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We acknowledge the Traditional Custodians of
the land, seas and waters across Australia. We
honour the wisdom of Aboriginal and Torres
Strait Islander Elders past and present and
embrace future generations.

We acknowledge that, wherever we work, we do so
on Aboriginal and Torres Strait Islander lands. We
pay respect to the world's oldest continuing culture
and First Nations peoples' deep and continuing
connection to Country; and hope that our work can
benefit both people and Country.

Read our
RAP

‘Journey of unity: AEMO's Reconciliation Path' by Lani Balzan

AEMO Group is proud to have delivered its first Reconciliation Action Plan in
May 2024. 'Journey of unity: AEMO's Reconciliation Path' was created by
Wiradjuri artist Lani Balzan to visually narrate our ongoing journey towards
reconciliation - a collaborative endeavour that honours First Nations cultures,
fosters mutual understanding, and paves the way for a brighter, more
inclusive future.
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Engineering Roadmap -
FY2026 close-out and its
future

Presenters — Senah Javed & Chris Mock



Engineering Roadmap FY26 Close-Out
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Frequency safe limit
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across industry
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options for improving system manage minimum sysiem
strength in priority areas load

Horizon 2 transifion point
planning and analysis
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Coal retirement assessment
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connection point
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Hybrid Plant Commissioning
Fact Sheet
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maodelling

'\_. FY26_25

@ —

Early assessment framework
— OEM trials
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Quantifying system strength
support from GFM
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performance from GFM
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Power System Simulator for
Engineering (PSSE) dynamic
models
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STATUS

@ complete

Partially Complete

SCOPE

@® NEM and SWIS delivery

® NEM delivery with SWIS relevance
® swis delivery with NEM relevance
@® NEM only

® swiS only
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Engineering Roadmap Future

A A A/
Integrated Transition Planning

Established the foundations Delivered priority actions and Transition Planning and more
2019 Integrating Utility-scale Renewables and 2022 Engineering Roadmap: FY2023 Priority Actions Report (NEM) 2026 NEM Transition Plan for System
Distributed Energy Resources in the SWIS Security
; : December 2026
2020 Renewable Integration Study: Stage 1 2023 Engineering Roadmap: FY2024 Priority Actions Report (NEM)
Report (NEM) . . .
_ _ - Including 3-year Engineering
2021 NEM Engineering Framework: Initial 2024 Engineering Roadmap: FY2025 Priority Actions Report (NEM) Roadmap workplans
Roadmap 2027 NEM Transition Plan for System
2021 Renewable Energy Integration — SWIS 2024 Transition Plan for System Security (NEM) Security
Update December 2027
2022 Engineering Roadmap to 100% 2025 Engineering Roadmap: FY2026 Priority Actions Report _
Renewables (NEM) (NEM and SWIS) Including updated 3-year Eng

Roadmap workplans
2024 SWIS Engineering Roadmap 2025 Transition Plan for System Security (NEM)
----------------------------------------------------- 2027 Future SWIS reports

! 2026 Engineering Roadmap to 100% Renewables: FY2026 Priority Timing and scope TBC
I Actions Close-out Report (NEM and SWIS)

FY2024
Priority
Renewable :::gnns
Integration

Study:

Slage 1 Renewable Energy
report Integration - SWIS

From late 2026, the Engineering
Roadmap reporting will be integrated into
Transition Planning for the NEM, with
workplans refreshed on a rolling three-
year horizon.

Update

NEM
Engineering
Framework
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2025 - Merged TPSS and
system security planning

2025 TPSS

Part A — Transition planning

Part B — Regional transition plans

Part C — System wide
developments and plans

Evolving understanding of what is needed
to maintain system security in a low- to
zero- emissions system

Appendix 1 - Reliability Panel feedback
on the 2024 TPSS

Appendix 2 - Transmission network
requirements (NSCAS, System Strength
and Inertia)

Appendix 3 — MSL Regional Assessments

Engineering Roadmap Priority
Actions
Preparing Australia’s power systems for

operation at times of high renewables
contribution.

Public

2026 Transition Plan for System Security

2026 — Merging Engineering
Roadmap into TPSS

2026 TPSS

Part A — Transition planning

How the energy transition affects system

security. AEMQ’s approach to transition planning.

Part B — Regional transition plans

Transition points in maintaining security over the
coming 10+ years, integrating system security
planning studies.

