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(ABSTRACT)

The increasing penetration of inverter based renewable generation in the form of solar-photo
voltaic (PV) or wind has introduced numerous operational challenges and uncertainties. Among
these challenges, one of the major ones is the impact on the transtability of the grid. On

the other hand, the direct methods for transient stability assessment of power systems have
also fairly evolved over the past 30 years. These set of techniques inspired from the Ly@pgunov
direct methodprovide a clear insight to the system stability changes with a changing grid. The
most attractive feature of these types of techniques is the heavy reduction in the
computational burden by cutting down on the simulation time. These advancements were still
aimed at analyzing thetability of a nonlinear autonomous dynamical system and the existing
power system perfectly fitthat definition. Due to the changing renewable portfolio standards,
the power system is undergoing serious structural and performance alterations. The deale i

of power system stability is changing and there is a major lack of work in the field of direct
methods in keeping up with these changes. This dissertation aims at employing tegigtiag
direct methods as well as developing new techniques to visei@nd analyze the stability of a

power system with an added subset of complestintroduced by PV generation.
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Chetan Mishra

(General Audience Abstct)

The increasing penetration of inverter based renewable generation in the form of solar-photo
voltaic (PV) or wind has introduced numerous operational challenges and uncertainties. Among
these challenges, one of the major ones is the impact on thestesut stability of the gridA set

of techniques called the direct methods significantly cut down the simulation time required for
transient stability studies. However, these techniques did not keep up with the changing power
system dynamics due to renewi@bgeneration and thus there is a need to develop new

methods to study this changing system which is the aim of this thesis.
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Chapter lintroduction

With the continuous increase in electric load, power generation must increase at a similar rate
to keep up with the demand. In the last few decades, the sources of power generation were
mainly coal, nuclear, and natural gas. In recent years, howeversibbhaome mandatory to
include a percentage of clean electric power generation. The Department of Energy has set
requirements by 2030 to use renewable resources that do not produce harmiptdaducts,

like CO2, coal ash and nuclear waktg While other sotces of renewable energy resources

can be more efficient, solar energy can be optimum to use in certain locations when the
amount of sun radiation is high and the price of land is relatively inexpef[@jv®ne of the

ways to convert solar radiation into electricity is using Photovoltaic (PV) cells. PV cells can
convert solar radiation into DC electricity, which then is conveti@dAC through inverters
before integrating it to the grid3]. Owing to the EPA regulatiorjd], utilities are driven to
heavily reduce their carbon footprints. In the case of Dominion VA Power, this drive is further
fueled by a 30% tax credit for solar developers. Thus, a lot of distribution and transmission
interconnected PV is expected. To geé thaximum economic benefits, it seems attractive to
displace the more expensive conventional peaking units. While being an economically as well as
environmentally justifiable option, this has led to serious unprecedented reliability concerns
due to uncertanty in solar output coupled with the nature diis type ofgeneration. Currently

PV is not thought of as a support for the grid owing to its output uncertainties. While being an
inverter based generation provides tremendous flexibility in controllingpines at an added

cost. Some of the popular case studies highlighting the reliability issues due to renewable

generation in utilities around the world are discussed below.



1.1 Industry Experiences

1.1.IDSNX I y&dQa pnodu |1 tNRoOfSY

This is a very popular case study of the German system showing the implications of having
inverter protection standards not keeping up with the changing grid. The detailed analysis of
the issue was done irff5] which is summarized here. Around 2005/2006, protection
requirements were introduced in Germany for generating pdanonnected to low voltage
network (majorly renewable) to trip offline immediately if the frequency exceeded 50.2 Hz (50
Hz is nominal there as opposed to 60 Hz in North America). This was justifiable since this type of
generation was never considered fgnd support and also the installed capacity was really low.
However the following years saw a great increase in renewable energy in Germany due to the
promotion of Renewable Energy Sources Act. Around 2010 for example, around 14 GW of solar
wasinstalled G f2¢ 1+ tS@Stod .aSR 2y GKS {20l 0A2Yya
scenario, the system would see a loss of around 9000 MW generation from PV if the frequency
reaches above 50.2 Hz. Now this frequency value is highly unlikely in normatiops.
However, since PV and other renewables are intermittent sources of generation and the energy
market (where power generation is bid to match load) has a longer forecast horizon (how much
time before the bidding is done) which is not suitable faeaource which fluctuates rapidly a

lot, seeing higher frequency deviations might not have been out of question. Large scale
unexpected disturbances could lead to insufficient transmission to supply the generated power
thus posing over frequency risk ingiens due to ovegeneration. For example in the European

grid failure in 2006, Germany was a major exporter to rest of the European grid and the
frequencies reached 50.2 Hz during the event. Now, the European grid can deal with a sudden
loss of only 3000MW of generation so having such disturbances on a peak PV day would be
very dangerous. The installed PV capacity is still growing and has long surpassed the 3000 MW

value as shown in figure below.
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Figurel.1 Germany Installed PV Capacity

Due to this issue, Germany had to retrofit a significant portion of the installed PV to reduce the
impact on network stability and operations during high frequency levels along with

modifications to PV system transition rgland generation interconnection standards.

1.1.2/ F T AF2NY AL Q& 5dz01 [/ dzNIZS

This case studjf] helped foresee the challenges faced when trying to reliably operate a grid
with high penetration of PV. In California, the electric grid is seeing significant changes due to
energy and environmental policy initiatives. These entail having 50% of ekyctiiom
renewable power by 2030 and major reductions in greenhouse gas emissions to the 1990 levels
to name a few. California ISO performed detailed generation planning studies for cases up
the year 2020 and realized that there would be some major ehg#s in operating the grid

with so much renewable

1. Limited generation ramping.
2. Risk of ovegeneration (leading to increasing frequency).
3. Reduction in frequency response due to displaced conventional generation (having

inertia and governor controls) wittenewable.

Some of the major requirements need from the grid that stemmed from the concerns above for

operating a green grid were



1. Quicker generation ramping rates so more peaking units rather than base load units.
2. Stored energy for better balancingath term generationload imbalances.

3. Reduced startup costs for generating plants.
4

More accurate forecasts for better system operations planning.

These requirements are important because renewable generation is not controllable and highly
variable. Thus, wén fluctuations happen, ISO has to use other controllable conventional
generators to match an generatidnad imbalances emerging from load and now generation
uncertainties (renewable). This can also be seen through the projected net load curves (net
load = load ¢ renewable generation vs time of the day) popularly known as the duck curve

which is what the ISO generation is expected to match in successive years (increasing PV).

Demand

Solar
Qutput

1AM 12 AM

Hour

2012 ;/\

Net 2013
Load

2020

Hour

Figurel.2 Solar Profile (top) California Duck Curve (bottonfY]

Around 4 AM, there is a pickup in load while at this time solar is not there to this would be met
totally by conventional generation. Now from 7 AM onwards, taoloload rapidly transfers to
solar generation from the conventional generation which will mostly be switched off. Now
during these periods the grid has a significant reduction in inertia and frequency control. This is
because the conventional generatofsave speed governors which sense deviations and

accordingly change the fuel inputs to the generation thus speeding or slowing them down



which is coupled to frequency. Displacing these generators by PV which are not required to
have these capabilities wouldesult in a grid which cannot heal itself well against bigger
generationload imbalances during system disturbances/major events like loss of line, etc
leading frequency excursions. Moving on with the duck curve, the most important portion is
around 4 PMwhen solar starts declining to 0 and now generators are needed to quickly ramp
up and pick up all that load which shows a major requirement for faster peaking units
(expensive). Immediately following this generation ramp up with solar not in picture amymor
load demand decreases seen by the downward ramp so a lot of generation has to be reduced
or shut down. The situation seems to get worse marked by steeper generator ramping required

with increasing PV penetration.

Summarizing the above two case studissme of the key challenges faced by a grid with
considerable PV are the uncertain nature of generation which requires fast acting conventional
generators to balance cycle, reduction in the overall system inertia leading to worsening of
frequency responseral inverter protection standards not keeping up with the evolving grid.
These issues have serious consequences when it comes to power system stability which we
plan on exploring in our work. But first, let us understand what exactly means by transient

stability and the necessary tools required to study it.

1.2 Transient Stability of Power Systems

Transient stability is defined as the ability of a system to return to the equilibrium following a
severe disturbance such as faults, loss of generation, &t phenomenon is marked by large
excursions in generator rotor angles, voltages, etc requiringlim@ar models to simulate and
study. This type of instability is usually evident within few seconds of the disturbance. Before
diving further into the ideaof transient stability, we would first give the reader a general
background on the electromechanical dynamics (swing equation) that go on inside a
synchronous machine during these disturbances. This will be followed by an insight into the
phenomenon of howa multi machine system typically loses stability. This section is derived

from [8] .



1.2.1 Swing Equation

A synchronousnachine (conventional generators) is comprised of a cylindrical rotor covered by
coils carrying DC current, rotating to create a magnetic field rotating in space with the same
speed in space. These rotating magnetic field lines cut the spatially distlibvitelings on the

fixed component of the generator (called the stator) to induce an electrical potential in them

OUKNRdzZAK CIFNIRIFIéQa flFg0od ¢KAA LI G)Sefatedtbthe A &
FNBIjdzSyO0e 27F N {2 NBa¥ingy @ageticydle® onfthe otbi&S R 0

(1.2)

1 1
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This denotes the relationship between electrical and mechanical quantities in a synchronous
machine. The current resulting fromithinduced potential creates a rotating magnetic field of

its own (due to AC nature) rotating at same speed as that of rotor creating a counter torque on
it [9]. There are also damper windings embedded in the rotor which are naigessl by any
external source and thus under ideal situation do not carry any current. However when the
rotor and stator fields rotate at different speeds, these windings see a flux rotating at an
angular velocity equal to the relative angular velocityvieegén rotor and stator fields which

cuts them inducing a current. This current creates a counter toitfuhich resists this flux
cutting by trying to bring this relative speed to 0. Thus the net torque on rotor is

YA QW E Qo GWQa TG &Y which leads us to the equation of motig8] ¢

U] 0 0— Y Y Yh 0 «q& 1.2
WhereUis the generator rotor + turbine inertia andis its mechanical angular acceleration
(@ Q®i &M ). Multiplying both sides by rotor speed and dividing by base values to get

per unit representation,

0 1 o 0 0 . (1.3)
5 o Mo
(0o is power base/rated power and is rated mechanical aular velocity. DefinéO(per

unit inertia constant) ag



Py (1.4)
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Equation becomeg
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5 0 Mo (1.5)

C

In the left hand side expression—is the per unit mechanical speéd () and is equal to per

unit angular frequency on electrical side | ). Here sign denotes per unit. Rewriting,

(16)

0 0 Mo

C

3
1

Now, we defing@ 0 as the relative angular difference in electrical radians wrt a reference

frame rotating at nominal angular frequency at timeo¢
176 1061 06706 m ¥ o670 m (1.7)
Now, we defing 0 as the relative angular difference in electrical radians wrt a reference

frame rotating at nominal angular frequency at timeo0¢

170 106106706 1T Y o170 m (1.8)
R (1.9
1N 1y (1.10)

Rewriting the equation of motion in termsfofand its derivatives after simplifications,

O v e~
TC—T 7 0 v OUmMmo (1.11)
Definel 1 —1 .,
01 1 0 0 0 mo (1.12)
Assuming under normal conditions* ] , substitute0 — which is a constant to get the

final swing equation,



~

09 0 0 0 Mo (1.13)
As defined before, the damping torque is proportional to relative speed between stator and
NREG2NDR&a NRGFrGAYy3a FTASERA

g (1.14)
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Multiplying both sides by angular speed and assuming 71 under normal conditions, we

convert RHS to power,

~

01 0 0 QMo (1.15)
This is often written as two single order equatians

T (1.16)

07 O 0 0O (1.17)

Here] Y (relative angular speed in electrical radians/s wrt synchronously rotating frame).

1.2.2 PowerAngle Relationship and Stability Phenomenon

In this section we discuss the relationship between the interchange power and angular position
of the rotor of synchronousnachines which is an important characteristic governing power
system stability8]. The power exchange in a two maahisystem given below with machine 1

(generator) feeding machine 2 (motor) is of the form

Xe Xr X
U
/EG Em
Figurel.3 Two Machine System
., ooogl , ... 1.1
U —E] v ORIl (1.18)
0w W W

In a synchronous machine, the rotor creates a rotating field which induces potential in the

A0Fi2NX» ¢KAA AYRddzOSR LRGSYGAlLf ONBI 1S &e |
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overall phase difference between the rotating field of generator and motor and is comprised of
the following angles]: (angle with which the generator rotor field leads the stator field called

the generator rotor angle), (the angular difference kbween generator and rotor stator

voltages) anl o0 y3f S gA0GK 6KAOK GKS NROG2NDa NRGFGAY3

power angle relationship is for a simplified classical generator model which is not the same in
case of more complex gerator models. However the structure would be simil@r.is the

generator internal voltage whil® is that of the motor. It can be seen that the power

transferred is proportional to the sine pf(maximum at  -). This can be further increased

by increasing internal voltages (through increased excitation/current in rotor) and decreasing
impedance coupling the machines. However in a multi machine system things get more
complex in terms of transfer limits. Regardless, at steady $tateexpe&ted to be constant
leading to constant power exchanges. This can only happen if the speed with which each
YFOKAYSQa NRG2N) YIFIIYySGAO FASER Aa NRGFOAY3

angle difference maintained.

When a multi machine stamm is at steady state, the two opposing forces acting on each
generator (mechanical input and electrical output) are equal (as seen in swing equation). Any
disturbance that creates imbalance results in the machine accelerating/decelerating. When a
machineruns faster than the others temporarily, its angle deviation from other machines
increases thus increasing the net electrical power output from that machine (as formulated
before) up to a certain extent. What this means is that a part of the electriadlibtransferred

from the other machines to the accelerating machine. This increase in output at that machine
helps slow it down. However beyond a certain value of angle difference as seen in the
sinusoidal nature of power, the output power starts decliegsthus further accelerating the
machine making it impossible to run again at the same speed as others (referred to as losing
synchronism). This is detected by out of step protection at the machine which trips it offline.
The loss of synchronism phenomenoan be more complex in some systems where a group of

machines lose synchronism with rest of the grid while remaining synchronized with each other.

"N\s



1.2.3 Multi-machine System Network Reduced Model

The overall power system model consists of buses (nhodes) -¢otamected through
transmission lines. These buses have devices attached to them (say for simplicity generators
with its controls and loads). Loads can range from simple static ones like constant power
consumption to complex dynamic ones like induction nmstolhe generator and its controls

(AVR,governor,PSS) can have very sophisticated complex rit@lels

In power systemstransient stalility analysis, a popular simplifiedepresentation of the
electromechanical dynamics is by modeling generators using the so called classica[Ifhpdel
which makes it much more easier to handle multianime systems. This model represents
generators as constant voltage sources leading/lagging in phase wrt the synchronously rotating
frame. This was found to be adequate by power engineers for transient stability analysis mainly
for capturing the instabilit phenomenon observed within the first second. As for the loads, we
use a simplified representation modeling them as constant impedances. This makes it possible
to include them into the network adrtiance matrix itself thus leavings with only generator
buses interconnected through impedances. Tetwork reduction process for creating such
model for any network configuration (pre fault, fault or post fault) for a particular transient

stability study is summarized beloy

Algorithm 1.1 Creating a networkeduced model
1. Run load flow[12] for the prefault system to get steady state voltage magnitudes
angles at each network bus. F@ bus, use the prdault load flow voltage magnitud

wto convert the complex load '@ into an admittanced . This is

added to theQ diagonal element of admittance matrix for the given syst
configuration. For details on creating the initial network admittance matrix for
network, please refer t¢12]. Do this for all buses to obtain the new admittance ma

&

2. Create an internal bus for each generator. This is connected to the correspo

10



OGNl yayYAaarzy acdaidSy odza o0& wiApfenditese Busd
to create a new extended admittance mattix 8 This matrix inludes generator
internal buses with current injections besides the original network buses with
injection (loads converted to passive impedances). H&re & contain elements of
connection between internal generator buses and original network buskie
contains only elements of interaction between internal generator buses.

o ®» (1.19)
3. Now, writing the current balance equations in matrix form (Kirchaftg) for this
extended network,
L1 ® O o (1.20)
0 @ @ O
Simplifying, we get,
O ® 0 o w O (1.21)

TheNBERdzOSR ySiig2NJ] Q& | RY KNistblagkgdh th¥ lighitNRA E

Finally, the state equations fér machine system for the network reduced classical model,

(1.22)

TS
It can be seen that there a& first order differential equations. It is also evident that at
equilibriun 1! "QSince the equations are in the form of angle differencés, iV 'Y
represents the angles at an equilibrium, so does &, wherewis any constant. Thus the
actual number of states are ¢¢ . To overcome this problem, relative anglether than
absolute angles are assesddd]. Two most widely used reference frames are center of angle
(COA) and single machine reference. Here, we will only deriving the formulation for center of

angle which is more popular in stability studies due to it being related to system frequency up

11



to a eertain extent. One machine reference frame will be discussed later in our work as a part of

polynomial formulation of the state equations

Assuming uniform damping in generators- ( _ , the dynamics in terms of COA reference

frame{ N  can beeasily written as;

3 ¥ 0 3 O
U] v 0] 5 V) |
0 O O "OAITI0 I 6 0B1 ) (1.23)
1 107
; B0 . B O
0 B 0O 0 B0
0 0 0
In the system above3 0 | T, and so we can represeat 3ISY SNF G2NDR& | y3af S

in COA reference frame as a linear combination of those of other generators. So, the state
equations for only first¢ = p machines are required in the COA reference frame giving us

¢ € p state equations. The state vector

8 h

=<

@ 1 h MR h
1.2.4Transient Stability During Power System Faults (Concept of

Critical Clearing Time)

The most severe types of disturbances when it comes to maintaining transient stability are
transmission network faults. These refer to situations when one more phases of a transmission
line get unintentionally connected to each other or to the ground or both. This type of an event

is usually markedy dangerously low voltages and high curremtstihe system. The system

usually does not have a satisfactory equilibrium as long as the fault sustains. So, these need to

12



be cleared which is usually done by relays which isolate the faulted region (line, generator, etc)

of the system.

