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IMPORTANT NOTICE

Purpose

AEMO has prepared this final report of its review of the Black System in South Australia on Wednesday
28 September 2016, under clauses 3.14 and 4.8.15 of the National Electricity Rules (NER).

This report is based on information available to AEMO as of 23 March 2017.
Disclaimer

AEMO has been provided with data by Registered Participants as to the performance of some
equipment leading up to, during, and after the Black System. In addition, AEMO has collated
information from its own systems.
Any views expressed in this update report are those of AEMO unless otherwise stated, and may be
based on information given to AEMO by other persons.
Accordingly, to the maximum extent permitted by law, AEMO and its officers, employees and
consultants involved in the preparation of this update report:
1 make no representation or warranty, express or implied, as to the currency, accuracy, reliability or
completeness of the information in this update report; and,
1 are not liable (whether by reason of negligence or otherwise) for any statements or representations
in this update report, or any omissions from it, or for any use or reliance on the information in it.

© 2017 Australian Energy Market Operator Limited. The material in this publication may be used in
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accordance withthec opyr i ght per mi ssions on AEMOO6s website

Australian Energy Market Operator Ltd ABN 94 072 010 327 www.aemo.com.auinfo@aemo.com.au
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NER TERMS, ABBREVIATIONS, AND MEASURES

This report uses many terms that have meanings defined in the National Electricity Rules (NER). The
NER meanings apply in this report unless otherwise specified.

Abbreviations

Abbreviation Expanded name

>
@)

Alternating Current
Australian Energy Market Operator

Australian Energy Market Commission

>
m

Australian Energy Regulator
Australian Eastern Standard Time

Automatic Generation Control

Australian Wind Energy Forecasting System
Bureau of Meteorology

(@]

Circuit breaker

(@]
(@]

Cloud-to-cloud (lightning strike)

Closed cycle gas turbine

(@]
@

Cloud-to-ground (lightning strike)

(@]

Direct Current

Distributed Energy Resources
Demand Forecasting System

Dispatch interval

High Voltage Direct Current

I

High-Speed Monitor
Heywood Terminal Station

=
n

In Service

DFS
o
Distribution Network Service Provider
Dynamic Volt-Amp Reactive
Electricity Market Management System
Electromagnetic transient
Electromagnetic transients including DC
Essential Services Commission of South Australia
Flexible AC Transmission Systems
Frequency control ancillary services
Future Power System Security (program)
Geomagnetic Induced Current
Generating System Model Guidelines
[Hvoc
oM
I
ES

Local Black System Procedure
Loss of Synchronism

Low Voltage

Low Voltage Ride Through
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Abbreviation

NEM
NEMDE
NEMOC
NER
NERC
NSP
OEM
OPDMS
o/s
PSCAD
PSS/IE

PSB
PSSWG
PTL
PV
QPS

M
RoCoF
RTDS

X
n

(7]

SAPN
SCADA
C
SESS
SPAR
p
SRAS
SRS
STATCOM

n
P

(7]
(7]

0
<
(@}

TIPS
TNSP
UFLS

S
=

WSCR

Measures

Abbreviation

I
N

Expanded name

National Electricity Market

National Electricity Market Dispatch Engine
National Electricity Market Operations Committee
National Electricity Rules

North-American Electric Reliability Corporation
Network Service Provider

Original equipment manufacturer
Operations and Planning Data Management System
Out of Service

Power System Computer Aided Simulation
Power System Simulator for Engineering
Power Oscillation Damper

Power Swing Blocking

Power System Security Working Group
Port Lincoln

Photovoltaic

Quarantine Power Station

Root mean square

Rate of Change of Frequency

Real Time Digital Simulator

South Australia

SA Power Networks

Supervisory Control and Data Acquisition
Short Circuit Ratio

South East Substation

Single phase auto-reclosing

Special Protection Scheme

System restart ancillary service

System Restart Standard

Static compensator

Static Var Compensator

Torrens Island Power Station
Transmission Network Service Provider
Under frequency load shedding

Wind farm

Weighted Short Circuit Ratio

Unit of Measure

Hertz (cycles per second)
Kilometres per hour
Kilovolt

Kilowatt hour

&)
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Abbreviation Unit of Measure

m Milliseconds

I

Mega volt amps
Mega volt amps reactive

Megawatts

Megawatt hour

<
=
n

Megawatt second
Megawatts per second (rate of change)

Per unit

=]
=
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INTRODUCTION

This is AEMO6s final report i nt(SA)ohd8SepRinteic2k16. Sty st e m

contains all the information previously published, and highlighted information that has been updated or
added since the previous report. Chapter 1 gives details about, and links for, the earlier reports.

This report is divided into the following sections:

il

Pre-event i the status of the power system in SA prior to the Black System on 28 September 2016
and a summary of NER provisions related to AEMO pre-event decisions on system security.

The events resulting in the Black System i the sequence of events on the power system that
occurred in the SA region of the National Electricity Market (NEM) in the 87 seconds before system
shutdown at 16:18:16.

Restoration i the sequence of steps taken to restore normal power supply to all SA
electricity consumers.

System Restart Ancillary Services (SRAS) i the sequence of events and actions taken relating
to provision of SRAS in SA during the Black System.

Market suspension and subsequent operation i a summary of the provisions in the NER
related to market suspension in the NEM, and of the sequence of events from the system
shutdown to lifting of market suspension on 11 October 2016 at 2230 hrs.

Recommendations i for action proposed by AEMO as a result of this investigation.

Next Steps T an outline of the broader work being undertaken by AEMO to address the challenges
to power system security and reliability posed by the changing nature of the power system.

References to times in this report, unless otherwise specified, are market time (Australian Eastern
Standard Time), not local time in SA, nor local time in Victoria.

€~) AEMO
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EXECUTIVE SUMMARY

This is AEMO6s final report about the sequence of eve
(SA) region black system event on 28 September 2016 (Black System), in which some 850,000 SA

customers lost electricity supply, affecting households, businesses, transport and community services,

and major industries.

It consolidates all the information previously publishe d i n AEMOO6s t hr eé,adingg!l i mi nary
further insights about the performance of the power system during this event, and risks identified, from
AEMOb&6s investigations and analysis.

This report also outlines actions taken since this event, and ongoing actions from before and after the
event, to collectively mitigate the risk of similar major supply disruptions occurring in SA and the rest of
the National Electricity Market (NEM).

What challenges and potential improvements has AEMO identified?

This report focuses on the specifics of the SA Black System event on 28 September 2016. It also
highlights a number of challenges and valuable lessons relevant to improving power system security
and customer supply reliability, particularly as the power system responds to extreme circumstances,
as the NEM generation mix changes and Australia makes the transition to high levels of renewable
energy sources.

The generation mix now includes increased amounts of non-synchronous and inverter-connected plant.
This generation has different characteristics to conventional plant, and uses active control systems, or
complex software, to ride through disturbances. With less synchronous generation online, the system is
experiencing more periods with low inertia and low available fault levels, so AEMO is working with
industry on ways to use the capability of these new types of power generation to build resilience to
extreme events.

