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What is the NEM power system?

= NEM stands for National Electricity
Market

Fast facts

There are over 504 registered participants
in the NEM, including market generators,
transmission network service providers,

distribution network service providers,
[: and market customers.

The NEM power system relates to
the transmission system in the
eastern part of Australia

A The NEM commenced operation as a
Ny wholesale spot market for electricity in
December 1998.

The NEM incorporates around 40,000 km
of transmission lines and cables.

% The NEM supplies about 204 terawatt
> g

hours of electricity to businesses and
households each year.

= Very long (40,000 km) skinny
network!

$11.5 billion was traded in the NEM in
FY 2020-21.

The NEM supplies approximately
10.7 million customers.

= 200 terawatt hours of electricity
consumption (Dec 2021)

B The NEM has a total electricity generating
capacity of 65,252 MW
[ (as at December 2021).

Visit our NEM | ' \ ‘
data dashboards A - 7 The NEM has approximately 14 GW

1 of distributed solar (as at Dec 2021).
o aemo'com'au ‘ Collectively the largest generator in the
for the latest info. ‘ NEM.
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Renewable Energy Target in Australia

Forecast NEM capacity to 2050, Step Change scenario
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Technological Revolution

Synchronous
generators

Grid AC
Waveform

Several Operational Challenges may |\_
arise in emerging power systems!

PEI: Power Electronics Interface
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Challenge: Frequency Stability Issues

= Reduction in system inertia may result in a higher chance of frequency instabilifﬂ} in
inverter-rich power systems

50

ROCOF increases with lower inertia

I_High — Relationship between system
[ inertia and frequency dynamics

------- Low Inertia

z
'S
©
22

aAf _ s fs

5 (B, — P,) = - AP
Q m e
§49,6 dt ZES ZES
Wb B N e
49.4 - AP
‘0 sameQuasiSteady—StateFrequencyvalue. ROCOF — 2 X HS
492 , L ! I
: ; \0 e " 29 2 Rate of change of frequency
lower inertia results in both lower frequency Nadir and shorter time to Nadir (ROCOF) fO”OW|ng an active
power mismatch (AP)
Low-inertia conditions - faster
frequency dynamics What is required to ensure frequency
P. Mancarella et al., "Power system security assessment of the future Stability in Iow-inertia ConditionS?

national electricity market", Finkel Review, Melbourne, June 2017.
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Challenge: System Monitoring
ARENA Project

‘&, Australian Government A R E N A

“Fsus < Australian Renewable - ~ C Search ARENA
" . ’ |
Energy Agency E@ Y }: /_ RS

m

Renewable Energy Funding Projects Knowledge & Innovation News About ARENAWIRE

—— B —— h;' : B —— _— — —= \y
Home » Projects » Reactive Technologies System Inertia Measurement ' <GB = [T T |
Demonstration - by | = = [ e R T \
Reactive Technologies o 1INy |

System Inertia
Measurement %
Demonstration e -

$1.43m $3.07m

Funded by ARENA Total project cost
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Challenge: System Fragility Issues

= There is a higher chance of system fragility issues in low-inertia operating
conditions

= Possible interactions with frequency-dependant protection schemes

v Generator trip, sympathetic renewable trip, load disconnection,
interconnector trip, or the combinations of the mentioned trips Frequency 4

. . Emergency Conditions
Over frequency generat!on shedding | |-~ - = @
threshold in Australia: 51 Hz
Secondary PV tripping threshold
1 1 N al e e
in Australia: 49.5 Hz R [ N —— ——— » Tim

Under frequency load shedding
. . —
threshold in Australia: 49 Hz | = [\/ Tt TTTTToor

Emergency Conditions
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Real-Life Example: The August 2018 Separation Event

QNI and Heywood Trips - 25/8/18

LN Frequency in Queensland
IR ‘/// s

/ ~—
e —— s —— i

QNI Trip

13:11:39 hrs Frequency in South Australia

\ = - e
e —— e — s ——

Frequency in Victoria and New South Wales (“Mainland”)

4R

| f

Frequency (Hz)

Frequency in

T;mﬁ’:’:;&f Tasmania Legenda:
QNI — Queensland-New South West Interconnector
13:11:45 TAS — Tasmania
AUFLS - TAS 13:11:47 UFLS - Under Frequency Load Shedding
(Smelter) UFLS - Mainland AUFLS — Automated Under Frequency Load Shedding