Let us analyze aystem with a single machine with internal impedaneeproviding power to
an infinite bus through 2 parallel lines with and® reactances respectively as shown in figure

below.

Figurel.4 Single Machine Infinite Bus System

An infinite bus is a node with constant voltage and angle/phase (say 0). It can be thought of as a
hypothetical generator with infinite inertia and very small internal impedance with constant
voltage source behind thatripedance. Lét be the rotor angle difference between the study
machine and infinite bus. Then, we can write the governing dynamics /swing equation for this

systemg

i O, ..
5 b oY= (1.24)
w
. ‘ AXA
w w

Suppose the machine is at steady state supplyingpower = mechanical input power

(constant). Thus, we can estimate the system state$ ] at equilibrium by substituting

O O and{h )=0andsolving for statestoget, ™ A OE+——

Now suppose a 3 phase line to ground fault happens at the infinite bus followed by tripping of

line 2 ¢ ). During a ground fault in power systems, the voltag¢he point of fault is driven to

13



0ie.o Trresulting ind Tt Thus the power angle curve for faulted system is x axis (
m. The net impedance for post fault system between the machine and infinite bus is
@ W O ® thus changing the power angle curve once the fault is clear.

The equilibrium point (EP) for post fault system can be computed as,

A O E+—— . The power angle curves for all 3 conditions are shown.

prefault
fault

T T — —~ T T
o8l / \ postfault | |

\
/ \
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Figurel.5 Power Angle Curve for Different Network Topologies
Now when a fault happens) 0 n OB1T mso] h start increasing and the
system starts moving right on the fault on power angle curve. Suppose the fault is cleared at
0 O when state values are h . When the fault is cleared,d R2y QG OKI y 3¢

instantaneously. At this moment the system stadgerating on the post fault power angle

curve with generator output power given bp——O E|1 . Since this value® |, there is a

negative power acting on the generator and it starts decelerating and thecomes 0
followed by negtive. Now starts decreasing till it crosses after which0 electrical
output. Thus the system keeps oscillating about the equilibrium and we can assume the system
has a chance at being stable. Now suppose the fault was cleared at a laterayne ®

wherefh — 1h 1 . The generator starts decelerating but assunie

continue to increase due to inertia and créss 1 . Here it is easy to see that (1 ) is
another EP At this moment, output power becomesi< thus the generator again begins

accelerating and is not able to come back the post fault equilidriuntthus becoming

14



unstable. This means that the threat of instability increases with increasing fault time which
gives a maximum fault clearing time which the system can safely return to its equilibrium,
referred to as the critical clearing tim€CTd . Here it should be noted that this correlation
between the degree of instability and the fault clearing time is valid only in the systems with no
discrete changes in the post fault system which we will see in later sections. Clearing the fault
after the CCTof the given post fault system results in an unstable trajectory if the given post
fault system sustains. Situations where a few generatordéurtrip after clearing the fault and
stabilize the system though w.r.t. a neldP The system responses for clearing of a fault at

0 O ando o are shown below.

150
— t<ter
t=ter

100

Angle (degrees)
B

Figurel.6 CCT

Based on our discussion, some of the factors that evidently impact transient stability are

1. Generator parametersi(QO). Lower the value of these parameters, more is the speed
gained during disturbance.

2. Base loading on the generatad (). Higher th&d , more is the acceleration (for the
same amount of power mismatch), more is the speed gained and more chariges of
reaches unstable value.

3. Terminal voltagéD. Lower theQ, lesser the impact di for same increase in after the
fault is clearedWe can see that whénincreases) increases and becomes more than
0 which is the only force that opposes the generator which has gained speed during

fault.
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4. Post fault system impedances. Lower the impedance value, higher is the power angle

curveand thus lower is the angle for same amount of output power.

Now the question comes, does having high penetration of PV generation have pagtion
the transient stabilit Some peculiar characteristics of this type of generation which seems to

directlyinfluencethe parameters listed above are

1. Inverter based generation is O inertiaVhile the conventional generation has rotating
mass i.e. kinetic energy to provide inertia to certain system disturbances, inverter based
generation does nofl3]. Thus, displacing generation with inertia with a Aoartia one
will effectively reduce the system inertia.

2. Inverter protection standardsAs discussed in previous sections, renewable generation
is made to trip offline during system abnormalities as these are not fully considered for
grid support. This trarates to losing generation even in events that may require excess
generation.

3. Location dependenceThe best solar resources may be at sites which are not grid
optimal. Since the transmission systems are built around existing generation, this could
mean requiring new transmission infrastructure. As the PV penetration increases, this
could mean major chages in the network flows which means shifting the normal

operating point of the system.

1.3 Multi-Machine Test System

2SS g2ddA R 0S dzaAy 3 ! {KI13] @aall our stutlie3 KvkhyfriedifiGatoasi & & &
pertaining to each study. For simplicity uniform damping is assumed for all machines.
DSYSNIG2N) oQa adlrdaSa gAff 0S SEtAYAYlIUOUSR @gKSYy

analyzed
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Figurel.7 3-Machine System

Also, a network reduced model as discussed before would be used for modeling dynamics.
While we restrict ourselves to a small system, our current focus is addressing the complexities
associated with transient stability assessment that PV generation bianigpe system. It makes

it easy to visualize the problem. Here, it is also important to mention that while in theory it is
possible to extend these techniques to large scale practical systems, it requires a great deal of
computational resources as well agveral rigorous simplifications to the model which in itself

is a major challenge faced by the power systems community and is therefore is not within the

scope of our current work.

1.4 Thesis Overview and Contribution

The thesis outline is as follows

Chaper 2 gives the required background on the direct methods for transient stability
assessment of power systems which make online assessment possible. The first part of the
chapter provides a brief overview of the developments in the characterization ofc8Ren

linear systems. This is followed by the energy function theory and the concept of controlling
unstable equilibrium point (CUEP) for estimating the relevant portion of the stability region.
Also discussed is the BCU method which is by far the niestessful computationally feasible
technique for finding the CUEP. The associated algorithms for implementing it are presented
and their use is illustrated through a classical muiéichine system example. The second part

of this chapter gives an overvienf the application of sum of squares (SOS) programming to the
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estimation of SRs of generalized nlomear systems. Starting with a background in polynomial
algebra, relevant concepts in SOS programming are discussed. Finally, a systematic
methodology usig those concepts referred to as the expanding interior algorithm is revisited
with its applications in transient stability assessment of power systems explored. Comparisons
are drawn between the two methods. In order to reduce the inherent conservativeneS€T
SAGAYIFGS F2NJ I 3IAGSY RA&GdzND I ya@éniquKiSpfopaked A y 3
which takes into account thelisturbance trajectoryto estimate the more relevant portion of

the SRnspired by the idea of CUEP.

Chapter 3 deals wih studying the impact of locational inertia displacement due to
asynchronous generators (PV). Modeling the PV as a zero inertia machine, for-enaaliine

power system, various scenarios are studied differing in the amount of generator displacement
by PV and fault location. The impact @CTor network faults is studied using the BCU method.
Also, a visualization of the problem using a projection of relevant portion of stability region
through constant energy surface is proposed. Next, studies are tonederstand the changes

in stability due to various redispatching strategies when accommodating PV. The percentages of
PV accommodated by each generator are varied in a f/madtthine system and the changes to

the Potential Energy Boundary Surface (PBEBS3tudied to draw conclusions on the stability.

Chapter 4addresses the challenges associated with using the traditional direct methods for
transient stability assessment of power systems having PV generation prone to tripping under
disturbances. Two gpoaches differing in their treatment of the PV tripping phenomenon are
proposed. Within each category, multiple techniques for stability assessment are developed
using Lyapunov functions constructed through SOS programming. The first category treats the
tripping of PV as an instability phenomenon since it puts the system under the risk of cascading
outages. The aim here is the estimation of a SR with an added constraint of not allowiRY any

to trip. To make the problem more tractable, multiple time ipég@dent formulations of the PV

ride through constraints are developed. Finally, the constrained stability region (CSR) estimates
are compared in terms of size to identify the best approach. The second category of techniques

treats the power system as a daohed system with the switchingepresentingthe tripping of
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PVs. This treatment of the phenomenon is shown to be much less conservative. The non
monotonic relationship of the fault clearing time vs stability margin in such systems is
demonstrated throughan example which shows the need for revision of the widely accepted
idea of CCT The typical characteristics sfvitching due tocascaded PV tripping events are
discussed. Starting with a demonstration of tlmitation of the BCUmethod to the stability
assessment of such systema, techniqueis proposed which uses multiple CSRs with its
effectiveness as well as the reliability demonstrated through a few examplesther
methodology is developed to study the repercussions of cascading tripping of P¥stinacak.

A metric calledrisk of instabilityis proposed that combines stability with probability of
cascading scenarios. The benefibédcking mutual tripping of some PVs in reducing the overall
risk is demonstrated through an example. While stillhie tonceptual phase, this could have
potential applications in strategizing the ride through curtesbetter deal with cascading

events
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Chapter 2Review of Direct Methods for

Transient Stability Assessment

In a fault scenario, the power system broadly gtie®ugh three different configurations viz.

pre fault system (usually at steady state), fault system (sustained disturbance) and post fault
system (fault is removed along with changes in system topology usually tripping of line(s)). The
stability is studi® F2NJ GKS Ll2ad FlrdzZ d aeaidsSy aiayosS AdQa
events. A trivial way of studying it would be to simulate the whole system trajedtdly
starting with pre fault system leading up to the post fault system and continue simulating till
the system becomes stable/unstaljlE6]. While this is an attractive option, it is extremely slow.
The astern grid in US comprises of around 70,000 nodes which means a system of minimum
140,000 state equations to integrate. Normally on an 8 CPU, 3GHZ system it takes close to 60
minutes to simulate &ingle30 second trajectory. Now imagine a utility wantsknow theCCT

in order to check if the response of the protection system meets the reliability requirements.
For that they will have to simulate the whole trajectory multiple times with different fault
durations. On top of that if they want to analyze(Dsuch faults, it might take months to do so.
Thus, there was a need for techniques that bypassed the requirement to simulate the whole
trajectory or particularly the post fault trajectory which is a major portio®%%) of the overall
simulation. Spa lot of techniques were developefd 4] [17] [18] which were derived from the
ARSI 2F [ &t Lidzy 2tku® Bavirg 8 heoyetal MsHificaticuiel these fall under

the category of direct methods for transient stability assessméhthere is a neighborhoc®

of 0 and a continuously diffentiable positive definite functiots.t. along all trajectories

w T} N ‘Othentis an asymptotically stable solutigh9]. Thus, the idea is to formulate a
scalar function of system states which decreases in the neighborhood of the equilibrium (say
the origin) along all the trajectories starting within @ne or multiple thresholds on its value

are used aghe stability limit If the value for this function calculated at the time of fault
clearing violates that limit, it meanthere are higher chances of the emerging post fault

trajectory being unstable. The idea can be understood by using an analogy of a ball inside a
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bowl [8] where the position at the bottom of the bowl is a stable equilibrium point (SEP) for this
system and the inside of éhbowl is the corresponding SR with the bowl itself representing the
potential energy surface. The ball has a kinetic energy (determined by its velocity) and potential
energy (determined by its position on the bowl). Now, when a disturbance is introdaged s

push to the ball, it gains kinetic energy and it starts travelling up the walls of the bowl. As its
climbing, a part of the kinetic energy gets converted to potential energy and the ball slows

down. As long as the total energy does not make the afisthe rim of the bowl and get out,

AG oAttt S@OSyldzrtte NBOGdz2NY (G2 GKS {9t 03aINIYGSR
forever). In direct methods, the search is for a function that characterizes the energy in this

bowl and as well as thrim (boundary). As long as the energy injected is lower than that

required reaching the rim, system will remain inside the bowl and thus stable.

UNSTABLE

v ANAN

STABLE

AN A

Figure2.1 Rolling Ball Analogy

These techniques became tapopular and the application of the most successful one out of
those called the BCU methdd7] has been demonstrated on a practical system of the east
coast utilities [20]. Due to its success as well as a strong theoretical justification, we will be
using BCU in our work to analyze the impact of inertia displacement and generator dispatch due
to PV on stability. HoweveBCU as well as theseof the energy function theory is built to deal

with unconstrainedautonomous nodinear systems. The inverter protection addsmplexity

to the system making the applications of BCU limited. Therefore, for studying the impact of
inverter protection on tansiert stability, we taking a classicalLyapuno® &  RriethBdO (i
approach A systematic way of construntj Lyapunov functioawould also bediscussed using

sum of squares (SOS) programming.
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With the growth of synchrophasorf21][22][23] in the last decade which provide time
synchronized high frequency voltage and current phasor measurements as well as
advancements in power system linear state estimatjgd][25], data driven techniques have
emergedaimed atsolving a lot of problms such as system parameter validat{@6], stability
assessmenf27][28] , control[29][30][31], islanding detectiorj32] etc. For stability assessment,
these mainly operate by interpolating/ extrapolating the results froffline assessments made
One of the prohibitive requirements of these techniques is the creation of offline data base
which is done through time domain simulations. Altesetechniques require a considerable
portion of the post fault trajectory to be simulateshline in order to make a decisioand are

also plaguedby major reliability concerngs with changing systetme offline data base may

not be able to capture all types of instabilities

2.1 Boundary of Stability Region Based Controlling Unstable
Equilibrium (BCU) Method and its Development

The BCU method is based on the idea of approximating the portion of stabdipdary
relevant to the disturbance under study. Before proceeding with the details of the technique, it

is important to give the reader a general background in-hoear dynamics.

Definition 2.1 (Manifold):It is a topological space that locally redalss a Euclidean space near
each point. An n dimensional manifold has a neighborhood that is homeomorphic (continuous

invertible function mapping) to Euclidean space of dimension n.

Definition 2.2 (Tangent Space of a Manifold)he tangent spacéy 0 [33] of a manifold)d at
pointr) is a collection of all possible directions (vectors) from that point along the manifold. In

the figure below, the tangent space of the point on sphere is shown.
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Figure2.2 Tangent space (grey) of a manifold (sphere) at point (0,0,1)

Definition 2.3 (Transverse Intersection of Manifolds)iwo manifoldsd and 6 injectively

immersed in a manifold intersect transversally wheq

1. "YO Y6  "YO atall points of intersection.
Or

N

2. ¢KSe R2y Qi AYyGSNERSOI

c

0 Ftto

Figure2.3 Transverseléft) vs Non Transverse (right) Intersection of Manifolds (sphere and
plane)

Definition 2.4 (Equilibrium Poin{EP): Given an autonomous time invariant system defined by,

® Qw 2.1)

AnEP® is a stationary point s.tQw 1. The various types &R areq
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1. Hyperbolic:

a. Stable: Attracts all the trajectories near it to itself. Characterized by all eigen
values of— having negative real part. This can be visualized as bottom of a bowl

where any ball (trajectory) starting inside it settles to it as showrigure2.1.

b. Type k Unstable: Can be visualized as repelling trajectories on a k dimensional

manifold. Characterized by k eigen values-ehaving positive real part.
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Figure2.4 Type 1UEP

For exampleFigure2.4 shows the dynamics around a type 1 UEP (at origin). It attracts

trajectories approaching it along x axis while repels along y axis.

2. Non Hyperbolic:ER with one or more eigen values havifgreal part. Example of

dynamics around such points are shown in the following figures.

24



1

08

06

04

0.2

0

-02

04

-0.6

08

-1

o™ s o T T T T T T T a a a am e Ty

,,,,,,,

///////

Rl e e
e S R S g R P aalatr

-1 08 06 04 02 0 02 04 06 08 1

0.8

06

0.4

02

-0.2

04

-0.6

-0.8

;;;;;;;;;;;;;;;;;;;;

b e e e e e
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Definition 2.5 (Stable/Unstable Manifold)Eor a giverEPw |, these are defined as

1. Stable Manifold: Manifold on which all trajectories eventually converge to The

dimension of stable manifold is equal to the number of Eigen values having negative

real partg[33].