As the generation mix continues to change across the NEM, it is no longer appropriate to rely solely on
synchronous generators to provide essential non-energy system services (such as voltage control,
frequency control, inertia, and system strength). Instead, additional means of procuring these services
must be considered, from non-synchronous generators (where it is technically feasible), or from network
or non-network services (such as demand response and synchronous condensers).

The technical challenges of the changing generation mix must be managed with the support of efficient
and effective regulatory and market mechanisms, to ensure the most cost-effective measures are used
in the long-term interest of consumers.

AEMO is continuing to work in association with its stakeholders to resolve these challenges, including
through the established Future Power System Security (FPSS) program, and collaborative engagement
with the Australian Energy Market Commission (AEMC) and the Council of Australian Governments
(COAG) Independent Review into the Reliability and Security of the NEM, led by Dr Alan Finkel.

AEMO has also begun work with the Australian Renewable Energy Authority (ARENA) and others on

proof-of-concept trials of promising new technologies, starting with use of the new Hornsdale Stage 2

wind farm to provide grid stabilisation services. These projects can deliver engineering solutions to

make the grid more resilient and protect seEneg)y omer sup
system continues.

1 preliminary reports are available at: http://www.aemo.com.au/Electricity/National-Electricity-Market-NEM/Market-
notices-and-events/Power-System-Operating-Incident-Reports.

© AEMO 2017 5
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What happened on 28 September 20167

This summary of events is based on the findings of al
event, and information published by other organisations.

On Wednesday 28 September 2016, tornadoes with wind speeds in the range of 1901 260 km/h
occurred in areas of South Australia.? Two tornadoes almost simultaneously damaged a single circuit
275 kilovolt (kV) transmission line and a double circuit 275 kV transmission line, some 170 km apart.

The damage to these three transmission lines caused them to trip3, and a sequence of faults in quick
succession resulted in six voltage dips on the SA grid over a two-minute period at around 4.16 pm.

As the number of faults on the transmission network grew, nine wind farms in the mid-north of SA
exhibited a sustained reduction in power as a protection feature activated. For eight of these wind
farms, the protection settings of their wind turbines allowed them to withstand a pre-set number of
voltage dips within a two-minute period. Activation of this protection feature resulted in a significant
sustained power reduction for these wind farms. A sustained generation reduction of 456 megawatts
(MW) occurred over a period of less than seven seconds.

The reduction in wind farm output caused a significant increase in imported power flowing through the
Heywood Interconnector. Approximately 700 milliseconds (ms) after the reduction of output from the
last of the wind farms, the flow on the Victoriai SA Heywood Interconnector reached such a level that it
activated a special protection scheme that tripped the interconnector offline.

The SA power system then became separated (fAislandedo
substantial load shedding following the system separation, the remaining generation was much less

than the connected load and unable to maintain the islanded system frequency. As a result, all supply

to the SA region was lost at 4.18 pm (the Black System).*AEMO®&6s anal ysfolbwighows t hat
system separation, frequency collapse and the consequent Black System was inevitable.

Immediately following the Black System, AEMO and ElectraNet first assessed the state of the
transmission network, then ElectraNet made safe the damaged transmission lines that may have been
presenting a potential threat to public safety.

After assessing what sections of the network were safe to energise, a system restart plan began at
4.30 pm, including restart capability from one of two contracted SA system restart ancillary service
(SRAS) generators, and supply from Victoria via the Heywood Interconnector.

The first customers had power restored by 7.00 pm on 28 September. About 40% of the load in SA
capable of being restored had been restored by 8.30 pm, and 80 to 90 % had been restored by
midnight. The remaining load was gradually restored as fallen transmission lines were bypassed, and
all customers had supply restored by 11 October 2016.

Within minutes of the event, AEMO declared the NEM suspended in the SA region. The market
suspension was not immediately lifted when the Black System ended, due to continuing uncertainties in
power system operations. Twelve days later, on 11 October 2016, the SA government advised AEMO
at 5.48 pm that its direction for suspension of the market had been revoked, and AEMO lifted the
suspension at 10.30 pm.

While the market was suspended:

1 AEMO continued to manage power system operations in SA. This included, from 3 October 2016,
reclassifying the loss of multiple wind farms as a credible contingency event and placing a
constraint equation on the output of these wind farms until the pre-set levels for their special
protection scheme were increased. No wind farms are still subject to the constraint equation.

2 Bureau of Meteorology. Severe thunderstorm and tornado outbreak South Australia 28 September 2016, 14 November 2016. Available at:

http://www.bom.gov.au/announcements/sevwx/.
¥ When a transmission line is damaged there is a short circuit (fault) and the line must be disconnected to protect the remainder of the system

(known as a fAtripo). However disconnection cannot occur p(dstwhase)t aneousl y anc
4 The supply demand imbalance was in the order of 1,000 MW, for a regional demand of 1,826 MW.

© AEMO 2017 6
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1 AEMO implemented the required pricing mechanisms for the SA region and, in limited instances,
for other NEM regions.

What conclusions have come from AEMOO6s 1 nvestiga

From its analysis of the Black System event, many of
for improving the management of extreme conditions in SA:

1 Access to correct technical information about grid-connected equipment is critical for
system security.

1 Wind turbines successfully rode through grid disturbances. It was the action of a control setting
responding to multiple disturbances that led to the Black System. Changes made to turbine
control settings shortly after the event has removed the risk of recurrence given the same number
of disturbances.

1 Had the generation deficit not occurred, AEMO& s mo d eateb $SAnwguldihave remained
connected to Victoria and the Black System would have been avoided. AEMO cannot rule out the
possibility that later events could have caused a black system, but is not aware of any system
damage that would have done this.

1 The following factors must be addressed to increase the prospects of forming a stable SA island
and avoiding a Black System:

- Sufficient inertia to slow down the rate of change of frequency and enable automatic load
shedding to stabilise the island system in the first few seconds. This will require increases in SA
inertia under some conditions, as well as improvements to load shedding systems combined
with reduced interconnector flows under certain conditions.

- Sufficient frequency control services to stabilise frequency of the SA island system over
the longer term. This will require increases in local frequency control services under
some conditions.

- Sufficient system strength to control over voltages, ensure correct operation of grid protection
systems, and ensure correct operation of inverter-connected facilities such as wind farms. This
will require increases in local system strength under some conditions.

As noted in the recommendations chapter, AEMO is working with stakeholders to identify the best ways
to address each of these requirements.

A number of factors investigated by AEMO were found to have little or no material effect on the event:
9 Trips of wind turbines due to high wind speed.

Operation of the five gas generators on-line at the time.

Performance of the Murraylink interconnector.

Settings of the relays that tripped the interconnector.

Settings of powerline protection relays.

