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Announcements

Al
Read Chapter 9; also Homework 7 should be done
before the second exam but need not be turned In

As noted in the syllabus, the second exam is on
Thursday Dec 2, 2021

— On campus students will take it during class (80 minutes)
whereas distance learning students should contact Wei.

— The exam is comprehensive, but emphasizes the material since
the first exam; it will be of similar form to the first exam

- Two 8.5 by 11 inch hand written note sheets are allowed, front
and back, as are calculators



Stability Phenomena and Tools

T

Large Disturbance Stability (Non-linear Model)
Small Disturbance Stability (Linear Model)

Structural Stability (Non-linear Model)
Loss of stability due to parameter variations.

Tools

- Simulation

- Repetitive time-domain simulations are required to find
critical parameter values, such as clearing time of circuit
breakers.

- Direct methods using Lyapunov-based theory (Also called
Transient Energy Function (TEF) methods)

« Can be useful for screening

- Sensitivity based methods.




Transient Energy Function (TEF)
Techniques

T

No repeated simulations are involved.
Limited somewhat by modeling complexity.
Energy of the system used as Lyapunov function.

Computing energy at the “controlling” unstable
equilibrium point (CUEP) (critical energy).

CUEP defines the mode of instability for a particular
fault.

Computing critical energy Is not easy.



Judging Stability / Instability

Monitor Rotor Angles *
[eZs ST S

§;

T

(a) Stable (b) Stable
1 m
L;%q S
(c) Unstgﬁe (d) Unstable

Stability is judged by Relative Rotor Angles. A



Mathematical Formulation

HiY
« A power system undergoing a disturbance (fault, etc),
followed by clearing of the fault, has the following
model gty =f'(x(t)) —o<t<0 (1)
x(t)=f"(x(t)) 0<t<t, (2)
x(t)=f(x(t)) t, <t<wo  (3)

— (1) Prior to fault (Pre-fault) ;Ii-%ies the clearing
— (2) During fault (Fault-on or faulted)
— (3) After the fault (Post-fault)

. .|

‘i‘ N ‘ t>t Post-Fault
cl

O<_t£tCI

t=0 t=t,

Faulted (line-cleared)



Critical Clearing Time

Al
« Assume the post-fault system has a stable equilibrium
point X,

« All possible values of x(t.,) for different clearing times
provide the initial conditions for the post-fault system

— Question is then will the trajectory of the post fault system,
starting at x(t,), converge to x,ast — oo

 Largest value of t, for which this is true is called the
critical clearing time, t.,

« The value of t_ Is different for different faults



Region of Attraction (ROA)

All faulted trajectories cleared before they reach the
boundary of the ROA will tend to x, as t—oo (Stable)

X(ty)
v

o

The region need not be closed; it can be open:

T



Methods to Compute ROA
T

Had been a topic of intense research in power system
literature since early 1960’s.

The stable equilibrium point (SEP) of the post-fault
system, X, Is generally close to the pre-fault EP, X,

Surrounding X, there are a number of unstable

equilibrium points (UEPS).

The boundary of ROA is characterized via these UEPs
X i:1=1,2..

f(x)=0 ie f(x,)=0 i=12..




Characterization of RoA

Al
* Define a scalar energy function VV(x) = sum of the
Kinetic and potential energy of the post-fault system.

« Compute V(X,;) at each UEP, 1=1,2,...

« Defined V, as _
V. =MinV (X)

Xu,i

- RoA is defined by V(x) <V,
— But this can be an extremely conservative result.

« Alternative method: Depending on the fault, identify
the critical UEP, X, ,, towards which the faulted
trajectory is headed; then V(x) < V(X,,) IS a good
estimate of the ROA.



Lyapunov’s Method
Al
« Defining the function V(Xx) is a key challenge
« Consider the system defined by
x=f(x), f(x,)=0
« Lyapunov's method: If there exists a scalar function
V(X) such that
1) V(x,)=0
2) V(x)> 0 forall x around X,

3) V(x) < 0forall x around x,
Then x, Is stable in the sense of Lyapunov

EP x, is asympotically stable if V (x) < 0 for x = x, around X,

10



Ball in Well Analogy
T

* The classic Lyapunov example is the stability of a ball
In a well (valley) in which the Lyapunov function is

the ball's total energy (kinetic and potential)

UEP
UEP

SEP

* For power systems, defining a true Lyapunov function
often requires using restrictive models

11



Power System Example

HiY
Consider the classical generator model using an internal
node representation (load buses have been

equivalenced)

Id 2 do _ Z(Cusma + D, c0s 5;)
dt” " dt
B C;; are the susceptance terms,

P =T, —E’G; DIJ the conductance terms
Functionally

d*5 do, -=P-P,(5,,...6,)) 1=L...m

" dt? " dt
5‘i = W —

1

& =1 (R=Fi(5,...6,) - Di(e - @,))
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Constructing the Transient

Energy Function (TEF
gy (TEF) T
« The reference frame matters. Either relative rotor

angle formulation, or COI reference frame.