Part C — Engineering Roadmap

Workplans to evolve understanding of what is
needed to maintain power system security in a
low- or zero-emissions power system, and uplift
capabilities.
Appendix 1 - Reliability Panel feedback on the 2025 TPSS
Appendix 2 - Transmission network requirements

(NSCAS, System Strength and Inertia)
MSL Appendix - TBC

~

AEMO

Condensed

Updated transition
points and transition
point assessments

Engineering Roadmap
workplan overview,
objectives for next

3 years
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Proposed Engineering Roadmap Power g%
System Ciriteria prioritised for 2026 TPSS

VI\\IIEI]\" ER WOl’kP|anS developed ER focus: new Activities from Managed by

detailed current BAU processes
initiatives

1. Rolling 3-year window workplans

2. Connected to far future system yay | pay
state with future-back analysis sy A
iz Large Loads {;:i:}

Initial proposal: System
restoration Frequency
. . . d inerti
- 3 criteria chosen for detailed work (b aneinerts
plan development.
- Others informed by existing System strength @
initiatives or BAU processes a
v Voltage
Transient and 7 control

oscillatory stability

Operability
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Engineering Roadmap Understanding Capabilties
WOI’kplCII‘I lI.emplqille Key Industry Industry Reform

Understanding Capabilities

Eng Roadmap Workplan

_ H1 2026 H2 2026 H1 2027 H2 2027 H1 2028 H2 2028 H1 2029 H2 2029 Mid 2030s

Credible scenario

Transition Transition Point 1 Transition Point 3 Transition Point 5 Transition Point 7

Objective - Transition Point 2 Transition Point 8
Objective 1 . .
J Work package that builds understanding Work package that lifts capabilities Transition

point
deadline

Objective 2 Work package that builds understanding

Steps to ‘100% RE’

Work package that lifts capabilities

Objective 3

Ask your question at Slido.com #4092396 10



) AEMO

IBRs and protection
quality fault current

Insight #1 — Andrew Halley



Network protection challenges with
increasing IBR

To set the scene... Protection matters!

- STABLE (cleared quickly) 54

Rotor angle & reaches a maximum
but returns to a new steady state

System remains in synchronism

" UNSTABLE (cleared too late) 5 4

Rotor angle & keeps increasing
and exceeds 180°

Generator loses synchronism
System collapses

An easy one to remember: (PPE)S — People, Plant, Environment and System

Ask your question at Slido.com #4092396 12
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What has AEMO been investigating?

Analysis efforts have so far focused on:

- Understanding how the fault current characteristics of IBR differ from
synchronous machines.

 Investigating how any differences might impact the performance of existing
network protection schemes - what are the riskse

« Focus has been given to understanding grid forming (GFM) converters used in
battery energy storage system (BESS) applications.

Our target is to answer the guestion:

Can GFM BESS be used as a substitute for synchronous machines to help satisfy
minimum system strength requirements (NER Schedule 5.1a.9)?

Ask your question at Slido.com #4092396 13
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What is the driver?

Potential long-term benefits for the industry...

L

SYNCHRONOUS CONDENSER

with External Flywheel } i 11 _  auniil Syn-Con:

[ ]
. Cors
CONDENSER \ _HM ,‘w . sk 3
- '«' ~

.+ Delivery times

VS

BESS:

* GFMis now

> more common
gy . Storage is
critical to
future NEM.

PURPOSE OF EXTERNAL FLYWHEEL: =
Provides additional inertia (stored kinetic energy) to the system, |
improving damping of power swings and enhancing grid stability.

Objective:

Maximise the system security benefits of GFM BESS and create alternative
procurement options for system strength service providers (SSSPs).

Ask your question at Slido.com #4092396 14
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How have we been doing this?

« AEMO has engaged with reputable consultants to explore the fault response
capabilities of IBR and protection related issues...

- Two desktop studies have been completed and published.

.||l I
et K A?r'llplitude

energy

CONSULTANTS

www.aemo.com.au/initiatives/major-programs/engineering-roadmap/engineering-roadmap-execution-reports

« Two more are on the way for publication in Q4 2026...

Cé\?%ﬁt_ =2l

- ) ENGINEERING
—
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What has been established so far?