=A =4 -4 4 A

Static Var Compensators (SVCs).
AEMOO®s key concl usi oestorationad:at ed t o system

1 The time to restore the majority of the load was in line with restoration times experienced in other
recent power system restorations in Australia and elsewhere around the world.

1 The failure of the Quarantine Power Station (QPS) SRAS was due to the switching sequence
used. Measures have been put in place and tested to remedy this.

1 The Mintaro emergency diesel generator tripped soon after starting, but this did not delay the
restoration process because the generator cannot by itself restore large generating units in the
Torrens Island area. The cause has been addressed.

© AEMO 2017 7
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AEMO will work with the SA System Restart Working Group to learn from this event by identifying
cost-effective measures to improve speed of restoration of supply to all areas without increasing risk.

The key conclusion related to the market suspension is that there is a lack of detailed procedures on
how to operate the power system under extended periods of market suspension.

What does AEMO recommend?

While extreme events will occur from time to time, testing the wider resilience of the grid, this report
recommends practical measures to be implemented to:

1 Reduce the risk of islanding of the SA region.

1 Increase the likelihood that, in the event of islanding, a stable electrical island can be sustained at
least in part of SA.

1 Improve the performance of the system restart process.
1 Improve market and system operation processes required during periods of market suspension.
9 Address other technical issues highlighted by this investigation.

This report also outlines actions taken since this event, and ongoing actions from before and after the
event, to collectively mitigate the risk of similar major supply disruptions occurring in SA. These actions
have included:

1 Changes by several wind farms in SA to the settings for the protective feature for multiple voltage
disturbances.

1 Introduction of restrictions on Heywood Interconnector flow to ensure the rate of change of
frequency in SA for the unexpected loss of the Heywood Interconnector alone does not exceed
3 Hz/sec.

1 Requirement for a minimum number of on-line synchronous generators in SA.
AEMOOG6s recommendations are summari sed bel ow. Of the
I Seven are new in this report (recommendations 1, 4, 5, 8, 9, 10, and 11 below).

1 Three have already been implemented (recommendations 2, 13, and 14 below, addressing more
rigorous weather warning monitoring, and improvements to SRAS testing).

1 Work has begun on another eight recommendations (3, 4, 12, 15, 16, 17, 18, and 19).

1 AEMO plans to complete the remaining recommendations by December 2017 (noting that two
recommendations relate to potential changes to the National Electricity Rules (NER), and a
number of recommendations involve review, consultation and engagement processes with other
organisations and bodies).

Chapter 7 has more detail on these recommendati ons,
investigations and analysis.

© AEMO 2017 8
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Summary of recommendations

AEMO to propose to ESCOSA changes to generator licensing conditions, and also to request similar changes to the NER,
to address deficiencies in performance standards identified through this investigation.

AEMO to put in place more rigorous processes to monitor weather warnings for changes to forecasts, to trigger
reassessment of reclassification decisions where relevant.

AEMO to review and implement, following consultation, a more structured process for reclassification decisions when faced
with power system risks due to extreme wind speeds.

AEMO to assess options for improved forecasting of when wind speeds will exceed protection settings on wind turbines,
whi ch woul d -speedcdt-otud sdover

AEMO to consider development of a new gener at orisksy iscluding s s
how information about potential risks will be sought, and the most appropriate methods to manage power system security
during such a generator reclassification.

AEMO to work with ElectraNet to determine the feasibility of developing a special protection scheme to operate in response
to sudden excessive flows on the Heywood Interconnector, and to initiate load shedding with a response time fast enough
to prevent separation.

AEMO to modify existing transfer limits on the Heywood Interconnector to take into account the fact that the largest credible
generator contingency under conditions of high wind generation is greater than previously assumed.

AEMO to modify operational procedures for SA island operation to:

9 Take into account the fact that, under islanded conditions, system strength may fall to a level where some wind farms
might not be able to ride through credible voltage disturbances.

1 Ensure that maintenance of adequate system strength is incorporated into the transmission planning process in a more
systematic manner.

AEMO to support ElectraNet to identify and address any specific risks to the operation of protection systems due to the low
levels of system strength that may be experienced if SA is islanded.

AEMO to support ElectraNet in reassessing control strategies to achieve very rapid switching of reactive plant to manage
the risk of severe over voltages in SA that might occur due to large levels of under frequency load shedding following
separation.

AEMO to review its reclassification procedures to address any remaining material risk due to multiple voltage disturbances,
and to approach relevant Generators to review the feasibility of increasing plant limits for the maximum number of multiple
voltage disturbances that can be tolerated over a 30-minute period.

AEMO, together with the South Australian System Restart Working Group, to review the system restart process in detail to
determine efficiencies and to implement relevant recommendations from the Reliability Panel. These learnings will be
shared across all Australian jurisdictions

Any differences between SRAS test plans and the restart process set out in a system restart plan and associated local
black system procedures to be identified and explained by AEMO, to ensure the test simulates, as far as practicable, the
conditions that will be encountered in a real restart situation

Similarly, where the restart procedure depends initially on starting a low voltage generator, the start of this generator alone
to be tested on a regular basis, in addition to the annual test of the entire SRAS source

AEMO to develop detailed procedures for in power system operations during periods of market suspension, and identify if
any NER changes are desirable to improve the process

AEMO to investigate a better approach to ensuring that the minimum stable operating levels of generating units are taken
into account in the dispatch process

AEMO to review market processes and systems, in collaboration with participants, to identify improvements and any
associated NER or procedure changes that may be necessary to implement those improvements

AEMO to develop a more structured process in consultation with participants to source and capture data after a major
event in a timely manner and to co-ordinate data requests.

AEMO to investigate with participants the possibility of introducing a process to synchronise all high speed recorders to a
common time standard.

5 There are generating systems consisting of many mass-produced smaller generating units with, often, a particular model of generating unit
common to a number of generating systems. Thus, a feature or fault for such a model could result in a large number of smaller generating units
across multiple generating systems tripping simultaneously. As a result, AEMO may need to develop a new form of reclassification process to
manage such risks.

© AEMO 2017 9
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Focus of this report

Building on the detailed third preliminary report published in December 2016, the preparation and
publication of new and updated information in this final report focuses specifically on:

1 Whether the actual performance of power system plant was consistent with:

- The performance that would be expected, based on the relevant performance and
system standards.®

- Expected performance based on AEMOO&6s dynamic powert
1 Whether changes to access standards are desirable, in light of the risks highlighted by this event.
1 Scenario studies, including:

- Would the result have been different if wind farm generation had not reduced in output due to
the low voltage protection feature?

- What would have been the result if AEMO had decided to reclassify the loss of multiple
transmission lines as a credible contingency on that day?

1 Performance requirements for possible special protection schemes to prevent islanding of the SA
region or to improve the likelihood of successful islanding.

1 Reviewing the performance of SVCs at Para and South East
sub-stations.

1 Further investigation of the materiality of risks, including those:
- Due to a transient reduction of output from multiple wind farms during fault conditions.
- From high winds, or rapidly changing winds, in in areas of high wind farm concentration.
- Of unnecessary impedance relay operations during this type of event.
- Of over voltages in the SA transmission system due to load shedding or islanding conditions.