— COl is preferable since we measure angles with respect to
the “mean motion™ of the system.

« TEF for conservative system (i.e., zero damping)

1 & . 1 <
5,=——Y" M5, With center of speed as @, = —— > M,
MT i—1 I\/IT =1

where M. = Z.m . M;. We then transform the variables to the

~

COl variables as 6, =6, -9, , o, = v, — w,.

It is easy to verifyd =0, -9, =w,-@, A
13



TEF
T

» We consider the general case in which all M;'s are finite. We have
two sets of differential equations:

M 2= f7(@) 0<t<t, (Faulted)

Y —@, i=12,..,m

And

M, 2= (0) t>t, (Post fault)
Y@, i=12,..,m

dt i
* Letthe post fault systemhasa SEPat 9=0°,@=0

« This SEP is found by solving
f(0)=0,1=1,..,m

14



TEF
HiY
Steps for computing the critical clearing time are:

— Construct a Lyapunov (energy) function for the post-fault
system.

— Find the critical value of the Lyapunov function (critical
energy) for a given fault

— Integrate the faulted equations until the energy is equal to
the critical energy; this instant of time is called the critical
clearing time

Idea is once the fault is cleared the energy can only

decrease, hence the critical clearing time is

determined directly

Methods differ as to how to implement steps 2 and 3.
15



Potential Energy Boundary Surface

Figure 9.10: The potential energy boundary surface (reproduced from [97]

Figure from course textbook 16



TEF
HiY
 Integrating the equations between the post-fault SEP

and the current state gives

V(H,a)):%gMia)f—Zm:ﬁ f (0)d

:%Zm:Ma) ZP(@ 6)-3" 3" [C, (cos 0, —cos 8]

i=1l j=i+l
6. +

B 9|+9 D, cos;d(6 -6,)] C; are the susceptance
terms, D;; the conductance

=Vye (@) +Vpe (0) _
terms; the conductance term Is
path dependent

17



TEF

« V(0,®) contains path dependent terms.
 Cannot claim thatV (0, ®) is p.d.

 |f conductance terms are ignored then it can be
shown to be a Lyapunov function

* Methods to compute the UEPS are
~ Potential Energy Boundary Surface (PEBS) method.

— Boundary Controlling Unstable (BCU) equilibrium point
method.

— Other methods (Hybrid, Second-kick etc)

(a) and (b) are the most important ones.

T

18



Equal Area Criterion and TEF
HiY
* For an SMIB system with classical generators this
reduces to the equal area criteria
— TEF is for the post-fault system

Xl
~ Change notation from T, to P, @—HUW;E

d°s | 4 )
M =P —P™sing 1
e OIS y)( e
EE, _

Pemax = TSin o (2)

X =X" (Faulted)
X =X" (Post- fault)

P = El—EFZsin o (Faulted)
X

P.= E1E,2 sind (Post — fault)
X

19



TEF for SMIB System

Al
M Oclltf =P —P™sino D)
The right hand side of (1) can be written as — ag/ < where
Voo (0)=—P.0 —P™ cos o (2)
Multiplying (1) b)g‘j'j—f , re-write
A M (CM) +VPE(§)}:O since %0 _,
dt| 2 \ dt dt

: d|1
|.€ dat EMG)Z +VPE(5):|:O

. d

Hence, the energy function is

1
V(5,0) =2 Mo® +Ve (9) 2



TEF for SMIB System (contd)
T

The equilibrium point is given by
0=P,—P™sino (1)

5% =sin™ ( PF::naX ) (2)

This is the stable e.p.

Can be verified by linearizing.

Eigenvalues on jo axis. (Marginally Stable)
With slight damping eigenvalues are in L.H.P.
TEF is still constructed for undamped system.

