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https://www.youtube.com/watch?
v=T58IGKREubo&t=1s

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

“Stable operation” means keeping enormous rotating machines in step.
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All generators connected to the grid must synchronize and stay synchronized at all times.
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https://theenergy.co/articles/how-frequency-control-ancillary-services-work-in-the-nem
https://portal.engineersaustralia.org.au/system/files/engineering-heritage-australia/nomination-title/Loy%20Yang.Nomination_V11_2R.pdf
https://www.csenergy.com.au/news/major-overhaul-powers-ahead-at-callide-power-station
https://tic.toshiba.com.au/solutions/bayswater-modernisation
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https://commons.wikimedia.org/wiki/File:Series-E5-U2 HayabusBO.ipq

https://www.ge.com/news/reports/its-only-natural-new-ohio-power-plant-to-use-ges-record-setting-natura

Large gas turbine + generator High-speed train
Combined rotor inertia: Mass: 400 tonnes
] =30,000 kg m? m = 400,000 kg
Rotatign ZYUUYPED ~ 314 rad/s Speed: 300 km/h =83.3 m/s
W=%] wmn’ W =% m Vv
=% x 30,000 x 3142 =% x 400,000 x 83.3?
=~ 1.5G) ~ 140

The rotating turbine and generator store about as much energy as the whole train.
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Nagasaki Turbine failure, 1970
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https://commons.wikimedia.org/wiki/File:Steam_turbine_rotor_1970.jpg

In 1970, a steam turbine fractured during an overspeed test.
This 9 ton weight fragment was found in Nagasaki Bay 880 m away from the accident site.
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Generator manufacturers put a lot of time and effort into avoiding such catastrophes

Pole slip / out of step protection (78)

= Asynchronous running of a synchronous
machine with the rest of the system but with
excitation intact (opposed to loss of Field)

= Characterized by power
(P & Q) oscillation

= Manifests as impedance movement in R & X
plane

= destructive mechanical impact on turbine and
shaft

= Pole Slip typically caused by:

- Long fault clearance time (especially close
by 3Ph faults are critical)

= Inadvertent tripping of a transmission line
(increase of transmission impedance
between generator and load)

- Loss of large generator unit

—_—_ Ann
June 17, | Slide 64 ‘.. ..

2015

https://library.e.abb.com/public/38405c¢7967bf4222a36befd9877d0b87/2015%20Generator%20Protection%20Fundamentals_)C.pdf#page=64
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Turbind Generator

The turbine and generator share a shaft. T T
m e

Loss of synchronism causes large current and torque oscillations that can cause damage.

Protection disconnects the generator if a pole “slips.”

A pole slip is when the generator’s rotor and stator phase angles pass 180° (w radians). £

The term comes from the generator rotor’s magnetic poles “slipping” past the stator’s poles.
(the stator poles come from the grid’s 3-phase AC signal)

A pole slip can cause large current and torque stresses.

180° is when pole slip occurs but it is not the stability limit!
- a disturbance can make loss of synchronism inevitable before that angle is reached.
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Synchronous machine: the turbine drives the rotor magnetic pole, pulling the stator magnetic pole.

Rotor Pole Stator Pole
current

A

The rotor pole position is determined by

the position of the rotor in space.
The stator pole position is determined by the (change in)

current through the stator windings.
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Synchronous machine: the turbine drives the rotor magnetic pole, pulling the stator magnetic pole.

A

current

A/
— Rotating stator field
—> Magnetic attraction
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The angle between the rotor and the grid determines the electrical power flowing onto the grid.

— Rotating stator field
—> Magnetic attraction
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A mechanical analogy for synchronization/transient stability
Synchronization: common frequency and settled relative rotor angles.

- Infinite bus

Thevenin reactance

The inductive Thevenin reactance create synchronizing torque, modeled as a spring.

https://doi.org/10.1016/j.automatica.2014.04.012
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Unit6 6.1 - Transient stability

What is a “pole slip™?

Initial conditions A: Initial conditions B:

The rotor can sometimes regain synchronism after a slip due to damping, but often it does not.
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How is catastrophic damage avoided when a generator slips a pole?

x,
. :A"
(e (e
Generator L
Circuit breaker |
Y ° @ | Grid

Transformer

Pole-slip relay

Trip signal

https://www.gevernova.com/electrification/sites/default/files/2026-02/P34x-TM-EN-1a8-GEV.pdf
https://www.gevernova.com/electrification/automation/protection-control-metering/generator-protection/micom-agile-p34x
https://www.hitachienergy.com/products-and-solutions/generator-circuit-breakers/generator-circuit-breakers/hec-10-up-to-210-ka
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Protection disconnects the generator if a pole slips... unless it doesn't.