(Smelter = Residential )

> v
v QY

Time (hh:mm ss

[ Frequency Dynamics during the August event ]

Source: AEMO
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WA

Basslink

TAS

System separation

Around 1 GW of load shedding

Around 200 MW of PV tripping




Challenge: Frequency Regulation Issues

= Renewable energy resources are stochastic in nature with inherent variability
and uncertainty in their active power output

50.20 1~
Relationship between system inertia
and frequency dynamics 50.15 -
1.0
dAf f f 50.10 1
= (Py—P) =-_-AP |
dt ZES ZES § =06 §
8 50.00 - : B
. 04 &
Higher chance of minor frequency excursions in s | <
emerging low-carbon power systems 0:2
49.90 - 0.0
What is required to ensure better 49.851
performance in frequency regulation? -

2011 2012 2013 2014 2015 2016 2017 2018 2019

Time

J. Bryant, R. ghanbari, M. Jalili, P. Sokolowski, L. Meegahapola, “Frequency control challenges in power
systems with high renewable power generation: An Autralian perspective,” RMIT University, 2019.
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Quick Recap

Frequency Control Challenges in Renewable-
Rich NEM Grid with Low-Inertia Conditions

Frequency Stability Issues

A 4

© 2023 M. Ghazavi Dozein — The University of Melbourne

System Fragility

Frequency Regulation Issues




Potential Solutions for Frequency Control
Management in Low-Carbon Grids

= There are several solutions to manage frequency control and the relevant fragility issues
in low-carbon power systems including, but not limited to:

v' Synchronous condenser installation (often coupled with flywheel)
v Mandatory frequency response requirements

v Frequency response constraints in security planning and unit commitment

© 2023 M. Ghazavi Dozein — The University of Melbourne



Example: Security-Constrained Unit Commitment

2500

Coal 23006 MW . ’
Brown and Black Coal 38.0% b ===« Zenith Approx (loss of 551MW)
CcceT 2093 MW 2000 = e 7enith Requirement 51Hz
Natural Gas 5.0% Pt N
717 MW § . = == QSSF Requirement 50.5Hz
~11.0% B 1500Fs. E sssss ROCOF Requirement 1.0 Hz/s
OTHER GAS 2368 MW e ™ .
Steam Subcritical g . Secure Area
w
HYDR 21 MW 2 1000 N
HIDRD s Ay g 1% TN e, Operation point (H=50.8GWs, PFR=655.5MW)
WIND 8245 MW @ : e ek
Onshore 13.4% 50| o= == == - - - - - ww mw wme e W -..-...-""'H'---
SOLAR 4129 MW »
Utility Scale 7.0% -
SOLAR 4760 MW 0 =
Rooftop i 0 20 40 60 80
Aggregated inertia in QLD (GWs)
| Aggregated @< —02—o o ——
Coal Unit nUP pdw

a,coal a,coal

Basslink ‘
Tasmania

BATTERY STORAGE 207 MW
Utility Scale 0.4%

Aggregated \ 1 i a: Area index
dw ,_‘ =— I‘_A_l
, :",’;IHS RG :

Gas Unit

a,gas

Sebastian Pischel-Lgvengreen, Mehdi Ghazavi Dozein, Steven Low,
Pierluigi Mancarella, “Separation event-constrained optimal power flow
to enhance resilience in low-inertia power systems,” Electric Power = ===-=--s----smsmososoooososoooosoooooomoooo oo '
Systems Research, Volume 189, 2020,

Dynamic model of the a-th area for separation event studies.

© 2023 M. Ghazavi Dozein — The University of Melbourne



Potential Solutions for Frequency Control
Management in Low-Carbon Grids

= There are several solutions to manage frequency control and the relevant fragility issues
in renewable-rich power systems including, but not limited to:

v Frequency stability support from inverter-based resources

- Battery energy storage systems

© 2023 M. Ghazavi Dozein — The University of Melbourne



Fast Frequency Response (FFR) from
Hornsdale Battery during the August 2018 Event

Great contribution to system frequency stability!

Hornsdale Battery - 25/8/18 four)
BO 5.6 &
60 ( h\'\ .4

-15. 5.2 NT

SA

Heywood

Basslink

TAS

But there’s a catch....

