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Abstract

Multiple element outages (N — k contingencies) have caused some of the most massive
blackouts and disturbances in the power grid. Such outages affect millions of people
and cost the world economy billions of dollars annually. The impact of the N — k
contingencies is anticipated to grow as the electrical power grid becomes increasingly
more loaded. As the result power system operators face the need for advanced tech-
niques to select and mitigate high order contingencies. This study presents a novel
algorithm for the fast N — 2 contingency selection to address this problem. The de-
veloped algorithm identifies all potentially dangerous contingencies with zero missing
rate. The complexity of the algorithm is shown to be of the same order as the com-
plexity of N — 1 contingency selection, which makes it much more efficient than brute
force enumeration. The study first derives the equations describing the set of the
dangerous N — 2 contingencies in the symmetric form and presents an effective way
to bound them. The derived bounding technique is then used to develop an iterative
pruning algorithm. Next, the performance of the algorithm is validated using various
grid cases under different load conditions. The efficiency of the algorithm is shown
to be rather promising. For the Summer Polish grid case with more than 3500 lines
it manages to reduce the size of the contingency candidates set by the factor of 1000
in just 2 iterations. Finally, the reasons behind the efficiency of the algorithm are
discussed and intuition around the connection of its performance to the grid structure
is provided.
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Acknowledgments

First, I would like to thank my adviser, Professor Kostya Turitsyn for all the great
things I've learned from him directly and indirectly since the first day I joined his
research group. He has provided me with the space and freedom to grow as individual
researcher and always encouraged and guided me during my degree journey. I am
extremely thankful to Kostya for teaching me how to think about complex problems
and how to approach them even if the solution seems infeasible at first glance.

I would like to thank all my friends who have so far made my live journey wonder-
ful. Especially a lot of thanks to Vahe who has been helping me to grow as a person
during the nine amazing years of our friendship. I am confident that I would have
become a totally different person without him and I can’t overestimate the amount
of his support and encouragement in every aspect of my life.

Last but not least, I would like to thank my family who have supported me by
all possible means in every moment of my life. I thank my brother, Vanya, for
subconsciously teaching me how to be a leader for somebody from the very first years
of my live. I owe all the accomplishments and success I have had during my life to my
parents Larisa and Alexander. Without their tireless work and love, I would never

have the opportunities that I have today.






Contents

Introduction
1.1 Motivation . . . . . . . .. ...
1.2 Background . . ... ...

Model and problem formulation

21 Gridmodel . ... ... ...
2.2 DC power flow approximation . . . . . . ... ... ... ... ...
2.3 N-2 contingency selection problem . . . . . .. .. ... ... .. .. .

Contingency equations

3.1 Single line outages. LODF.. . . . . . . . ... ... ... .. ... . .
3.2 Double lineoutages . . . .. . .. ... ...
3.3 Constraints . . ... ... ... ...

Fast N-2 contingency selection algorithm

41 Generalidea . . . . . .. ...
42 Bounding . . ... ... ...
4.3 Iterative algorithm . . . .. ... ... .. .. .. .. ... .. ...

Simulation results

5.1 Imitialdata . .. . ... .
5.2 Polish power grid . . . . .. ... ...
5.2.1 Summer and Winter off-peak cases . . . . . .. .. ... ...
5.2.2 Winter peak case . . .. ... ... ... ...

11
11
13

15
15
16
17

19
19
21
23

25
25
26
27



5.3 IEEE 300-bus test case under different stress conditions . . . . . . . . 38

6 Analysis of the results 43
6.1 LODFsdistribution . . . . . . . . . . . . 43
6.2 &% and I'yp distributions . . . . .. .. ..o oo 45
6.3 Distribution of the elements in the bounding matrices . . . . . . . . . 47

7 Conclusion 51



List of Figures

3-1

3-2

5-2

6-1

6-2

Single line outage islanding. yoelBle, =1. . . . . . ... ... ...

Double line outage islanding. det(Dag) =0. . . . . .. .. ... ...

|Cf7) |C™) and completion times of the algorithm. 100 simula-

tions with different values of the load coefficient s € [1;sm2] . . . . .

The efficiency of the pruning loop |CJ™ ™| /|CJ™*| and completion
times of the pruning loop (Lines 11-16 in the Algorithm) and the full
search (Lines 11-20 in the Algorithm). Simulations with different values

of the load coefficient s € [1;s™] . . . . . ... ...

The distribution of Line Outage Distribution Factors |d3| for the C;
set for Polish off-peak Summer case. The horizontal axis shows the
values of the elements. The vertical axis represent the number of the

elements. . . . . . ...

The distribution of the elements I's for the sets C3, C2 | C% for Polish
off-peak Summer case. The horizontal axis shows the values of the

elements. The vertical axis represents the number of the elements. . .

The distribution of the elements £§ for the sets C}, CZ,C3 for Polish
off-peak Summer case. The horizontal axis shows the values of the

elements. The vertical axis represents the number of the elements. . .

9

40

41

44

45

46



6-4 The distribution of the elements in the bounding matrix U? for the

6-5

sets C¥ for Polish off-peak Summer case. The horizontal axis shows
the values of the elements. The vertical axis represents the number of
the elements. The dotted line is drawn at 1 and depicts the pruning
boundary . . . . . ... e
The distribution of the elements in the bounding matrix U2 for the
sets S& for Polish off-peak Summer case. The horizontal axis shows
the values of the elements. The vertical axis represents the number of
the elements. The dotted line is drawn at 1 and depicts the pruning

boundary . . . . . ...