Callide C4, Queensland, 25 May 2021

https://www.csenergy.com.au/news/cs-energy-releases-photo-of-unit-c4
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Turbind Generator

The turbine and generator share a shaft. T T
m e

Loss of synchronism causes large current and torque oscillations that can cause damage.

Protection disconnects the generator if a pole “slips.”

A pole slip is when the generator’s rotor and stator phase angles pass 180° (w radians). £

The term comes from the generator rotor’s magnetic poles “slipping” past the stator’s poles.
(the stator poles come from the grid’s 3-phase AC signal)

A pole slip can cause large current and torque stresses.

180° is when pole slip occurs but it is not the stability limit!
- a disturbance can make loss of synchronism inevitable before that angle is reached.
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Mundra, India, 13 July 2016

A fault and line trips reduced the generators’ electrical output.

The fault cleared before a pole slipped.

Some time after, the pole slipped and the generator disconnected.

Why?
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Trigger 400 kV Bhachau-CGPL 1 trip in Zone
130716
23710 AL2%
Fault clears
i, Y phase fault on 400
KB acha: Varsa"af ’ J“‘\ Pole-slip protectio
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Voltage keeps
=1 \ falling

=  Brief recovery
As voltage started gomgua_lieiay detected uﬁstab er
m{ swing for all 5 remaining lines from CGPI:ﬂfEG PL end

= Rebound during SW|}9\—>ﬂ
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Recorded current and voltage

https://www.tatapower.com/enerqgy-solutions/thermal-energy/mundra-plant

https://www.wrpc.gov.in/allfile/WRPC Report on CGPL Blackout 13-07-2016.pdf



https://www.tatapower.com/energy-solutions/thermal-energy/mundra-plant
https://www.wrpc.gov.in/allfile/WRPC_Report_on_CGPL_Blackout_13-07-2016.pdf

Unite 6.1 - Transient stability

What was different about that fault from this fault that settled back to equilibrium?

T
BOBE -

Frequency, Hz

] ]
]
Frequency, Hz

N 599
.
s0.85
© 2010 University of Tennessee ; : © 2010 University of
H 105 W 90 W 75 W 60w [l s : i W
5944 i 1 f i i - sl i T e
180904 180908 1809:12 1809:17 180921 180925 180904 180908 180912 1809.17 180921 1808.25
Time, UTC Time, UTE
T
608 : T T
asr: i i b
s 60.2
50" N [ : .
2 i 50°N|
604 :
B04f i i 1 60.15
| i 60 1
602 : A :
ey - - R
M N f : i . 6005
£ M i 1 wn
= T g ) & i H
£ ” - @ s B
g g H ) :
fis £ \ 4 N7 i
¥ H
% 53.95
598 sash : . e
] : : 10N 599
sasl: F— T —
598 | : so85
© 2010 University of Tennessee ; ] i : © 2010 University of Tennessee
105" W h : 105w 598
sl facdiisi o e H 5944 ot L i i =
180904 180908 180912 180917 180921 18095 180904 160908 180912 180917 180921 180925

Tirme,

Time, UTC

https://www.youtube.com/watch?v=bdBB4byrZ6U

That is the purpose of Transient Stability Analysis and today'’s lecture.
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Unit6 6.1 - Transient stability

A mechanical analogy for transient power system stability:

Position <-> angle
Transmission line

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

A mechanical analogy for transient power system stability:

Position <-> angle

Transmission line

P4

The transmission line spring provides the synchronizing force

Can the grid settle after a disturbance?

Keith Moffat - Power System Analysis
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Power balance and generator dynamics

Turblne elec
Mechanical Electrical
Energy > > Energy
Trmech Generator

T Mechanical torque applied by the turbine

T,: Electromagnetic torque developed by the generator

J: Moment of inertia of the turbine/generator set Kinetic enerqy: W-1J o’

5. Rotor angle in synchronous frame ay- "3

w! Actual rotor speed . ,
B,: Mechanical power delivered by the turbine (per unit) Inertia constant: H = 2— = %
P, Electrical power injected into the network (per unit) Sbase  2Sbase
W Rated synchronous rotor speed y2H

The swing equation:
2

d*s Jo &6 _, _, d*8
=t D gogmthh D Mgpehok

Jo do ., _, ® ~ w;
Sbasedt m ¢
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6.1 - Transient stability

IEEE PES Task Force, 2020

Classical power system stability classification

Power system stability

4

-

N

o Converter- Rotor angle Voltage Frequency
SN S stability stability stability
; : Fast Slow : Small- Large- Small-
Slecirical Temooal interaction interaction A disturbance || disturbance disturbance
Short term Long term Short term Long term

Small-disturbance stability: The ability of a power system to maintain synchronism following a “small” disturbance

Transient stability: The ability of a power system to maintain synchronism when subjected to a “large” disturbance
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Small-Signal stable equilibrium:
the system returns to the steady state equilibrium after a small perturbation

-0 (@]
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6.1 - Transient stability

Transient Stability: the system must stay within a region of attraction after a fault/transient.