M. Ghazavi Dozein and P. Mancarella, "Frequency Response Capabilities of Utility-scale Battery Energy Storage Systems, with Application to the August 2018 Separation Event in Australia,” ICPES 2019.
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Battery FFR and System-Level Interactions

Negative contribution to system fragility!

Heywood Export and SA Synchronous Generator output
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M. Ghazavi Dozein and P. Mancarella, "Possible Negative Interactions between Fast Frequency Response from

Utility-scale Battery Storage and Interconnector Protection Schemes," AUPEC 2019.
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Battery Contribution to Frequency Stability and Fraglllty

= Assuming a hypothetical 700 MW installed in Victoria during the August 2018 Separatlon

Event — 50
700 g
g i = Battery output
- 600 =—====Frequency i
Heywood active power flow = A 938 o
600 \ [ \ [ g % >
———————————————————————————————————————————— S 400 496 £
A 5 =
500 . 2 300 =
= = S, RS
5 L ¥ . ‘LL)'I' E
e R - z 200 g =
= (\ : No battery in VIC 3 e . e A i e —— =
0 = 4001 ———700 MW battery in VIC ] - E
= /\ » 100 o
O o N 49.2 =
a v =
L aa)
22300} | , 2
n e ‘400 MW power increase 565 | | -
< < N | | | (
S ‘ 40 45 50 55 60 65 70
© £ = - T3 SOOI
2 § 200 l ['1me (second)
L — v -------------- et - Battery FFR and mainland frequency
100 P Heywood trip -
Importance of FFR location
0 1 | B | esil - D
40 45 50 55 60 65 70 4 )
Time (second) ImpOrta nce of SYStem'LEVEI
M. Ghazavi Dozein and P. Mancarella, "Possible Negative Interactions between Fast Frequency Response from 1 1
Utility-scale Battery Storage and Interconnector Protection Schemes,” AUPEC 2019. \ UnderStandlng and AnaIySIS )
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Final Points on Batteries

= Batteries can also be utilised for many other frequency support applications:
- Frequency regulation
— Virtual inertia response (if equipped with virtual synchronous machine (VSM) control)

" There are certain system-level factors that may impact battery capabilities in
frequency control support

— We will discuss it later in this presentation!

( )

How should we value the frequency stability support from
batteries (or other fast responsive components?)

How should we incentivise the quality of response?

© 2023 M. Ghazavi Dozein — The University of Melbourne



AEMO Project: Very Fast FCAS!

é\% AEMO Energy systems Initiatives  Consultations

THE UNIVERSITY OF

B MELBOURNE

AEMO e .... e CURRENT AND CLOSED CONSULTATIONS e

AMENDMENT OF THE MARKET ANCILLARY SERVICE SPECIFICATION (MASS) — VERY FAST FCAS

Very Fast FCAS Sampling Rate Analysis in
Amendment of the Market Support of the Market Ancillary Services

. N o . Specification (MASS) consultation
Ancillary Service Specification

Prepared for the Australian Energy Market Operator

(MASS) = ve ry Fast FCAS Mohammad Mohammadi, Mehdi Ghazavi Dozein,

Sebastian Puschel Lovengreen, Pierluigi Mancarella

T ) NI WL e I I e e e I S S L 77777777777777777777777777777 -0.2
I T s
3498 ~_ g
g T 03 5
'-% 49.7 \\W’_A\ ‘‘‘‘‘‘‘ — [ -0.35 B

Shifting the
49.6 assessment 04
window
495 -0.45
T N\_ NN “\”77"\ i L 05
FCAS: Frequency Control Ancillary Services : ! ° S ey ! ¢ °

For further information: https://aemo.com.au/en/consultations/current-and-closed-consultations/amendment-of-the-mass-very-fast-fcas
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Potential Solutions for Frequency Control
Management in Low-Carbon Grids

" There are several solutions to manage frequency control and the relevant fragility issues in
renewable-rich power systems including, but not limited to:

v Frequency stability support from inverter-based resources

* Hydrogen electrolysers!

© 2023 M. Ghazavi Dozein — The University of Melbourne



Electrolyser vs Battery

System Support Service

Pri F
Technology Virtual inertia | Fast frequency rimary requency
frequency regulation
response response
response response
Grid-following Alkaline Electrolyzer

Grid-following PEM electrolyzer
VSM PEM electrolyzer
Grid-following battery storage
VSM battery storage

Frequency control from electrolysers may reduce the need for
frequency control-oriented battery installation

M. Ghazavi Dozein, A. Jalali and P. Mancarella, "Fast Frequency Response From Utility-Scale Hydrogen Electrolyzers," in IEEE Transactions on Sustainable Energy, 2021.

