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Factor 1: RN
Recent Climate Action CLIMATE CHANGE

"i‘j»

The annual average

air temperature has

warmed 1.5% in the (W
C 2

- More renewable energy use PG — i "

stops thgse layers There is a great loss
from mixing properly, of snow cover in the
impacting the ) spring and summer.
exchange of nutrients,
heat and CO2
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. More efficient, high-performance
power conversion equipment D

In some areas, there is

lack of J
:"”‘." (‘:‘."’x;:‘(’r‘] llls‘ southern Canada but
WORST, Win 8¢ 5 pa increased in northern

harmful to marine life Rea®
V' e Canada

Both are M for the conventional grid! i

difficult for some
species to build shells
and skeletal structures
Some waters are
already considered
“corrosive” to these
organisms

https://piktochart.com/templates/infographics/2235-climate-change-and-the-environment

River flow has
decreased over the
past few decades in
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Scaling up of power generation
and distribution
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Global electricity demand from data centers,
cryptocurrencies and Al expected to double in
three years, predicts IEA 4



The Evolving Power Grid g
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More EVs, Data Centers ...

9,000 terawatt hours (TWh)

20.9% of projected
electricity demand

—  ENERGY FORECAST
Widely cited forecasts suggest that the

_ total electricity demand of information and
communications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice.

B Networks (wireless and wired)
M Production of ICT

Consumer devices (televisions,
computers, mobile phones)

M Data centres

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028

2030

More HVDGCs ...

Annual capacity additions of high voltage direct current transmission systems

worldwide from 2010 to 2021 (in megawatts)
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Source Additional Information:
PTR Worldwide; 2010 to 2021
© Statista 2024



Consequences

- More Renewable Resources

- More Data Centers, efficient Storages
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More Blackouts Due to Penetration of Power Electronics

Power Outages in United States

Number of outages affecting at least 50,000 customers from 2000 to 2023

m weather related m non-weather related
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Data Source: U.S. Department of Energy, Form OE-417 PowerOutagem

The frequency of power outages does not significantly
decrease during the evolution of the power grid.

Cyber attack
Supply 1.43%
shortage

Vandalism 429
Malfunctions/mi b
scellaneous 10.10%

Natural
disasters

Equipment failure
(internal cause)



How could CAS help?

The synchronous machine based grid is being
seriously challenged by increasing use of power

electronics.

We have a large problem menu, but all within

CAS fields of interest: METHODS:

* Lack of inertia for control » Control and system analysis

Complex instability causes at circuit level
Connected system dynamics " Nonlinear large-signal problems

Power f!ow dynamics with changmg\, Complex network models
topologies  »
Changing parameters System formulation with circuit governing

\physics and operating principles

Bifurcation analysis



Questions to be answered /

. .

‘Wind Turbine

from two angles:

Maln switeh | 4 1§
;—-7‘/

g X

Critical loads

Converter
From circuit/device level: How to identify the causes of . | K}
instability in converter-dominated systems and provide o
solutions ) B v
. . . . . & 80
 Circuit-level modeling and analysis. LN
From system/network level: How to uncover the o/ /L | /Nl
occurrence process of major blackout incidents and e\ ®, [ ]
develop mitigation strategies based on the cascading " 78
failure evolution mechanisms o
* Network-based modeling and analysis. \ X |

i @E% X
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Grid-Forming and Grid-Following Converters

l pb,q

L,
- |
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T 1 Grid
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UL,M
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Smart PV dC/ac Smart Wind
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Grid-Following
Converter

Converter
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control .
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Mechanisms [

Stability of Converter-
Dominated Power Systems

} Complex Behavior

v

v

[ Control System Stability ] [Stability of Supply-Demand Balancej
‘ |
¢ ¢ Y ¢ Y L
Synchronization Voltage Frequency Broadband
Stability Stability Stability Oscillation
______________________________ Instability may |  —Y Y .
Small- Small- leads ZO Y Sub-/Super- Not discussed
Disturbance Disturbance Synchronous in small-signal
Cause Cause o
Oscillation context
S S . J
j ( Large- Large- - —
l,VOt d/scu.?sed Disturbance Disturbance - Harmonic
in small-signal Cause | Cause Oscillation
context (Transient Stability) - ~
Subharmonic
Short Term Short Term Oscillation
Effect Effect N )
o SN
Long Term Long Term
Effect Effect
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Case Study:

AUSTRALIA

SOUTHAUSTRALIA

Blackout in South

Australia on
September 28, 2016 P oAdelaide  oSydney

13



Thermal generat

PRE-EVENT

< September 28, 2016
High penetration of renewables

Import from Victoria

wasa \X/ORLDVIEW/

severe Weather warning e

Before the blackout

AUSTRALIA

SOUTHAUSTRALIA

oAdelaide oSydney

Technical Report
https://apo.org.au/s
ites/default/files/res
ource-files/2017-
03/apo-
nid74886.pdf
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(2) EVENT

September 28, 2016

16:16 hr
Severe WEATHER damaged
transmission assets

Shutdown of wind farms
(456.3 MW)

Voltage instability

——————————————

BLACK SYSTEM SOUTH AUSTRALIA 28 SEPTEMBER 2016 - Final Report
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(3) EVENT

September 28, 2016

Individual events

Loss of synchronization
between South Australia and

Victoria

Supply-demand imbalance
Frequency instability

South Australia went black

Phase angle

S o S
~ o S
¥ (seconds|
berstonn  ——Soutn East ——

Loss of synchronization

Davenport

Taiem Band

Sub-synchronous oscillations

49.,5-47Hz = 0.4sec
=6.25 Hz / sec average RoCoFf
to reach 47 Hz,

48.25 Interconnector opens at
16:18:15.84

()]



CAS Viewpoint 1: % ‘f
Voltage Instability i&:?"ﬂ

Conventional Analysis Converter-Based T ',& 2% % ok
IV Power System ]PL I

m 2 A I S S
P+ e 0 < . iy« 0. il [,
X PCC i iQ = generator amn =n =mn ATy ““I“:‘:‘:‘
E Z 5 Load C. R ]—! :
d d

Vs Zs Vg i.‘i Lg Ur ﬁ L,. Vo Sl
O———— P4 | * ] vae
SEP Power Grid PCC r -

C
Tec .
ﬁ Power Electronic Converter

Q T 4 s More routes Supercritical | | Subcritical Hopf | | Saddle-node | | Out of SEP/SPO's
// P > . . Hopf bifurcation ﬁ bifurcation bifurcation basin of attraction
4// /;addle-node to lnStabIIlty v Bautin bifurcation T
& bifurcation Large
_ - UEP f Saddle-node bifurcation disturbances
0 > of periodic orbits
P
Y Y Y
Catastrophic bifurcation of the grid-following rectifier
Saddle-node :> Voltage
bifurcation instability v
Voltage instability of the rectifier-based power system
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CAS Viewpoint 2:

Loss of Synchronization Under Transient Disturbances

A P,
. . oy Prefault first-swing stabilit
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1 nnnite During fault ,
w ‘\ bus 1 b ° 5; L — >
Xir _r\o’m\_\\_ 7 0o 01 0o 03 t
X WEo y
\~ —’
- Clear fault
Converter-Based Power System
LT Disturbance  first-swing instability
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— \ 10 = A =
Droop / \ —
control H? Vs PCC" Grid ? Vs \‘ g . Disturbance é Tl
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CAS Viewpoint 3: Sub-synchronous
Oscillations Under Transient Disturbances

New Route

Conventional Route

Unstable region

» UEP

Unstable region

Hidden attractors/Infinity

Transient
disturbance

UEP |
Stability Boundaries
" Stability Boundaries ey /
Stable region
Stable region / (SEP's basin of attraction)\\\
parameter (SEP's basin of attraction)\\\
change

—> SEP becomes UEP and SPO

i— Out of SEP’s basin of attraction

Unstable region i 60 - T T
60 T :
| ! p2 p';
— ! Pr = piy N N
= 0 ——— 2 40} B
A 90 =, L
e UEP =9 L
.\\ ol s 20
=20 i : 0
Stable periodic Bound 0 10 20 0 ) 10 15 20
orbit (SPO) -/ Time [s] Time [s]

SPOQO's basin of attraction\*\,
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Case Study:

England and Wales
Power Cut on
August 9, 2019

Northern Powergrid
110,000 customers affected

16:52
Hornsea offshore
Electricity North West wind farm fails

26,000 affected l

SP Energy
Unknown number
affected

_
16:52
Little Barford

Western Power power station fails

Distribution
500,000 customers
affected (including
44 500 in Wales)

UK Power Networks
300,000 affected

Scottish and Southern Energy Networks
Unknown number affected




Events Analysis:

Variation of

frequency during

the power outage

incident

The rapid
decline in
frequency

leads to a large

amount of

generation loss

FREQUENCY

Circuit fault
Eaton Socon-

Wymondley T
[16:52:33.490] \

Circuit closed on
DAR
[16:52:53]

Fault cleared
[16:52:33.564]

Hornsea loss of 737MW
[16:52:33.835]

[16:52:34]

Little Barford ST trip 244MW

[16:52:34]

Increase in transformer loadings
(Loss Of Mains) ~500MW

Frequency response

recovers frequency to

49.2 Hz
[16:53:18]

Little Barford GT1a trip
210MW [16:53:31]

Frequency fall
arrested at 49.1Hz
[16:52:58]

\

Embedded
gen. loss 200
MW @49Hz

Little Barford
GT1b trip 187MW
[16:53:58]

[16:53:49.398]

Frequency breaches 48.8Hz triggering LFDD

Frequency is
restored to 50Hz
[16:57:15]

ESO National Control instruct 1,240 MW of
actions to restore frequency to operational
limits and restore frequency response and

reserve services.

Technical Report on the Events of 9 A?/g. 2019, 2019, [online] Available: https://www.ofgem.gov.U.K./sites/default/files/docs/2019/09/eso_technical_report_-_final.pdf.
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Events analysis: penetration and
location of inverter-based

resources in the UK power grid

“‘ West Burton

Staythorpe

Derwent

4 N
/ \ .
o >y | I SpakdingN. r

Rafcliffe-on-Soar

\ Gy 7‘:

“Two almost simultaneous unexpected power losses — at
the Hornsea off-shore wind farm (737MW) and the steam
turbine at the Little Barford gas-fired power station
(244MW)”

East Anglia

Technical Report on
the Events of 9 Aug.

2019, 2019, [online]: oo
httpS//WWW OfgemgO @ Nuclear
v.U.K./sites/default/file : If::fcm“mfs

s/docs/2019/09/eso_t
echnical_report_-
_final.pdf.

/ Dungeness

Rémpion
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CAS Viewpoint 4: Effect of Frequency Response on Cascading Failure
Synchronous machine-based generator node VS Power electronic-based generator node

When renewable energy resources are increasingly deployed

Network-based @ L3 L4
representation: Bus 3 1 1 SM-based generator node in a power network Conventional system
more effective Bus 1|l | | | | Bus 4
syste m-level _ “cnm"ﬂ'r‘- I'r.'a_n-tﬂ_-n_n:r C{ /' ".s'{ru'l:_:-..r q({::::.p\ characteristics”
study A In s =t
Bus 2 Bus 5 o

T ]
L2 v N ;
-~ - — J J
L5 R N ﬁ— 1 b\ nchronous machines
Transmission Line = Have inertia

()
Hydrapower active power
Node 1 Node3  Node4
PE-based generator node in a power network Renewable System
‘ S5 Transformer "weak droop characteristics"
! 7N requency
0 ) — ,]¢ R
,-! —/ I wind |
‘."’ _Links '6’ " o Ek AL
‘ -l-lﬁw power glulronic
‘ Transmission Line solar ! ) )
— _ active power

Node -2 Node 5

D. Liu, X. Zhang, and C. K. Tse, "Effects of high level of penetration of renewable energy sources on cascading failure of modern power systems," IEEE Journal of Emerging
and Selected Topics in Circuits and Systems, vol. 12, no. 1, pp. 98-106, March 2022.



Using Network-Based Analysis

/f:‘\ 52 T T T T T T
T ;

. . . = PFC SFC ’ 0 RE penetration
Raising the penetration gso_M _
level of renewable g, "< UPS  OFGS . .