[ —
- -—
- -~ -~

-——
- —
- - _ ~

_ Post-fault region of attraction . _ Post-fault region of attraction
N N
. Pre-fault state . Pre-fault state
’ \ ’ \
/
State at fault clearing— - - = ===~ o Y K q\ Y Post-fault future
- \ ~ - \
1 \ 1 ==~
! 1 ! {|\
[ 1 [ I
\ I \ 1
‘\ ,’ ‘\ ® State at fault clearing
Y Post-fault equilibrium )/ Y Post-fault equilibrium )
\\ // \\ //
N 7/ \ 4
N e A 7
~ ~ _ 7 ~ ~ _ '
Stable Unstable

Of course, Transient Stability depends on the specific fault/transient.
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Control theorists understand stability as small signal stability and large signal stability

Large signal/Transient

Lyapunov

V(x)

Keith Moffat - Power System Analysis
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How do we analyze power system stability?
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The grid a large interconnected system with many connected devices.

We look at simplified systems to develop intuition and guidelines for the real-world grids.
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An infinite bus keeps its voltage magnitude and frequency fixed
The grid can be approximated by an infinite bus/voltage source behind an impedance.

This is an approximation and does not represent the true system dynamics.

— Generator System equivalent
EEM  Hi 1
1 1
e\ 1 1
¥ T Vo= "V,20 |
;::?: S | 1
~..'-=.ir.-_-r;_ im . 1
" P V| jXen |

——— 7;5‘; m Y Y VY
f 7 small compared with the grid —_—> |
) 4 = | 1
s if B EEREEEEEE PP EERER |
==

Single load

or generator
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(Rotor) Angle Stability: After a disturbance, will the generator stay synchronized with the grid?

P, . Pe
—_— Turbiné Generator | —

Generator System equivalent

P,

— Vo =V,20 |

P v| j Xt
— |
. | |

https://www.ge.com/news/reports/its-only-natural-new-ohio-power-plant-to-use-ges-record-setting-natura

I-gas-turbines

Keith Moffat - Power System Analysis


https://www.ge.com/news/reports/its-only-natural-new-ohio-power-plant-to-use-ges-record-setting-natural-gas-turbines
https://www.ge.com/news/reports/its-only-natural-new-ohio-power-plant-to-use-ges-record-setting-natural-gas-turbines

Unit6 6.1 - Transient stability

AC circuit maximum power transfer

Recall the power transfer equations for the two-bus, voltage source network

YY"\ — -J
From § = VI = —[V, V(cos 6 — jsin6) — V],
jX
V, v Load v,V VoV v
P=—OTSin9' Q=—OTCO.S‘9+7

The same equation applies to the electric power being sent from the generator to the infinite bus

Pe VO — Voéo

—_—
VoV

Vl JXth P, _OT sin @
W |
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The Power Flow manifold

180°7

20 180°

5 90°

OO
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For a lossless line, the power—-angle curve depends on what is held fixed.

: VoV . V2-V,yVcosO
These equations are always true: P, = "Tsm(e), Q. = f;(c"s

Fixed reactive power: Q =0, V = V,cos(6) Fixed voltage magnitude: V=V,

A%

Ve .
P, =52sin(20) P, = TSin(ﬁ’)
P. P,
1- q -
0.5- 05
O T g 9 O T T
0 45° 90° 0 90° 180°

Vo=X=1. 0 is the voltage-angle separation.
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For angle dynamics/stability, we are interested in the turbine rotor angle, which varies with time.

—_— Turbiné

, w: rotor electrical speed
6 =w— w _
ws: grid electrical speed

Here, § = 6. We use § for rotor-angle dynamics.

Generator _—

Generator System equivalent
P
— V,=V, .0 i
P, i J X i
—_— Y Y :
. | |
V=Vs5 I

(We replaces 6 with the rotor position § as it will give us more flexibility in generator modeling)

Keith Moffat - Power System Analysis
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Power balance accelerates the rotor
Pa = Pm - Pe
VoV L
1- P,(6) = TSIH(S) P,,: mechanical input from
the prime mover.

Pm

P,: electrical output

P, > 0: the rotor accelerates
relative to the grid.

- Moves to the right

0 So V2 m O
P, < 0: the rotor decelerates
dazs relative to the grid.

M—~Pp—P=F
- Moves to the left

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

Stable equilibrium

Pe(5)

o) At the left intersection, P.(8;) = By,

If the angle moves slightly, the
P power imbalance pushes it back

toward 6.
- Stable equilibrium

0 .