2. Unstable Manifold: Manifold on which all reversed (negative time) trajectories

d) “EEV Y

wi 8w

Wt

i
o

Do o (22

converge taw . The dimension of stable manifold is equalthe@ number of Eigen

values having negative real parts.

(b nL-E’ )

Wi 8T Wt

l
o)

i

[

(2.3)

It also means that that there could be points in the immediate neighborhood cERthat
0St2y3a (2 SAGKSNI 27

R2y Qi

idKS

trajectories repelled by equilibrium belong to its unstable manifold.

Definition 2.6 (Invariant Set)A set of points in state space st. all the trajectories starting inside

it remain in it.

YIYAT2f Ra®

Definition 2.7 (Stability Region & Stability BoundarA:set of all the points lying on the stable

manifold of aSSERv make upts SR. It is an open and invariant set and denoted by the symbol

25
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0 @ . The stability boundafy 0w  (also called the separatrix) is defined as a set of
limiting points in the immediate neighborhood of SR and is not a part of SR itself. stemsy

with two or moreER, the dimension of the stability boundarygis p while that of the SR &

where¢ is the dimension of the state spaag) (

Definition 2.8 (Limit Cycle)tt is an isolated close trajectory. Shown below is an example of a

stabke(attracts nearby trajectories) limit cycle (green).

08— — 7~

S L

0.6
0.4

0.2

02 "
04}
060 )

-0.8 i

Figure2.6 Attracting Limit Cycle (green)
Now we move on to characterizing the number and typeE®flying on the stability boundary

based someconcepts from Morse Theory followed by the idea of Energy functions and BCU

method.

2.1.1 Characterization of Stability Boundary for Non Linear Dynamical

System

In many emerging research areas, estimating SRs continues to play an important role. In this
section derivations of dynamical and topological properties of stability boundary are presented.
This section is derived from[34]. We begin by assuming that all th#3 of the system under
study ae hyperbolic. Now a few theorems are discussed that characterize the equilibrium or

limit cycles on the stability boundary. The derivations for these are omitted.
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Theorem 2.1Consider a general nonlinear continuous dynamical syseeniQw . Letd @

be the SR of an asymptotically stable equilibriwmLetwbe a hyperboli&P Then:

@If o ®w w 0w N then "7 0w ; conversely fwNT 0w then
W O o, 0w N,
(b) Supposeawis not a source them Nt ow iff ® ® w T 6w I

A similar thing can be said about closed orbits.

Theorem 2.2 (Further characterization &Pon stability boundary) Assuming the following

about the stability boundary
(A1) All theERs orf 0w are hyperbolic
(A2) The stable anagnstable manifolds oER orf 0w intersect transversally
(A3) Every trajectory dn 6w approaches one of thER asd© Hb
Then
LDoNT ow iff ® ® w, 0w N
2Nt o iffd w P! dw
Here it is easy to show that due to assumption (A8),® P! 6w implies] 0®

@ o .This result can be extended to other hyperbolic critical element (closed orbit).

Lemma 2.3If hyperbolic critical element® andw satisfy the folloving condition regarding
intersection of manifolds¢ @ & ®, ® ® w " then AEL ®

AE

Theorem 2.4 (Structure oERs on stability boundary)For nonlinear autonomous dynamical
system containing two or mor8EB, if assumptios (A1) and (A3) are satisfied then the stability

boundary contains atleast one tygeUEPR If furthermore the SR is bounded then the boundary

must contain a source as well.
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2.1.2Energy Function

Consider a general nonlinear autonomous dynamical sygtem

®w Qo (2.4)
We say & functionwda © s is an energy function for this system if the following

conditions are satisfied
(E1) Derivative abalong any system trajectory is non positive i.e.

&
vo —Pon n (25)
T W

(E2) lfw 0 is not an equilibrium then,

W T (2.6)

(E3) Bounded value dffor trajectoryw 0 impliesw 6 is bounded.

While properties (Al) and (A2) are generic, it is easy to show that systems admitting energy

functions satisfy property (A3) as well (using the properties (E1) and (E2) of é&mecggns).

2.1.3Energy Function for Power Systems Network Reduced Model

Reuvisiting the power system network reduced model in COA fiasrdiscussed ih.2.3;

} 55— § o
1 5 ]
0 O O "OAII0 | 6 0Bl |
2.7
1 T

; B O . B 0]

0 B 0O 0 B0

0 0 0
To find the energy function of the above system, wate 1 —— togetg
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5 ol U 6 1O_| ,Q (2.8)

For the time being assume stateseof generdor not replaced by those of others. Now adding

the equation 'Q pcg , rearranging and the substituting the expressiontioras before,

B .01 Q B 0 00 Q B B _&6 OBl (2.9)
| Qf ) B B _OAT10 | Q )
B 4. 0O Q —B 4 .07
The last term on the RHS (containing ) becomes 0 sincB ¢ U Q 1. The left hand

side can be used as an energy function To check the first 2 properties of energy functions,
differentiate wrt time. The righbhand side gives
. , Q : (2.10)
w O 9% O] L
qd qd

w is 0 only when 1} "Qvhich is only atER. The boundedness of trajectories for

bounded value of energy function can also be prof&4.

Further simplifying the terms for energy function by integrating them from state veotorto

wand writing them separatelg

0 0E WBEAD Q% 01 Q g‘o |
YO 0 "0'0 1 1
(2.11)
YO 6 OBl 1 Q 1
6 AT10 | AT O ]
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YO "OATI0O 9 Q1 1

The last term (containing conductancé€¥is a path dependent term and does not have a closed
form expression. This term is usually evaluated analytically using one of the following two

schemeg35] ¢

1. Ray Approximatiorg Writing] as a linear combination of R A by

assuming a linear trajectory and integrating in one variable. No mathematical
justification.

2. Trapezoidal Rule Standard multi step trapezoidlaule. Known to be more accurate
than Ray approximation. As an example of using single step trapezoidal rule for

integration of one of the path dependent terms sajO A 110 1 Q]

1 from time 0 to 0, we compute iasq
_OATI0 Q1 ) O wEl 6 1 0O

wE 0 0

A generic network reduced model for power systems is efftrm

1 YO,

N et 0 o
T w
w «
. (2.12)
~. 1 YO
0a Oa mdm Q ohw

~ ~

0& Qi WGE 6o fgecxa) & Yoo Y i
WhereatioQ diare state variablesYdenotes the potential energy term corresponding to the
gradient part of the field (path independent) whité is the path depended term resulting
from the nongradient portion of vector field'QAQ . It has been seen thdbr power systems
with high lossy terms (marked by large value¥®fot too common)), energy functions are not

possible due to a possibility of having non equilibrium critical elements (like limit cycles). In case
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of a limit cycle, having an ever decreds energy function would mean it will go to negative
infinity ie unbounded but the trajectory in a limit cycle is bounded as we know which leads to a
contradiction of energy function property (E3). To deal with this, the concept of generalized
energy funtions was proposed if36]. These are no longer forced to decrease along all

trajectories. In the present work, ewvill not be exploring this idea further.

2.1.4 Controlling Unstable Equilibrium (CUEP)

For systems admitting energy functions, the task is to estimate the SR for aSi¥ddere, we

will present a few theorems that will help characterize the SR usingdet®bf energy function.

Theorem 2.5 (Constant Energy Surface and Stability Regloto be a SEPof system
@ "Qw then the set'Yi WN 9 W 1 contains only one connected component

having a non empty intersection of with 8Rb iffi @ @ wherewis the energy function.

Based on the above theorem, one way of to estimate SR would be to choose the biggest level

set ofwcontained inside the . As we know based on Theorer that the stability boundary

is the union of stable manifolds of some UEP arttkcreases along all trajectories (point on

the stable manifold of an EP with minimum energy is the EP itself), the point on the stability
boundary with minimum energy shoultk a UEP and is referred to as the closest [1BPand

thus the connected component of level sed @ @ & ¢ {™XDiDdntersecting with the SR is

GKS 2yS 02y illAyYySR Ay&aARS Al C2N G§KISHh $enl YLIK S
the stability boundary of SEP with the true SR as] Y| A . The estimate of SR by this

method is using the minimum energy UER2 a4 Sy SNH& TFldzyyO@A 21y . O f dzS A &
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Figure2.7 Closest UEP &bility Region Estimate by Min Energy UEP

This is however seen to give a conservative estimate since a significant portion of the SR given
by!1 v R has higher energy. Thus, the direction in which stability boundary is to be
estimated should beaken into account which leads us to the idea of controlling unstable
SljdzZAf AONAdzY 6/ ! 9t 0 YS{F]R Ris hiditbdJgtiiz&sRthe Xayilt ot KS  y |
trajectory to estimate the part of stability boundary relevant to thatpaular fault. By Theorem

2.2, under given assumptions, the stability boundary is the union of stable manifolds. Thus, the
point at which the fault trajectory intersects the stability boundary (exit point) should lie on
stable manifold of some equilibriuwn the stability boundary referred to as the CUEP. It is safe

to say that the energy of the exit point should be greater than the CUEP. Thus, the constant
energy surface passing through CUEP can be used to accurately approximate the relevant part
of the gability boundary which the fault on trajectory is approaching. Thus if the energy
function value at the time of fault clearing is less thamo , the post fault trajectory
starting at that point would remain stable. It should be kept in mindt tthee CUEP for each

fault on trajectory depends on the direction it takes the system in state space. This implies that
there could be multiple faults which share the same CUEP. Continuing the previous example,
the SR estimated for disturbances in positared negative x direction respectively from the SEP

are as shown below. We can see that this technique covers a larger portion of SR.
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Figure2.8 Controlling UEP Stability Region estimates for faults approaching the left boundary
(left) and the right boundary (left)

2.1.5BCU Method

83

84

Based on the previous discussion, computing the CUEP is vital for direct stability analysis. The

Boundary of SiRased Conwlling Unstable Equilibrium Point (BCU) metHad] is a method

that uses the special structure of the power systems stability model to find the CUEP. This

makesit computationally efficient for large scale power systems. First, an artificial reduced

state model is defined that captures all tB#3 on the stability boundary of the original model.

This is followed by computing the CUEP of this reduced model whrobigh easier to compute.

The expressions for generic network reduced power systems model as introduced before along

with a reduced state model chosen for the BCU are shown below.

Original System Model Reduced State Model
YO,. . YO,. .
o T—‘ aw  "Q ww Yo T—‘ aw  "Q aw
T w T
5 ¢ YO, .
w d 6 QUm0 v
.o rYoL re
0a Oa — aw "Q aw
T
| SN’ AG OFy 0SS y20A0SR (KIFIGd G§KS NBRIzOSR

numerical potential energy function (includjrioss terms) of the original system. This system is

also called the gradient system and the terms would be used interchangeably through rest of

33
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the work. The required properties for the chosen reduced state model to be valid and favorable

for BCU are a®flowsc
Static Properties

0{mM0O ¢KS 20l GA2Yy EBEBhoNa™=p&&Rto thal of ihSoriginal RySténQ a
For example in the above modelfw is an equilibrium of reduced model iffduiTt is that of

the original model.

(S2) The coaspondingeRs of both systems are of the same type. i.ecifutm) is a typel UEP

for original system, it is a typel for reduced state system.
Dynamic Properties
(D1)Reduced state model should admit an energy function.

(D2) AnEP ¢fw is on stability boundary 6&ho of reduced state system ifdcdit is on

1 dwhohr of the original system.

(D3) It is computationally feasible to detect when the fault on trajectory intersects the stability

boundary of the reduced statmodel.

The properties (S1), (S2), (D1) and (D2) for comparing static and dynamic relationships between
original model and reduced state model are tested incrementally by comparing a list of

intermediate system§35].

The two necessary conditions to prove the pedges (S2) and (D2) for the chosen reduced

state system arg

1. Loss terms sufficiently low (almost always true for transmission networks).
2. ¢ N YAOSNES AYISNESOGA2Y 2F adGroftS |yR dzya
boundary of the original systenrm@jorly impacts (D2)).

The condition number 2 (transverse intersection) is almost impossible to test for practical

systems. However it has been sho\a8] [39] that failure of this property does not always
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mean failure of BCU in computing the correct CUEP. A weaker version oNBid S NI & 05 H Q
sufficient for BCU to still give accurate estimates.

05HQ0 ¢KS NBRdAzOSR adldsS O2yuNRftAY3 !9t fASa
system iff the corresponding UEP lies on the stability boundary of the original system.

The raluced state system exit point along a given fault on trajectory is the first local maxima of
LR2GSYyaArt SySNAeod® ¢Kdza>x AG OFry oS Sraate O2YL
domain simulation also proving property (D3).

We will now obtain gpressions for the familiar machine power system network reduced

model in COA reference frame while formulating the numerical tricks for implementing BCU for

this type of system. We start by writing the reduesidte systemg

0 O ©O "0AiII0 | 6 0BT (2.13)

The lie derivative of numerical potentignergy function along the fault on trajectory

( h ) can be formulated as

B O 0 9 — 0 7 B 0 (2.14)

Now the second term on the right hand side is O becddise U ] 1t (explained
previously). Thus, whenever the above metric changes sign from positive to negative means a
local numericalY @naxima has occurred and the given point is the exit point of reduced state
system as discussed before. Under ideal conditions, tG& Blgorithm would be as shown

below.

Algorithm 2.1 Conceptual BCU Method
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1. Obtain SEP of post fault systeém ( fr).

2. Integrate the fault on trajectoryl (  h ) till the exit point of reduced state
system is detectedle. the point at which the projected fault trajectory exits the SH
reduced system.

3. Using as initial condition, integrate the post fault reducsthte system till the
controlling UEP is reached for the reduced state $gysn.

4. The controlling UEP for original system is then assumed tp be (). Use the energ)

at{  hm) as the threshold for losing stability.

There are however multiple issues when it comes to implementation. While step 2 can be
implemented as discussed before, step 3 is difficult to get correct. Even a slight error in the
reduced state system exit point could result in a trajectory either coying to the SEP or going

out of it. Thus, a stability boundary following procedure presentefB%] inspired by the idea

proposed iM40]6 | & dzaSR® ¢KS ARSI A& olFaSR 2y GKS 2L
boundary which has maximum potential energgrisversal to if41] and is comprised of stable

manifolds of UEPS on it as discussed before.

Algorithm 2.2 Stability Boundary Following (From Exit point to Controlling UEP)
1. i=1) 1 (Starting the trajectory with akpoint of reduced state system)

2. Integrate post fault reduced state system trajectory starting fronfor ~ 0.3 s to gét .

~

3.6B 4 & 0 —— 0 sreaches a local minima at point , GOTO

Step 5.

4. Find local maxna { ) of numerical UE along the ray© starting froni . Set
1 1 .i=i+1. GOTO Step 2.

5. Stop] is called the Minimum Gradient Point (MGP)

As for steps 1 (finding SEP of post fault system) and 4 (finding CUEP for poststautt) $or
BCU, we know that power system equations admit fractals when using Newton Raphson

Algorithm|[42] [43] for solution. This, it is a necessity for the starting point of Newton Raphson
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to be sufficiently close to the equilibrium of interest. A good initial condition for SEP of post
fault system is the SEP of pre fault system (usually the steady state solution where wehieegin t
BCU). However, in rare cases when the technique fails, a method propogeY aan beused.

As for the CUEP, the MGP obtained from stability boundary following procedure as presented
above serves as a good initial condition. If the equilibrium found by the found MGP is the SEP

itself, continue the algorithm from step 2.

Algorithm 2.3 Computing SEP and CUEP for Rbsiult System (NewtorRaphson)
The ER of the gradient system (consequently those of original system) are solutions t

equations (according to the definition of equilibrium)

N 0

Q) 0 0 = 0 e pkE  p

Where] N Y
Here care must be taken that tie generator angle is not modeled as an independent si
(correspondinglg equations being solved) else the system of equations is overdeterming

discussed before.

1. k=0 1 "QED YO 'Y "Q¢ YO0
2. 1 — Q
3. If g pn ,k=k+1. GOTO Step 2.

4.1 |

Since BCU relies on some big assumptions in order to find the CUEP through the reduced state
system, there have been numerous counter examples that showed where BCU failed. One key
example can be seen {d45] where thefailure is shown for undedamped system and high
impedance fault. In order to deal these situation, a BEXit Point method is usg@5] which is
basically checking if the CUEP found by BCU is actually on the stability boundary or not. This is
called the boundargheck and is done through simulating a single post fault trajectory. If this
test fails then it means that the BCU results are wrong for the fault under study and the

transient stability assessment is done through the traditional time domain simulation.
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Algorithm 2.4 Boundary Check

1. Select a point in state space ( ) in the immediate neighborhood of the found CU
(@ ), likely to be inside the SR of the S&P .
[ T80 @ T8t O
2.LYGSAINI 4GS UK Strajectedy &drtyid from thi®pdiat.S Y Q a
3. Ifit converges ta

, the found CUEP is on the stability boundary else not.

Let us now try to go over the whole BCU process through the following example to help the
reader better understand it.