. 0 10 20 30 40 50 60 70
sources increases the time (s)
. Q 52 T T T T T T T
risk of the occurrence = |40% RE penetration
250
of a large-scale power -
@ 48 1 1 1 1 1 1 1
blackout 0 10 20 30 40 50 60 70 80
time (s)
§ 50 T T T T T T T
=z ‘ 80% RE penetration
2
s
Lg 0 ! L L L I L L
0 10 20 30 40 50 60 70 80
Compared to UK events: time (s)
505 T T T T
Generation loss
— Freq. falls Freq. recovers to 49.2 Hz
= S0F arrested at 49.1Hz 1
. More generation loss
Q
g 49.5 4
g UFLS and frequency response
T a9 |
0 50 100 150 200 250 300
time (s)

High penetrated RES

|

Large frequency
deviation

\ 4

Severer cascading
failure

cumulative power outage rac prooaoiiy

power outage rate




CAS Viewpoint 5:

Effects of inverter-based
resources (IBRs)
penetration on
cascading failure

Replacing synchronous
generators with inverter-
interfaced generations
increases the size of power
outages.

We can also study the effects of
the location of IBRs on
cascading failure.

Demand loss (MW)

Demand loss (MW)

0 0.4 W 06 o 0.0 0.4 W 08 e
1400 R T _ +____:._:_____.....'.-._,.’..‘“,"M“,.,“".,+“-m_m-‘.+
e z 1250 ] %
—g Z
1200 9 Zanf 2 1000
+5” o
v 2 750 -
1000 4 s - = o
s . o 9 —
g 500 g———9 — —e
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 152 0.2 0.3 0.4 0.5 0.6 0.7 0.8
K of PQ nodes Penetration level
f s
(a) (b)
Penetration level P
( 0.4 W 06 - 0 00 4 & 0 -
150004 == o+ m—ERRRREL | . 15000 e mn— ——
"""""""" = +___.—-f_'_:'..'.-'..-.--""
+.-" E Hiomnee
10000 g 10000 4
2
< e
. E 50001 @ ° ° &
5000 2 = s °
T T T T T T T T T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2 0.2 0.3 04 0.5 0.6 0.7 0.8
/5 of PQ nodes Penetration level
i S
c @

Influence of design parameter for droop controller and penetration
level of frequency responsive inverter nodes on demand loss.
Different percentages of PV buses are assigned as inverter nodes.

M.J.Liand C. K. Tse, "The impact of inverter-based resources (IBRs) on cascading failures in power
systems," IEEE Transactions on Power Systems, to appear.

M.J.Liand C. K. Tse, "Where should inverter-based resources be located in power networks?" IEEE
Transactions on Circuits and Systems I: Regular Papers, vol. 71, no. 3, pp. 1456-1464, March 2024.
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Individually designed to be high-performance systems

Case Study:
System 2
. . . System 3
Link Oscillation (high gain

loop)

What if they do interact?



CAS Viewpoint 6:

Complex interaction

Bus-3 — Bus-6 Bus-3 Bus-6

—> Zf2
between converters |} 1w o .

. o — | Bus-5 || Bus-5 I_ ,é
Conventional Analysis J@S —_ I|: i[:>2§ Qm — — é\DUS
*  Small-signal Buca] Main Grid Bus-2
 Linearization near EQP 1 —7 Zn ety |

. JL)& = JL)& > vﬂ§ . Yo !
 Simple behavior Bus-1 Bus-4 Bus-l

bifurcation analysis uncovers complexities

Connected Analytical Approach = e Vi

o — Emye— MALYL AV AN VAN AN
50V/div

Large-signal

Multi-time scale Vet N

Effective for varying EQP :/VVY’V\

Complex behavior . time scale(10ms/div) . time scale(10ms/div)
converters operate independently interact strongly
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CAS Viewpoint 7: Interaction between power systems
and other systems — connected networks viewpoint

Oscillation event in railway system —~=_ oscillation transmitted through HV link

HV

Regenerative _~
’
current _-~

e

transformer

/ LV e LV
TTm——— Station X Station Y
Voltage source
converters | ysC VSC VSC
(power

«

electronics) l l

TVS with regeneration
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CONCLUSIONS

The power grid has been evolving wit
* More renewable deployment

More active load use

Higher consumption demand

More interaction between loads

More complex behavior
» Complex stability issues
» Complex robustness issues

* Requires novel modeling methods |

e Requires advanced analyti
» More reliable grid
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