10

48



Chapter 1

Introduction

1.1 Motivation

The electric power grid is a very complex system made of billions of components. Any
of those elements tripped causes redistribution of power flows and in general changes
the state of the grid. Therefore potentially dangerous element outages that could
lead to sufficient load loss (blackout) should be anticipated for robust operation of the
grid. ”The interconnected power system shall be operated at all times so that general
system instability, uncontrolled separation, cascading outages, or voltage collapse, will
not occur as a result of any single contingency or multiple contingencies of sufficiently
high likelihood” [1]

Power grids are generally operated according to N — 1 security criterion, which
assures that outage of any single component of the grid will not lead to violations
of bus voltage, branch flow or stability limits. While such protection is enough if
the probability of k multiple nearly simultaneous failures (N — k contingencies) is
negligibly small, N —k contingencies do occur and can trigger severe cascading outages
that result in massive blackouts, such as events of August 14, 2003 in North America
2], November 4, 2006 in Europe (3], July 30 and 31, 2012 in India [4]. Those blackouts
have had an enormous impact on the economies, their damage is estimated by billions
of dollars. Moreover, according to EATON Blackout Tracker there is a significant

number of smaller blackouts that happen in the world on a daily basis. Specifically,
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only in 2012 there were more than 2800 outages that affected 25 million people in
the U.S. [5]. By various estimations power outages and disturbances cost the U.S.

economy between $80 billion and $188 billion per year.

Besides the notorious blackouts experience, shift towards intermittent renewable
generation, electric transportation systems and deregulation of energy markets are
among multiple factors that suggest that N — k contingency screening problem will
be increasingly more important in the future. Regulatory agencies are increasingly
requiring utilities to perform analysis of N — k contingencies. North American relia-
bility standards require that, ” Each Transmission Operator shall operate to protect
against instability, uncontrolled separation, or cascading outages resulting from mul-
tiple outages” [6]. N —k contingency screening allows grid operators to adjust control
systems, apply protective actions to the most vulnerable components of the grid as

well as to develop appropriate contingency management plans.

However, the computational complexity of finding dangerous N — k contingencies
makes brute force enumeration over the space of all contingencies infeasible. Such
analysis requires N!/(k!(N — k)!) simulations if the sequence of contingencies is ig-
nored. Even for the case of average sized system with 3000 elements the number
of double line outages (k = 2) is almost N, = 4.5 million. This means that one
needs to run N, simulations where pairs of elements are tripped one by one, power
flow recalculated and appropriate re-dispatching is done if necessary. Even in DC
approximation (linearized form of full Kirchhoff equations) the number of compu-
tations required to re-solve equations for each simulation is at least N, = O(N'?)
[7]. This results in the complexity of N — 2 contingencies brute force screening to be
at least O(N.N,) = O(N*?%). The complexity grows substantially as generalization
to full equations or to greater k’s is considered. Thus, solving every contingency is
quite computationally intensive - to the point of being infeasible for even modest
systems, even when linear methods are used. The list of potentially dangerous con-
tingencies should be reduced to make the contingency analysis tractable. Such online

contingency list can be then used for brute force enumeration.
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1.2 Background

The process of dangerous contingency list creation is called contingency selection
and was developed as a method of determining which contingencies are important
enough to be added to the list for online assessment [8]. In the initial work on the
topic first-order performance index (PI) sensitivities were used to rank contingencies
[8]. However, PI approach proved itself to be unreliable [9], as result approaches
based on higher order performance indexes and DC power flow equations were de-
veloped (10, 11]. In [11] M. Enns et al. were the first who noticed that one can
significantly reduce the computational burden associated with contingency analysis
by using "matrix inversion lemma” for small perturbations of the initial matrix to
avoid inverting large matrices for each contingency. This research became a founda-
tion for all following approaches built on the usage of Outage Distribution Factors
(ODF) {12, 13]. Recent contingency screening and contingency analysis studies also
include various techniques based on the network physical and electrical topology anal-
ysis [14, 15, 16, 17], mixed integer and nonlinear optimization techniques[18, 19, 20]

as well as importance sampling [21, 22, 23] and stochastic approaches [24, 25].

Despite the fact that over the last 35 years there were proposed a plenty of algo-
ritmhs for N — k contingency screening, most of them are based on some heuristic
and do not guarantee to find all high-risk contingencies. Moreover, major portion of
those approaches do not exploit physical structure of the power grid, sometimes even
ignoring power flow equations and considering only the topology of the grid. This
study argues that such information can be efficiently exploited, and focuses on the
developing a fast and reliable algorithm for static N — 2 contingency screening in DC
approximation that guarantees to include all potentially dangerous contingencies in
the final online contingency list. The ideology of the approach that will be developed
in this study is close to the bounding techniques in the works of F.D. Galiana [26]
and V. Brandwajn [27] and is inspired by the usage of line outage distribution factors

for contingency screening in the recent works [12, 13].
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The results of this study will be presented in the following manner: Chapter 2 will
explain the power grid model used in this study and give a formulation of the problem.
Chapter 3 will derive equations governing IV — 2 contingencies and discuss how their
structure can be exploited to develop an efficient screening algorithm. Chapter 4 will
introduce the algorithm and discuss the ways it can be improved. Chapter 5 will
present simulation results for different IEEE test cases from MATPOWER package.
Chapter 6 will explain the reasons for the high efficiency of the algorithm. Conclusions

will be summarized in Chapter 7.
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Chapter 2

Model and problem formulation

This chapter will describe the problem being solved as well as initial assumptions and
the model used. The complexity of the brute force approach to solve the problem in
the given formulation will be also discussed which will serve as a primary motivation

for the study.