0 8< T o)
P, <P, P, > P,
restoring force restoring force
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Unstable operating point

Pe(5)

o) At the right intersection, P.(6;) = By,

If the angle moves slightly, the
P power imbalance pushes away

from &.
- Unstable equilibrium

0 - .

. Su m O
P, > P, F, <F,
restoring force accelerating force

Keith Moffat - Power System Analysis
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Frictionless marble analogy for the exchange potential and kinetic energy

Potential energy: U(6) = mgh

Kinetic energy: W = -mv?

at minimum height U =0

Time 1: U = 0

Keith Moffat - Power System Analysis
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What is the potential-energy curve for the single machine system?

1 4

0.5 1

P.(5)

D
P

2
P,>0 Mi0~p, P,
dt

unstable equilibrium

potential function: U(§) = —B,,xcoséd — B, + C

The rotor accelerates down the
potential according to the “force”

dU
, E=P3(5)_P‘m

stable equilibridm
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Pe(5)

12 1

254 ¢

Keith Moffat - Power System Analysis

Exercise: a step in mechanical power

I:)m1
PmO

The generator initially
satisfies P,y = P,(&,).
Mechanical input suddenly
rises.

1. Does § change
instantaneously? Where is
it relative to the new §,?

2. What is the sign of P,,; —
P.(80)?

3. Which way does §
initially move on the
power-angle plot?



Unit6 6.1 - Transient stability

Why does a step in mechanical power cause a swing?

1 Pe(5)
Before: P, = P.(8;)
I:)m’l
Pro After the step: P, > P.(6,)
S 64 n/z 1'1 S The angle cannot jump---it starts
at §, and accelerates toward 6;.
0 e o)
12 -
25t
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Exercise: crossing the new equilibrium

1- PE(S)
I:)m1
At §,, electrical output equals the
new mechanical input.
5 & w2 n 6 1.1Isthe rotor stationary (relative
to the grid) at that instant?
0 — )

2. Why does § continue to
increase beyond 6,7

1. 3. What is the sign of P,,; — P,
once § > §,?

254 ¢
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Why does the rotor pass the new equilibrium?

1 Pe(0)
6>0
I:)m1
P,(8;) =Py, — 6 = 0até.
% & w2 T S Buté > 0. The rotor has gained
0 5 kinetic energy/momentum and
D continues past ;.
Then P, > P,,4, so it decelerates.
1
257 t
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Exercise: where does the rotor stop?

. P(8)

I:)m1

The rotor crosses the new equilibrium
35 and begins to decelerate.

Where does it first stop moving relative
to the grid?

251 ¢ How could you find that angle from this
plot?

Keith Moffat - Power System Analysis
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Where does the rotor stop?

1- PE(S)
I:)m1
S 6 6m 2 n &
0 N )
e
1
At its first turning angle §,,, relative
speed reaches zero.
254 t

The green area removes the kinetic
energy gained in the orange area.

Keith Moffat - Power System Analysis
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The Equal Area Criterion

2
For simple swing rotor dynamics M‘;—tf ~ P, — P,, the acceleration area equals the deceleration area.

Pe(8)

1 _
{\

A

ou

L2y

t 25-

Kundur, Power System Stability and Control, Fig. 13.4 (redrawn).

Keith Moffat - Power System Analysis

I:)m’l
PmO

A,: P, > P, (accelerating)

Ap: P, > P,,, (decelerating)

Proof in the appendix
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With damping, the oscillations will decay back to the stable operating point.

N Pe(5) A, Ppq > P, (accelerating)
m ; Ap: P, > P,,; (decelerating)
A . m1
: Pmo
. .
0 Oy S
0
; )
12 -
t 25-

Kundur, Power System Stability and Control, Fig. 13.4 (redrawn).
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When is there enough deceleration area?

F.(8)

l J
/?\ b The first turning angle must precede
m

the unstable equilibrium.

Compare the gained energy with the
available deceleration area.

0 8y 5, 5, )

P, > P, Pe <P,

»

restoring force accelerating force

Keith Moffat - Power System Analysis
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Is the mechanical-power step stable?

N Pe(8)
m
n P,.= 0.85
) Pnax = 1

P,0=0.5 5, = sin"1(0.5) = 0.5
5; = sin"1(0.85) = 1.0

0 8oy = 1.7

0 8o o Omax  Ou T 0

6max < 61]

- The turn at §,,,, occurs before the right intersection.

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

Is the mechanical-power step stable?

P,(6)
l | 2
/q/\ Pml: -
A,
P..,=05
00 5, 5, 5, 6 g
U(6)
potential
energy
A Total ener
\ gy
" D The rotor swings back before the
kinetic energy unstable equilibrium
0

Keith Moffat - Power System Analysis
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Is the larger mechanical-power step stable?