21



TEF for SMIB System

The energy function is
V(5,0) =V, g +Vpe (0) =1 Mw” —P,5 —P™ c0s o
There are two UEP: 8Y! = nt-6° and 8Y? = -1t-6°

A change In coordinates sets V=0 for 6=6°
Ve (0,0°)=—P, (6 -9")—P™(cosd—co0so”)
With this, the energy function is
V(5,0)=tMw’ -P_ (5 -6°)—P"™(cosSs —coso°)
=Vye +Voe (5’58)

The Kinetic energy term is Vi =+ Mo’

T

22



Equal-Area Criterion

Pre-fault

g

Post-fault

F L —
Pe
- Faulted

Figure 9.9: Equal-area criterion for the SMIB case

Figure from course textbook

AP

During the
fault A, is
the gain in
the kinetic
energy and
A, the gain
In potential
energy

23



Energy Function for SMIB System

T
V(9,m) Is equal to a constant E, which Is the sum of the
Kinetic and potential energies.

It remains constant once the fault is cleared since the
system Is conservative (with no damping)

V(d,m) evaluated at t=t, from the fault trajectory
represents the total energy E present in the system at
=t

This energy must be absorbed by the system once the
fault is cleared if the system is to be stable.

The kinetic energy Is always positive, and is the

difference between E and Vp¢(9, 6°)
24



Potential Energy Well for SMIB System
Al

A

O =—T0— 0

Potential energy “well” or P.E. curve

 How iIs E computed? o



Structure Preserving Energy Function

AP

 |f we retain the power flow equations

0, = w; —w, (9.69)
n+m

jfl-._;_;i — Tﬂﬁ — Z I;I} B?j Sill(H.i — Hj)

i=n+1,..., n—+ m (9.70)
n—+m
Pri(Vi) = Y VV;Bysin(#; —6;) i=1...., n (9.71)
j=1
n—+11
Qu(V;) = =Y ViV;Bjjcos(f; —8;) i=1,.... n. (9.72)
j=1

26



Structure Preserving Energy Function

AP

« Then we can get the following energy function

V(@,6,V) = Vkp(@)+Vpi(,V) + Vpa(6) (9.73)
where
- L m -2
I"I{E("‘-‘\) — 5 Z ;nl_[.iuu’f_
i=1
5 ntm ViV
Vpr(0.V) = — > Tari(0i —0;) + ) / , QL;( 1)(”__,% (9.74)
i=n+1 i=17 V& i
1 T ) .
2 2B (V2= (V")) (9.75)

n+m—1 ntm i i
— S Y By(ViVycosfi; — ViVicosfs)  (9.76)

i=1 j=i+l
V() = =3 Pri(0; — 65). (9.77)
1
27



Energy Functions for a

Large System T

Need an energy function that at least approximates the
actual system dynamics
— This can be quite challenging!

In general t

here are many UEPs; need to determine the

UEPs for closely associated with the faulted system

trajectory (
Energy of t

Known as the controlling UEP)
ne controlling UEP can then be used to

determine t

ne critical clearly time (i.e., when the fault-

on energy Is equal to that of the controlling UEP)

For on-line

transient stability, technique can be used

for fast screening

28



Renewable Resource Modeling

HiY

« With the advent of more renewable generation in power
systems worldwide It Is Important to have correct
models

* Hydro systems have already been covered

« Solar thermal and geothermal are modeled similar to
existing stream generation, so they are not covered here

« Coverage will focus on transient stability level models
for wind and solar PV for integrated system studies

~ More detailed EMTP-level models may be needed for
Individual plant issues, like subsynchronous resonance

- Models are evolving, with a desire by many to have as generic
as possible models 29



Changing Sources of Generation

* Inthe US and worldwide the sources of electricity are

rapidly changing
U.5. summer (June-August) electric power sector generation by fuel type (1990-2020) =
billion kilowatthours cla
600
STEO
forecast
500
_/—f_j natural gas
400
300
nuclear
200 coal
hydro
100 —— — - et Wi ]
D ] 1 1 1 (] T 1
1590 1995 2000 2005 2010 2015 2020

Image Source: www.eia.gov/todayinenergy/detail.php?id=44055 30



Natural Gas Prices

AR

Y7 Henry Hub Natural Gas Spot Price pHhncsp) DOWNLOAD &
Ohbservation: Units: Frequency: . o
2021-11-23: 4.95 (+ more)  Dollars per Million BTU,  Daily IYISY[10YIMax | jg07.0107 | to| 2021-11-23 EDIT GRAPH 3
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Shaded areas indicate U.5. recessions. Source: U.5. Energy Information Administration fred stlouisfed.org Fa