Example 2.1Gwven the following 3machine system. We want to estimate tCTor the fault

at bus 1 cleared by tripping the line connecting between bus 1 and 2.

1 f15°

Pm1=249 joss

H=10s
line 1-2

1.54j.45 4g |OPonsto
i j-468 toar the
tautts

140°

j015 Pm3-820

H=60s
Pmz=4.21 .08

12425
H=16s

1043 1 /15°

Figure2.9 Example 2.1 Test System

Damping coefficient assumed-is —

1. The fault impedance I®Q . First step is creating

the network reduced model (only internal generator nodes). FollowingAtgerithm 1.1 the

resulting reduced system Y matrices for pre, fault and fengt configurations are

T@ U P CT8Ip X g QU PP8TL 0 0T WL PV OT p E

@ T QU PPSTL o OTE WP PXK WY o L L WESTG ¢ WE
T WL PCH T PP L L WPBTG C WEHTTC PP T T T E
TMINMNMP @ Qo TMEBIMINMINNEMBInTnminng E

TIMNMNMBINTEPTE VX VXSO Pe@BIT X Ccud YX ¢ E
TBIMMNMBININCABIT X Cu® PYX B Yucp@iyu mE
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TP U OCH TG XTHIX C W L TTT X  we& MO E
W TBIX C WM U TTTTE ¢ X X X8I W @ oD @ X 0D T YYE
T® X G WG CTIopl O X o T W WEH TUUP FC P YE

The pre fault equibrium 1 A A R  in COA reference frame is® 1 Xr@& T drdm . Here
it should be noted that the unit fgr is radians. The post fault SEP)(found usingAlgorithm
2.3is & T ¢ry T It which can be seen as quite close to pre fault onee do high
impedance of line tripped so no major changesvimatrix. Next, the fault on trajectory is
simulated till the gradient system exit poird( ) is found at ¢ T gt @ ditm using the

change in sign of exit metric value (liertvative of UE along fault trajectory) as defined before.

Exit Point

a2

Figure2.10 Example 2.1 Fault On Trajectory in Post Fault UE Surface

The trajectory in angle domain is shoaboveon the UE surface.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
T T T T T T T

Exit Point

Exit Metric
UE (pu)

\ (105

. I L | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time(s)

Figure2.11 Example 2.1 Exit Metric and Potential Energy along Fault Trajectory
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The value of exit metric is also plotted along the trajectorifigure2.11 where it is evident

that max of UE occurs at the same time when exit metric changes from positive to negative.
Now, the MGP is found usimggorithm 2.2where the gradient system stability boundary is
traced. Now using MGPRsatartingfor Algorithm 2.3 CUEP is found at® p p udt p Uripr .

Both the points are shown on the UE surface.

0.6
\ | Exit Point
\\
0.5 \
\\
04 \
\
= Integrate Gradient
03¢ System Trajectory
021
Corrected to stay on
| stability boundary
0.1 B 1
\, - MGP
O L L L 1 L
0 10 20 30 40 50 60
Step Number

Figure2.12 Example 2.1 MGP Tracing

Now we do a test to see if the found CUEP is on the stability boundary Ailgjagthm 2.4 We
can see that the original system trajectory starting from the neighborhood of found CUEP

reaches SEP thus the boundary check is passed.

0.35

03r

0.25

0.2

0.15

82

0.1

0.05 [

-0.05 L L I I I
-0.5 0 0.5 1 1.5 2 25

Figure2.13Example 2.1 Boundary Test
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Finally calculating the energy at CUER, _..2.0062to get CCT= 0.2355 sThis is seen from
the plot of energy function value along fault trajectory as shown below where the energy

Crossesw at 0.2355 s.

W(pu)
N

Fault Trajectory Energy Value
0.5 = = :Energy CUEP H

. . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
time(s)

Figure2.14 Example 2.1 Energy Function Value Along Fault Trajectory

We also obtain theCCTfrom time domain simulation by simply doing a binary search over
different clearing tnes and found the value to ke T& X ui Wmhich can also be seen from

the system states vs time plot below.

Telear = CCT
10 ‘ ! ' !
B
——
0 = L ——
-5 . L . . L . . L .
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time(s)
Tclear > CCT
15 T T T
10
’—\-—7
5 /
| g
0 :7-%/__—-\ =
-5 L L L L L
0 0.5 1 1.5 2 25 3 3.5 4 4.5 B
Time(s)

Figure2.15 Example 2.1e

O vg=—
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2.2 Lyapunov Functions Approach to Transient Stability

Assessment using Sum of Squares Programming

In this section, we will present a systematic way of constructing a Lyapunov function for a
generalized nodinear system. This technique estimates the SR through goritim that
solves a convex optimization problem. We will start by giving the required background in
L2fe&y2YALFf Ff3ISONIro® ¢KAA ¢2dAf R 6S F2ff26SR
2F {ljdz2a NBa 6{h{0Q I yR [ alL e oyUikgithodeyideas Fan NJ
algorithm for estimation of SR will be presented with its application to power systems transient
stability problem. In the end, comparisons to the BCU method would be drawn through an
example. Let us start by presenting somepartant definitions to give a background to the

reader.

Definition 2.9 (Positive Semidefinite PolynomialsA polynomialfy & is called positive

semidefinite (PSD)if ® 1! N A

Definition 2.10 (Sumof-Squares PolynomialspA polynomial) @ is classified as a Suofr
Squares(SO)olynomial denoted by if there exist polynomial®) w,Q p8i such that

nNnw B MQw.Foregnw w p CW w p @ N

SOS polynomials are PSD but the converse is not always[46}e Also note that SOS

polynomials are always even degree.

2.2.1S0S Problem

Checking if a polynomial 80S can be done through efficient semidefinite programming test
which will be disassed here.Gram matrix approach can be used to obtain a full
parameterization of all even degree'® polynomials it variables. Leét ; be a vector of all
monomials of degree Qin the same variables. Then a polynomiglof degree¢Qin the

same variablesan be written ag

Nw G @O0QE ® (2.15)
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Where0 is called a Gram matrix. Thus ifbh@an be found such that Tand symmetric,
N w is an SO$7]. One thing to note here is that there are many symmetric matrices Gram
matrices that may not be positive semi definite. For ¢4y forn o ®w ww © two

options for Gram matrix are

LA LS L L | 1 8 LU LS LS L | 1 %
L O L 1 1 Y nmnmThTTm Mmoo,
;7 M TN M (TITTT T
MU OTL P T TE M T T P T Ph
h mnmmp M o p
Ut mnn n pVU Ut mmp mn pY

Where phohohlwhowhy ,0 mandd —

The set of such matrices was shown to be an affine subspaoé symmetric matrice§48] as

follows¢

(2.16)

C
C
C

Wheren @ G 0 dw &Aa®w 0 aw T Existence ob 18 0 was solved as an

LMI problem as proposed by Pari#t®] through the following theorems.

Theorem 2.6Givenpolynomialr), find the relevant affine subspade 0 B_0 s " a 8

) is SOHf the following LMI is feasible

rr]=
i 26D 0 m (2.17)
Theorem 2.7Givenr) &, the existence df i such that

is an LMI feasibility problem.

These can be better understood with the followiexgample[47].
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Example 2.2 etus take any polynomia] o of degree 4 with who o . We start with

any symmetric matri® as defined above. Now, in order to fiddde, we write the equatiorg

L I I B B B T
~ () ||Il r] r] r] r] r] ~ ) 11
11y , , , , , DLy ©
O L AL I B B B PP
LSO | I § n n n an® n
LLERNT T I T B B BTl
uo Uy 5 4 1 A n Guo U

Term | Coefficient | Term | Coefficient
P n ww [¢N  ¢n
w 4y w ¢n
® Q) ® n
W n ¢ |ow 4y
0w | ¢ ¢ W | N gn
W n cn 0w ¢n
® ¢n ® n
wow (¢ N

Equating terms to 0, we pick each term and write a matrix corresponding to it. For example, for

the termw®, ad matrix withci  ¢n

be written asg

0 ¢O

mand restr i

¢O whereO has all zero elent@s except fofQ n

It is referred to as a basis matrix for matrices

satisfyingd 0 & Tifor the given example is

We use SOSOP[b0] software package that converts the problem of finding if some

polynomials are SOS to a relevant LMI problem and solves it through standard SDP solvers.
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2.2.2 Positivstellensatz (F5atz) Theorem

Definition 2.11 (Multiplicative Monoid) Givenfunctions "QRQ 8 8Q , Multiplicative Monoid
generated byQi is

0 OfB'Q d "QQ 88QsQBNN NI QRO VRQQI | (219
Definition 2.12(Cone)Givenfunctions "HQ8 8Q , Conegenerated byQi is

6 B8 i i Og v RN Q OB 80 (220

Definition 2.13(Ideal) Givenfunctions "QHQ 8 8Q , Idealgenerated byQi is
oo 8 h Qn 9 (2:21)
Theorem 2.8 (Positivstellensatz) Given  polynomials "Q @ FQ w 8 8Q :

Mo ®88Q 0w , Q whQ & 88Q w the following are equivalent
1. Mw 1w n88Qw 1 (2.22)

ONY Qo mMQo m88Q® ™ n

Mw mMQw n88Q » T

2. There exist polynomials
ON G £ EVORAQW88Qw h'OY b £ & ¢ "ANDRAQ @ 8 8Q & hON
0QQMEIDGHQ O 88Q » st.

O 0 O m (2.23)
The following simple example shows how this theorem can be applied to formulating the
problem ofchecking if a function is nemegative (much less stricter condition that SOS check)

which is an NP hard problem as an SOS problem easily solved as an LMI.

Example 2.3Check if a polynomia @ 71 We start by writing the corresponding set

emptiness eqation which would be acted on my®atz theorem as introduced before.
nNo 1k ovas Ao 1Mo T »
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Using PSatz, the above equation is equivalentgo

5 Ao 0 1

AT IR
Degree of and value ofOneed to be carefully chosen such that the corresponding SOS
problem is feasibleQ | A@QTH AAC KQ QQW . For example in the above
problem,n mandi TISO as an initial guess, the degree of first term as chosen to be
that of the seond term for the overall expression to have a chance at being a SOS. While there
is surely a lower bound on the degrees, there also exists an upper bound apart from the
computational burden. We will now be presenting how SR can be estimated for a geaeral n
linear system using SOS programming. Several important applications of this theorem coupled

with LMI formulation of SOS problem in control theory are summariz§sllin

2.2.3Estimating Region of Attraction (Expanding Interior Algorithm)
[ SG dz& FANRG T2 N)YI Omahodid FabiityRol.[ e | Lldzy 2 dQa aSo2y

Theorem 2.9Consider the system

W Qo (2.24)
LetOP a be a neighborhood of the origin. If there is a continuously differentiable function

wdO© a such that the following conditions are satisfied:

1. oo moNO mandom T

2. 0w —Qw T1WwN0 7
then the origin is a stable equilibrium.df @ is negative definite i then its asymptotically
stable. IfO A and ww © HbasAx¥E® Hthen result holds globally. Now, given a

Lyapunov functiomo defined inO, the next theorem shows how SR can be estimated from it.
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Theorem 2.10[47] LetOP a be a domain containing equilibriud Ttrof the system
® "Qw with ® @ being a corresponding Lyapunov Function definedOinAny region

A

D oV Oxww [ isapositivelyinvariaMlB3IA 2y O2y Gl AySR Ay (G(KS S
Proof:

Let us take a trajectory starting at any podotn with value ofo @ 1 (by definition).

Now sincew T, all successive points on trajectory have @ T . Thus, all points on the

trajectoryN G KAOK &aK2g¢ga A0Qa | LRAAGAGDGSEE AYyODENRIY
converges to origin, sina@ T and monotonically decreases along the trajectabyeaches 0

eventually which is only possible at the origin (as defined). Hence proved tha contained

in SR.

Thus, we see that Lyapunov function level sets can be used to estimate a portion of the SR.
Since there are multiple possible Lyapunov functions, we are in search for the one whose
associated is the largest or in simple wordshe one whose one of the level set
approximates largest portion of the SR and is contained in it. The Expanding Interior Algorithm
as proposed if47] which will be discussed in the following section helps solve this problem
through SOS programming making the algorithmic construction of Lyapunov Functions to

estimate SR possible.

2.2.4Expanding Interior Algorithm

The aim of the discussed problem is to maxmrthe level set of an unknown Lyapunov function
contained within the SR of the corresponding equilibrium. There are two approaches to this
problem that will be considered in our work. The first approach referred to as the expanding
Oalgorithm expands &nown semi algebraic s€@ which contains the origin (equilibrium) and

is contained inside the setmo & T1hw ¢ 11 followed by level set ofy constrained in it.

A major problem with this approach was that it was possible to have a @géh a vely small
wlevel set. The second approach, which is more successful expandddbel set from inside

and is called the Expanding Interior Algorithm. The two approaches can be visually compared

through the following figure where the larger purple edlgis the Lyapunov level set inscribing
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the smallerd (blue) for expanding interior while the smaller one (red) circumscribes larger

O(yellow) for expanding D algorithm.

Figure2.16 ExpandingD vs Expading Interior Algorithm SR Estimates
In this section, the formulation for dynamical systems with equality constraints would be
discussed since later on we will see that the polynomial version of the power systems classical

model has an inherent equality ostraint. Given the following system

W Qw (2.25)

T Qw
Here it should be kept in mind th&®w is defined such that the trajectories starting in the
constraint manifold'Qw T are restricted to evolve over it. i.€Qw —Qw
i «8Q® T . Let us define a variable sizedmi algebraic sei ova$ Now
Qo 1 wherer)is a known positive semi definifglynomial For a given initial Lyapunov
Functionw @, the optimization problem in terms of set emptiness constraints (feBalz

theorem) can be written ag
O+&n
i 88
T ® cannot be negative® & Th'Qe md T N (2.26)

||+ Is contained inside thSRestimate gr @~ ): & [ hQd 1o o
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phovow p
Inside theSRestimate;r e strictly decreases along all trajectories:
ww pheo 1™THQH mw mo»
The first constraint forcemto be Ttat all points besides the origin (SEP of interest) since in
this algorithm the true SR is unknown beforehand. So, using a Lyapunov function that can take
a 0 value at points other than origin will mean that Tmtwill not always mean a movement

towards the origin. Writing the SOS formulation using&z theorem,

O+ 8s
oo mhQi v A €T QR DM ih d
i 8 (2.27)
i o _"Q a Tt
i i rn i o p iT WP _Q 0o 11
i i p 0 i i p ow _"Q a T

Here it should be noted that sincgkeare not SOS functions, the trick is to assume them to be
comprised of any terms that simplify the final expression. For exampl&icoBstraint, when

we assumed i 1, the constraint becamé w p i T N o p _Q

@ p . Now you can assume to be of the formw p | w to take out  p

common from the expression to get the final simplified expressions for constr@ints

@ _"Q an
iR _Q o po (2.28)
i p o (6 _Q an

where  denotes sum of squares function of the givervariables. Here it should be
mentioned that equality constraints got converted to SOS condition by taking an SOS multiplier
to the other side. For example in first constraint equation takingp RHS would result in the
SOS constraint above. Now, thee formulation has bilinear constraints (for e.g. the tdrm

for bothi Qwunknown. However if we fix one, then the resulting constraints can easily be
written as a linear combination of functions which can be solved through SOS programming.

Using this idea, an iterative scheme was proposdgdTih There is however one shortcoming to
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this approach. The size of the estimate would heavily depend on the choice of expanding region
. To deal with this situation, a scheme was proposed5i?] where once the iteration
converges for a given, then is replaced byvobtained at the end and algorithm repeats. The
overall algorithm is presented below. Here it is important to acknowledge that the LMI
formulation of SOS conditions v&lid for only polynomial functions. Thus, only systems with
polynomial state equations can be handled. That being said, most non polynomial systems can

be converted to polynomial ones through variable transformatifs.

Algorithm 2.5 Expanding Interior Algorithm for Region of Attraction Estimation

1. Initializing degrees for unknown functions Choose a maximum degré& for w. Also
sincew 1 Tithe constant term in the expression faris set to 0 from the start. Als
initialize degrees for multiplier polynomials BsHQ HQ FQ Q HQ FQ FQ . A rule of
thumb for picking these degrees for a giv@nsuch thatthe corresponding SOS constrair
are feasible yet not of a very high dimensionality is that for every constraint, try to kee
degree of each term same. Using this idea, the following rules can be gqnade
a. i i ,a needto have even degrees dulhieing SOS.

b. For first constraint, sé@ | A @ A C"QHQ

c. Forsecondconstrain Q @G O@PMAC™Q

d. ForthirdconstraintQ Q | ABAQ®@ QMACQRQ

j = 1. Initialize withi B 0w

Setn n , N iteration, outer loop

i = 1. expanding interior for a given inner loop

a b w0

Fix®> @ hperform a line search dn starting froni (= 0if j = 1) till the following
SOS is infeasible.