. P.(8)
A m P,,= 0.9
1
Al > Az,max
0 ,
0 60 o1 ou m &

U(é)
potential
energy \ \ Total energy

The rotor passes the unstable equilibrium
Kinetic energy

Keith Moffat - Power System Analysis
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What happens if mechanical power suddenly drops to zero?

F.(9)

O
!
=
=
Il
o

11

The Equal Area Criterion shows that losing mechanical power does not result in a pole slip

Keith Moffat - Power System Analysis
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Exercise: Analyzing a fault and a circuit trip using the Equal Area Criterion

System before the disturbance:

¥, = 2j
Breaker I4e= 73
o o Y'Y
Generator j Infinite bus
v =1
E=145 ~——— Vo =120
v 2]
Fault at A JXe= =
Two cases:

1. A bolted three-phase fault occurs at A, persists and then is cleared.
2. The upper-line breaker opens.
In both cases, the mechanical input is constant.

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

Both a fault or a trip will change the electric power transfer equation

VoV |
P.(8) = 75111(5)

A fault reduces electrical transfer to P,(§) = 0. Clearing the fault restores the original P.(4).

A line trip increases the equivalent reactance and lowers the P,(§)power curve.

Keith Moffat - Power System Analysis
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How much power is transferred prior to the disturbance?

jXpre
@
V=146
_ X, _ 1 1
P _ 2 _ s
max,pre Xpre .

Pe,pre((s.) =1.5sin 8

Keith Moffat - Power System Analysis
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How does a fault at A change electrical power?

Pe(8)  after clearing

P<(5)

during fault

Keith Moffat - Power System Analysis

P ;fault =0

peleaed =1 56in §
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What happens when the fault is cleared?

Pe(8)  after clearing

Pe(d) during fault
0 5, &, 5, T8

Clearing restores the original curve, but the rotor continues forward.

In this stable case, it turns when the returning area equals the gained area.

Keith Moffat - Power System Analysis
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What happens if the fault persists for a bit longer?

Stable

Pe(5)

A=Ay 6m <Oy

Keith Moffat - Power System Analysis

Je

om

Pm

Unstable
Pe(5)
1 A,
Pm
A,
0 ;
0O &0 &c¢ du m &

A1 > Az,ava”able

The rotor passes the unstable equilibrium
angle with positive relative speed.



Unit6 6.1 - Transient stability

Mundra, India, 13 July 2016

A fault and line trips reduced the generators’ electrical output.

The fault cleared before a pole slipped.

Some time after, the pole slipped and the generator disconnected.

Why?

~—
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Trigger 400 kV Bhachau-CGPL 1 trip in Zone
130716
23710 AL2%
Fault clears
i, Y phase fault on 400
KB acha: Varsa"af ’ J“‘\ Pole-slip protectio
1 at Varsana Fau|t C
: \ f to three phase trips generators
<" fault : I "\

Voltage keeps
=1 \ falling

=  Brief recovery
As voltage started gomgua_lieiay detected uﬁstab er
m{ swing for all 5 remaining lines from CGPI:ﬂfEG PL end

= Rebound during SW|}9\—>ﬂ

a 02 w w 05 0 w J w— H_J*

Recorded current and voltage

https://www.tatapower.com/enerqgy-solutions/thermal-energy/mundra-plant

https://www.wrpc.gov.in/allfile/WRPC Report on CGPL Blackout 13-07-2016.pdf



https://www.tatapower.com/energy-solutions/thermal-energy/mundra-plant
https://www.wrpc.gov.in/allfile/WRPC_Report_on_CGPL_Blackout_13-07-2016.pdf

Unit6 6.1 - Transient stability

What is the critical clearing angle?

Pn=0.75
Pe(5)

oc,crit = 1.389 rad

1 A,

Pm
A1 A1 = Az,ava”able
0 . .
0 60 o¢,crit du m &

This is the boundary between stable oscillations and loss of synchronism.
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How does opening one line change the power curve?

_______ N Pe(8)  before trip
Pe(8)
after trip
0
0

Keith Moffat - Power System Analysis

Xew=1/3+2/3=1

trip

Pe,trip = sin &
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Is the line trip stable?

P =0.75
. Peld)  pefore trip
A1 = 0.039
it ) . A2,max = 0.239
-8 P<(6)
' after trip
0
0 50 51 Smax Tt 6

The initial angle is 0.524 rad. The new left intersection is 0.848 rad.
There is enough area to stop the forward motion before the right intersection.
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Can a line trip cause instability despite a stable equilibrium existing?

P =0.95
N ?6(5) before trip
I T A1 = 0.077
. A T
1- 2 P A2,max = 0.021
. Pe(6)
. after trip
0 5 : s .
0 50 51 Ju Tt 6

An equilibrium still exists, but the gained energy exceeds the available deceleration area.