FAULT CURRENT CHARACTERISTICS - TECHNOLOGY COMPARISON

SYNCHRONOUS CONDENSER GRID-FOLLOWING (GFL) IBR GRID-FORMING (GFM) IBR
(e.g. Inverter-based Resource) (e.g. Inverter-based Resource)

Existing network protection

systems are designed

TIME TO Very fast Fast Fast
PEAK CURRENT ~1—2cycl ~1 -3 cycl ~1-3cycl
e S isegal around the fault current
Highest Low Moderate
RELATIVE FAULT M
CURRENT (~ 5 - 8+ pu typical) | IR (~ 05 - 2 pu typical) characteristics of
MAGNITUDE Limited by machine subtransient Limited by inverter current limit Limited by current limit and
reactance control strategy H
synchronous machines
Yes No Potentially
;3;{:":5:”“ Naturally sustained Drops to near zero quickly Can be sustained during the fault
(decays over time) K5 inheront cirrent source if designed to do so rG Th e r Th O n | B R .
Provided by machine physics (Depends on OEM and settings)
Natural / High Limited Emerging / Design-dependent 1 1 H
NEGATIVE SEQUENCE
CURRENT e Provides negative-sequence current Often constrained by current limits @ Can potentially provide controllable B ° G FM IS STI | | O n eVOIVI n g
BEHAVIOUR according to machine physics May reduce the operation margin negative-sequence current
Widely relied upon by traditional f tact Depends strongly on OEM control _
protection systems SRR strategy and implementation te C h n o I ogy O E M C O n Tro |
High Low Emerging / Design-dependent H
COMPATIBILITY WITH g ging g P!
TRADITIONAL Well understood Limited fault current Potential to improve protection STrO Te g Ies V O ry O n d C O n
PROTECTION SYSTEMS Consistent with protection May challenge legacy protection compatibility

assumptions
Strong fault current source

operation
Often requires adapted settings
or new schemes

Highly dependent on OEM design
decisions and control philosophy
Industry experience still developing

cause material differences

when comparing fault

S 1 e GFL IBRs generally provide -— GFM IBRs have the potential to
= - KEY TAKEAWAY: - Synchronous condensers remain TR el = — g Y P T"” 1§ ‘] 5] provide more protection-compatible
the most reliable source of ‘ I & R limitedt fault current and are II 4 (B 4 fault current behaviour, but outcomes
traditional fault current. jliilA |/l less compatible with legacy ‘414l remain highly dependent on OEM
protection systems. design choices, control philosophy
and current limits.

current characteristics.
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What has been established so far?

1
L2 —sycon ! Fault current characteristics that matter...
! 1.8 —GFM 1 :
1
| 216 N « Magnitude and duration (sustainability of response).
1 14 1
- 1 . .
312 ! + Speed of response and settling time.
1 & 1 1
I q) I . ope .
| 908 : * Negative sequence capability (amplitude and phase angle).
1§06 !
I c’ oge . . . oge
, 204  Stability of response (oscillations and general variability).
;02 I
i R 1 , s . s . : « Ability to resist change in terminal voltage phase angle during fault.
: Time [Cycle] i
: 1 2.00 A = e —— Configl-SynCon
: 180 : & ? == Config2-GFM2
| —SynCOn 1 1.75 %‘ ;fg ++= Config4-GFM1
- —GFM1 : g 5
| B 90 —GFM2 \ — 1597 3 i
| o ' o} '
1 1 = 1.25
| = 1 =]
X E 0 = = = : E 1.00 CR Pickup = 0.94 kA
- : I . [T A
: -g I = o7 o
' ! E% .;:H_.': ‘
| %”90 : ~ 0.50 ; 5}';2 :
< 1 ot
: : 0.25
: 180 : 0.00 J :
1 -1 0 1 2 3 4 5 6 1 : . . ,‘ . .
X Time [Cycle] ' 49 5.0 5.1 5.2 5.3 5.4 5.5
1 1

Time (s)
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Some key takeaways...

 Literature review, backed up by simulations and preliminary hardware in the
loop (HIL) relay testing, confirms that relay misoperation is possible.

« Protection elements reliant on current magnitude and negative sequence quantities
appear most susceptible — examples include:

« Over current protection
» Distance protection (directional schemes)
« Directional earth fault comparison
« Power swing schemes
« Variability across OEM platforms exist at present — efforts to standardise GFM is an

ongoing activity at an international level, e.g. updates to the |[EEE Standard 2800 Series
(IEEE SA - P2800.1).

 Increasing need to improve modelling of IBR in short circuit analysis soffware — aim
should be to minimise EMT simulation and bespoke study requirements where possible.

Ask your question at Slido.com #4092396 18
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Firming up the role of GFM
BESS to support network
protection

Insight #2 — Andrew Halley



&)

Where to from here?
Ongoing activities sit within AEMO System Strength workplan...