2.1 Grid model

In this study we consider the grid with Ng + 1 buses and N, branches. The grid
is modeled as an undirected graph G = (V, E), |V| = Ng + 1, |E| = N, where
each vertex v; € V represents a load, generation or just an empty bus and each edge
er = (v;,v;) € E represents a branch connecting bus v; with bus v;. For such graph
the arc-node incidence matrix A is defined as N x (Ng + 1) matrix where the jth
column of A represents the jth vertex, v;, and ¢th row represents the ith edge, e;, in
G. Each row has only two non-zeros at the columns that represent the vertices of the

respective line. Formally, the a;; entry of the matrix A is defined as follows:

1, if €; = (Uj,')
Q5 = -1, if e; = (',Uj) (21)

0, otherwise

Having the matrix A the (Np + 1) x (Ng + 1) nodal DC susceptance matrix
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(the imaginary part of the admittance matrix for a general system) is defined as
B = ATY A, where Y is the diagonal Ny x N matrix of the branch susceptances,
Y = diag(yy, ..., yn, ). The matrix B defines the structure of the grid, containing all

information about branches.

2.2 DC power flow approximation

Significant number of power system applications rely on linear network models. Their
properties have considerable analytical and computational appeal. Among those prop-
erties are reliable and unique solutions, minimal network data necessary for modeling
as well as reasonably accurate MW flows results [28]. This study limits itself to a
very popular, DC linear model of power flow equations which is widely used in various

power system applications. The DC assumptions are the follwing:

& 1o resistive losses (in real power systems branch resistance is much smaller then

its reactance);

e angle differences across lines are small (so that sin(Af) ~ Af; this assumption

holds very well in most power systemns);
e bus voltage amplitudes are controlled on each bus to be the same (V5 = 1 p.u).

With these assumptions the state of the power system is described by the (Np +
1) x 1 vector of voltage phases 6 on every of the Np + 1 buses in the system. Power
flow equations in such system give a relationship between vector of voltage phases,
structure of the grid (which is described by sucsepatance matrix B) and p - the
(Np + 1) x 1 vector of power injections at each bus. In matrix form power flow

equations are written as:

p = Bf (2.2)

Equation 2.2 is the main equation in the DC approximation contingency study. Given
a power flow vector p and knowing the structure of the grid B one can find correspond-

ing vector of phase angles 6 by simply solving the system of linear equations. However,
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this system has infinite number of solutions since matrix B is singular (det(B) = 0).
By denoting Ng + 1 bus as the reference bus, and deleting corresponding entries from
the Jacobian matrix B and the vectors 8 and p the system 2.2 can be constrained to
have a unique solution for the vector of voltage phases 6. This solution can be used

to find the Ny x 1 vector f of power flows on all branches:

f=YA0=YAB 'p (2.3)

2.3 N-2 contingency selection problem

Given the DC power flow equations and the model of the grid as an undirected graph
the contingency selection problem can be formulated as follows. The set C; is defined
as the set of one-element outage (N —1) contingencies corresponding to configurations
of the grid where one element has failed. Particularly in this work the set C; consists
of the grid’s branches, however in general this set can include any system components.
Since the number of lines in the grid is N, the size of the set of N — 1 contingencies
is Ny as well. The set of double element outages can be formed as a Cartesan
product Cy = C; x C; without duplicates. This set represents the pairs of failed
elements. When the considered contingency elements are branches, the size of C; is
Np(Np — 1)/2 with an assumption that the sequence of the contingencies is ignored
(which is the case in the static contingency screening approaches). The occurrence of
each contingency from the set Cs can cause a violation of the system constraints, and
if it does so such contingency is considered to be a dangerous contingency. The N —2
contingency selection algorithm that will be developed in this work aims to find a set
CJ™ of those non-islanding double outages that are dangerous in the defined sense.

In general case the set of the system constraints is associated with power flows
on branches and voltage levels on individual buses. However, this study limits itself
only to the constraints associated with power flow limits, since DC approximation
assumes a flat voltage profile and is unable to account for voltage violations and

stability issues. Given the power flows through all branches f and the Ny x 1 vector
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of power flow limits f™**, the set of system constraints can be described as following:

FAR (2.4)

The set of constraints 2.4 gives a feasibility region for the problem being studied.
Any dangerous contingency should cause a change of the state of the grid such that
it will not be within the defined feasibility region.

The complexity of the brute force approach to solve the N — 2 contingency se-
lection problem defined in this section is rather high. As was noticed in Chapter 1,
exhaustive enumeration of the set C, would require at least O(N$?) operations. The
complexity grows very fast as the number of the grid elements increases, which serves

as a primary motivation to develop a fast and reliable algorithm for obtaining cfinet,

The next chapter will derive the equations governing N — 2 contingencies in the

presented formulation.
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Chapter 3

Contingency equations

In this chapter the equations governing N —1 and N — 2 contingencies will be derived
using LODFs. The structure of the equations will be discussed and the constraints
for N — 2 contingencies (2.4) will be rewriten in the form necessary for developing

the fast contingency selection algorithm.

3.1 Single line outages. LODF.

Tripping of some set of lines changes the structure of the grid, which is described by
the reduced susceptance matrix B in our model. In the case of one line o outage the

corresponding susceptance matrix B, for the grid can be represented as:

B,= B+ AB,

(3.1)
AB& = _'ea(yaea)T

Where e, is a’s row of the matrix A, i.e. e, has only two nonzero entries corre-
sponding to the buses on the ends of the line . With this new susceptance matrix
B,, the N, x 1 vector of active power flow changes Af® can be written using 2.3 as

follows:

Af*=fo— [ =YAB;' ~ B )p (3.2)

19



The (B;' — B7!) term in 3.2 can be readily simplified using matriz inversion

lemma:

B;' — B™' = B Y(eaqa)yoel B!
1 (3.3)

1o Yo B ey

Qo

Denominator of g, is zero when y,el B~le, = 1, which happens when the grid
resistance between end points of line « is equal to the resistance of the line «. In its
turn the later means that the tripping of the line leads to an islanding of the grid
(Fig. 3-1). In this work a single line outage that leads to an islanding is considered
to be a dangerous islanding N — 1 contingency. It is reasonable to do so, because
usually one of two islands separated by an outaged line contains only loads that are
shed after such contingency. In general, both islands can contain generators and such
case should be analysed separately re-dispatching the generation and resolving power
flow equations for each island. We separate all single outage contingencies leading to

an islanding into the set C}* defined as follows:

Ci' ={a € C:ysel B le, = 1} (3.4)

Considering all one line outages leading to an islanding of the grid as dangerous
contingencies during the screening leaves us with only outages that have nonsingular

values of q,.

line
a

Figure 3-1: Single line outage islanding. y,elB~le, = 1.