M. Ghazavi Dozein, A. M. De Corato, and P. Mancarella, “Virtual Inertia Response and Frequency Control Ancillary Services from Hydrogen Electrolyzers," IEEE Transactions on
Power Systems, 2022.

S. D. Tavakoli, M. Ghazavi Dozein, et al., "Grid-Forming Services From Hydrogen Electrolyzers," in IEEE Transactions on Sustainable Energy, 2023.

The darker colour indicates a better performance in system dynamic support delivery
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Potential Solutions for Frequency Control
Management in Low-Carbon Grids

= There are several solutions to manage frequency control and the relevant fragility issues
in renewable-rich power systems including, but not limited to:

v' Frequency stability support from inverter-based resources

 Distributed energy resources, including photovoltaics

© 2023 M. Ghazavi Dozein — The University of Melbourne



Project with AusNet

-

1 50.8
—Simulated QLD frequency

—;_3: 1100 | — Simulated PV output (Case-1)| 5 5
B = = =Measured PV output _
5 { 50.6
=~ 1050 | -
g2 A 150.5 =
O & I~
o 0 1000 | 1504 &
2 - 3
5 Q | & > :_:
2 o 165 MW 158 MW |90 B
© 2 950 response response |50 O ...::‘.
Ba o AE ) R
S0 1 50.1 %®
':iu 900 r v THE UNIVERSITY OI AUSNEt
;{J ------------------------------ 50 MELBOURNE services
850 | | ' 499
40 45 50 55 . . . ]
Time (second) Frequency Control Ancillary Services in Low Inertia Power

Systems: DER Opportunities

Mehdi Ghazavi Dozein, Ahvand Jalali, Amin Mahdizadeh, Gilles Chaspierre,
Pierluigi Mancarella

Keep this project in mind, we will
talk about this project later!
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Potential Solutions for Frequency Control
Management in Low-Carbon Grids

= There are several solutions to manage frequency control and the relevant fragility issues
in renewable-rich power systems including, but not limited to:

v' Synchronous condenser installation (often coupled with flywheel)

v Mandatory frequency response requirements
v Frequency response constraints in system security planning
v' Frequency stability support from inverter-based resources

- Battery energy storage systems

« Hydrogen electrolyzers!

« Distributed energy resources, including photovoltaics
« And many more .....

[ There are technology solutions, but..... ]
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Back to the Principles of Power System Dynamics

Power system variables and various stability
types are influenced by certain controls and
physical characteristics!

What are these physical characteristics????

Inertia-> already talked about it

System strength????

What is system strength???
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Recognized as an
American National Standard (ANSI)

System Strength

IEEE Std 1204-1997(R2003)

IEEE Guide for Planning DC Links
Terminating at AC Locations Having Low
Short-Circuit Capacities

Integrating Inverter-

Connection of wind farms Based Resources into
?‘E:E:rr\ission and Distribution Committee to weak AC networks LOW Short CirC“it
of the
IEEE Power Engineering Society : Strength systems
b s Working Group Reliability Guideline
Reaffirmed 10 December 2003 B4_ 62
IEEE Standards Board : ” December 2017
December 2016 natlonalg"d
v -
’m System Operability

Framework 2016

/

UK electricity transmission

Australian Energy Market Commission <
®)

DISCUSSION PAPER AGNC

INVESTIGATION INTO SYSTEM System Strength
STRENGTH FRAMEWORKS IN THE March 2020
NEM

26 MARCH 2020 System strength in the NEM explained
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System Strength Definition

= System strength indicates the system ability to maintain voltage waveform stabillity
v" Voltage magnitude
v Voltage angle

v Waveform shape //\\ //\ /\\
VIV

Period

= Consolidating different views and definitions

System strength relates to the sensitivity of voltage magnitude, phase angle,
and its waveform at any given connection with respect to the change in system
active/reactive loading in every possible operating condition

M. Ghazavi Dozein, “"System Dynamics of Low-Carbon Grids: Fundamentals, Challenges, and Mitigation Solutions,” PhD Thesis, University of Melbourne, 2021.
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System Strength Qualitative Metrics