@ _Qoan
i1 on -2 o pv
i p i _Q oan

Physically it means expanding still it touches boundary of a fixad p. We geti H K
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6. Seti i F i . Perform the following optimization starting frdm |
i Ag
ool o h h
i 8
w Q an
i T n _Q o pn
i p @ iPTw _"Q an
To getw ho i
7. 11 1 Mtpi=i+1 GOTOS.
8. Ifsl A@£QAQ « s m&rpj=j+10 o f p. GOTO 3.
9. STOP. Stability region estimateé p

0 @ p when the outer iteration ends. As seen above, the algorithm needs an initial

estimate ofwto start which can be obtained easily through a single iteration of expanding D

algorithm. For detailed deration of the algorithm below, please refer [47]. Once the initial
choopair is found, we scale dowhas-to get the initial estimate of SR ds - ptotake

out the varidle &from the formulation.

Algorithm 2.6 Initial Estimate of Lyapunov Function for Expanding Interior Algorithm
1. For findingwfor a givem
I Ao
oo i h h
i 8
wcannotbe Tinsided !da T i T R @ _"Q an
wcannotbe minsided & T i T A @ _"Q anv
2. For finding correct level set 6
I AD
(R fi R
i 8
® wcontainedind : i @ ®w i A4 T { ® o/ _Q [ f N
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2.2.5Application to Transient Stability Assessment of Power Systems

Classical Model

In 2.1, the characterization of stability boundary in terms of the number and types of UEPs on it
was presented. A list of assumpti® were made regarding the system dynamics and manifold
topology thus revealing further details about the stability boundary. The idea of energy
functions whichcan serve ad.yapunov functions was also discussed. Further, the stability
boundary of a speal category of models, the ones that admit energy functions was discussed
which lead to the idea of CUEP and BCU methods. While the assumptions on which the whole
theory is based (low loss terms, transversality condition, hyperl€i) hold true for most
power systems and the techniques based on those have been proven to be a great success, not
much is said about more complex systems like those with other types of limit sets (non
hyperbolic equilibrium, limit cycles, etc), state/output constrained systeswgtched systems

to name a few. With the grid being operated near the limit with increasing load demand and
growing penetration of renewable resources, the possibility of more complex dynamics is not
rare [54]. While we acknowledge that there is some work by Alberto ¢8@] [55] [56] on the

idea of Generalized Energy Functions in order to deal with some of the assumptions failing to
satisfy like having non hyperboliEr, it is still based on the assumptitimat the system has
almost negligible loss terms. Besides that, a bigger problem plaguing the current systems is that
from inverter basedyeneration which operateat tighter limits. Any deviation from those could
result in tripping a large amount of geragion with the example of Germany discussed.ih.1

Also, the uncertainty in their outputs would require the estimation of a robust stabilityoregi
Thus, it is expected that the future systems would have to deal with a lot of constraints making

the stability studies more challenging.

While the Lyapunovunction approach for transient stability does not rely on any of those
system related assumptions, traditionally there was a lack of a computationally feasible
systematic methodology to construct orfe7] [58]® ¢ KS %4 dzo F59]MhéweverSsialk 2 R

exception which in principle can find a Lyapunordtion as well as the exact stability boundary.
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Its applications to power systems transient stability problem have been explored in thggpst
[61]. It requires solving a partial differential equation which does not have a general closed
form solution and is computationally difficult. Also, the presence of conductance (lossy) terms
in power systems model has been proven to be a serious diffi8Hy[62]. This led to the
dependence on physical insights, intuition, etc to search for similar functions for example the
Energy function as discussed before. However, with the advaimteSOS concepts, an
algorithmic construction of Lyapunov function of any general-hosar system is possible as
seen in2.2.3 Also, it can beeen that using F5atz theorem makes it a lot simpler to formulate
some otherwise difficult problems like stability assessment of complex systems (switched, time
delayed, constrained, uncertain). Thus, we plan on pursuing this for formulating the problem of
studying transient stability of power systems with operating constraints (as seen in the case of
PV). In this section, we will simply be showing how the expanding interior algorithm can be
used with a power systems classical model. This direction wagfiptored in[52] and we will

be revisiting those ideas herklere, it is important to say that analysis of a large scale system is
not possible using the technique in its current form due to the prohibitive sizéhef
corresponding SOS problem. This is an active area of research, however outside the scope of

this work.

We first start by writing the power systems classical model in one machine reference frame for

uniform damping,

01 0 —0 B 4 00 OAI©O | 6 OET
1 —B 4000 Ai ¢ 5 OET ol (229
1 T 1 h 1
Q plk8 & p

Since the system of equations is rpalynomial, we do the following processing to convert it

into a polynomial system with equilibrium at the origin
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Algorithm 2.7 Transforming Power Systems ClassMatiel to Polynomial System
1. Expand the sine and cosine terms of angle differences to get the equations

following form (treatingO i ROW A HO as constantsy;
1 1
] B . "yéogi Ai10 B  YYOH!I OEBI

h
(2.30)

B ;. 6™AI10 OgI B . 66AT110 AIi10
B 6AI10 B yogl 0 -

For some constant matric€¥ &Y 0 YD

2. Shift the origin to the relevant SEP it by replacing  with 1 1

3. Introduce variablegiN s st.

Table2.1 Variable Transformation for Power System Model
New Variable| Function of Original State

a L R | S

a (o) = IQQ 1 eq

a P ATIQ, 1,

It can be seen that the new statés o are not independent. The fing

equations are of the forng

B &a Q B ®a o B wa o
BQa a BQa B "Qa aaq
& p a a (2.31)

T « P q P

0 pk8E p

Thus the system is a constrained quadratic system in the new transformed variables.
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a "Qa (2.32

T "Qa
Now, we can easily apply the expanding interior algorithm as discussed before to get the
estimate of SR. Let us continue ther@chine system Example 2.1 introduceit.5and try

finding theCCTthrough SOS programming as discussed in this section.

Example 2.1 Continued S FANRG aGFNI o6& oNARGAY3I (GKS LIai
reference frame which is given by8 h 8 h h . Now, converting the equations in
one machine reference frame to an equivalent polynomial system uSliggrithm 2.7with the

following variable transformation and final polynomial system given as,

Table2.2 Example 2.1 Variable Transformation for Polynomial System

New Variable| In terms of Original System Stat
Q 1
Q I
a OBl ™t yx
a p AT1I0O ™1 YX
Q ogl T®TUP
a p ATIO ™t Yy

¢ Oo®BMOQ UKL G OoBWQE PR OO uLdBip a PBX Q

@ vdL G a VBLa @ PBX A Q

O pPM A oA oBwE PTG A TG A pdC @
@ odx @ a odX o @ pdCa q
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We choose the following degrees for unknown functions (ref&gorithm 2.5 for expanding

interior algorithm with initial value off & &-

Table2.3 Example 2.1 SOS Degrees

Function| Degree| Function| Degree
W 2 i 0
n 2 _ 0
a 2 _ 0
a 4 _ 0
i 0 _ 0
i 2 _ 1

The final values of SOS multipliers (refeAtgorithm 2.5 as well asvin terms ofg are ¢

W XBwd pa TWNTPE o TEIOXQA @ T@BPCE Q&

MImTGy @ TWNTa @ TenoyZg TN o TG G
MIpTy o TBIMNTQ G ™WPCAd o TWNPpE@ o TBIPpOQ

O T™POoOG a TW@PpLA A TEITNMHPA TWAMNTOA T TTLA OB
O TP THX A

i T8O W W

i mrigTta WP 4 TP o THTPA o TP &
O TWpTMYW o TWPEE THwaE ¢ TWYea a T8 p
¢ ™MT A a pPRX A ™WFA o« pAYE ¢ T™WNEa aq
PEC QA TRYXQ o ORI g pAFYA TWoA o PHY

a
i Y o XU Td T T 0,¢ T O

PR WQPUL QP UV WO TIATG PAXTIP WP QPP T @GP XTBIXW OCYTTQ WL QWTTLX TTY
Q@ PpoWPOPOEULIXXPP UHXT OITOoX PYXvax Port
PCHIXPXCLYTL X QU
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MBI WWULUCWOT U@ WERIGKCWOTU PP WY CI@EXIVUTOYPYOYPULU QW
¢ PT&PCOTPT QAP L XAV P L L C P U G TE OPOUAVX L G TITIT @ PAT Q U X

The progression of SR estimate is shown infitpere below in angle domain with 8

kept constant.
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Figure2.17 Example 2.1 Expanding SR Estimate

Writing the expression in terms of original state variables,

W TEIPT] @I TP ] ™ wp AT O ™ YpoAl O

™ op OEN ™ x p OEI g m OETl OEf oB X P
AT O @y AT O o w OEI & OE( T8 T p
T 7 TBIC T AT O T TT TT ) A Q T T O

1 AT O BT p T AT O T80 P OEq TSI TT U
1 OEf NN OEf TBrp X | OEf T8 TT U
1 T8t TT O] v AT O AT O towAl O

OEN ¢ mAT O OEN mtouv AT O OEN

o Al O OEJl X8 W

Now, this can be transformed to COA reference frame using linear mapping givengoelow
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0 g 2
1’0o (@) |:| (233)
0 ) NCY g & e "0
™ 8 - "
uo o v
Where,
| 1 h MHh h 1 h Bh A
1 R BH h 1 h BhH

The expression fow in COA reference frame can be obtained through the above
transformation is. Finally, we calculate the valueuxslong fault on trajectory and whenever its
value first reaches 1 is denoted as tGET From the graph below, we can see that this happens
ato T®& U 8This estimate is quite close to the estimaten& o ui by BCU, actually better as
seen from the time domain simulation estimatet® X ui Here it should also be noted that
since the variable transformation used sin and cosine of antiesl.yapunov function values
would be periodic in angle space (repeating ewv&ry which is the reason for it crossing 1

multiple times along fault on trajectory. So, we only use the first crossing to determine stability.

25

0.5

— — — -V Bound for Stability

Figure2.18 Example 2.1 Value of Lyapunov Function along Fault Trajectory

To compare their performance for disturbances in any direction for the same post fault system,

we plot the SR estimate by both the techniques. While for Lyapuapproach its
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straightforward (0 p), BCU estimates it piece by piece using multiple level sets of energy
Fdzy QliA2y® {23 Ay 2NRSN) 2 R2 GKIFIdGX 6S ySSR {7
plotting the constant energy surface passing througbleto get relevant stability boundary in

each direction. For finding all tHeRs, we employ a continuation based technique proposed in

[63]. The idea is to use loading at each bus as a separate parameter statbeequations.

Now, the value of each parameter is varied in individually which shifts the SEP in a particular
RANBOGAZ2Y Ay adldsS aLlr oS a ¢St Fa GKS |9t
OAFAzZNDF GA2Y Aa NBI OKS Ror ihgaidiBeteizédSidE enaatiofp4 S |j dzA f
due to maximum power transfer reached. It has been showjb%j that at this point the SEP

and a UEP on its boundary come close, meet and get destroyed. Now the idea\vefse the

change in load to go back to the original system (parameter value same as initial) but not
returning to the same SEP, rather to that UEP that the SEP got destroyed with. To do so, a
continuation method [66] is used which safeguards against any convergence problems
happening around bifurcation. Asan be seen from the power angle curve for a single machine

infinite bus (as studied before), corresponding to same generator loading there are mtiple

Let us change the orientation of the curve and mark the &® (SEP on bottom and UEP on

top) in the domain it . Continuation method will trace this curve starting from the SEP and

reach the UEP.

. |UEP
P
<] ) Bifurcat
1
”2 I
1
SEP |
0 5 Pmax

Pm (pu)

Figure2.19 Generator Angle vs Loading Curve

Algorithm 2.7 Finding alER on the Stability Boundary

"Qw
Le steady state equations for power system model be of the ft@w € niwhere
"Qw
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for network reduced modelQ® 0

1. Formulate multiple sets of parametric egtions where each set corresponds to

continuation parameter and is expressed as

NQw
n o 11
”n, Y I I \ e I’I - - .
O ah "Qw | » wherg is a continuation parameter.
11 é "
u Qo U
2. Initialize record keeping table &s
EP ) ) ).
® 8
3

Where first column has all thER found. When a continuation trace is started frdn

equilibriumé along’O| "Qf ©i @& Qa ‘Qd placed on"@Q position in table. Eac

new (not in table) equilibrium encountered in this trace is appended to this table as g

row and the’Q column of it is marked with . Initialize withw @ (knownSEP

3. Randomly choose a combination of startinguéipriumc and parametef such that
@Q position on table does not have. Run continuation trace oi® & starting at
@

4. Update table rows by appending rows for n&#s found.

5. If no cell in table is blank, STOP else GOTO Step 3

6. Boundary test (usinglgorithm 2.4 oncw ! 'Q pand eliminate ones that fail the test

7. Repeat process replacingwith | 1 'Q

8.

Obtaining Continuation Trace andP

For tracing the solution branch alof@starting atw , follow these stepg
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] ®
New stateso |

— — 8 — my
e &8 & "
Formulate Jacobiand w — — 8 —  pn
e e8 & En
11
i 8 — ey’
1 w - . Initialize step siz& Set cotinuation parameter indexQ ¢ p,
QQl Qoo "Péter = 1.
o T
2. Predictor Tangent vectoo : m whereQ is an all O row vecto
Q S O U
QQ1I Qwo Q¢ ¢
with Q position as 1.0 ) Q o

3. Continuation parameterindexQ=®i "Qa @us 8 D s .
4 C Sol ¢ . Ow ., initial diti
. Corrector Solve system of equation - .= 7y Usingw  as initial condition to
updatew  using NewtorRaphson similar télgorithm 2.3
@
5. Equilibrium Testf¢y & p ThEPfound= €
W
6. If lter < ltermax ANEb  pdg p within constraints, Iter = lter + 1QQi Q® 0
® QO o Oho ®w , GOTO Step 2.

7. STOP

aAy3 GKS 1102¢0S ft3IA2NRGKY ¢S ydrdmy(samdiak SrigifaR £ 2 & .
system) and filtering out the ones not lying on the stability boundary of original system. The
continuation traces are shown below for understanding the process visually. The parameter

values are in x axis while y axis has statie§ h . Each graph has a collection of 2

vertically integrated graphs corresponding to 2 state values respectively for the same

continuation trace. The graphs in the top row are for positive directiot G#pwhile lower
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row is fortracing in negative direction. To understand a trace, whenever the trace intersects

the y axis, we obtain an equilibrium. The trace is restricted to the state values withef ®

> .............................
¢::::m e on! -
'f:-'-"""—*——-......_
<> ]

Figure2.20 Example 2.1 Continuation Traces for Locating 2

Now, out of those we select only the ones relevant to BCU (which have stable manifolds in

angle domain) to get the following

Table2.4 Example 2.1 Typ& UEP on Stability Boundary

UEP# h Energy
08 ¢ ¢ ¢ o @| 10.3794
@ X ¢ st Y @ « 25.2977
¢ pousdtp v @ 1.9279
T® o W8r P x v| 5.7426

We now superimpose the intersection of SR estimate from SOS programming and BCU with
constanf N surface. It can be noticed that SOS programming based Lyapunov approach
R2Sa | FIANI & RSOSyld 226 la O2YLJ)I NBR G2 . /!

work in dealing with more tricky applications due to its flexibility.
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Figure2.21 BCU vs SOS SR Estimate

2.2.6 Estimating the Relevant Portion of Stability Region for Power

Systems Classical Model

The Lyapunov approach using SOS programming discussed as seen before aims at maximizing
the interior of the SR estimate. While the knowledge of the overall stability region of a system is
essential when carrying stability analysis, in many applications such as power systems transient
stability analysis, only the relevant portion of the stabiliggion is needed. During a typical
disturbance, power system goes through fhsturbance, disturbancen and postdisturbance

phase with the stability obviously defined w.r.t post disturbance system. When seen from that
perspective, the disturbaneen trajectory usually moves away from the peatisturbance SEP.

52
Actual SR

\ /4 =>-=> Disturbance Trajectory
Vi<=1
Py [V~
] \t\/} \51 D o

Figure2.22 Comparing SR Estimates for a Fault Trajectory
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Let us take an example of a two machine system whose actual SR is sHeigure2.22 along
with two different Lyapunov estimates in the ] miplane. The disturbance trajectory is
also shownHere, the fault seems to have a more locdeef on machine 1 thus resulting in a
more horizontal trajectory. The Lyapunov estimaiegives a very goodverallestimate of the
stability regionin terms of sizelt can be seen that longer the disturbance sustains, cltse
system is pushed towasdthe stability boundary which is usually the case with power system
faults. Now, the question that needs be answered is how long cave sustain the disturbance
without going outside the stability region of the post disturbance systdmch is basicallyhe
CCT as discussed earliargood stability region estimate in this regard would be the one which
contains the disturbance trajectory for the longest time. From that point of view, it can be seen
that the estimate fromw is better that that fromw. Thus, the CCT estimate framwill be
higher than that front and needless to say that both the estimates are lower than the actual

CCT and therefore reliable.