We finally represent the vector Af® using equations 3.3 as follows:
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Af* =d*fa

(3.5)
d* =Y AB Y (eqqa)

Vector d® defined in 3.5 is the vector of Line Outage Distribution Factors. It
plays an important role in the contingency selection studies, and represents linear
sensitivities of the line flows to the pre-outage flow on the outaged line « [29]. Using
LODFs the flow on any line 8 after an outage of the line « is given by a simple

relationship:

fg = Js+dsfa (3.6)

In the following the similar relationship will be established for the case of multiple
line outages, and as will be shown in the next section, single line outage distribution
factors defined in 3.6 will play a crucial role in that relationship. This brings up a
question about the complexity of calculating all LODF's for a given grid, which is
essentially the same as the complexity of solving NV — 1 contingency selection problem

in the DC approximation. As was discussed earlier this complexity is about O(N#2).

3.2 Double line outages

The formula for multiple line outages will be derived in a very similar manner to the
derivation of the relationship for single line contingencies in the previous section.
After an outage of the lines o and / the susceptance matrix Bag for the corre-

sponding grid is represented as:

B.,s =B+ ABag

AB,s = AB, + ABg (3.7)

yaez; |
=~ ) [
Ys€s

For the sake of simplification of the derivation this matrix can be written in the

equivalent form:
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1
- T
yaea
Bos = B + ( oo 4pep ) do 1 T
4g e

(3.8)

With this new susceptance matrix B,g, the vector of the flow changes A f*? can

be written using 2.3 as follows:

AfB = fob — f = YA(B;;B - DB 'p (3.9)
The (B;AB —I) term in 3.9 can be simplified using matrix inversion lemma:

T
yaea

-1 _ - -1
BaﬂB_I_ B! ( Qoo 9p€p )Daﬁ T
Ypep

QQ(l - yaegB—“lea) —yaeg:B_IQﬁeﬂ

Dyp =
—ysel B qata  qs(l — ypeh B lep)
- 3.10
d§ = ygef B~ gaeq d? = yael B 1qge; (3.10)
. 1 _ 1
- yoel B-le, B=1- ysey B les
6\ T
1 -d 2
BB —I=B"( quen qse ° YoCa
afB 9a€o  4p€B o T
Finally, the vector of the power flow changes Af%® can be written as:
. -1
1 —d o
aff=(a @) @ J (3.11)
—dz 1 fs

Where d* = YAB ™ !(eaq.), d° = Y AB7!(egqp) defined earlier were used.
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The equation 3.11 establishes an important relationship that is in the core of the
present work. One of its main features is the fact that the effect of the double line
outage is represented through the effects of the single line outages (LODFs), which
means that once calculated for N — 1 contingency selection, these factors can be

reused for N — 2 contingency selection.

a
lines

B

Figure 3-2: Double line outage islanding. det(D,z) = 0.

The matrix D,s is singular if and only if the outage of lines o and 3 leads to
an islanding of the power grid Fig. 3-2 (in other words, if and only if they form
at least one minimal cutset of the corresponding graph) [13]. Similarly to the case
of N — 1 contingency, any N — 2 contingency that leads to an islanding of the grid
(det(Dyg) = 0) will be considered as a dangerous islanding N — 2 contingency. All

such contingencies are separated into the set Cj*:

Ci = {(a, B) € Cy : det(Dys) = 0} (3.12)

3.3 Constraints

Having the relationship 3.11, a feasibility region 2.4 for N — 2 contingency selection

problem takes the form of:

|f + ( de d° )D;,; he | < fmas (3.13)
B

23



Which can be rewritten as the set of constraints:

€T ap + & Tpa < 1

(3.14)

diag(fme® — f)~1 fud® N
ga —_ « Faﬁ = Daﬂl

diag(—fm* — f)7 fad® s/ fa

It is important to consider an interpretation of the vector £* and the matrix I. Each
pair of the components of the vector £%, (£7,£%, v, ), contains information about the
relative effect of the single line « outage on the closeness of the flow f, on the line
z to its limit f]*%*, it shows how much the single outage of the line o influences the
state of the line z. Whereas each component of the matrix I', Ty, represents the
interference of the line B on the line «, or the relative value of the effective flow on
the line o when both lines are tripped [12].

There are 2N, constraints for each double line outage contingency to be verified
in order to certify a contingency to be either safe or dangerous using the brute force
approach. Therefore 3.14 itself doesn’t decrease the complexity of the contingency
selection yet. However, the form of 3.14 can be utilized in order to develop an effective

algorithm.

The next chapter will focus on the developing a fast algorithm for N — 2 contin-

gency selection.
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Chapter 4

Fast N-2 contingency selection

algorithm

The main goal of any fast contingency selection algorithm is to avoid direct enumer-
ation over the set of contingencies/constraints. This chapter will present an efficient
algorithm that exploits the structure of equations 3.14 to iteratively prune the set of
potentially dangerous contingencies in the time compared to the N — 1 contingency
selection. The presented algorithm will avoid complete enumeration using smart

bounding of different factors in the equations 3.14.

