliveryvia
control scheme inherent response

\L/

Elementary services

Upward active power
Downward active power
Upward reactive power
Downward reactive power

\

Power electronic
controlled

Synchronous

Grid Following
u

Grid Supporting

Grid Forming

framewor ks

for

operational securi

ty

in

,dGxford OperoBEnergy,i n2§22el ect r i ci
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US - UK - Australia NSF Global Centre vl
on Climate Change and Clean Energy

Electric Power Innovation for a Carbon -free Society (EPICS)

New Global Research Centre to provide EPIC
clean energy boost

RESEARCH WORK WITH US CAREERS

= NEWS / ALL NEWSAND ARTICLES /

Australian institutes spearhead global efforts in clean
energy innovation

LR

' GLOBALPST
CONSORTIUM

The new Electric Power Innovation for a Carbon-Free Society (EPICS) Centre will address challenges in clean energy
production and storage.

Interested in joining?

We are hiring! J

https://www.csiro.au/en/news/All/News/2023/September/Australian -institutes -spearhead -global -efforts -in-clean -energy -innovation
https://www.unimelb.edu.au/newsroom/news/2023/september/new -global -research -centre -to-provide -epic -clean -energy -boost

© 2025 i P. Mancarella

| EEE PES DLP, AfiVuel ta a -ERegliencead 2025, B6OI b ao


https://www.csiro.au/en/news/All/News/2023/September/Australian-institutes-spearhead-global-efforts-in-clean-energy-innovation
https://www.unimelb.edu.au/newsroom/news/2023/september/new-global-research-centre-to-provide-epic-clean-energy-boost

MANCHESTER
1824

My fAVuelta a Espanat e

MELBOURNE

The University

of Manchester

A Barcelona (UPC), Wednesday 28 ™ May
I Security, Reliability and Resilience in Low -carbon Power Systems
A Madrid ( Comillas ), Tuesday 3 ™ June

I Economics, markets and regulation for new essential system services: first
principles and practical experiences

A Ciudad Real (UCLM , Thursday 5 ™ June

I Integrated planning of transmission and distribution systems
A Sevilla (USE), Monday 9™ June

i Running a net -zero grid in 2025 : experiences from the Australian fnr e-avbrld | ab o
A Malaga (UM), Thursday 12t June
I Utility -scale and distributed batteries in renewables - dominated power systems:

experiences and lessons learnt from Australia
A Bilbao (UPV/EHU) Thursday 19 " June

I Security, Reliability and Resilience in Low -carbon Power Systems
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A M. Ghazavi Dozein, O. Gomis  -Bellmunt and P. Mancarella, "Simultaneous Provision of Dynamic
Active and Reactive Power Response from Utility -scale Battery Energy Storage Systems in Weak

Grids," |IEEE Transactions on Power Systems , 2020
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September 2024, 110807, https://doi.org/10.1016/j.epsr.2024.110807
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Substation Hardening and Transmission Expansion Against Earthquakes: A Decision -Dependent
Probabil ity I|RgEpPransatons on Power Systems

R. Moreno, D. N. Trakas , M. Jamieson, M. Panteli, P. Mancarella, G. Strbac, C. Marnay, and N.
Hat zi argyri ou, AMIi crogrids against Wi ldfires: Di strib
Resilienceo, | EEE Power and Energy Magazi ne, 2022 Jan

R. Moreno et al., "From Reliability to Resilience: Planning the Grid Against the Extremes," IEEE
Power and Energy Magazine, vol. 18, no. 4, pp. 41 -53, July -Aug. 2020

T. Lagos et al., "ldentifying Optimal Portfolios of Resilient Network Investments Against Natural
Hazards, With Applications to Earthquakes," in IEEE Transactions on Power Systems, vol. 35, no.
2, pp. 1411 -1421, March 2020

Y. Zhou, M. Panteli, B. Wang, and P. MaveldRasiiendelofa, 0N Qu a
Ther mal Power Generation to Extreme Temperatures and
Systems Journal, Sept.2019

Y. Zhou, M. Panteli, R. Mo r e n o-LeaehAbsesdsmentMibRel@aklity end | a |, NSy
Resilience Provision from Microgridso, Applied Energy
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Transactions on Power Systems, vol. 32, no. 6, November 2017

A M. Panteli, D. N. Trakas, P. Mancarell a, and N. D. Hat zi argy
Assessment: Hardening and Smart Operational Enha
the IEEE, vol. 105, no. 7, pp. 1202 -1213, July 2017.

A Espinoza, S., Sacaan, R., Rudnick, H., Poulos, A., De La Llera, J.C., Panteli, M., Mancarella,
P., Navarro, A., Moreno, R., "Seismic resilience assessment and adaptation of the Northern
Chilean Power System", IEEE PES 2017 General Meeting, Chicago, USA, Jul 2017.

A M. Pantel i, P. Mancarella, C. Pickering, S. Wil k
Resilience to Extreme Weather: Fragility Modelling, Probabilistic Impact Assessment, and
Adaptation Measur eso, | EEE Transactions on Power
2017.