As mentioned beforen 2.1.4 this is the governing idea behind CUEP whereUBi#on the
portion of the stability boundary that the disturbance trajectory is trying to head towards is
found with the constant energy surface passing through it serving as the relevant stability
region. There is however a fundamental difference in what banachieved when trying to
estimate the relevant portion of the SR through a single Lyapunov function vs the CUEP idea.
While we may be able to choose along what axes the Lyapunov estimate needs to be expanded
more relatively, it is tricky to also incorpaie the direction in the expansion process. For
example, inFigure2.22, the disturbance trajectory heads towards positive and not negative
direction but the chae off} @ will be an ellipse whose axis length alpngaxis is longer than

1 . This however can be overcome by choosing non ellipsgidalmaking the strategy more
computationally intensive and therefore outside the scope of the current workkt,Nee
discuss how to algorithmically choo§ed for the expanding interior algorithm discussed

previously given a disturbance trajectory data.

Looking for higher degree Lyapunov functions for multi machine systems is not practical

computationally. Thuswe need to find a positive quadratic functignd which belongs toa
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family of elliptical contoursA good candidate for an ellipse would be one whose axes are
aligned in the directions of maximum variances of the disturbance trajectory dataset. The
successive level sets of such ellipse would expand more in the direction of disturbance
trajectory and less in other directions. We propose a simple candidate for this ellipse using
principle component analysis (PCJ&y]. PCA gives a set of orthogonadriables called the
principle components with the first component in the direction of maximum variance in the
data followed by the second and so on. These principle components are actually eigen vectors
of the data covariance matrix with the eigen valugising the variance in data in those
directions. Normally the data is centered and normalized before carrying out thewP{ChA
results in principle components centered at the danter and with the eigen values scaled
down. However, this is not we aredking for. We are interested in an ellipse centered at the
origin (SEP of the post fault system) with axis lengths truly representing the true distances the
disturbance trajectory travels in each direction. Thus, we will be working with raw trajectory

data. Letc denote the data matrix as represented below.

® ® 8 w (2.34)
Wherew is a vector with values & state variable at different times along the disturbance
trajectory. The PCA on this raw data gives the principle compor@hiis8 Q which are
vectors aligned in the direction of maximum variance withe associated eigen values
_h 8_ representing the variances in each direct We propose the following choice

of ellipser] a for expanding interior algorithm.

na aoa
L T
LT = L (2.39)
0 'Oawoﬁé E é 5 Odo
n E —P
& - o

04 GO QM8 Q
There are a few things to note about the proposed matrix. Since PCA is basically eigen analysis
of covariance matrix of the data matrix which is a real symmetric matrix, the eigen values are

real. Also, the covariance matrix is positive semi defigiteng positive eigen values.
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Now, we evaluate the choice sfjuare rootof _vs_ itself in the diagonaélements Usually, a
sustained disturbanceisplaces some states more than the others giving majorly diffeting &
Using_ itself in thed matrix definedresulted in an extremely eccentric ellipflarge major to

minor axis lengths) as compared o which is a smaller ratio and thus more rounded ellipse
Having such an eccentric expanding reggave afinal Lyapunov estimat@rone to giving

highly conservative CCT estimate in some cases. The problem can be visualized for a
hypothetical disturbance trajectory data in the figure below. Here, when expanding the lower
ellipse(more eccentrig)it quickly hits the stability boundary in the majaxis direction with the

minor axis still being negligibly small. This increases the chances of the disturbance trajectory

leaving this ellipse early on in time yielding a low CCT estimate.

(upper)

Figure2.23p(2) contours usingf - (lower) vs ¥ 1’2

Let us now demonstrate the effectiveness of this initial choicg af for expanding interior

algorithm for transient stability assessment of a multi machine system.

Example 2.2Given3 machine system with damping coefficient of 2.
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Figure2.24 Example 2.2 Test Case

The first fault studied in the above system is on line connecti@gph the bus 2 side. This fault
is carefully based on the prior knowledge of the Lyapunov estimate shape which has a shorter
axis in the direction of machine 2 statés ff . The SEP ofthe post fault system is
™ T [ T . Ideally, the portion of the fault trajectory data lying inside the actual
stability region should be used to estimate the starér but since its known beforehand, we
use the data from the sustained faultajectory for 2 seconds. PCA on the transformed
variablesiyields the following results,
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Figure2.25 Example 2.2 SR Estimate for Fault on Bus 2
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0 matrix can be found usinthe earlier discussion. The final SR estimates using the identity
matrix for0 and the proposed matrix are shown Figure2.25 which considerably diffein the

shape with the proposed approach covering more area alongy treis.

Let us now plot the value of the two Lyapunov functions along the fault trajectory. The CCT
estimate for this fault as given by the proposed methodology is 0.44 s while drggitimate is

0.37 s which shows a significant reduction in the conservativeness of the estimate.

= = - Stability Limit

Figure2.26 Example 2.2 Lyapunov Value Along Fault Trajectory for Fault on Bus 2

We take the previous caseith the same line fault but closer to bus 1. This case is chosen since

it was previously seen that the SR estimate with "Qvas significantly bigger in the
direction and thus we need to make sure that the proposed technique is able to do as well if
not better in terms of the CCT estimate. The SR estimates are as shown below. It can be seen
that there is a marginal expansion of the SR estimate along the machine 1 states axes due to

the disturbance trajectory taking the system to that region.

=w. =u
)
T

Proposed
Original

Figure2.27 Example 2.2 SR Estimate for Fault on Bus 1
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Plotting the Lyapunov values along the fault trajectory we can see that there is no improvement
in the CCT estimate. This can be attributed to the fact thaidédfault choice of] & resulted in
the Lyapunov estimate expanding in a similar direction as with the propgpsedhus no

further scope for improvement.

6 T T T T T T T T
Proposed "

Original
= = - Stability Limit

Time(s)

Figure2.28 Example 2.2 Lyapunov Value Alonguik Trajectory for Fault on Bus 1
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Chapter 3Impact of Inertia Displacement and

Generator Redispatch

In this chapter, we will start by studying the impact of locational inertia reduction to power
system stability through the BCU method as well as time domain aiions. This would be
followed by a visualization of how SR changes with changing the way conventional generators
are dispatched when accommodating PV. Here it should be noted that for the studies using
BCU/Energy functions, the statgéd)() are assumed to be in COA reference frame and so we
eliminate the need for using the notatign A and simply us& R unless stated

otherwise.

3.1 Inertia Reduction Issues

A majority of the generation in power systems has been throsigithronous machines whose
simplified dynamics were studied in the previous section. Revisiting the idea of power systems
stability, a grid consists of multiple synchronously rotating machines driven by fuel (gas,nuclear,
etc) together supply electrical dols. At steady state, there is an input(mechanical)
output(electrical load) balance at each machine and thus machines rotate at fixed speeds. On
the electrical side, the power flow between machines is dependent on their relative rotor
angles. Any distudnce to the balance results in some machines speeding or slowing down wrt
others and beyond certain limit (defined in terms of relative rotor angles and speeds) they
become unstable and cannot be synchronized again and have to trip offline. Now, asm@®en fr
the swing equation (the equation of motion of a synchronous machine), these machines have
inertia which resists these speed changes during an imbalance. The grid frequency is coupled to
the generator speeds and thus relies a lot on this inertia. A haaaghine is less likely to reach

the instability limit during a disturbance as its slow in responding to responding to disturbances
thus giving more time for control. With the increasing penetration of inverter based generation

like solar and wind, theseonmally do not have any inertia though theoretically it has been
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shown that with a storage unit, they can simulate inef8&]. However, there are still practical

limitations to it.

3.1.1Literature Review

The impact of low inertia on the poweystems transient stability is a waludied problem.

hyS 2F (GKS SIFENIASad 62Nl a Ay (GKA&a NB3IFNR RI

turbine generator design which maximized output per pound was shown to reduc€@&by

2-3 cycles[69] [70]. Basu, et a[71] shows the dependence of settling time on the relative
inertia of remote machine to rest of the network for a two machine system. The wdik2in
showed the impatance of having a higher damping in low inertia machines. The first rigorous
study in understanding the impact of inertia on transient stability was done by NdKk8fnHe
explored in detail the combined influence of generator coupling and inertia to the overall
system dynamic performance during disturbances. Also, theaainpf low inertia on remote
hydro units on the small signal performance was studied through linearized analysis. This was
before the popularity of ideas in SR and direct methods and thus most of these studies used
time domain simulations to study the imapt. Also, during that period, the inertia reduction
problem was negligible due to the absence of inverter based generation and thus was not a

prime focus.

With the increasing deployment of renewable resources all over the world leading to a
downwards trend in the grid inertia, this area of research was revived and became increasingly
popular. Andersson et.dlL3] did a parametric study on the inertia and damping of a single
machine equivalent system to analyze the changes in the SR obtained using time domain
simulations. Since inertia acts as a ifiyithg agent on the synchronizing torque, for a single
machine system, the reduction in inertia was seen to rotate the SR such that for the same
starting synchronization torque, lower speeds were allowed. While this work helped giving us
an insight into tle expected changes in true SR, it is not practical when trying to visualize
changes in larger practical systems due to computational limitations. Vittal[@dhlnalyzed

the eigen sensitivity to inertia reduction and also assessed the modes excited by large

disturbances using time domain simulations under high wind generation penetration. Various
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scenarios showed both positive and negative impact of wind géioeraon mode damping.
While important extremely important in its contribution, it did not give an insight into the SR
changes and the reason for the particular dynamics observed. Bell[&bJaillid a parametric

study on the effect ofnertia reduction and fault location o€C¥ using closest UEP method.
While our work is along on the same lines, the difference is that not only we use a much less
conservative approach (BCU) but also develop a way to visualize the problem without extra
computations. Also, since the closest UEP estimates the SR according to the minimum energy
UEP on the stability boundary, it would be difficult to correlate the amount of impact on the
CCTwith the estimated SR. Najk6] did a similar work but using the PEBS method which has
been proven to be unreliable in the estimates. Thus, there is a need for a parametric study that
gives an insight into the relevant stabyliboundary changes as well besides the impact on the

CCTAIso, this study should be extendable to large scale systems.

3.1.2Inertia Case Study

We would be using the standard 3 machine system introduced before with PV incorporated at
different buses. PV is moti as a 0 inertia/O damping synchronous machine. This means that
the added PV has reactive support capabilities. For this study, the internal impedance of the 0
inertia PV is set according to that of the synchronous machine connected at the bus it was
comected. It is important to view a single generator is being comprised of multiple small
identical units connected in parallel. Thus in these studies, switching off a percentage of a
generator translates to switching off appropriate number of those smafipgmmnent generators.
Effectively in this study, the impact of replacing generators with 0 inertia machines is seen with

the study details as shown below,

1. 100 % displacement rati¢77] is assumed i.e. for each PV MW added, a MW of
conventional generator is switched ofthd size of PV addeadvaried wrt the amount of
generation at that bus. This is a very realistic scenario as due to the absence of

associated fuel costs, PV will likely displace the much more expensive conventional units

in the system. Let us define cd 6 Q& which represents
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the penetration level. The parameters of tipseudosynchronousPVgenerator[76] at

each bus are assumed to be

Table3.1 PV Generator Model Parameters as Pseudosynchronous Machine for Inertia Studies

Parameter Value

T wre <o

SR E IERT

‘DR LT

connected to same bus

——wherew is that of generator

rmC
bus.

Same a®of the generator at that

2. Ford i &as@parameteand 100% displacemendtio, the netequivalentgenerator

parameters become;

) Qv
(@] Q 0O
W W
N p 0wl GO N

This assumption assumes a linear dependence of inertia with PV penetration level which

(3.1)
(3.2)
(3.3)

may not always hold true. Howevesince we are interested in impact of inertia

displacement, this study will help us capture it completely.

We start by studying a case with single PV added to the 3 machine system shbwnlimthis

study the location of this PV as well as the penetration level is varied. As discussed before, the

generator present at the same bus is the only one assumed to be impacted. The BCU results for

a single PV scenario are as given below.

Table3.2 Inertia Case Studies BCU RestittsSingle PV

PV | Fault | Trip | Local PV| SEP# ht CUEP# hg Ecr BCU CCT| TDS CCT|
Bus | Bus | Line | Penetration (pu) (s) (s)

tr

h
1 1 1-2 | 0% (0.2468,0.2431) | (2.1175;0.0156) 2.0062| 0.2355 0.2750
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50 % (0.2622,0.2586) | (2.1987,0.1185) | 1.8767| 0.1425 | 0.1650
90 % (0.27605,0.27238] (2.2669,0.23337) | 1.7673| 0.0538 | 0.0550
2 |2 12 | 0% (0.2468,0.2431) | (-0.2359,2.0875) | 5.8376| 0.2585 | 0.2850
50 % (0.2704,0.2667) | (-0.0420,2.2369) | 5.4407| 0.1587 | 0.1750
90 % (0.29273,0.28906] (0.13468,2.3708) | 5.0854| 0.0605 | 0.0650
1 |2 12 | 0% (0.2468,0.2431) | (-0.2359,2.0875) | 5.8376| 0.2585 | 0.2850
50 % (0.20419,0.26108] (-0.1341,2.0764) | 5.8974| 0.2599 | 0.2850
90 % (0.27605,0.27238] (-0.019355,2.0785)| 5.9577 | 0.2620 | 0.2950
2 |1 12 | 0% (0.2468,0.2431) | (2.1175;0.0156) | 2.0062| 0.2355 | 0.2750
50 % (0.2704,0.2667) | (2.1305,0.0103) | 2.0358| 0.2385 | 0.2850
90 % (0.29273,0.28906] (2.1398,0.040818) | 2.0658 | 0.2444 | 0.2850

To begin with, in the COA reference frame, there are minor changes in the SEP with changing

penetration of PV. Now one might argue that SEP should not change with inertia as seen

through the nature of state equations. While it is correct to say so whekinglabout the

relative angle values wrt one machine, the same cannot be said for angles in COA reference.

CKAad A& 0SOFdzaS GKS OKIFy3IAy3a I YIOKAYySQa AySH
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the center of angle a% . For example let equilibrium in terms of

actual rotor angles bé (h ) for both machines witl ¢ N an a twomachine system. This

gives equilibrium in COA angles as<h——). Now we increas® to Hb. Recéculating the

equilibrium in COA reference give#$i( | ) which is different. Moving on with analyzing the
results, it can be seen that as the PV penetration increases at the same bus where the fault
happens, theCCTdecreases making the system less#ta However, when the displacement is
done at a bus electrically far from the fault bus, there is no impact on stability (e.g. fault at bus

2 PV at bus 1). It is also evident that the estimat€6floy BCU is quite close to that obtained
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by time domain snulation but on the conservative side due to the conservativeness associated
with the CUEP approach as discussed before. The relative location of the CUEP wrt the SEP is in
the direction of the angle of the accelerating generators during the fault. Femple in first

case (fault at generator 1), the CUEP found has a higher value tloan] . This means that

the CUEP should be able to capture the participation of individual generators in the mode of

interest, the one that could result in instability.
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Figure3.1 Inertia Studies- Fault Bus 1, Trip Lined CCT changes izscal PV Penetration
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Figure3.2 Inertia Studies- Fault Bus 2Trip Line 32 CCThanges vs Local PV Penetration

The next set of studies is done to understand the combined impact of multiple PVs resulting in
inertia reductions in various locations in the grid. For these, we add a PV each at buses 1 and 2

and obtain the CCT estimates 8 phase to ground faults at different locations and varying PV
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penetrations. The visualization strategy used was proposdd8hand is a 2 dimensional plot
shown inFigure3.1, Figure3.2 and Figure3.3 with the axis representing the percentage PV
penetration at each conventional generator location while the color denotes the severity in

CCTs (decreasing stability from light to dark).

The trends in theCCTwrt to the relative location of inertia reduction can be seen more clearly.
There is effectively no dependence ©¥ for faults electrically far from the areas with PV
penetration as seen irFigure3.1 and Figure3.2. It is easy to explain in terms of the made
excited due to the disturbanceSince the farther generator does not leagny participation in

those, its parameters do not influence the risk of instability.
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Figure3.3 Inertia Studies- Fault Bus 3, Trip Line3 CCT changes vs Local PV Penetration
However, the mode of intest for fault at generator 3 has significant participations from
generators 1 and 2 due to electrically being close. iBhevidentin Figure3.3 in the variation of

CCT for changing inertia at those generators as seen in the figure above.

Now, in order to better visualize the impact of inertia reduction to explain the changé€ls
we need to represent the portion of the stability boundary most expected to be breached by
the mode of interest (relevant stability boundary) on 2 dimensional planes. Accordi@}o

the best estimate of relevant stability boundary can be obtained using the algorithm discussed

below.
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Algorithm 3.1 Estimating Relevant Stability Boundary
1. Obtain controlling UEP from BCU method for th&turbance under study.
2. Plot the constant energy surface passing through the controlling UEP found.

3. The SR estimate is the connected component containing the SEP.

Since for ar dimensional system, the stability boundarytis p dimensional, we need a
visualization over relevant lower dimensional (2D) surfaces for varying inertia. Also, the impact
of inertia reduction cannot be seen clearly in the angle domain thus requiridgmain. As
discussed before, we use the CUEP to identify the interesting imegfrom the point of view

of stability. Finally, we plot the intersection of the relevant stability boundary with multiple
planes for varying PV penetration at each PV bus individually. Each plane corresponds to a
unique machine of interest, hasand] of that machine as its axes. All other machineand

are set to the values at the SEP.