Source: fred.stlouisfed.org/seriess DHHNGSP
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Planned New Utility-Scale Generation,
Oct 2021 to Sept 2022 T

" Inthe US

* the new
nuclear is
\Vogtle 3 and
4 (1100 MW
each); about
50 are under
construction
worldwide

Source: www.eia.gov/electricity/monthly/, November 2021 32



Retirements, Oct 2021 to Sept 2022

Planned Utility-Scale Generation

T

33



Most Recently There Has Been a Surge

IN US Coal Generation
T

« The amount of US generation from coal has been
rapidly decreasing, but in 2021 it has risen about 25%
from 2020 levels

— The rolling 12 months between 2020 and 2021 has gone from
788 to 919 billion kWh (in 2011 it was about 1700)

— This i1s mostly due to the increasing natural gas prices, and it
expected to be short lived because of coal plant retirements

34



Electricity Production in China

Electricity production by source, China
| Other .
7,000 TWh o TWh are the
6,000 TWh Hydropower Same aS
e billion KW
5,000 TWh —— Qil

for reference
the US total
In 2021 is

coal about 4000
TWh

4,000 TWh

3,000 TWh

2,000 TWh

1,000 TWh

0 TWh

1985 1990 1995 2000 2005 2010 2015 2020

Source: Our World in Data based on BP Statistical Review of World Energy & Ember (2021)
Note: 'Other renewables' includes biomass and waste, geothermal, wave and tidal.

Source: en.wikipedia.org/wiki/Electricity_sector_in_China#/media/File:China-electricity-prod-source-
stacked.svg 35



World Electricity Generation (Energy)
iy

In 2019 the capacity is 4200 GW fossil fuel, 2500 GW renewables
(1140 hydro, 650 wind, 584 solar), 369 GW nuclear

v M

Other

Muclear ® Coal Qil Matural gas Renewables Other

Graph source: www.iea.org/data-and-statistics/charts/world-electricity-generation-mix-by-fuel-1971-2019 36



Growth in Wind Worldwide

Histaric development of total installations (GW)

743
35

CAGR
+11% 450
29
® Onshore 291
® Offshore 540 2
488 19
CAGR 433
+17% 970
319 8
233
f;:}: 233
_______'—"'-’4 ws
159
o4 121
I l I I I I I I I 342
2001 2002 2003 2004 2005 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Share of offshore ~1% : ~2% - 3% Pl ~45%

Source: Global Wind 2021 Report, Global Wind Energy Council 37



Growth in Wind Worldwide, 2020

Mew installations onshare (%) MNew installations offshare (%)
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2018 Installed Wind Capacity by State

In January 2021 the American Wind Energy Association was succeeded
~« Dby the American Clean Power Association

Texas IS
number
onel

PR
125

otosooMw M >500to1,000Mw [l >1,000t02500MW [l >2,500t0 5000Mmw [l >5,000t0 10,000Mw [l >10,000 MW
American Wind Energy Association | U.S. Wind Industry Fourth Quarter 2018 Market Report | Public Version 8



2021 Wind/Solar Capacity by State

AK ME
100 Operational Clean Power Capacity, by State 1193
VT NH T -
282 214 ean I S
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1189 205
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American Clean Power | Clean Power Quarterly 2021 Q3 9

Source: American Clean Power Quarterly, 2021 Q3
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US Annual and Cumulative Wind
Power Capacity Growth

LAND-BASED WIND ACTIVITY

Over 1.5 GW of land-based wind online in Q3

- The wind industry installed 1,551 MW of new capacity. Total wind capacity installed in - Orsted's 367 MW Western Trail wind farm was the largest project to start commercial
2021 through September is now 7,248 MW. operation in the third quarter.

= The volume of wind projects that came online in the third quarter is lower than -+ Year-to-date the industry added 37 projects across 18 states totaling 7,248 MW, an
pervious quarters this year, and lower than third quarter installations in recent years. increase of 15% compared to the first three quarters of 2020.

This is due to projects originally planned to be online in the third quarter being pushed . The average size of wind projects installed in the third quarter was 129 MW.
to a later date. Some developers cited supply chain issues as the reason for this delay.

U.S. Annual and Cumulative Wind Power Capacity Growth
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US Wind Farm Locations
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