4.1 General idea

The problem of finding the set of all dangerous non-islanding contingencies C2f mal
from the set C; is essentially the problem of finding all pairs («, 8) such that for each
pair there exists at least one constraint z from the set of constraints S; = {i = 1..2N}

that is violated. Mathematically it can be written as:

Cgi"al ={(a,p) € Cy: 3z € 51, E2Typ +€£FBa > 1} (4.1)

However, instead of enumerating the large sets Cy and S; to find CJ™ itself, it is
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appealing to first filter C; and S; to decrease the number of candidate contingencies
and constraints. If it is possible to obtain small enough filtered sets CJ*r*¢ and

Sf#ere? then the complexity of finding CJ™* will be substantially decreased:

Céfinal — {(a,ﬁ) € Ozfiltered == S{ilte'red’ SgFaﬂ 4 éfrﬂa > 1} (42)

4.2 Bounding

The set Sy of contingency-constraint pairs (e, 2) is defined as a Cartesan product

So = C; x Sp, and the set Sf nal o5 follows:

S3" = {(a,2) € Sy : AB € Cy, E2Tap + ETpe > 1} (4.3)
Using 4.1 and 4.3 the following conditions can be readily obtained:

8%

(a,ﬂ) €Cy : U 3 i max(far\aﬂ +§5F[ﬂa) <1 = (a,ﬂ) ¢ C{inal
| (4.4)
(Ck, Z) €5, ¢ US2 def maX(é‘aPaﬂ -}—éz Pﬁa) = (a,z) ¢ S{mal

In other words, any pair of lines (a, ) from the set Cy, for which the upper bound
U gﬂz defined in 4.4 is less then 1, is certified to be safe and can be removed from the
search space C;. Meanwhile, any pair (e, z) from the set Sy can be removed from
the search space S, if its corresponding bound US2 < 1. This admits to an idea of
calculating bounding matrices U2, U® to prune corresponding sets Cy, S;. The
elements of the bounding matrices U2, U2 can be represented as follows:

Ugs = max(§2Tap) + max(¢7T5a)

O

= max{[ys mfux(fj), Fus mzm(ﬁ?)} + max{T'gq max(f ) Dga mm({ﬂ)} (4.5)
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Us? = mix(§2Tap) + max(eTse) = max{€? max(Tas), € min(Tas)}

+ max{max(I'sa) mng(if ), min(I'sa) mﬁin(ﬁf )} (46)

In equations 4.5 and 4.6 all components of both Ufg and US2 can be calculated
before computing U and U2 in just O(|Cy| + [S2|) operations, which gives a com-
plexity of computing matrices U2 and U®2 to be O(N.)? if the LODFs matrix is
given. It should be noticed that the matrices defined in 4.5 and 4.6 are not exactly

the matrices in 4.4, they are rather pessimistic bounds on them.

4.3 TIterative algorithm

The algorithm being constructed in this section works towards obtaining the set CQf inal
via pruning the sets Cy and S,. Each k’s iteration of the algorithm starts with sets
C¥ and S¥ containing pairs that are still subject to verification. Based on k’s sets,
the algorithm computes the new bounding matrices U 5[‘;, U5k and uses them to prune
Ck, S% producing C¥*!, S¥*!. The pruning happens according to the equations 4.4

rewritten for sets C¥ and S§:

CE' = {(e,8) € CE: U > 1}

. (4.7)
Sitl = {(a,2) € S§: U2 > 1}

From 4.7 the following relationships for the structure of the pruned sets are true:

Cinnal g C{iltered g C§+1 g Céc g CQI g 02 ( )
4.8
Smeal g S{zltered g S§+1 g S;c g S21 g 52

The reason behind iterative nature of the algorithm is the fact that pruned sets

Ck+1 k+1

CH1, S5*1 could produce tighter bounds than preceding sets C5**, S5*!. Therefore

the following relationship for all elements in bounding matrices is held:

sznal szltered Ck+1 Ck Cl
U <Ujp <UZ <UR<UZ<US

(4.9)
final filtered k41 k 1
Ut <UZ <UZ <UZE<U2<UZ
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The algorithm starts with sets Cj, S3 and iteratively prunes them until the sets
stop changing. In K iterations the algorithm outputs the sets CJ%red and gf#ered
that then have to be enumerated over to produce the final set of dangerous contingen-
cies CJ™*. It is worth to be noticed that S ™ does not have to be searched for, since
the goal is to find only the set of dangerous contingencies. Thus the complexity of the
algorithm can be estimated as O(KN? + Np|CJ#*™*%|) since each iteration requires
O(N}) computations and the total number of iterations is K (if the LODF matrix is
given).

As was discussed in 3.1 and 3.2 all outages that lead to an immediate islanding are
considered to be dangerous. In Chapter 3 these contingencies were separated into the
sets Ci* and C* that can be easily found before running the algorithm by computing
corresponding values g, defined in 3.3 and determinants of matrices D,z defined in
3.10. After finding the sets C* and Cj* the algorithm is initiated with the sets C}

and S} defined as follows:

Cy =G\ [CEH U (O x Oy)]

‘ (4.10)
Sl= 8\ [Ci# x 8]

Excluded set of double contingencies that result in islandings has to be added to

the final contingencies set giving the full set of dangerous contingencies:

Ogangerous — ginal U [Cgsl U (C:z[‘sl > Cl )] (411)

The formal representation of the algorithm discussed above is given in the Algo-
rithm 1. The loop defined at lines 11-16 is the main iteration loop that represents

the essence of the approach.