= System strength has traditionally been assessed via fault level related metrics
= The simplest quantitative metric is short circuit ratio

SCR 4
SCR = Sscﬂ &eduction
Puwr \
Strong grid = higher SCR values Voltage (pu)f

Weak grids - lower SCR values

>
Higher voltage sensitivity

= Other assessment metrics have also been used in industry including operating short
circuit ratio, weighted short circuit ratio, composite SCR, site-dependent metrics, etc

M. Ghazavi Dozein, P. Mancarella, T.K. Saha, R. Yan, "System strength and weak grids: fundamentals, challenges, and mitigation strategies”, AUPEC 2018.
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Operational Challenges in Weak Grids
Voltage Stability Issue and Power Transfer Limit

= There is a relationship between system strength, voltage stability, and power transfer
limit at a given location

0.95 T . :
= Normal Operation Point
S 0.9
The SCR value reflects on how far a connection %
point is from its voltage critical point! S 0.85
5
=
. ] 8) 0.8
Sufficient fault level needs to be in ke
place to achieve certain power S -~ Chtical-Eoint
injection into the system '
07 1 1 | 1
500 600 700 800 900 1000

Renewable Power Generation (MW)
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Potential Solution: Synchronous Condenser Installation

= Synchronous condenser installation in South Australia

@ Prominent Hill

@ Olympic Dam Expansion

. B
Olympic Dam North | Leigh Creek
yme Roxby b
| Downs
\
\, | Port Augusta
'Davenpor‘t
Cultana {
Wudinna @ Whyalla \ v‘ ‘.,\‘Mount Lock
\
®
Yadnarie 75 Robertstown
Legend Bgrri
Existing 132 kV \) |
~ Existing 275 kV @ Port Lincoln Pa’?? v/ Tungkillo
® Substation Dalrymple @ » 7 b
) Synchronous Condenser Site S padi &
Adeélaide @ Tailem Bend

| 0 50 100 150  200km
J
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Need for Voltage Support in Weak Grids!

SCR 4 0.95 . : ——
. Normal Operation Point
&eduction S o09f '
\ Q/_'
O
©
= 085 1l
5
Voltage 4 =
o 08r .
o
3
S Critical Point
- 0.75 Al
Higher voltage sensitivity
07 1 1 | 1
500 600 700 800 900 1000

Renewable Power Generation (MW)

Can IBRs help with voltage control and
reactive power support????

IBR: Inverter-Based Resources
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IBR Capability/Requirement in/for Voltage Support

4 AO(%)

— Triangular Rectangular - — — Semi-circular - - - Circular l
A P (production) Omax
5 s ///_ . Q Production
Q Absorption
Smax
Deadband
P >0 « » Al (%)
'Qmax Qmax
) . '(‘)nm.\'
i J' ..... )
P (Absorption) A !
Vol . ; .
g _— RT requirement in weak areas
130}-----d ; - — — HVRT requirement in strong grids

110% ' 1

o \

S, 125Fiieenene (.

' \
% BN
0% § 120 \\ ---------------
: O ik
70% | ; - | ' o ;
: 5 115f------F-ommmmmeeees Fonerenni e e
0.02 0.2 2 20 1200 >
» ™ = Time (seconds)

M. Ghazavi Dozein, “System Dynamics of Low-Carbon Grids: Fundamentals, Challenges, and Mitigation Solutions,” PhD Thesis, University of Melbourne, 2021.
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Real-life Example of Sympathetic IBR Tripping

= Example: The November 2019 event in Queensland

180 MW- 310 MW PV
disconnection following the fault

Behaviour of distributed resources
disconnections by distance from fault location in Queensland during power system

disturbances
40%

w
w
R

May 2021

w
o
R

Disconnection proportion (%)

5%

<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
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Operational Challenges/Solutions in Weak Grids
Inverter-driven Instability Issues