A Navarro -Espinosa, A., Moreno, R., Lagos, T., Ordofiez , F., Sacaan, R., Espinoza, S.,

Rudni c k, H., Al mproving distribution network res

International Conference on Resilience of Transmission and Distribution Networks (RTDN),
Birmingham, UK, Sep 2017.
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adaptation of power systems resilience to natur a
Research, vol. 136, pp. 352  -361, July 2016.

A M. Panteli, D.N. Trakas, P. Mancarell a, and N. D. Hat zi argyr.i

Resilience to Extreme Weather Events Using Defen
Smart Grid, Speci al | ssue on APower Gr i-892RMasch!| i e
2016.

A M. Pant el and P. Mancarell a, ARnThe Grid: Stronge
Framework of Power System Resilienceo, | EEE Powe
pp. 58 -66, 2015.

A M. Pant el and P. Mancarell a, Al nfluence of Extr
Resilience of Power Systems: | mpacts and Possi bl

Systems Research, vol. 127, pp. 259 -270, October 2015.

AG. Fu, S. Wilkinson, R.J. Dawson, H.J. Fowler, C
Integrated Approach to Assess the Resilience of Future Electricity Infrastructure Networks to
Climate Hazar dso, | EEE Systems J-daMayaol7 vol . PP,
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Thank you!
Any question?

o5 UoE.
THE UNIVERSITY OF

MELBOURNE

pierluigi.mancarella@unimelb.edu.au
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Security, reliability and resilience
IN low-carbon power systems

Prof Pierluigi Mancarella, FIEEE
Chair of Electrical Power Systems, The University of Melbourne

Professor of Smart Energy Systems, The University of Manchester

pierluigi.mancarella@unimelb.edu.au

IEEE Power and Energy Society Distinguished Lecturer Program
AVuel ta a Espanao 2025
UPV/EHU School of Engineering, Bilbao, 19 ™ June 2025
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DER benefits across the whole system
i - l’a= 11 oo

A Orchestrated DER and network
investment complementarity and

synergy

A Benefits from DER orchestration better
captured when considering planning
uncertainty and network investment
risk

MELBOURNE

A DER may systematically  reduce

i investment  requirements )) N

I investment uncertainty ADS m

Y risk -hedge value

o e

A .. 1
A Greatly enhanced system resilience! o { I
A ) . . Pl
A Consistentwith  planning for _j o 1Ee L
hexpectedo cascading R :
B.V. Venkatasubramanian, eta., Al nvestment planning framewor k f o Electri¢ Roweg3ystams Besaarahs c ,avdlime g§34,fSepteinber2624 o ,
P. Apablaza etal. , AVal uing DER Fl exi bil it yAwaraLow ARC alknbcoenr t Fad wie ra nSly sRiesnk P IIRER and ISEGAR,2025 e x t 0,
P. Apablaza etal. , AAssessing the I mpact of DEGrbon®oweriSesterasxUndemDeeap &mcertaifity L o v, Electric Power ,¥g4stem Research

P. Mancarella, fAEl ectricity grid fragrdidar bond OxobmsirEdenyyekorene i Blectacityf Nettivarks im a Nee t -Zero -Carbon Economy |, 124, pages 41 -
45, Sept 2020

© 2025 1 P.Mancarella | EEE PES DLP, AfiVuel ta a -ERegliencead 2025, B70I| b ao



MANCHESTER

ity
er

The Universit
of Manchest

Optimal integrated system -DER design

table 2. Results with costs in thousand U.S. dollars

(kUS$) per year.

Case A
( | Main Grid Case A (Rf:valuated) Case B
- P Assets and L1, L2, L5, L1, L2, L5, L6, L1, L2, L3, L4,
r M e~ e measures L6, MG, MG, DR L5,7PV, BES,
DER provide Insurance policy against extreme events!
Can also provide value from day -by -day market operation
Change completely the network investment profile -> |ess redundancy, smarter grid!
Area A [l = @5 MW, ~_ I3l Area B ‘
— A 20 km) — e Operational 32,850 33,115 21,901
AT A——nw | %
[j But a different regulatory set -up Is needed!
‘OmmEe - T eww
\\~\\\* —— // Total cost 32,990 52,893 33,558
figure 8. The electricity network and DER candidates along with areas exposed to wildfires. BES: battery energy storage. L: line; MG: mobile generator.

Moreno, et al., fiMicrogrids Against Wildfires : Distributed Energy Resources Enhance System Resilience 0. IEEE Power and Energy Magazine , 20(1), 78-89, 2022 .
Moreno, et al., i Fr oReliability to Resilience : Planning the Grid Against the Ex t r e mEBEOPower and Energy Magazine , July-August 2020

Y. Zhou, et al., iSystem -level assessment of reliability and resilience provision from microgrids 0 ,Applied Energy, Volume 230, 15 November 2018, Pages 374 -392
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Dalrymple battery

Single -phase i to -ground
fault on January 13, 2020

Battery terminal voltage dynamics

Battery reactive power response Dalrymple 33 kV Voltage

19.15

el :/:;;:f\::/v’v\k:j//ﬂ\ w—\ﬂr’ m‘m

19.05

19

Voltage (kV)

0 0.5 1 15 2 25 3 35 4

Ti
El ect r aNe t-SAbaterg SdRage project operational report#3, August 2020. ime (sec)
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