The computational complexity of pruning the sets C5¥ and S¥ and to update
bounding matrices decreases with each iteration since it depends on the size of the sets.
In the worst case scenario each pruning happens in O(N?) computations, giving the
computational complexity of the main loop to be O(K N#) as was shown before. Thus,

the computational complexity to find C2™9°™** largely depends on three factors. The
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Algorithm 1 N-2 contingency selection

10:

11:
12:

13:
14

15:
16:

17:
18:
19:
20:

21:

for o € C; do > Complexity ~ O(N#?)

Calculate g, using 3.3
end for
Cil «+ {aeC:1/q, =0} > Form the set of single islanding outages
for (o, B) € C; do > Complexity O(N?)

Calculate LLODF matrix using 3.10
end for
Ci  {(a,B) € Cy : det(Dyg) = 0} > Form the set of double islanding outages
C} + Cy\ [C¥ U (CF x CY)] > Initialize C}
S% — S \ [C{'Sl X Sl] > Initialize S3
repeat

k
Calculate U f i > Update bounding matrices
!
Calculate 5[23 > Complexity ~ O(N})
k
C§+1 — {(a,/)’) € Og : Ufg > 1} > Prune C¥%, complexity O(|C§|) < O(N})
k

S§+1 — {(a,2) € S& - U[j? > 1} > Prune S¥, complexity O(|S%]) < O(N})

until C¥ = C¥*! and 5% = SF*! > Until sets stop changing

Cfiltered s CK Sfiltered « SK

2 21 ~2 2

Brute force search: > Complexity O(Ny|C§*e4))
cfmel {(e,8) € CJitered  Constraints 3.14 are satisfied}

C;iangerous «— sz'mal U [Cé'sl U (Cisl e C])]

return C'2d angerous
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first factor is the number of elements in the set C; which is equal to the number of
lines Ny, in our case. The second one is the number of iterations K necessary for
the main loop to complete. As will be shown in the next chapter, K was of order
5 — 7 in the performed simulations. Finally, the complexity depends on the final
size of the filtered set CJ™“"**  which usually was of the same order as Ny in the
simulations. Taking into account all the factors with their empiric estimations, the
total complexity of the pruning algorithm presented in this section can be estimated
as O(N}) (assuming that the LODF matrix is given).

iltered
szz ere and

The pruning algorithm poses a trade-off between the size of the set
the number of operations necessary to filter the set C} down to this size. There is a
number of possibilities to affect both sides of this trade-off.

Firstly, the size of the filtered set can be decreased by divide and conquer approach.
The input set C; can be divided into subsets W, and W,. After such division the

problem separates into three subproblems:
¢ Contingency selection when both outages occur in the set W;
e Contingency selection when both outages occur in the set W
e Contingency selection when each subset has a single outage

Each of these subproblems will have its own bounding matrices, and the main iteration
loop will have to be separately performed for each subset. Using an appropriate
selection of the dividing technique, the size of the output set may theoretically be
decreased. However, the number of the computations required by this approach is
usually substantially higher then the complexity of the original algorithm. One of
the cases when the divide and conquer technique could be useful is online security
assessment of the power grid, when an operating point doesn’t change substantially
over time. In such case the results of a contingency selection from the previous time
step can be used to separate the lines that participated in potentially dangerous
contingencies more often than others into a subset. Such lines would typically inflate

the bounding matrices and their separation and analysis, hence, can substantially
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increase efficiency of the contingency selection in the remainder part of the grid. The
study of different dividing methods is beyond the scope of this work and has to be
performed to establish positive results.

Another degree of freedom that was left behind the presented algorithm is related
to the formal definition of the components in 3.14. The expression £°[yp is invari-
ant under the diagonal matrix transformations £ < ro€%, Tos « r,'T,p for any
non-singular matrix R = diag(ry,... ,rn,). This transformation affects bounding
matrices for sets C§, S¥, essentially tightening some boundaries and loosening others,
and can be used to decrease the size of the output set. The simulation results indicate
a reduction of the output set size by the factor of 2 in the best cases. However, this
reduction comes at the expense of substantial computational overhead, since the ap-
propriate transformation has to be carefully searched for. Nevertheless, such degree
of freedom may become important in situations where the original algorithm is not

efficient for some reasons.

The next chapter will present experimental results of an implementation of the

presented algorithm.
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Chapter 5

Simulation results

This chapter will present the simulation results for the fast contingency selection al-
gorithm described in the Chapter 4. Various MATPOWER grid cases under different
operating conditions will be examined. The performance of the algorithm will be

analysed and compared to the brute force search.

5.1 Initial data

Initial data for this study was obtained using MATPOWER package for MATLAB
[30]. First, the steady state DC Optimal Power Flow procedure from the package
was used to calculate the vector of power injections p for a given grid case. Then
all grid cases were studied in the same manner in order to avoid a bias in results.
The following are the steps performed before running N — 2 contingency selection

procedure:

1. Grid normalization. Some cases from MATPOWER package contain buses
with multiple generators at them. For each such case multiple generators at a
bus were aggregated. Besides, in order to simplify equations and calculations
all information about phase shifters and transformers was deleted from the

1 lk

(P R N

studied case. Moreover, all parallel lines [ between nodes v;,v;

were replaced by a single line with corresponding susceptance given by the
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following relationship:

1 1

=1} i Y

T R TR

2. N —1 contingency selection and LODF computation. Brute force N — 1
contingency selection was performed. During the N — 1 contingency selection
the set of single islanding contingencies C* and the set of dangerous non-radial

dangerous
Ol

single outages were identified. A matrix of line outage distribution

factors corresponding to the studied case was calculated using the equations

3.5.