< -Inverter- r ac Filter »e—Grid—»|
B ' [ -
BN
3 Y ) ’ joL Ry 1 SCR 4
2 i a-e a A Ty A .
- P 1 : I, SCR reducti
o | 4 - L8y, | . 'R reduction
B e v, 1. V.1 oy
& : ct—i5x" DR
g : = & L : V() T ‘ :V. ?
4 { | it << |
| Ny | 4 Lo ‘ bob Voltage (pu)
: T L yel) T | e
A i =l
2 '___T____-T____-i_‘ : Phase-
g ! | Modulation l' ! F ot >
z : I ockec : e
& |V 4 B - - -- - - = fref Viey I Higher voltage sensitivity
- e Camnas S s e ¢= Loop
g I [ l l V I l I : ’ "
S : abcd/O \‘“?:’ ref il V-(f‘, Reference | | : abc - :
= q o enerator I ~ dq0
& I <% 4 |9r¢f,L— .I_{___i(__l
g : 2 [/I'l’/;/‘l:- I QILI P‘I(’f | Igdq l/gﬂ
= e L~ :  elen =R [ Solution: Advanced Inverter Control! ]
Z 7 1 Current ‘I ! «P—  Active and I
S I f 1 41| Current Reference : |
= I closed-loop 4+ Canbrator Reactive Power
8. 0 . control ‘I I <«()— Calculation 1
e e o, MR j
Inner-Current Control Loop High-Level Control Loop

IEEE Power System Dynamic Performance Committee, "Task force on stability definitions and characterization of dynamic behaviour in systems with high penetration of power electronic interfaced
technologies," Tech. Rep., May 2020.
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Operational Challenges in Weak Grids
Interactions in System Support Services

= The delivery of one system stability service to meet a specific system need may
negatively impact another system need, e.qg.,

v’ System stability service: frequency control response

v System need #1: frequency stability

. Frequency response
v’ System need #2: voltage control ( Transmission
ﬁ:> : I L grid
= This is something that market does not "
- gh voltage
consider! sensitivity to
[ active power ]

IBRs at a weak
distribution feeder

= This is not an inverter-driven issue!

= System physical characteristics and

operating point may lead to such
. . | M. Ghazavi Dozein, B. C. Pal and P. Mancarella, "Dynamics of Inverter-Based Resources in Weak
I nte I'a Ct|0ns . Distribution Grids," in IEEE Transactions on Power Systems, 2022.
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Operational Challenges in Weak Grids
Small-signal Oscillating Phenomena

= Weak systems are prone to small-signal oscillating phenomena due to
several reasons

v' Cross IBR interactions and instabilities

Poor PLL performance and implementation

Poor IBR current control tunning

Weak grid characteristics (high impedances, low fault level, low SCR)
High IBR penetrations

N N X X
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Real-life Example: West Murray Region

: | \ 2021 "
“‘ | ‘ | I [ ‘ il ‘ (| | x"’l | l l ' ".]ﬁ
Broken Hill . (. ol | L | L | |
o 1| || | ‘ ‘l | /| ' |‘ | | (i = ‘
= BiE | ; : || EH T H 2 | | - |
- I ‘ ' | | [l ‘| “ I Il, 3 ‘( | | | l " | I ‘ I 'lw |,
RN | ‘ TRy -1 phlL || | l
Sy THYRIEBIRIRT \| BIBTREE SIBTRTRY
" Darlington e R VALV T AR Y . M W Wb 1 T T Y R VI | | B
68 o Point wafilf ) (. I . ¥ N 0 & W N
. EB-f5 =
Bat i NSW S e e
Co AEMO, “West Murray”, AEMO Website, Nov 2021.
FE=NT =
o = o I _ =) ] ] .
R - P = I Solution: 50% renewable generation constraint
VIC s St =8 = o . . .
Beg T G was issued by AEMO + IBR disconnections
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Zone of Overlap

System strength and Frequency stability

Frequency Stability System strength

Voltage magnitude

System frequency J I
and angle

IBR control instability

Small-signal instability

Cascading events
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Other operational issues in weak grids

= There are other challenges in the operation of weak grids:
v Power quality issues
v’ System protection issues
v System monitoring issues
v etc
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Project with Reactive Technology

L2 * *reactive

THE UNIVERSITY O teChnOlogleS
MELBOURNE

System Strength: A Techno-Economic Study
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Final Remark

Power system stability
S Converter- Rotor angle Voltage Frequency
SRR S Geiven stability stability stability stability
; : Fast Slow g Small- Large- Small-
ERRCKL O interaction interaction R disturbance | | disturbance disturbance
Frequency Stability Short term Long term Short term | | Long term

Voltage magnitude
and angle

System frequency
System strength
IEEE Power System Dynamic Performance Committee, "Task force on stability definitions

and characterization of dynamic behaviour in systems with high penetration of power
electronic interfaced technologies," Tech. Rep., May 2020.
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