The rotor passes the unstable equilibrium.

Keith Moffat - Power System Analysis
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Exercise: Which event and stability outcome does each panel show?

fault or line trip, stable or unstable?

A P,(6) B P,(6)

Keith Moffat - Power System Analysis
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22 July 2026, Norther Virginia, USA:
A 230kV]ine fault triggered 156Wof data center load to suddnely disconnect from the grid.

® %\f& gﬁ”?g -narohs ! e dhe S '-k'--'x Ap DrD}{.
o A | ™~ 1,500 MW

7. G
@Q ' ® Dale Cit) T I .
- | * Load Lost
S
|
L J @“, ‘. ’ 1] -
N 30 O
E @ redericksburg ¢.iifornia
& i
staunton ‘ -
Charlottesville r) ® il L
George 2% e National
Washington @ ildiife Refuge
Natignal | ’ i wi g5
Foesst \ .sm = Data Centers = 0 1
3 g vV H= ] 1
e 5 i - The load did not
& o® s
R ~ Richmond il Build Status
: Virginia o - come back
Bt “\a\(\ QLynchburg ® Known Existing Data Centers 1T
& ® , i [
A e A @ P O e Immediate ly
3
} %\“z Pezer;sl\_lt;gﬁh;fd[\ﬂﬂel [ ]
501 US State Boundaries @© https://www.nerc.com/globalassets/our-work/reports/event-reports/incident review large load loss.pdf#page=3
= . @ %

https://www.pim.com/—/media/DotC(’)m/'crc')rhrmittrees—iq roups/committees/oc/2026/20260806/20260806-item-05---dominion-july-loss-of-load-event---presentation.pdf

(15GW s a lot of power)
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https://www.pjm.com/-/media/DotCom/committees-groups/committees/oc/2026/20260806/20260806-item-05---dominion-july-loss-of-load-event---presentation.pdf
https://www.nerc.com/globalassets/our-work/reports/event-reports/incident_review_large_load_loss.pdf#page=3

Unit6 6.1 - Transient stability

A large load tripping offline can result in loss of synchronism.

Risk Mitigation for NERC

Emerging Large Loads ST

Data Center Load

|

" Generator #2 Angle

Generator #1 Angle

0 a | 2 3 = 5 6 7 8 9 10
Time (s)

https://www.nerc.com/globalassets/our-work/guidelines/reliability/RG_Risk-Mitigation-For-Emerging-Large-Loads.pdf

- How?

Keith Moffat - Power System Analysis
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The Yallourn coal power plant is scheduled to retire in mid-2028.

g et
e \ | Y} Buronga | ) Macy

- Yatpool, WG
Murraylink - doc

Y Cooma

Diapur @, gmma Wara2

i fodonga 2. Liunyan
5 WAL
Kiala “ Wura Wara  Coonooer Bridge oo » Ps ‘.
Horsias, A b Begh
endigog: -

eee

allog;n coal plant Large data center + Synchronous generator
Wy

Key to Melbourne
1ot 9 11
2 Laveron North &

il Basslink

What could happen if the data center suddenly trips offline?

https://www.technologyreview.com/2026/01/14/1131253/data-centers-are-amazing-everyone-hates-them/

https://www.transformingyallourn.com.au/about/yallourn-energy-security-precinct

https://aemo.com.au/-/media/files/electricity/nem/planning_and forecasting/maps/nem-regional-boundaries-map-web.pdf
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https://www.transformingyallourn.com.au/about/yallourn-energy-security-precinct
https://aemo.com.au/-/media/files/electricity/nem/planning_and_forecasting/maps/nem-regional-boundaries-map-web.pdf
https://www.technologyreview.com/2026/01/14/1131253/data-centers-are-amazing-everyone-hates-them/

Unit6 6.1 - Transient stability

https://substack-post-media.s3.amazonaws.com/public/images/44645f53-d1f1-4007-8fa3-76aa4fcf642e_8192x5464.jpeg

What could happen if the data center suddenly trips offline?

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

Exercise: Transient stability when a large data center trips offline

Generator Infinite bus
P =0.8 Xin = 1 |
—_ CY Y Y
N T |
Py = —0.3
Vo, = 120
V=1L58 0

Data center

Fixed voltage magnitudes and mechanical input. Neglect damping.

The data center disconnects completely. Does the generator slip a pole?

Hint: Pm,eff = Pm + Pd

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

Exercise solution:

P eff = By + Pg4 rises from 0.5 to 0.8. The rotor accelerates according to M§ = P, o¢f — Pline(d)

Piine(6) = sin o
1 /_\
A2 P et 1= 0.8
A
0.5 Pm,cff,() =0.5
Al < Az,max
% Omax & 1.4 < &,
6() 51 5max 6u T )

No pole slip. The rotor oscillates about the new stable equilibrium.