3. N — 1 contingency protection. A studied case was protected from all dan-
gerous non-radial N — 1 contingencies by increasing flow limits for all violated
lines in the following manner. For each violated line [ the limit was increased
such that in the worst case of a single line outage the flow f}*°"s* ¢®*¢ on the line
I would be as relatively close to the flow limit f*** as the minimum relative

margin for all non-violated lines. In other words:

Ciuiolated — {l €C :Jac C;ﬂm.t]t‘ﬂ"ous7 Ifla| > flma:c}

a

™My = max )
acCi\l f]"*F

(5.2)

M= max  my
lecl\cfiolated

my iolated
lmaz (_ f;nazﬁ’ vl E Cil-)loa €

4. Input sets C} and S for the pruning loop of the algorithm were found using

4.10.
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5.2 Polish power grid

5.2.1 Summer and Winter off-peak cases

The first simulations were performed using the Summer and Winter off-peak Polish

power grid cases case2737sop, case27/6wop from the MATPOWER package.

The Summer grid case consists of 2737, 399 generators and 3506 lines, which
suggests the size of the set Cy to be (N, —1)N. /2 ~ 6x10°. After the preparation steps
presented in the previous section, the grid was analysed using the fast contingency
selection algorithm developed in the Chapter 4. The algorithm has managed to reduce
the size of the non-islanding double outage contingencies set from |C3| = 3.5 x 10 to
|C3] = 5346 in just 2 iterations. The Table 5.1 shows the evolution of the candidate
sets C% and S§ as the algorithm proceeds. As can be seen from this table the algorithm
converged to the set CJ™*™*4 in) 6 iterations, but only the first two of them led to
the strong reduction of the candidate sets. The size of the final set of dangerous
double outage non-islanding contingencies CJ™* given by the algorithm is equal to
|G| = 463. Thereby the set of the potentially dangerous contingencies CJeed
obtained during the iterative loop of the algorithm (Lines 11-16) was just ~ 10 times

larger then the sough-for set C’Z,f inal,

The simulations performed on the Winter off-peak case have shown very‘similar
convergence results (Table 5.2). Compared to the Summer case, the Winter case has
a higher number of elements and is slightly more stressed, which results in the larger
number of dangerous non-islanding N — 2 contingencies |C} ™| = 928 and slightly

less effective performance of the pruning loop (JCJ¥*"*¢|/|CI™| ~ 30).
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k  Size of the set C¥ Size of the set S¥
1 3,455,928 10,643,906

2 20,269 321,333

3 5,346 201,883

4 5,026 179,553

5 5,011 171,470

6 4,997 170,116

7 4,997 170,091

Table 5.1: Summer off-peak Polish power grid. Sets C§ and S§ evolution with pro-
gression of the algorithm. CJ™* = 463

k  Size of the set C5¥ Size of the set S¥
1 3,602,175 10,880,102

2 54,776 731,023

3 31,727 529,545

4 30,841 490,714

5 30,610 482,124

6 30,599 481,059

7 30,599 480,912

Table 5.2: Winter off-peak Polish power grid. Sets C§ and S§ evolution with progres-
sion of the algorithm. CJ™* = 928

k Size of the set C'!f Size of the set Sé‘

1 2,496,178 8,326,110
2 312,349 1,643,246
3 270,370 1,528,152
4 268,280 1,508,559
5 267,681 1,503,257
6 267,681 1,503,090
7 267,681 1,503,066

Table 5.3: Winter peak Polish power grid. Sets C§ and S¥ evolution with progression
of the algorithm. CJ™% = 15882
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Thus, the simulations for both off-peak Polish grid cases demonstrate impressive
efficiency of the algorithm. In just two iterations the algorithm was able to filter
out 99.9% and 99.1% of double outage non-islanding contingencies for the Summer
and Winter cases correspondingly. The factors allowing such effective pruning will be
discussed in the next chapter. Meanwhile, in order to further analyse the performance

of the algorithm a significantly more loaded ”peak” Polish case was investigated.

5.2.2 Winter peak case

The simulation results for the Winter peak Polish power grid case (case2383wp in
MATPOWER package) are presented in the Table 5.3. This peak case is significantly
more loaded than the off-peak cases studied above. As a consequence the algorithm
gives a very high number of the dangerous non-islanding double outage contingencies
|CJ"*| = 15882. The pruning loop of the algorithm was able to yield the output set of
the size |CJ 4| = 267681, filtering out 89% of candidates in the first two iterations.
On the one hand this result is not as impressive as for the off-peak cases. However,
on the other hand, the efficiency of the algorithm is given not only by the size of the
Ccfered 1yt rather by the combination of its size and the ratio |Cfttered | finat
This ratio is equal to ~ 17 for the Winter peak case, which is even better than the
same ratio for the Winter off-peak case. It suggests that the efficiency of the pruning
loop should remain approximately the same as the grid becomes more stressed. This

assumption will be studied further in the next section.

The simulation results for the three Polish grid cases studied above are summarized
in the Table 5.4. As can be seen from the table the completion time of the pruning
loop remained very low compared to the brute force enumeration running time for all
three cases. This can be explained by the Ny quadratic complexity of the pruning
loop. Meanwhile, the full search (Lines 11-20) completion time depends not only on
the complexity of the pruning loop, but also on the complexity of the brute force

enumeration over the CJ*™**  As the grid becomes more loaded the size of the
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Cf"*® orows and hence the full search time grows as well as can be noticed from

the table. Thus the pruning loop itself shows very promising performance, filtering
out 89% of contingency candidates in 0.3% of the brute force search completion time

for the most loaded case.