We start by analyzing the faults at bus 1 and 2. For the first two figures below, the PV is at the
same bus as the fault. Based on the CUEPSs for these casaB€U results table), we see that
only the local machine as well as machine 3 participate in these faults. Since we eliminate the

YIFIOKAYS 0Qa adGrasSa lyegleasxs GKS 2yfe& YIFIOKAYS
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Figure3.4 Inertia Study¢ FB =1, BB =1, L =1-2 Estimated Relevant Stability Boundary
Projection vs Local PV Penetration
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Figure3.5 Inertia Study¢ FB = 2, PB 5 B =1-2 Estimated Relevant Stability Boundary
Projection vs Local PV Penetration

So, plotting the intersection of the relevant stability boundaries with states of machines of
interest for varying PV penetration, we get figufagure3.4 and Figure3.5. In these plots, FB =
fault bus, PB = PV Bus and L = Tripped Wieecan notice fsm thesefigures that the values of

1 with which the post fault trajectory can start and still remain inside the SR are higher for the
higher penetration case (lower inertia) for local faults. Inertia plays the role of reducing the
impact of synchronizingorque (which increases with increasingipto a certain extent) as
seen through the swing equation. Thus, the same amount of synchronizing torque’(same
has more impact on a lower inertia generator than on a higher one and thus is able to bring
backthe lighter generator moving at the same speed more easily than heavier one. This can
also be also be physically understood as the amount of effort (synchronizing torque) required to
stop a heavy body (high inertia machine) is more than that required fighter body moving at

the same speed ().

Moving on, we study cases with PV is introduced at a bus electrically far from the fault bus. As
seen in the previous cases, only the local machines are interesting. Plotting the projection of

relevant stability boundary with varying PV penetration, weanshthe estimates shown below.
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Figure3.6 Inertia Study¢ FB = 2FB =1, L =1-2 Estimated Relevant Stability Boundary
Projection vs Local PV Penetration
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Figure3.7 Inertia Study- FB = 1, PB 5 R=1-2 Estimated Relevant Stability Boundary
Projection vs Local PV Penetration
Using the above figures, we can clearly explain the changeg3CiB as seen before. The
displacement of inertia in electricalfgrther regions of the grid has no major influence on the

relevant stability boundary thus not influencing the stability for those faults. Finally, we analyze

a case where the fault is at a bus electrically close to both the machines with inertias displace

79



Figure3.8 Inertia Study- FB = 3, PB = 2, L -3 Estimated Relevant Stability Boundary
Projection vs Local PV Penetration

Figure3.9 Inertia Study- FB= 3, PB =1L = 13 Estimated Relevant Stability Boundary
Projection vs Local PV Penetration
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In the above two figures, the fault is at bus 3. Based on the CUEP values as seen before, both
machines 1 and 2 had considerable participation in this f&ldiv, varying the PV penetration
at each of the machines individually we see that the relevant stability boundary is impacted

considerably in terms of states of both the machines as expected from our discussion.




3.2 Impact of Generation Dispatch

While inertia eduction is a big threat to stability, another quantity that impacts stability is
generation dispatch/loading. Power system operation revolves around maintaining an
economical and a reliable generation load balance. Since the generators are not capaible to

up rapid changes in loads, the load is forecasted day ahead to generate the operating schedule
for each generatof80] for the whole day which included what periods it would be online and
how much power would it produce. Since the forstsacannot be 100% accurate, in real time
some of the units (called peaking units) which are much more capable in picking up loads
quickly balance out the net generation to loads while the other heavier/larger units (called the
base load units) operate &heir max normally and do not adjust their powers. Now with the PV
coming into picture which is an unreliable generation, the system operations currently does not
treat PV as dispatchable units and thus treated as a load reducer. Now PV is seen to gtevelop
areas with cheaper land81] and those areas are not necessarily provided with a good enough
transmission networks. Thus there is an increased flows in parts of the netwhbich did not

see much before which increases the normal operating angle differences between some
regions in the system while decrease between some others. This can be dealt with up to a
certain extent by changing the dispatch on units but this is hgawonstrained by fuel costs.
Increase in angle difference reduces the synchronizing torque between generators of those
regions making it more difficult to maintain synchronism between them during disturbances

thus threatening the stability.

3.2.1 Generation Dspatch Case Study

In this study, we vary the way a fixed amount of PV at a given location in the system is
accommodated by generators through-déspatch. We try to visualize how the structure of SR
changes due to the changes in operating point (SEPjaw donclusions regarding the impact

on stability. The details of the study modeling are as follows

1. Power generated by PV is 4 pu ~ 30% of total load. It is introduced at busriegative

real load.
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2. % of PV accommodated by generator 1 & 2 are usegobheameters (rest absorbed by

generator 3). This is modeled for a generator i as a decrease in steady state lpading

0Q 0"Q 0 @i "QABD WO OEé @R QQE (3.4)
The loading and dispatch changes impact the potential energy of the system dii@2}Lly
According to[83], under the . / ! FaddzYLliAzya alidArAafTaASRT (KS
02dzyRF NB ol faz2 (y2eéy Fta GKS t9.{0 Aa (GdKS Ayl
characterized by 'Y ph . Thus, we will be plotting the changes in PEBS to visualize
the stability region changes with changing generation dispatch in this study. We are primarily
interested in the relative location of the SEP to the PEBS in order to get an insight. For tracing
the stability boundary of the gradient system, there are two popuégorithms (dynamic
gradient[41] and the ray method40]) for the same task. Both of these utilizgettopological
LINPLISNIASAE 2F GKS 3AINIRASyld aeaidsSvyqQa adlroAfAd
gradient system. The ray method constructs several rays emerging from the SEP while
calculating the energy function (potential energy of original sysgtealue along each. The
stability boundary is characterized by first local maxima of energy function value along each ray
starting from SEP. The drawback of this scheme is that it assumes that each ray is transversal to
the stability boundary. An improveemt over this scheme was proposed referred to as the
dynamic gradient methodhvolvesintegrating the gradient system trajectory for a few big steps
(along the gradient of potential energy) and then evaluating a metric whose value is supposed
to be positld SOSNEBEGKSNBE AYyaARS (GKS 3ANIRASyOd &deads
immediate neighborhood of the boundary lying outside the SR. The algorithm for it is as shown

below.

Algorithm 3.2 Dynamic Gradient for PEBS Estimation
1. Define a meshgrid of points mNJ RA Sy 4 aeajgdyvyQa

QD
.
[t
(0p))

2. Forj=1:num points

3. Computing MetricH-
a. Set Q1N ¢ QE’Q Initialize’Qas number of steps.
b. k=1
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c. Calculate distanc&€p from SEP tp . Set
d. Compute normalized unit vectdrin direction of poential energy gradien
(given by RHS(w ) of gradient system equation)at

o o
6 O 01 0 TEA (3.5)

Where6 060 806
e. Advance angle along the gradient

: - (3.6)

S50

f. Ifk<h k=k+1. 1 GOTO d.
g. STOP. Compute distante from SEP tp. Metric=" 1 Q@ ‘O Q.

4. The connected component made by points with valué of 0 gives the estimate of S

Now, we obtain results for the given two parametric studies to study the impact of digpatch

1. PV accommodated by generator 2 fixed, PV accommodated by generator d.varie

2. PV accommodated by generator 1 fixed, PV accommodated by generator 2 varied.

The gradient system SR is plotted in angle domaifi  with the SEP shifted to the origin.
The UEPs lying on the stability boundary are marked by thick dots (foundAlgorithm 2.7.
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Figure3.10 PEBS Changes with Increasing PV Accommodated by Generator 1
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with increasingunder-loading of generator 1 to accommodate PV. This means that the system

adroAatAde

w

has more chances of being stable for faults at generator 1. The same can be observed at

generator 2. However, it can also be seen that this has a negative impact for negative angle

excursions. Loss of generation is one such event for which the dynamics are negatively

impacted on increasing undéoading. The number of these types of events is expected to rise

if the ridethrough requirements are not revised in accordance with theagng inverter based

generation.
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Figure3.11 PEBS Changes with IncraagiPV Accommodated by Generator 2
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Chapter 4Studying the Impact of Low Voltage
Ride Through (Inverter Protection) using Direct

Methods

Traditiorally, the inverter based generators were made to wifline during major disturbances

as they were not treated like regular generation for grid support. Since large amounts of PV are
being incorporated into the grids all over the world, this translate® ilarge amoung of
generation losduring disturbancesThis poses a serious threat of system collapse. Inverter ride
through capabilities safeguard against these scenarios. ride through standards defines
operating requirements for PV to not tripffline. These are primarily arrived at keeping the
protection of inverter as well as utility preferencesmind However, these generators still are
tripped offline due to various reasons. Firstlye fault current contribution of these generators

is detemined by the solar irradiancend current limiter logianlike conventionagenerators
which can provide extremely high fault current3hus effectively, the internal impedance of
the solar PV generator changes a lot throughout the. &pecifically for distribution systems,
the protection system is overcurrent based which makes it challenging to design for distribution
connected PV system$heefore, theseneed to bedeliberatelytripped offline during nearby
faults in order to stop feding the fault from the point of view of safetf the personnelAlso,
utilities do not have total control over most of these generators because theynaialy
privately owned As for the larger sites, they are a mix of utility owned and privately owned
with full control over the formetype but thesestill need to followthe NERC standards for ride
through characteristic$84]. There is also a level of uncertainty associated with this type of
generation vhich further puts a doubt over dependability and therefore another reason why
the utilities trip them offline during major eventblowever, the ride through standards for both
transmission and distribution connected PV are still under developrf@&jt [84] and not fully
adopted yet byinverter manufactureraddingmore complexity to the systenThesestandards

are mainly voltage and frequency ride through curves which define the time dependent
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operating limits (upper and lowerdn voltage and frequency respectively at the point of
interconnection to the gridPowersystem faultsvhich result in depressed voltagesnstitute

the major portion of the events that threaten the transient stability and therefore will be the
focus of our studiesThe low voltage ride through (LVRT) cwdefined for each invertewhich

as the name suggestgive a lower limit on the voltage as a function of tinaee the main
culprits for tripping PVguring these events For the remainder of thisthesis, we will be
treating the tripping of the PV synonymous to its lower voltage |{fniim LVRT curveyiolated.
However, the techniquethat will be developedcan be easily extended to incorporatgher

ride through constraintas well Thestandardride throughcurves vary a lot andre carefully
designedbasedon the characteristics of the grithey are deployed in. For example, a system
with a lot of induction motor loads is known to have a much slower voltage recovery than
systems with static load86]. So, voltage recovering to nominal values in 5 minutes might be
normal for the former cases while abnormal for latter. Shown below are LVRT curves defined by

various standards. As we carediat thesecan bequite different from each other.

0.9 T T T T T /
|EEE 1547

0.8+ I /
FERC 661

06} 1 NERC

POI Voltage (pu)

. . . . . .
0 0.5 1 1.5 2 25 3 3.5 4
Time(s)

Figure4.1 LVRT Standards

Thus, with increasing renewable penetration, we will have power systelyisig on generation
which is made more prone to trip offlind@his added complexity makes the problem of studying
power system transient stability using direct methods much more complicatedhe best of
our knowledge, his problem has not beetackledin its entirety and thus we plan on taking the
first steps.In this chapter,multiple approacheswill be proposeddiffering in the waythis

uncertaintyis handled We will bemajorly relying onSOS programmingy demonstrating its
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effectiveness idealingwith complex systemsuch as thislt should be kept in mind that in this
sectionof work, the power system model Bingle machine reference frame (wigh machine

as the reference)s used as opposed to COA frame in the previous secAtso, PV W be
modeled as a negative real load in accordance with the common modeling practices. Thus, the

inverter dynamics are totally ignored with no reactive support from them.

4.1 Constrained System Approach

Traditionally, the aim of transient stability assessmesed to be to capture the mode that
resulted in loss of synchronism of synchronous machines. This was characterized by the post
disturbance system trajectory leaving the SR of the corresponding SEP as discussed before.
However, another potentially severscenario that has emerged Bystems with prone to
tripping renewablegeneration is a singlgeneration tripping event triggering a casciag
sequence Since the PV location is heavily dependent on the land prices, it is common to see
multiple PVs conneed in the same region of the grid. This makes increases the chances of
cascaded tripping which could potentially lead to system collapse. Thus, in this section, we treat
tripping of even a singld’V as an instabilitphenomenon an idea that was first disissed in

[87].

Let usnow give a brief backgrounih the type of systerawe will be dealing with called the
constrained systemd here are mainly two types of commonly present constraints in dyrelmic

systems viz. equality and inequality constraints. Equality constraints whesemt, force the

systems to evolve over a manifold. Thus, if we restrict the starting point of a trajectory to the

given constraint manifold, the emerging trajectory will always stay on it. An example is the
power system which is constrained to satisfigadance in nodal injectiond Y A NOK 2. TieQa f | ¢
inequality constraints usually stem from the physical limitations of the system or system
designef) preferences. Since we ammly focusing onthe LVRT, the inequality constraintour
caserequiresisthat the @2t G 3S | 0 SI OK t = Q&houldbd gbivahed F Ay {0 S
respective LVRT curve. Due to the presence of these inequality constraints, the state space is
divided into feasible and infeasible regions. In our problem, the former consisti tifoge

points that do not violate the ride through constraints of any of the connected PVs in the
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system. Unlike the equality constraints, the inequality constraints do not influence the system
dynamics. What this means is that the system will behavehasgh it did not have any

inequality constraints.

From the point of view of stabilityn added characteristiof a stable trajectory is that it should

not enter the infeasible regiornlhis requires us to define a C&Ran SRor the desired SEP.

Here the word constrained represents only inequality constraints. This could be thought of as
the largestA Y @1 NA F yi LIRNIA2Y 2F GKS O2NNBalLRyRAYy3
intersect the infeasible regionlt is important to keep in mind thaCSRis smaller than
unconstrained SR minus the infeasibdgionwhich an be understood from the following figure

The ellipse represents the SR of the unconstrained system for thebSHERerything lying
above the feasibility boundary is infeasible while velib is feasible. Now, one big requirement

for the CSR is that it should be invariant. This is because we want the trajectories to always
remain in the feasible region as well as the SR (which ensures they convesgeltothis case,

we can clearly sethat the region defined by unconstrained SR minus the infeasible portion
(upper sector) is not invariant. This is because the trajectory starting from the marked test point
which is still inside the feasible region andiB&aches the feasibility boundathusnot a part

of the CSKshaded grey area)

Feasibility Boundary

Test Point

Figure4.2 Constrained Stability Region (Grey)
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4.1.1 Challenges iAnalytical EnergyunctionBased Methods foilf SA

of Systens with Inequality Constraints

Previously it was discussed 1.1 that the analytical energy function basedethods are
developed for autonomous nelinear systems and thus are not capable o&ndling
constrained systemdn [88], a way to convert a constrained system to an uncaistgd one

was shownwith the CSR of constrained system same as the SR of the transformed system. This
appears to make the applicability tife energy function basethethodsstraightforward for TSA

of such systemsT'he idea was that anyivene dimensionakconstrained system,

O Q6 (4.1)
Qe 10

Can be converted to the following unconstrained system

& (oA oo (4.2)

4.1.1.1Critical Points of Transformed Unconstrained System
la S@PARSYGIZ GKSNB FINB (g2 (e&Hdébdied Byfo 9t a GAT d
Qw 1 and points on feasibility boundary (pseudo EPs) denoted by

w N ogb Qw 1. Linearizing theystem around any &EB® we get,

. rm R Y N
Y Qw - Qw — Qo Yw
T w T w

Let us first try to understand thdynamicproperties of the originad & & G S afdshowdthey

get modified due to this change in vector fiekhe linearized system becomes,

o, — s T " - . (4.4)
Yo Qw — Y
T W

CANA 0KAyY3 OKI 0Qa SOARSY G dnd unsiaklé (mani@ld I 6 £ S
0 of & swap if B 'Q® Tt thus type 'Q becomes type¢ Q.

Furthermore, the shape ab ® andw are urchanged inside the region

89



B Q @ Ttdue to the vector fieldtransformation being just a mere scaling time original

vector field'Qw with no changsin direction.