- Of low system strength in the SA transmission system, following separation from the rest of
the NEM.

Conclusion

AEMO has completed its investigations into the 28 September 2016 Black System in SA, and will
continue to work closely with industry to implement all recommendations outlined in this report.

6 The AER may also be undertaking separate investigations regarding Generator compliance with their performance standards.

© AEMO 2017 10
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1. REPORT OBJECTIVES AND SCOPE

This is A E MO final report on the South Australian (SA) black system event of 28 September 2016
(Black System). ltsetsoutAEMOG6s under:standing of

1 Details of the Black System, and the series of events that led to the Black System.

1 The performance of the system restart process and supply restoration.

1 The performance of power system and market operations during market suspension.
1 Recommendations for further action.

The scope of this report is intended to meet the requirements of clause 4.8.15 of the National Electricity
Rules (NER) for events prior to declaration of market suspension, and of clauses 3.14.3(c) and
3.14.4(qg) of the NER for subsequent events.

Specifically, the report examines:
1 The adequacy of the provision and response of facilities or services.

1 The appropriateness of actions taken to restore or maintain power system security, including how
reclassification criteria were assessed and applied.

1 The reason for the market suspension, and the effect the suspension had on the operation of the
National Electricity Market (NEM) spot market.

This report has incorporated all information from A E M O fiirge previous reports on this event, except
where that information has now been superseded. The previous reports are:

1 Preliminary Report i published on 5 October 20186, titled Preliminary Report i Black System
Event in South Australia on 28 September 2016 and based on information available up to 0900 hrs
on Monday 3 October 2016.

1 Update Report i published on 19 October 2016, titled Update Report i Black System Event in
South Australia on 28 September 2016 and based on information available up to 1700 hrs on
Tuesday 11 October 2016.

1 Third Report i published on 12 December 2016, titled Black System South Australia 28
September 2016 1 Third Report and based upon information available up to 0900 hrs on
Wednesday 7 December 2016.

Al | these reports ar e avhtp/Mwavbaereo.comnau/BlétMddydNationae b si t e at
Electricity-Market-NEM/Market-notices-and-events/Power-System-Operating-Incident-Reports.

Updated or new information is highlighted through this report.

© AEMO 2017 22


http://www.aemo.com.au/Electricity/National-Electricity-Market-NEM/Market-notices-and-events/Power-System-Operating-Incident-Reports
http://www.aemo.com.au/Electricity/National-Electricity-Market-NEM/Market-notices-and-events/Power-System-Operating-Incident-Reports

BLACK SYSTEM SOUTH AUSTRALIA 28 SEPTEMBER 2016 i FINAL REPORT ///) AE MO

AUSTRALIAN ENERGY MARKET OPERATOR

2. PRE-EVENT

This chapter outlines the state of the power system? in the period leading up to the events resulting in a
Black System at 1618 hrs on 28 September 2016, which resulted in the loss of supply to all customers
in SA (approximately 850,000 customer connections and 1,826 megawatts (MW)?8 of demand).

The information in this chapter is unchanged since AEMO published its previous report in December
2016, except where otherwise noted.

Prior to the event:
1 The electricity system in SA was in a secure operating state.
1 The electricity market was operating normally.

2.1 Assessment of conditions
At 0830 hrs on 28 September 2016:

1 AEMO assessed the state of the weather using available weather analysis tools.® Bureau of
Meteorology (BOM) weather reports, at the time of this assessment, included wind speed forecasts
of up to 120 km/h (gusts). The forecasts received by AEMO did not include any warnings regarding
the possibility of tornadoes. Details of these weather warnings are in Appendix E.1.10

1 AEMO noted that forecast wind conditions could reduce wind farm output where the wind speed
exceeded 90 km/h, and implemented increased monitoring of wind farm performance.!! This
included comparisons between forecast and actual wind farm outputs to ensure accurate dispatch
(see Appendix E.3). Over-speed trips occur at the individual wind turbine level and reduce power
output over several minutes. Potential over-speed reductions were adequately covered by spare
capacity on the Heywood Interconnector.

1 AEMO was operating the power system in accordance with the NER and procedures under the
NER, and was covering the loss of certain groups of wind farms as a credible contingency event,
where these wind farms were connected to the grid via a single transmission line.'2 This meant the
Heywood Interconnector would remain stable for the loss of 260 MW of generation within SA, and
action would then be required by AEMO to bring the flow on the interconnector back to the secure
limit within half an hour. There was sufficient reserve generating capacity within SA to achieve this
if needed.

1 AEMO assessed the potential impact on the transmission network due to lightning. As no double
circuit transmission linesin SAwerec | assi f i ed #&dightaingif lthe poteatibl presénce
of lightning did not warrant the loss of those lines being reclassified from a non-credible
contingency event to a credible contingency event. The unexpected disconnection of a single
circuit transmission line, for any reason, is always treated as a credible contingency event.

1 AEMO assessed conditions that could impact the Heywood Interconnector. As both transmission
circuits comprising the Heywood Interconnector were in service, the loss of both lines was
considered a non-credible contingency event. The lines had not been classifiedas ¢ v ul neueab | e 6
to lightning, and AEMO had not received advice regarding abnormal risks to the transmission
network due to the forecast weather conditions.

7 Appendix A illustrates the SA 275 kilovolt (kV) transmission network before the event. Further details relating to the roles and responsibilities of
everyone involved in the event, as well as key power system security concepts suchas@ r e di bl e ¢ o nt hod-gedible contimgeneyn t 0
evemmin@ ud n e raeselnlAgpéndix F.
8 This was given as 1,895 MW of demand in the Preliminary Report i Black System Event in South Australia on 28 September 2016. The minor
variation is due to the data timestamp, which has been aligned at 1618 hrs.
® AEMO6s sources of information include Weatherzone, the BOM, T9nd Indji Wat ct
10 Since 1 January 2006, warnings of damaging winds (wind gusts exceeding 90 km/hr) have been issued in SA on 617 days, and warnings of
destructive winds (wind gusts exceeding 124 km/hr) have been issued in SA on 29 days.
Under high wind speed or high ambient temperature conditions, wind generation can shut down to protect wind turbines from damage.
12 The largest such contingency at the time in South Australia was the group of Lake Bonney wind farms (approximately 260 MW).

BSee Section 11.4.1 of AEMOG6s PRavailable atSitps/twemaen® eaniau/Electsicity®lationdleEledtricity-Market-

NEM/Security-and-reliability/Power-system-operation.