A. Protection focused technical forum

« Proposed collaboration between NEM network service providers focusing on existing and
future protection related issues — an existing NEM working group will be utilised for governance

pUrposes.
« Specific Terms of Reference (TOR) to be prepared Q4 2026. Kick-off in Q1 2027.
B. Transitional Services - Type 2 Service Trials
« Grid Forming Inverter Protection Quality Fault Current Trial.
« Zero Synchronous Generation Trial.

« Details available from: AEMO | Transitional Services - Type 2 Services.

C. Industry collaboration via the UNSW PROFILES Project

« See next slides.
Ask your question at Slido.com #4092396 20
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PROFILES Project — Link to ARENA Projects Page

Public

« Protection & Relay Operation For Inverter-based Low-inertia Electrical
Systems (PROFILES) — ARENA funding' announced on 12 August 2026.

PROFILES

4 \"/
NEOEN = ag|

~i#i- akaysha

™ : Ny \}7' N YN
pevelopers

NSPs

| % electranet | 7 SPARK ==z Eku

RENEWABLES

potentia

1This Project received funding from the Australian Renewable Energy
Agency (ARENA) as part of ARENA’s Advancing Renewables Program.

Collaboration between the University of New South
Wales (UNSW) and industry stakeholders.

Deployment, evaluation and testing of multi-OEM
inverters and protection devices in areal time
simulator (RTS) environment.

Inaugural Project Steering Committee Meeting held
September 2026, aiming to conclude in Q4 2029.

« Conscious that industry is looking for guidance on

GFM BESS now, so early results will be a focus!

Ask your question at Slido.com #4092396 21
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PROFILES Project

OEM specific testbeds will be used
Real Time Simulator (RTS) {5 examine individual control and

ﬁf. RTS hu profection combinations.
: ’!\;:: Generic E . .
Tl wrs KOO Wide area testbed wil
E IBR .l l=x= oo | | TNSP settings ' | g .
| models < p———— | oring cc?nfrollers and
| 2| CHIL [+ N — Protection Relay 1| ! protection relays
O : R : : .
s : .t ; : together in a closed loop
| E CHiL :ﬁ’;’éw‘:‘ _ = Protection Relay 2 | | ) . o
{ O 8 + = .2 B : simulation ufilising
: o : Wiad fuen _ """555;:';(\:1‘: : : N
B |CHILFH T\, e [{Protection Relay 3| i 1 controller hardware in
| O V| SR, TR | - :
N %gs "ﬁ : 5 : ; the loop (CHIL) and
: | i — Protection Relay x | | :
| % SE H = | a1 software in the loop (SIL)
oomeoo-o- S botection | 14 | representations of
+ | Simulated : I T : : .
| protection schemes ! | physical equipment.

______________________________________
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° Breaking News...Interested parties
P ROFI LES PrOJeCII. can signup to receive public

PROFILES reports at

Key objectives include...

« Develop evidence-based understanding of protection relay performance in power systems with
significant IBR capacity installed.

« Reduce uncertainty associated with how GFM converters respond to disturbances and how protection
systems interpret these responses.

« Develop guidance on mandatory versus discretionary control behaviours from IBR.

 ldentify pathways for protection system design and operation in IBR dominated power systems.

This is an industry collaboration, and combined effort will be needed to ensure we
arrive at practical and implementable outcomes.

Further participation from industry is welcome (please feel free to contact):

Mark Twidell (m.twidell@unsw.edu.au) or Georgios Konstantinou (g.konstantinou@unsw.edu.au)
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Quantifying System Strength
Support

Insight #3 — Jingwei Lu
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Frequency-domain indicators to
support early screening

« Detailed EMT studies essential for system

A ¢' sfrength assessment.

Sl Vi R - Comparing remediation options often relies on
strength  mmmd ~ options P EMT iterative, trial-and-error EMT simulations.
issue studies
E o Option A E C EMT study 1 .
A = B e  Results can show whether an opfion resolves
; = the studied issue, but do not directly quantify
| | O o= § | = and compare each device's contribution.
. . :
Can we quantify system strength support
Comparing options { Estimating indicative N o .
5 x"”‘ ol e earlier, to guide assessment scoping and focus
detailed EMT studies?