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

Exercise: Transient stability when a larger data center trips offline

Generator Infinite bus
P =0.8 Xin = 1 |
S CY Y Y
N T |
Py = —0.7
Vo, = 120
V=146 0 = 4

Data center

Now the data center load is 0.7.

The data center disconnects completely. Does the generator slip a pole?

Hint: Pm,eff = Pm + Pd

Keith Moffat - Power System Analysis
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Exercise solution:

P esf = Pn + P4 rises from 0.1 to 0.8. The rotor accelerates according to Mé = Pett — Pline(5)

Piine(6) = sin o
1
m
Pm. eff,1 — 0.8
Al
2 Al > Az,max

Pm,cff,() =0.1

OO

0 01 Ou b/ Fo)

The pole slips. The rotor passes the unstable equilibrium with positive relative speed.

Keith Moffat - Power System Analysis
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Protection disconnects a generator if it slips a pole... unless it doesn't.

Callide C4, Queensland, 25 May 2021

https://www.csenergy.com.au/news/cs-energy-releases-photo-of-unit-c4

Keith Moffat - Power System Analysis


https://www.csenergy.com.au/news/cs-energy-releases-photo-of-unit-c4
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Unit6 6.1 - Transient stability

Take-home lesson: It is best to avoid massive, sudden changes in load on the grid.

Data Center Load

1

—
~—

Generator #1 Angle

f——— Generator #2 Angle

0 1 2 3 - S 6 7 8 9 10
Time (s)
https://www.nerc.com/globalassets/our-work/guidelines/reliability/RG_Risk-Mitigation-For- :
Emerging-Large-Loads.pdf https://substack-post-media.s3.amazonaws.com/public/images/44645f53-d1f1-4007-8fa3-76aa4fcf642e_8192x5464.jpeg

One way to avoid this is to build collocated batteries to smooth compute fluctuations.
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Transient stability

We can generalize the energy-based methods from pole slip to system-wide synchronization.

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

b9

Two moving rotors still have only one relative angle § = 6, — §;

The same equal-area argument applies as in the single-machine infinite bus case.

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

A mechanical analogy for synchronization/transient stability

Synchronization: common frequency and settled relative rotor angles.

Inductive lines create synchronizing torques between generators, modeled as springs.

https://doi.org/10.1016/j.automatica.2014.04.012

Keith Moffat - Power System Analysis


https://doi.org/10.1016/j.automatica.2014.04.012

Unit6 6.1 - Transient stability

What is transient stability/system-wide synchronization for three generators?

Initial conditions A: Initial conditions B:

The rotor can sometimes regain synchronism after a slip due to damping, but often it does not.

https://motion.me.ucsb.edu/pdf/2013b-db.pdf

Keith Moffat - Power System Analysis


https://motion.me.ucsb.edu/pdf/2013b-db.pdf
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Three generator/area systems provide additional intuition

B Lo,

&

Three rotors have two independent angle differences, 6, — 6, and 6§, — &,

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

A mechanical analogy for synchronization/transient stability

Synchronization: common frequency and settled relative rotor angles.

@&
&
&
o
(A
(=2

Inductive lines create synchronizing torques between generators, modeled as springs.

https://doi.org/10.1016/j.automatica.2014.04.012

Keith Moffat - Power System Analysis


https://doi.org/10.1016/j.automatica.2014.04.012

Unit6 6.1 - Transient stability

What is transient stability/system-wide synchronization for three generators?

Initial conditions A: Initial conditions B:

https://motion.me.ucsb.edu/pdf/2013b-db.pdf

Keith Moffat - Power System Analysis


https://motion.me.ucsb.edu/pdf/2013b-db.pdf

Unit6 6.1 - Transient stability

Two rotors Three rotors

11 unstable

0.5

stable
0 -

Totalenergy: F =W + U

W : kinetic energy in the rotors” motion relative to one another.

U : potential energy associated with the rotor angle differences.

The restoring force is given by the derivative of the potential energy:

dU

Trest = — &

Keith Moffat - Power System Analysis




Unit6 6.1 - Transient stability

Q QOGO

The potential energy defines a boundary surface
Potential energy contours surround the stable operating point (SEP).
The dashed curve traces the edge of the stable region.

Sauer & Pai, Power System Dynamics and Stability, author manuscript (2007), Fig. 9.10. Reproduced from T. Athay, R. Podmore & S. Virmani, “A Practical Method for the Direct Analysis of Transient Stability,” IEEE Trans. Power
Apparatus and Systems, PAS-98(2), 573-584 (1979). https://doi.org/10.1109/TPAS.1979.319407
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https://courses.grainger.illinois.edu/ece576/sp2018/Sauer%20and%20Pai%20book%20-%20Jan%202007.pdf
https://doi.org/10.1109/TPAS.1979.319407
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Potential Energy U O ‘.‘
2 F S
Unstable equilibrium
| .