11
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1 AEMO had not been informed by ElectraNet or SA Generators of any circumstance which could
have adversely affected the secure operation of the power system or their equipment under these
forecast conditions (advice to AEMO of the existence of such risks is standard practice under
clause 4.8.1 of the NER).1* Under procedures in place at that time, AEMO would only reclassify the
loss of multiple circuits under high wind conditions if the maximum wind speed was forecast to be
in excess of the design rating for the lines, as advised by the relevant transmission network service
provider (TNSP).15> AEMO did not keep details of design ratings for wind loadings, and relied upon
TNSPs, as asset owners, to alert AEMO.

1 AEMO understood that all wind turbines were capable of riding through credible faults, provided
these faults were within the size and duration parameters specified in generator performance
standards?6 that would have ensured they cleared within the maximum clearance times set out in
the System Standards.1” AEMO had not received any advice from the impacted Generators on
their pre-set protection limits with respect to the number of faults in quick succession.

At around 0930 hrs, AEMO discussed the approaching weather with ElectraNet:

1 ElectraNet advised that several outages had been cancelled, several more outages were expected
to be returned to service early, and field crews were on standby if required.

1 No issues were raised by ElectraNet about abnormal risks to the transmission network. Across the
NEM, the transmission system has had a history of successfully withstanding storms with
maximum gust wind speeds of 120 to 140 km/h without major incidents. The lack of any advice
from ElectraNet of additional risks to its transmission network under these forecast conditions was
not inconsistent with the historical performance of the grid. 18

In accordance with the NER and A E M O precedures under the NER, AEMO:

1 Concluded there was insufficient justification to reclassify the loss of multiple transmission circuits,
including the two circuits that constitute the Heywood Interconnector, or any additional multiple
generating units, as a credible contingency event.

91 Accordingly, placed no additional constraints on the operation of the Victorian and SA transmission
network prior to the events of 28 September 2016.

AEMO6s assessment was ntheaabsencerad alvice ashoespebifie Bireatsito power
system security, it had no obligation or authority to take further action to maintain the secure operation
of the power system.

2.2 Management of power system security

AEMO has power system security responsibilities as set out in Chapter 4 of the NER. A detailed
summary is in Appendix F. At a high level:

1 AEMO manages the NEM power system from two control rooms in different states that function as
a single virtual control room. System management is a minute-by-minute activity that relies on
extensive use of large real-time data processing systems.

1 AEMO manages the power system to an N-1 standard, meaning that any single element (such as
a generating unit or transmission line) can be suddenly lost without system parameters breaching
limits. These events are termed credible contingency events, because their occurrence is
considered reasonably possible in the normal running of the power system.

1 When the power system is operating to this N-1 standard, it is in a secure operating state.

See Appendix F.11 for further details on this requirement.

For instance, during Cyclone Marcia in February 2015. For further details see AEMO. NEM Event i Directions to Northern Queensland
Generators during Tropical Cyclone Marcia i 20 February 2015, 7 May 2015. Available at:
https://www.aemo.com.au/media/Files/Other/reports/NEM%20Event%20%20Directions%20t0%20Nth%20Queensland%20Gens%20%2020%20
February%202015.pdf.

See NER S5.2.5.5.

17 The System Standards are detailed in Schedule 5.1a of the NER, specifically, clause S5.1a.8 of the NER.

ElectraNet later advised AEMO that, prior to the event, it did not consider that there was an increased risk of multiple single circuit or double
circuit lines tripping.

=
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1 Following a contingency event (whether or not a credible contingency event) or a significant
change in power system conditions, AEMO seeks to restore the system to a secure operating state
within 30 minutes by adjusting plant settings and power flows.

1 Events beyond the N-1 standard, such as the coincident loss of multiple generating units or
transmission lines, are termed non-credible contingency events.

1 AEMO can reclassify non-credible contingency events as credible contingency events if
circumstances increase the risk of their occurrence. Common examples of reclassification include
lightning in the vicinity of transmission lines known to be vulnerable to lightning, or bushfires
crossing easements that contain multiple transmission lines.® Reclassification usually requires
AEMO to apply additional constraints to the transmission network, and this can result in changes to
generation dispatch, which may limit the ability of individual plant to generate electricity and may
increase regional energy prices.

1 AEMO has overall responsibility for management of power system security, but works very closely
with Market Participants and Network Service Providers (NSPs) to achieve this. AEMO relies on
the assistance and cooperation of these parties to stay informed about the state of the power
system and any anticipated risks.

2.3 System configuration

Pre-event operational demand?° in SA was being supplied by a combination of thermal (synchronous)
generation, wind generation, and imports from Victoria across both the alternating current (AC)
Heywood Interconnector and the Murraylink direct current (DC) interconnection.

A summary of the generation mix prior to the event is outlined below.

330
MW

883 MW

Figure1  SA generation mix pre-event

Thermal generation
' Wind generation

Import from Victoria

Table 2 sets out the output of the generators on-line at the time of the Black System, including the
substation and lines they connect to. The combined inertia of the thermal generating units was around
3,000 megawatt seconds (MWSs).

Table 2 Generators on-line

Generator Type Output (MW) Substation Lines connected

The Bluff Wind Farm (WF) Wind 43 Belalie Davenporti Belalie
Belaliei Mokota

Clements Gap WF Wind 14 Redhill Redhilli Bungama
Redhilli Brinkworth

Canunda WF Wind 43 Snuggery Snuggeryi Mayurai South East
Snuggeryi Blanch

Hallett WF Wind 38 Canowie Canowiei Mt Lock
Hallett Hill WF Wind 42 SRiGE ek e

19 See Appendix F for definitions.
20 Operational demand refers to the electricity used by residential, commercial, and large industrial consumers, as supplied by scheduled,
semi-scheduled, and significant non-scheduled generating units.

© AEMO 2017 25



BLACK SYSTEM SOUTH AUSTRALIA 28 SEPTEMBER 2016 i FINAL REPORT éj//) AEMO
=

AUSTRALIAN ENERGY MARKET OPERATOR

Waterloo Easti Robertstown
Total wind generation 883
Ladbroke Grove Unit 1 Thermal 42 Ladbroke Grove Ladbroke Grovei Penola West

Ladbroke Grove Unit 2 Thermal 40

Torrens Island B PS Unit 1 Thermal 82 Torrens Island Torrens Islandi Para

- Torrens Islandi Le Fevre
Torrens Island B PS Unit 3 Thermal 84 Torrens Islandi Magill

Torrens Island B PS Unit 4 Thermal 82 Torrens Islandi City West
Torrens Islandi Cherry Gardens
Torrens Islandi North Field
Torrens Islandi Kilburn

Generator Type Output (MW) Substation Lines connected

Wind 86 Mt Lock Mt Locki Davenport
Mt Locki Canowie

Wind 77 Mayura Mayurai Snuggeryi South East

wind a5

Wind 67 Yadnarie Yadnariei Middleback
Yadnariei Port Lincoln

Wind 85 Belalie Davenporti Belalie
Belaliei Mokota

Wind 44 Snowtown Snowtowni Blyth West

wing cs

Wind 95 Waterloo East Waterloo Easti Waterloo

| Total wind generation |

| Ladbroke Grove Unit2 |

| Torrens sland B PS Unit 1|

| Torrens Island B PS Unit3 |

Total thermal generation 330

Note: Snowtown 2 comprises Snowtown North and Snowtown South wind farms.