Now, let us move on to the points on the feasibility boundaggb "Q w 1) of the original
constrained system which serve as pseul® for the transformed systemWe are mainly
concerned with the feasible region of state space when estimating the T&Rfeasibility
boundary is a union dhdividualsectionsof maximal dimensin¢ p [88] where aQ section
is characterized byoQ @ THQ & 1! "'Q "MBThe intersection of these sectionis ané

dimensionalmanifold

Firstly, let usfocus on the pointson an individual sectiorivith "Qa mhHQ ® T
andQ w ml "Q "QThe linearized system becomes,
o~ s rlliz 8 El’l (4.5)
3 Qw Tt T 0 T o, 3
Y Q o T E s né 8 €&n Yo
T T Qw ITI_Q 8 I|£l’|
d o Tow

Since the last matrix on the right has rank 1, we havep eigen values as.0he eigen vectors
forming the local center manifold (corresponding to O eigen valae® tangential to the
feasibility boundary itselfThus, the vector field for the transformed unconstrained system is 0

on the center manifold.Since trace of a matrix = sum of eigen valubs, anlypossiblenon 0

eigen valuecan beb Q w —Qw whose corresponding eigen vector is not

tangential to the feasibility boundaryWe can further classify the nature othose points
according to the sign dhis eigen value, sink if negativepurce if positiveand saddleif O which

is when'Qw is tangential tdQ . It is important to mention that the dimension of manifold
defined by the set of all saddle pointséis ¢. The dynamics aroundource and sinkype
pseudo EP surrounded by pseudo EPs of the samecypde understood through thEigure
4.3. For the saddle pseudo EP, we take a closer look at the field linesdhit inFigure4.4. The
unidimensional center manifoled transverse to the feasibility boundary can be divided into

stable w and unstable w manifolds marked. Needless to say, on a section of the
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feasibility boundary, assuming smoothness, the source and sink EPs are always separated by

saddle EPs.

Feasibility
Boundary /
Pseudo EP
Surface

Feasibility
Boundary /
Pseudo EP
Surface

Sink Type Pseudo EP Source Type Pseudo EP

Figure4.3 Dynamics Around Pseudo EPs

W'(saddle pseudo EP)

() Saddle Pseudo EP

W¥(saddle pseudo EP)

hj)<0  hj®=0 hj®>0

Figure4.4 Field Lines Around Saddle Pseudo EP

Furthermore, all other pointsit the intersection of such sectiorgave all 0 eigen valuesnce

the state matrix on linearizatiohasall zeros elements

4.1.1.2Stability Baundary of Transformed Unconstrained System

Since the characterization of the stability boundary on which thentioneddirect methods
rely is onlyfor systems with hyperbolic EF34] or limit cyclesthere is a need to characterize
the constraineda & & (i S Y Q Zouddéary 1o [BY], thé éharacterization of staltiy bounday
of systemswith equality constraint§DAE systemsyas discussedhich has certain similarities

to the system being dealt witin our caselLoparo et.al[88] further went ahead to study the
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stability boundaryfor systems with inequality constraintshe ones we are interested iWe

will however be approaching the results from a different direction with the final outcome same
I a [ 2 LJ NFhe gendxdbpiodréssian of this section starts by drawing comparisons to the
DAE systesiand deriving the stability boundary for constmad systems using ! 9r@salts

[89].

The DAE systems have a singular surface where the dynamics do notaeaighus a
transformed unconstrained system is constructed which has dynamics existinguneze. In
those systems, intersecting the singular surface is treated as a phenomenon for instability
which is equivalent to intersecting the feasibility boundary in our sysiEmecritical points for

that transformed unconstrainedrepresentation of DAE systemshas original syste@ &Ps,
pseudo EPsvhich lie on the singular surfacgith at most 2 non zero eigen valuesd semi
singular pointsvhich also lie on the singular surface but have non zero vector field tangential to
the singular surfacdn oursystem, we do not have an equivalesftsemi singular points as all
the points on the feasibility boundary (equivalent of singular surface) are pseudd keRs.

andw of the pseudoEPs if exisare free to be tangential to the singular surfa@hose that

do not have tangentiality are called pseudo transveles& while in our casdhey are always

transversal to the feasibility boundary.

Now, movingon to the characterization of the stability boundafgr DAEsystens, it could be
thought of as being comprised of parts of stable manifolds of original sy3®Rs and points
from which the emerging trajectories intersect tlsngular surfaceThe latter part is actually
made up ofsectionsof the singular surface, stablmanifolds ofsome pseudoEPs and semi
singular points for the DAE systefquivalently for our systent,should becomprised olsome

sections of the feasibility boundary and the stable manifolds of the points (@séudo EPS)

It was showrfor the DAE systentbat the pseudo EPs with both negative eigen valypsedo
sink) cannot lie on thetability boundary while ones with both positive eigen values (pseudo
sources) can lie on the boundary but are unimporttortcharacterizationOnly the pseudoEPs
which have eigen values of opposite sigfpseudo saddlesivere shown to beimportant for

stability boundary characterizatiann our case, we do not have those types of points due to
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only asinglepossiblenon zero eigen valugrhich requireghe derivation ofsufficientconditions

on the invariant manifold®f those critical pointsnecessary for them to lie on the stability
boundary Since the stability boundaryés p dimensionalthe points lying on the intersection

of individual sectiong the pseudo equilibrium pointeavingQ  1at more than onezannot

lie on the stability boundanAlso,the sink type pseudo ERm the individual sectionsannot lie

on the stability boundaryThis is because any point in the immediate neighborhood of such
point will be attracted to the feasibility boundary if not to the same EP as se€igure4.3.
Thus the only pseudo ERkat can possibly lie on the stability boundane unstable ones and

saddle ones

Before proceeding with the characterization, it should be mentioned that we take the following

assumptions related to the system under question.
(F1)Original system EPs are hyperbolic.

(F2) The intersection of stable and unstable manifolds of original system EPs and pseudo EPs

lying on the stability boundary is transversakept for at the pseudo saddle points
(F3)The trajectory starting on thetability boundary converges to one of the EPs.

Now, it was shown thafior the transformed DAE systef89], a critical pointw (original system

EPR pseudo EP or semi singular) liesthe stability boundary if @ intersects the SRDue

to the maximal dimension of stability boundary being p, the most important elements for
characterizing were expected to be type 1 hyperbolic EPs for original system and connected
¢ ¢ dimensionalcomponent of transverse pseudo saddle EPs and transverse semi singular
saddle.Since all our pseudBPs are transverse and there are no semi singular points, we are
mainly interested inindividual sections of feasibility boundawyhich are¢  p dimensional
connected components of pseudo ERsing the result for DAE systems, we can say ¢hat

the source type pseudo EPs whose unstable manifold intersects the SR lie on the stability
boundary. Furthermore, the following theorem [34] gives the necessary conditions far
connected component ofuchsource type pseudo EPs to make up a portion of the stability

boundary
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Theorem 4.1Letd @ be the stability region of an asymptotically staklguilibrium pointw of
a DAE system. LtV connected componenbf source typepseudo ER® N T 0 w if there
exist suchthatw 1 0 . 0 w is densenw U for everyl -neighborhood oD in that

connected component.

Characterization of the saddle type pseudo EPs is #ribkly. In [90], the presence of typ®
saddle node EP& pnegative eigen values and single O eigen valoe)the stability
boundary was studiedThis was possible onlydf part of thew of those points intersected

the SR.In the saddle pseudo EP of interest to, u&ctor field is O in the part of the center
manifold tangential to thefeasibility boundary while nozero dherwise. Since the feasibility
boundary cannot intersect the SR, the only way this point can lie on the stability boundary is if
itsw intersects the SR. On fulfilling this condition, the of this point serves as a part of the

stability boundary.

Shown below is aonstrainedsingle machinénfinite bus system

Here,& ¢ and state vectoto 1 h . Firstly,in Figure 4.5, we show thestabletrajectories

near the section of thefeasibility boundarycharacterized by1h 8¢ p Qo T1h

p Qw 1 .The pseudo EPs are marked red if source type and blugnkf type.The
relevant portion of the stability boundary is highlighted in black. It can be seen that the part of
the feasibility boundary on the right  p that serves as the stability boundary is comprised

of pseudo EPs whose intersects the SR.Igo, there are 2 saddle pseudo EPs (marked in
green). Thew of these intersects the SR thus of both of them serves as a part of the
stability boundary. We can also see that the sink type pseudo EPs (blue) do not lie on the

stability boundary.
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Wi(saddle 2)

) Saddle 1 =

Figure 4.5 Stable Trajectories Around Feasibility Boundal/ °

Now, let us plot the stable trajectoriemmerging from the other connected component of the

feasibility boundary 1R § ph  p inFigure4.6.

Figure4.6 Stable Trajectorief\round Feasibility Boundar)l )
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The same thing is observed in Heetrajectories as well where only the source type pseudo EPs

whosew intersects the SR lie on the stability boundary.

Now, after the characterization of the original system and pseudo EPs on the stability boundary
is done, a need for a direct methaarises.Loparo et.al introduceé a modification to PEBS
method for estimating the critical energy for a given disturbance. If the disturbance trajectory
intersected the PEBS first then the potential energy of the intersection point was used as the
critical energy as is the case with traditional PEBS which has been shown to be reliable only
when this exit point is sufficiently close to the CUB%S]. As for the case with the disturbance
trajectory hitting the feasibility boundanat one of the constraintdirst sayQ @ 1, he
proposedusing the potential energy at that point to get lower bound on CCT and proposed
finding thenearbypseudosaddle pointwith maximum energwsing quadratic programmingn

the same section of the feasibility boundanyget an upper bounan CCTThere are however
major problemsto this part of the approach. One is that the section of the saddle type pseudo
EP whosey is intersected by the disturbance trajectory can lie on a completely different
sectionQ w 1 of the feasibility bondary as compared to the section of the feasibility
boundary intersected by the sustained trajectofyor example, ifFgure 4.5, a disturbance
trajectory intersectig’Q @  1near the point of intersectiorboth sectionsQ w mand

"Q w Tmhas the CUEP as saddlélowever, the proposed approach will search for saddle2
point as upper bound and energy at point of intersection as lower bodinls,both the
bounds obtained could be wrongAnotherlimitation wasthat the constraints being dealt with

did not contain terms which means that the constrained emerging from frequency ride
through curves cannot be dealt witlising this techniqueThese problems were meiohed as
limitations of that approach but were not addresskving a major scope for future research

As for the application of BCU method to this type of a system, one major roadblock is proving
the existence of an energy function under all sorts okritirough constraints which is an
impossible task. Also, defining a gradient system satisfying the dynamic properties as defined in
2.1.5is not straightforward. fie feasibility boundary can comprise of pseudo EPs withzsoa

1 . Furthermore the type of pseudo ERon feasibility boundary) is determined by the lie
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derivative of the constraint at that point. This means that the EP type is not independent of

Thus, simply removing the terms as done before doasay change the type of thodePs.

That being said_yapunowased direct methodan be easily employed feonstrained system
sinceSOS programming provides a way to systematicallyifiadd the assoeited CSRThus,

we will be using it to directly deal with theriginal constrained systenwithout any
transformation necessaryn this chapterwe will be developing techniques to estimate this CSR
using various proposed approximations for the LVRT canssralhese would also provide a
framework for dealing with several other operating constraiiite frequency ride through, line

limits, etccommonly found in practical power systems.

4.1.2Modeling

One issue that might bother us is that in a power system network reduced model, all the buses
are eliminated except for the internal generator buses. So the question comes, how to model
the tripping of the eliminated PV bus as well as the LVRT consffairgnswer these questions

let us go back tdlgorithm 1.1which deals with forming the network reduced model. For the
former question, when the PV is first converted to an impedance load connected as shunt, we
can remove this shunt and then continue withet elimination process to get the reduced
network admittance matrix corresponding to PV tripped system configuration. For the latter
guestion, we will derive the explicit expression for the voltage magnitudes at network buses for
any general network in tens of system statésh and network admittances in a single
machine reference frame. Here it should be noted that since the loads are modeled as purely
impedance types, thus the impasse surface corresponding to no network solution does not exist
[91]. Let us write the nodal equation for extended system (network buses + internal generator

buses) after converting loads to impedances as done befofdgiarithm 1.1-

] G ® U
‘O A ® O

WhereU are voltages at network buses that weeanterested in. Here it should be kept in mind

that all the variables above are complex numbers. Here the internal emf of generator can be
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written in polar form a¥0 SOs 1 . Thus using the upper block of the matrix equations we

get
~OsATO 1 oiwe 0 (46)

>
[}

u'o ATO Qi N X

All the terms are constants in the above expression except fehich is the state vector. The
magnitude ofb can easily be represented as a functiof oSince the SOS formulation requires
all the functions to be polynomials, the constrainttof 0 YOV i U frequires both

0 and0 &"Ycurve chosen to be polynomials in transformed states. Let us showhuam

be formulated in terms of transformed variablé@slefined in[52]. In the above expression,

Os T 1 ) can be written as,
Ps ] Os 1 AT O Qi e Os (4.7)
AT O Qi e

Expressing it in terms of transformed variablesnd clubbing together all the constant terms

we get the following expressian

Os 1 O @ p a Q o pk (4.8)
Substituting in the matrix equation faband clubbing together all constant matrix terms we
get,

P ?( 7@ 0] 4.9)
0 0 p o ) ﬁ 1N

1 e [l

u Q ¥

Since the expression fab swill contain square root terms, we define the constraints in terms

of © s which is a quadratic function of transformed states
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Since the LVRT constraint is time dependent, in order to make the problem tractable, de nee

to make it time dependent. We use the following two ways

1. Representing the LVRT curve by a constant value equal to the maximum of it.

2. Introducing an artificial system with a stadavith state equationcd "Qc. A particular
trajectory » wfd of this system starting from some value will be used to
approximate the LVRT curve by being above it at all times. This approach was proposed

in [87].

Let us now discuss the applications of SOS programming to estimate the CSR for the above two

approximations to the LVRT curve.

4.1.3Using Max LVRT Curve

The system under study can be written in the following form,

a "Qa
T "Qd (4.10)
Na T OYSE £ 01 OQE 0
WhereQa Aa | @SO0G2N) Fdzy OGA2y 2F G ¢lémerik cah bey dzY o S|
written as¢
Qa 0 a [T AD YO H'Q pk (4.12)

Let us write the optimizatioproblem for the expanding interior algorithqn

O+&us
i 88
T * cannot be negativeexcept at the origin (SEP) & mh'Qd mha T
n
|F Is contained inside theSRestimate ¢ » ): A& T hQa mhoa (4.12)
phoa p 1
Inside theSRestimate;r » strictly decreases along all trajectories:

Owd phwd T™Qd mdx TN
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Inside the SR estimate, | » iS never wa phQa m Qa

mQd 1

The SO%ormulation for first three constraints has been derived before and therefore directly

shown,
W _"Q an (4.13)
(1T n _Q w pN (4.14)
i p @ PTw _"Q an (4.15)

For the last constraint, we will derive the SOS equation here. UsBajZAtheorem,

i i p o i poOQITQ_M0 Q mw (4.16)
For simplification assumie i mhQ ph_ "Q _ andtaking "Qcommon we get,
i p @ i _QQ mn

Taking everything besidés to RHS and representing multipliers by unique names gives us the

final SOS formulation of the constraint

i p & _ Q Qnw 4.17)

Let us demonstrate the effectiveness through an egém

Example 4.1Given 3machine system with a single PV at bus 1 with a shown LVRT curve,

/1 Pg=0.4
1 /15°
Pm1=2.09 ;0gg
26
_.®_rv-n_ 1 Lo.

j015 Pm3-820

H=10s
line 1-2

1.5+j.45

Pm2=421 o5

H=15s

1043 1 /15°

Figure4.7 Example 4.1 Test System
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Figure4.8 Example 4.1 LVRT Curve

The max of theeVRT curve is &85 pu meaning that the non tripping of PV translates to its
voltage being above 0.85p KS LINE t + GNAL) daeadsSyQa Lkai

frame is at T& p (i@ T Bt . Thus, thevariable transformation for this system is givencas

Table4.1 Example 4.1 Max LVRT Approach Variable Transformation

New Variable| In terms of Original System Stat
Q 1
Q I
G ol T™p QU
a p AT10 T™p QU
Q ogl ™ TUP
Q p AT10 ™ TUP

Here we will only mention the degrees chosen for the new multiplier functions (not present in
standard unconstrained system formulation2rR.5 with rest of the degrees chosen to be the

same adable2.3 (quadratic Lyapuov) ¢

Table4.2 Example 4. Max LVRT ApproacBOS Multiplier Degrees

Function | Degree
i 0
0

101
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We get the following quadratic Lyapunov Function in terms of the transformed states

wa mMWpwd o§Q o ¢ a MWL G TWpPpwdad a TWPY
G a mWpca a o0dQ o a4 ¢8Q o a a 18Q O
@ @ mhcpd o T o ¢ a P o TWP A Q@
T ¢ o WBQ o0 ¢ o TUL A TWPpYPYE o TOW
O @ T™p G TEKT Q@ TWCTE o T « TKO &

Here, the expression in terms of the original system states in single machine reference frame
can be easily obtained by substituting the expressioridegiven inTable4.1 and is therefore

not mentioned here. In order to do a time domain validation of obtained results, we start
various trajectories from th estimated constrained system stability boundasy p . Plotting

their projection on the angle plang Figure4.9 shows us that theyxonvergeto the relevant
SEPOnN the other hand, plotting the PV bus voltage for each trajectory will validate if these are
restricted to the feasible region. It is easy to see that the voltage at bu&igime4.10 is never

under the max of LVRT curve marked by black dotted line and also the trajectories converge to

the SEP (marked in black).

Figure4.9 Example4.1 Max LVRT Approach Trajectories on Angle Plane Starting from
Estimated SR Boundary
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