Energy threshold FE,

— Escapes this well

— Returns to equilibrium

https://www?2.eecs.berkeley.edu/Pubs/TechRpts/1984/ERL-m-84-72.pdf
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Unit6 6.1 - Transient stability

Have we seen this type of behavior before?

Synchronization is one way of interpreting energy-function based transient stability
analysis methods such as the Equal Area Criterion.

https://www.youtube.com/watch?
v=T58|GKREubo&t=1s
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Transient stability

We can generalize the energy-based methods from pole slip to system-wide synchronization.

But, these methods have their limitations and are generally restricted to textbook examples

Keith Moffat - Power System Analysis
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Real-world challenges:

Scale: Real-world grids have more than the generators.
Assumptions: Are lines lossless? Can we neglect voltage magnitude? (No)

Modeling accuracy: Do we know the dynamics of every device connected to the grid?

R mm et
o e o e R P
- i {
PR

https://www.csenergy.com.au

S AVS =W cece

j =
https://theenergy.co

o <

) 2
https://tic.toshiba.com.au
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Unit 6

6.1 - Transient stability

Modern girds have new challenges that are not just based on

Solar (possibly + battery)

rotating machine dynamics.

® Synchronous generators
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https://arena.gov.au

aemo.com.au (indicative locations)

https://newsroom.porsche.com

New stability analysis tools and engineers are needed in Australia and throughout the world.
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https://www.csiro.au/en/news/All/Articles/2020/March/solar-power-and-extreme-weather-in-australia
https://arena.gov.au/renewable-energy/battery-storage/
https://www.csenergy.com.au/
https://newsroom.porsche.com/en_AU/2023/products/taycan-4-cross-turismo-across-outback-australia-34178.html
https://www.aemo.com.au/-/media/files/major-publications/isp/2026/appendices/a3-renewable-energy-zones.pdf
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Coming soon... a new course taught with Prof. Steven Low of CalTech:

The Mathematics of Power Systems

Power flow & optimization Dynamics & stability

Email me for more info: keith.moffat@unimelb.edu.au
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Transient Stability

ELEN90060 Power System Analysis

Keith Moffat
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Appendix I: Deriving the equal-area equation

Neglect damping and integrate the swing equation from §, to §,,.

M = 2H/(L)s, M d26/dt2 = Pm1 - Pe(6)

[6076m M(d?6/dt?)dE = [E¢"Em (Pm1 — Pe(6))d6

Set u equal to the square of relative angular speed.

u = (dé/dt)?>, du/dé = 2d*6/dt?

du = 2(d*6/dt*)d6
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Appendix I: Deriving the equal-area equation

Substitute the differential from the previous slide into the angle integral.

(H/ws)fU(So)AU(Sm)dU = ISOASm(Pm1 - Pe(6))d6

(H/Ws)[U(6m) = U(8o)] = [60"Em(Pm1 — Pe(6))dd

The rotor starts at rest relative to the grid and stops at its first turning angle.

8(80)=0, &(6m)=0, u(&0)=u(dm)=0
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Appendix I: Deriving the equal-area equation

Zero change in squared relative speed gives

ISOA6m(Pm1 - Pe(6))d6 =0

Split at 6;, where electrical and mechanical powers are equal.

f60A61(Pm1 - Pe(6))d6 = f61A6m(Pe(6) - I:)m1)ds

A;=AD

Both areas are positive. The PDF's final printed equation has the opposite sign on the right.

Keith Moffat - Power System Analysis



Unit6 6.1 - Transient stability

Appendix II: Frictionless marble analogy for the exchange potential and kinetic energy

Potential energy: U(@) = mgh = mgf(1 — cosf)

'\
Kinetic energy: W = —mv? ? 0
h
Arc | th . at minimum height U =0
rc length: s = _
g > Time 1: U =0
p o= 49U _ _1dv _ _ -
Force along the bowl: F = — = —33, — —mgsinf
(F = —i—g arises from conservation of energy U + W = constant)
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Appendix II: Frictionless marble analogy for the exchange potential and kinetic energy

Why does the potential slope give the force along the bowl?

Conservation of energy: —[U + W] =0
d 1

= —]— &2
0 m zms + U(s)
R
0 = mss + —s
ds
0 = ms 4+ dU
=ms§ is
Fo— mi = dU
t = ms = ds
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Appendix II: SMIB system, why does the potential slope give accelerating power?
Inertia equation: Mé = B,, — P.(6)

Conservation of scaled oscillation energy:

1 .
_ = 2
0= 2M6 + U (&)
0 = M&§ + 526
- dé
0—MS'+dU
- dé

dU
Pm_Pe(é‘):_E
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