!' Need simple, early-stage insights to guide decisions

Ask your question at Slido.com #4092396 25
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Making dynamic system sitrength
support measurable

« System strength support is characterised through a
device’s voltage-source-like behaviour, i.e. active and

reactive power response to changes in voltage

Measure and analyse Translate response into g i d d g |
@ control system response quantitative metrics m O n ITU e O n O n e )
across frequency

Reference behaviour

under varying conditions ! —— PV;8(s) evice ° M M L)
_________ i - A - a Dot Frequency-domain scans reveal the device's voltage-

indicator

| T source-like behaviour over the relevant frequency range.
@z HEEC -
A T LR PR « The scan results are franslated into numerical indicators
S [ — [ for comparing specific devices and control settings.
@ Wil
Frequency-domain analysis can quantify and
s s o b o compare the dynamic system strength support
of specific devices and control settings.
- - P g
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From measurement to indicative
remediation sizing

« Frequency-domain scans were used to quantify the dynamic

Testing the method through two case studies. system strength support from two GFM BESS models and one
ASSESSED DEVICES Synchronous condenser.
GFMBESS 1 GFM BESS 2 @ SynCon
» The resulting indicators were applied to two GFL IBR instability

cases to estimate the support required for stable operation under
the studied grid conditions.

\ Wind farm case Solar farm case
\ /\,\\ —
R ﬁ .‘;z*;:zaz‘;“’ - EMT simulations validated the predicted stability boundaries,
providing confidence in the method’s use for indicative device
= EeemeEm
®@-0-0 -
I The method links measurable device capability
: g ; to early assessment and indicative sizing of
et e ENT st system strength remediation options.

Case-specific results. Project-specific EMT validation remains necessary.
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Earlier insight to guide focused
detailed studies

« Compare credible remediation options earlier, reducing repeated trial-and-error
EMT simulations during initial assessment

« Estimate indicative support requirements and device capacity, supporting earlier
consideration of remediation costs and connection pathways.

* Focus detailed EMT studies on the most relevant options and conditions, while
retaining project-specific validation.

Potential benefit for developers and NSPs: earlier comparison
and indicative sizing of remediation options, helping inform
connection pathways and focus detailed EMT studies.
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Future damping trends

Insight #4 — Jingwei Lu



Future system damping needs

[ ]
altention

More IBR
' Coal generation |

Synchronous machines
including syncons

Conventional More GFM
damping
mechanism Different damping

characteristics

N 7 N N
Coal generator retirements e = Syncons and GF_M Future damping
reduce the amount of E.'El resources contnl?ute performance therefore
\k traditional PSS-based = glf:‘ere.ntly lt)o oscullattf:ry needs to be assessed
I l = damping available in :m: J\'\,_ s .aw'o o ecause'o proactively rather
l ] the system ve their different physical ih d
3 characteristics and controls. 2 GEoRee:
. 57 NS A =,

Energy transition changes not only generation technologies, but also the
mechanisms that provide oscillation damping.
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Damping risk identified in studied AEMO
future power system

« A repeatable infer-area oscillation was observed in the studied future high-demand
conditiones.

* The response remained evident across a range of tested contingencies and future
system assumptions.

* The findings point to a combination of interacting system changes rather than a
single dominant driver.

The study demonsirates the value of identifying emerging damping risks before future
network, plant and control decisions become difficult to change.
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What we learned about GFM and
syncons

GFM BESS SYNCONS

Grid-Forming Battery Energy Storage System Synchronous Condensers

= Can participate in Contribute to
e—
i oscillations system inertia
= + like synchronous machines redistribution
| Targeted control POD controls
= — tuning improved damping
’ improved damping

<‘/‘:' BOTH TECHNOLOGIES CAN IMPACT DAMPING.

The impact varies by location and configuration.

\ LOCATION MATTERS 1\ TUNING MATTERS @
A Where the resource is placed in the grid & , Appropriate control strategies ®
y significantly affects its damping impact. = \ and settings are essential to ®

~ unlock damping performance.

Effective damping comes from how resources are controlled, tfuned and integrated
Ask your question at Slido.com #4092396 32
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Looking ahead to changing system AEMO
stability needs

« Study potential future system conditions early to identify how core stability phenomena
may change as synchronous generation retfires and new resources connect,

* Preserve practical, low-regret options: consider supplementary POD capability in new
syncon specifications where a material need is identified.

 Build confidence progressively through model validation, and transition-point
assessments at key transition points, informing future planning and project decisions.

Engineering Roadmap: looking ahead to how system stability may change, providing earlier

visibility for planning and investment decisions, and preserving practical options before designs are
locked in.

Study report to be published in next two months prior to 2024 TPSS
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Next steps

Senah Javed




What to expect for the rest of FY264

IBR Impacts on GFM Inverter Fault Inter-area Transition Plan for
Power System Current Oscillation System Security
Protection Performance Damping 2026
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