As Figure 2 shows, there were significant variations in wind generation in the hour before the event,
including a significant reduction at about 1540 hrs.

Figure 34 in Appendix E.2 shows that general wind speeds in the Snowtown area peaked above

90 km/hr around that time. The output of the wind farms in this immediate area was reduced, probably
due to operation of the over-speed protection. The wind speed dropped away quickly and the output of
these wind farms began to increase around 1605 hrs.

The subsequent BOM report?! indicates that the storm front continued to move eastwards, and the
winds began to peak in the vicinity of the wind farms near Hallett. Immediately prior to events leading to
the Black System, the output of some of these wind farms was falling, again probably due to operation
of the over-speed protection.

If this event had not happened, it is possible that output of these wind farms could have continued to
fall. To understand the significance of this, AEMO has undertaken a scenario study assuming:

91 The loss of the four 275 kilovolt (kV) transmission lines damaged in the storm.

1 No sustained power reduction due to the operation of the protective feature triggered by multiple
voltage disturbances, but a further 200 MW reduction in wind generation due to operation of the
over-speed protection.

The simulation results for this scenario have indicated that the SA power system would have remained
stable and separation from the rest of the NEM would not have occurred. Detailed results of this
simulation are in Section 3.5.1 and Appendix M.2.2?

These unusually large and rapid variations in wind generation can result in flow on the Heywood
Interconnector exceeding its secure limit but not reaching the limit for stable operation. Normal dispatch

21 BOM. Severe thunderstorm and tornado outbreak South Australia 28 September 2016. Available at:
http://www.bom.gov.au/announcements/sevwx/sa/Severe_Thunderstorm_and_Tornado Outbreak 28 September 2016.pdf.

22 The above information is additional to that provided in the Third Report. It has been added to provide more explanation of the reasons for the
variability of the wind generation prior to the event and the reason that AEMO does not believe that it was a critical issue for this event.
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processes then act to increase dispatch of local SA generation or Murraylink to bring the Heywood
Interconnector flow back within the secure limit.

For instance, the sharp fall in wind generation at around 1540 hours resulted in flow on the Heywood
Interconnector peaking to 585 MW (about 160 MW above the secure limit at that time). The central
dispatch system then increased dispatch of generation to bring the flow back to the secure limit within
15 minutes.

While the intermittency of the wind was not a material factor in the Black System event itself, its impact
was greater than expected and action has been recommended in Chapter 7 to improve A E M O ébdity
to forecast the impact of over-speed protection during high wind conditions.

Figure 2 shows SA® total wind farm output prior to the Black System. The variation shown is typical of
the intermittent nature of wind generation. The red dashed line depicts the time of the Black System.

Figure 2 SA total wind farm output (semi-scheduled and non-scheduled)
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Table 3 shows SA transmission equipment which was out of service before the event or was returned to
service early because of the approaching storm.

Table 3 Prior network outages

Outage Start End Constraint set Status
date/time date/time invoked

PARA SVC No.2 Power Oscillation [sEsT{eieIpIokI5 25/10/2016 S-PA_SVC1-POD  Completed after the event.
Damper (POD) 17:00 09:26 (Oscillatory limits)

Monash North West Bend No. 2 24/09/2016 28/09/2016 S-MHNW_2 Returned to service early at
132 kV line 13:30 15:33 (thermal limits) the request of ElectraNet.
Original planned return to
service was 1630 hrs on
30 September 2016.

Robertstowni Waterloo East 28/09/2016 28/09/2016 S-WE_MWP4_RB  Returned to service early at
132 kV line and associated circuit JROH0] 11:14 (thermal limits) the request of ElectraNet.
breakers (CBs) Original planned return to
service was 1800 hrs on

28 September 2016.

Ardrossan Westi Wattle Point Tee [ea[ollplosl] 30/09/2016 n/a Completed after the event.
Dalrymple 132 kV line 11:15 16:08
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Start
date/time

24/08/2016
09:36

Outage

Torrens Island Power Station

(TIPS)i City West 275 kV line

Munno Para 1 275/66 kV XFMR 22/09/2016
and associated 275 kV CBs 09:50
Pimbai Olympic Dam 132 kV line n/a

End
date/time

04/11/2016
16:30

30/09/2016
17:06

n/a

€~) AEMO
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Constraint set Status

invoked

n/a Long-term outage.

n/a Completed after the event.

n/a Note this line is normally out
of service.

Note: Table 3 contains additional outage entries compared to the Preliminary Report i Black System.

Action by ElectraNet to return lines to service was in accordance with normal outage management
practice when faced with forecasts of adverse weather conditions.

Constraint sets and constraint equations are used by the NEM dispatch engine (NEMDE) for the
secure and sustainable operation of the power system.23 Constraint equations are used to define
the mathematical restrictions translated from a physical transmission network representation.
These constraint equations may be grouped into constraint sets to simplify the constraint

management process.

As the physical transmission network configuration changes, due to planned or unplanned outages,
constraint sets may need to be changed to represent a modified mathematical model.

The constraint sets detailed in Table 4 were in place immediately prior to the Black System.2*

Table 4

Constraint set Date/time invoked

S-NIL 12/10/2001 09:05

F-MAIN_RREG_0300 28/09/2016 15:55

S-WE_MWP4_RB 28/09/2016 08:10

24/09/2016 13:30
S-PA_SVC1-POD

S-POR_CB6215 28/09/2016 08:00
I-VS_600_TEST 05/08/2016 12:00

I-VS_650_TEST 27/09/2016 12:30

16/09/2016 17:05

I-VSS_820_TEST 05/08/2016 12:00

I-VSS_870_TEST

27/09/2016 12:30

SA constraint sets invoked pre-event

Date/time revoked

31/12/9999 00:00
28/09/2016 16:50

28/09/2016 11:14

28/09/2016 15:55
29/09/2016 11:30

28/09/2016 08:35

12/12/2016 10:00

31/12/9999 00:00

12/12/2016 10:00

31/12/9999 00:00

Description
Out = Nil, SA System Normal

Mainland Raise Regulation Requirement equal
to 300 MW

Out = Robertstowni MWP4i Waterloo East
132 kV line O/S (or any line segment(s) between
Robertstowni Waterloo East 132 kV O/S)

Out = Monash to North West Bend line 2

Out= One Para SVC POD OIS (with associated
SVC I/S)

(Note: with both Black Range Series caps I/S)

Outage = Port Lincoln 132 kV CB6215 (Note:
applies for either Port Lincoln 33 kV CB 4637
OPEN or CLOSED)

Out = NIL, Heywood VIC to SA limit of 600 MW
for testing of upgraded Heywood interconnection

Out = NIL, Heywood VIC to SA limit of 650 MW
for testing of upgraded Heywood interconnection

Out = NIL, Heywood and Murraylink combined
VIC to SA limit of 820 MW for testing of
upgraded Heywood interconnection

Out = NIL, Heywood and Murraylink combined
VIC to SA limit of 870 MW for testing of
upgraded Heywood interconnection

Frequency control ancillary services (FCAS) enable AEMO to control the frequency of the power
system and ensure the system meets the frequency standards prescribed by the Reliability Panel.

3 See http://www.aemo.com.au/-/media/Files/Electricity/NEM/Security and Reliability/Congestion-
Information/Constraint Formulation Guidelines v10 1.pdf.

24 Table 4 contains additional constraint entries, compared to those listed in the Preliminary Report i Black System Event in South Australia on 28

September 2016.
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There are eight types of FCAS, which can be grouped into two categories: six types of contingency
FCAS, and two types of regulation FCAS.?5

When SA is connected only via a single transmission line from Victoria, constraint equations are
invoked pre-contingently to ensure sufficient regulation FCAS (both raise and lower) services are
enabled in SA for a potential credible contingency event.

There was no local SA regulation FCAS?26 requirement pre-event, because there was considered to be
no credible risk of separation of SA from the rest of the NEM, as SA was connected to Victoria via the
double circuit (Heywood Interconnector) transmission line.

There was 15 MW of contingency raise FCAS response enabled on each of three Torrens Island Power
Station B (TIPS B) generating units prior to the event. This response was incidentally enabled to meet a
global NEM requirement, not a local requirement in SA.

Table 5 details the constraint equations that related to the SA system, binding between 1600 hrs and
1615 hrs.

Binding constraint equations impact on dispatch by limiting flows across the transmission network, and
indicate that NEMDE determined that left-hand-side controllable term/s needed to be varied to satisfy
the linear constraint equation.

The table shows that there were no constraint equation violations (which indicate NEMDE could not
find a viable solution).?” This indicates the power system was in a secure operating state during the
pre-event timeframe.

Table 5 Constraint equation results summary

SETTLEMENTDATE CONSTRAINTID RHS MARGINALVALUE VIOLATIONDEGREE
28/09/2016 16:00 Vi:S_NIL_MAXG_1 591.7963 -2.2112 0
28/09/2016 16:05 S>>NIL_RBPA_WEWT 238.4796 -23.5317 0
28/09/2016 16:05 S>>NIL_TBTU_TBMO_1 631.164 -24.9706 0
28/09/2016 16:10 S>>NIL_RBTU_WEWT 252.5159 -0.2105 0
28/09/2016 16:10 S>>NIL_TBTU_TBMO_1 642.2509 -9.1477 0
28/09/2016 16:15 S>>NIL_RBPA_WEWT 240.5657 -0.2012 0
28/09/2016 16:15 S>>NIL_TBTU_TBMO_1 638.0883 -9.5003 0

The constraints in Table 5 were all NIL outage constraint equations. NIL outage constraint equations
are normally invoked under normal system conditions in the absence of planned or forced outages of
elements of the transmission network.

At 1600 hrs, V::S_NIL_MAXG_1 constraint equation were binding for one dispatch interval (DI) with low
marginal value to manage transient stability for the loss of the largest generation block?28 in SA.

In the period 1605 to 1615 hrs, the two following NIL outage thermal constraints were binding:

1 S>>NIL_RBPA WEWT (overload Waterloo Easti Waterloo 132 kV for the trip of Robertstowni
Para 275 kV lines).

1 S>>NIL_TBTU_TBMO_1 (overload Tailem Bendi Mobilong 132 kV line for the trip of Tailem Bendi
Tungkillo 275 kV line).

N
o

See http://www.aemo.com.au/-/media/Files/PDF/Guide-to-Ancillary-Services-in-the-National-Electricity-Market. pdf.

Regulation FCAS is enabled to continually correct the generation/demand balance in response to minor deviations in load or generation.
Contingency FCAS is enabled to correct the generation/demand balance following a major contingency event, such as the loss of a generating
unit or major industrial load, or a large transmission element. Contingency services are enabled in all periods to cover contingency events, but
are only occasionally used (if the contingency event actually occurs).

See http://www.aemo.com.au/-/media/Files/Electricity/NEM/Security and_Reliability/Congestion-

Information/Constraint Formulation_Guidelines _v10_1.pdf.

The largest such contingency at the time in SA was the group of Lake Bonney wind farms (approximately 260 MW).

N
53

N
N

)
@
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The behaviour of these constraints was consistent with the system conditions at that time, including
increased Hallett area wind generation and interconnector flows from Victoria flowing into the Adelaide
load centre.

For the period prior to the events covered in Chapter 3, AEMOG6 eeal-time diagnostic tools confirmed
the power system was in a secure operating state and the operating state did not represent a threat to
power system security, based on AEMOO&6s procedures and

2.4 Transmission line faults

AEMO has reviewed all transmission line faults that occurred in SA on the day of 28 September 2016.
These are set out in Table 6.

Table 6 Transmission line faults in SA on 28 September 2016

Transmission line Out of In service Comment

service

Hummocksi Snowtowni Bungama 132 kV  [{eRch 10:31 Single phase fault.? Auto-reclosed.

Blyth Westi Bungama 275 kV 10:35 10:35 Single phase fault. Auto-reclosed.

Blyth Westi Bungama 275 kV 10:35 10:35 Single phase fault. Auto-reclosed.

Blyth Westi Bungama 275 kV 10:53 10:53 Single phase fault. Auto-reclosed.

Hummocksi Snowtowni Bungama 132 kV  [NEes] 11:28 Single phase fault.2 Auto-reclosed.

Hummocksi Snowtowni Bungama 132 kV  EERAE) 15:49 Single phase fault.? Auto-reclosed.

Northfieldi Harrow 66 kV feeder 16:16:46 16:16:46 Tripped (no details). Auto-reclosed.

(Distribution)

Brinkworthi Templers West 275 kV 16:17:33 10/10/2016 17:20 Two phase to ground fault. No auto-
reclose. Damaged towers
bypassed.”

Davenporti Belalie 275 kV line 16:17:59 16:18:00 Single phase fault. ® Auto-reclosed.

Davenporti Belalie 275 kV line 16:18:08 10/10/2016 13:40 Single phase fault. * No auto-

reclose (due to earlier fault), locked
out. Damaged towers bypassed.

Davenporti Mt Lock 275 kV line 16:18:13 12/10/2016 19:15 Single phase fault. ® Auto-reclosed,
then locked out. Damaged towers
bypassed.

Davenporti Brinkworth 275 kV line Not known® 18/12/2016 13:38 Damaged. Did not trip prior to

system shutdown. ®

Port Lincolni Yadnarie 132 kV line Not known® Approximately Insulator damage repaired.
30/09/2016 21:00
a Referred to as a three-phase fault in the Update Report i Black System Event in South Australia on 28 September 2016.

b See Section 3.1.4 for more details.
¢ Occurred after the Black System, hence actual time unknown.

The series of transmission line faults in the period from 1031 hrs to 1549 hrs did not pose significant
risks, because:

1 They involved only two transmission circuits.

1 Both lines successfully auto-reclosed and remained in service.

2.5 Weather i a post-event analysis
At the time of the Black System, there were severe weather conditions in SA.

A report from Weatherzone (see Appendix B), after the event, has confirmed that:

1 There was an Aintense | ow pressure systemodo that #dAbrou
28 September 2016 until early Friday 30 September 2016.
1 The low pressure system and associated pre-f r ont al trough and cold front

severe thunderst or ms (i ncl udi ng t oSAm2B Saptembér2@6. it crossed
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T The Acomplex weather system af f e cebsteth Alstatiagvdith par t s of
damaging to destructive winds, widespread thunderstorms, cloud to ground lightning strikes,
damaging hail, and heavy rainfall (leading to floodi

Appendix C includes SA rain radar screen shots from the BOM.

Wind speeds (average) were forecast in the range of 501 75 km/h, while wind speeds (gusts) were
forecast in the range of 901 140 km/h.

Actual BOM weather data confirms wind speeds within the lower range of these forecasts.2® The BOM
confirmed that Yunta, approximately 276 km north of Adelaide, recorded (worst case) maximum wind
speeds of 113 km/h at 1820 hrs on 28 September.3° Other recorded maximum wind speed datas?,
closer to the time of the Black System, indicates values around 100 km/h.32 Appendix E.1 shows a
summary of forecast and worst case actual data.

The report published by the BOM33 provides more details of the tornadoes that are likely to have
caused the observed damage to the transmission lines. The BOM indicated wind speeds in localised
areas exceeded the forecast of 140 km/h (gusts) and were estimated to have been at the high end of
the F2 range of 1907 260 km/h. Tornado events were not forecast on this occasion.

As described in Section 2.1, A E M O sk assessment was made at 0830 hrs, based on forecasts of
maximum wind speeds of 120 km/h. Updated weather forecasts issued by the BOM from 1257 hrs34,
after this assessment had been made, indicated forecast wind speeds up to 140 km/h (gusts).3> AEMO
did not review its 0830 hrs decision in light of these updated forecasts.

A E MO b s -eyert antlysis of the weather data concludes that, based on existing practices, AEMO
would not have changed its actions if it had reviewed the increase in forecast wind speeds reported
from 1257 hrs.

N
©

Information provided to AEMO indicates that damaged transmission lines were subjected to actual wind speeds that were much higher than
forecast. See Section 5, Impact on Power Transmission Network, page 39, BOM report, Severe thunderstorm and tornado outbreak South
Australia 28 September 2016, available at:
http://www.bom.gov.au/announcements/sevwx/sa/Severe_Thunderstorm_and_Tornado_Outbreak 28 September_2016.pdf/.

Last paragraph page 21, BOM report 2016.

This refers only to general maximum wind speeds and does not include the localised extreme wind speeds due to tornadoes.

See Appendix E.2 for actual wind speed data for Snowtown, Port Pirie, Port Augusta, and Clare.

See Section 4 Tornado Damage Assessment, page 22, BOM report.

See Appendix E.1 Forecast Weather vs Actual, Table 21.

BOM report 2016.

3
3
3.
3
3
3!

[ AN S )

© AEMO 2017 31


http://www.bom.gov.au/announcements/sevwx/
http://www.bom.gov.au/announcements/sevwx/

BLACK SYSTEM SOUTH AUSTRALIA 28 SEPTEMBER 2016 i FINAL REPORT é///) AE MO

AUSTRALIAN ENERGY MARKET OPERATOR

3. EVENTS RESULTING IN BLACK SYSTEM

Where AEMO has completed investigations and reached conclusions since it published the previous
report in December 2016, these points are highlighted.

3.1 Sequence of events

3.1.1 Event summary
Immediately prior to the event, Supervisory Control and Data Acquisition (SCADA) data showed
thatthe 1,826 MW of el ectricity demand of SAd6s 850,000 electr
supplied by:
1 883 MW of SA wind generation.36
1 330 MW of SA gas generation.
1 613 MW of electricity imports via the two interconnections with Victoria (Heywood and Murraylink).
The total amount of domestic solar photovoltaic (PV) was estimated to be approximately 50 MW.

Extreme weather conditions resulted in five system faults on the SA transmission system in the
87 seconds between 16:16:46 and 16:18:13, with three transmission lines ultimately brought down.3”

Following these faults38, and the resulting six voltage disturbances3?, there was a sustained reduction of
456 MW#° of wind generation to the north of Adelaide. Analysis of high speed monitoring data has
shown a further 42 MW of transient wind power reduction. This transient response is the normal
expected response of wind farms riding through the voltage disturbances.

Increased flows on the Heywood Interconnector counteracted this loss of local generation by increasing
flows from Victoria to SA. More detail on this is in Section 3.3.1.

This reduction in generation, and immediate compensating increase of imports on the Heywood

Interconnector, resulted in the activation of Heywood In t e r ¢ 0 n awomatio Iosé af synchronism

protection mechanism at South East Substation (SESS), | eading to the Ot bdathppi ngé
of the transmission circuits of the Heywood Interconnector.

As a result, approximately 900 MW of supply from Victoria over the Heywood Interconnector was
immediately lost, and the remaining generation in SA was unable to meet the SA demand.

This sudden and large deficit of supply caused the system frequency to collapse more quickly than the
SA under frequency load shedding (UFLS) scheme was able to act. Without any significant load
shedding, the large mismatch between the remaining generation and connected load led to the system
frequency collapse, and consequent Black System.

Chapter 3 examines the system faults and voltage disturbances in the period immediately prior to the
Black System and the system response during these disturbances.

3.1.2 Measured voltages

Using high speed voltage records provided by ElectraNet, AEMO has reviewed the voltage disturbance
caused by each of the faults on the transmission network. AEMO has concluded the voltage
disturbances were as would be expected for the type of powerline faults that occurred.

%6 High speed monitoring data showed 850 MW.

From the BOM report published on 14 November 2016, AEMO concurs that the root cause of the five electrical faults that occurred before the
Black System was tornado conditions.

% In a power system,a fi f aaucbnidition thag causes failure of the equipment in the circuit to deliver energy as intended. In this context, it is
mainly the flow of current from a high voltage conductor to earth through an arc resulting from a lightning strike or direct contact caused by a
fallen tower.

The difference between the number of faults and the number of voltage disturbances was due to the fact that, for one fault, there was an
unsuccessful auto-reclose attempt, resulting in two voltages disturbances due to the one fault.

The Preliminary Report i Black System Event in South Australia on 28 September 2016 advised 315 MW of wind generation disconnected,
based on data available at that time.
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Figure 3 shows the approximate location of the faults on the SA transmission network in relation to the
major substations in the area.

Figure 3  Map of SA transmission system showing location of faults and major terminal stations
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