5.3 IEEE 300-bus test case under different stress

conditions

The IEEE 300-bus test case was used to examine how the algorithm performs as the
load on a grid increases. Without an additional load the algorithm finds zero danger-
ous non-islanding N — 2 contingencies for IEEE 300 case (|C{™*| = 0). To perform
stress analysis, first, the maximum possible load coefficient s™** was calculated. That
is both maximum generation and consumption were increased (multiplied by s) until
the OPF solver didn’t converge. s™% found using this method is equal to 14.8. Then
the grid was incrementally loaded starting from the unloaded state with s = 1 to the
maximum stress condition defined by s = s™**. The N — 2 analysis was performed at
each step, computing the corresponding sizes of the sets C§***™*¢ J™! and running

time of the algorithm (Lines 11-20). The results are presented in Fig. 5-1.

As can be seen from Fig. 5-1 the size of both the filtered set and the set of danger-
ous non-islanding contingencies increase exponentially as the load coefficient grows.
Completion time of the algorithm also shows approximately exponential growth. It
should be noticed, that the noise in the running time dependence might have been
associated with variations in background tasks on the machine during simulations.
Running time of the direct brute force enumeration over the set C} was almost con-
stant for all stress coefficients and equal to ~ 30 seconds. This shows that the
developed algorithm is significantly more efficient than the brute force approach even

for high stress conditions.
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o chlnal‘

Completion time

Load coefficient

Figure 5-1: |CJ"rd| |CJ™*| and completion times of the algorithm. 100 simulations
with different values of the load coefficient s € [1; ™|

The dependence of the ratio CJ™"¢/CJ™* on the stress was studied to further
analyse the efficiency of the algorithm. Fig. 5-2 illustrates that the pruning loop
performance ratio stays in the range between 10 and 35, which is consistent with the
results obtained for Polish grid cases. The dependence of the pruning loop perfor-
mance ratio has descents and ascents along the stress coefficient range. This can be
explained by the structure of the bounding matrices used in the algorithm. The size
of the ™ increases when some elements of bounding matrices exceed 1, whereas
the size of the C‘{ inal increases only when the some of the contingencies actually be-
cames dangerous. It is worth to be noticed that in the limit s — oo the ration is
expected to approach 1 since both the size of the set cfitered and ¢ will approach
the size of Cj.

Fig. 5-2 also shows completion time of the full search (Lines 11-20 in the Algorithm
1) and just the pruning loop (Lines 11-16 in the Algorithm 1). The fact that running
time of the pruning loop is approximately constant for any stress coefficient suggests

that the pruning loop itself is efficient for any load condition. This supports the
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reasoning in the previous section and establishes some empirical guarantee for the

performance of the iterative pruning loop.

T T T T T T T

‘sznlt:redi/‘céflnnf |
Completion time of the full search

-—Completion time of the pruning loop

i(.._:"n"'- red

s i | | | BT | | i

1 "
Load coefficient

Figure 5-2: The efficiency of the pruning loop |CJ**™?| /|C{**| and completion times
of the pruning loop (Lines 11-16 in the Algorithm) and the full search (Lines 11-20 in
the Algorithm). Simulations with different values of the load coefficient s € [1; s™*]

The next chapter will discuss the reasons behind the effectiveness of the algorithm

and present some physical intuition.
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Chapter 6

Analysis of the results

As the efficiency of the developed in Chapter 4 algorithm has been shown in the
previous chapter, the reasons behind its performance are to be investigated further.
This chapter discusses the simulation results and aims to build some physical intuition
around the connection of the performance of the pruning loop to the actual structure
of the power grid.

Discussion in this chapter will evolve around Polish Summer off-peak case. How-

ever, any case can be analysed in the same manner.

6.1 LODPFs distribution

Line Outage Distribution Factors are the crucial part of almost any relationship de-
rived in this work. Chapter 3 showed that LODFs give the relative influence of the
tripping of one particular line « on the remaining lines in the grid. As was discussed
in Chapter 1 a number of contingency selection approaches have been developed using
just information about LODFs to predict the severity of contingencies. Despite the
fact that approaches based on solely the LODF data do not account for information
about the power flows closeness to the lines constraints, quite a number of them have
shown successful results and are currently used in the real life application. All these
show the importance of studying the LODFs further as they are in the essence of the

contingency analysis.
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Particularly the distribution of df directly affects the performance of the algorithm
developed in this study. The intuition behind this is rather straightforward: the
smaller the components of the line outage vector d*, the more contingencies containing
line a may potentially be filtered out during the pruning stage of the algorithm. The
Figure 6-1 presents the distribution of the absolute values of LODF's in the Polish off-
peak Summer case. The distribution is given for the pairs from the set of non-islanding
candidates C} as considering islanding double outages would give the distribution an

additional peak at 1.

e T T T T T T T T T

* LODFs distribution

Number of elements
T
|

dj

Figure 6-1: The distribution of Line Outage Distribution Factors |d§| for the C3 set
for Polish off-peak Summer case. The horizontal axis shows the values of the elements.
The vertical axis represent the number of the elements.

As can be seen from the figure the significant number of the line outage distribu-
tion factors do not even exceed 0.1 mark. In fact there is just 0.4% of pairs («, 3)
for which d§ > 0.1. This supports a fundamental assumption necessary for the algo-
rithm to work efficiently. That is the outage of a single line affects only a very small
percentage of the remainder lines in the system. This assumption is important for

both influence £* and interference I',s components in the equations 3.14 to be effi-
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ciently bounded. While it is unproven for an arbitrary case the assumption holds for
the power system models encountered during this study. Moreover, some theoretical
insights can be obtained by considering local neighbourhood of the tripped line to

estimate its influence [26].

6.2 ¢° and I',3 distributions

As was discussed in the Chapter 3 the '3 can be interpreted as the interference of
the line 8 on the line o when both lines are tripped. The assumption that most
of the lines do not affect each other directly leads to the intuition behind the form
of the distribution of the elements I'ys (Figure 6-2). Indeed, for the case of small

interference between lines a and (3 the I3 and I'g, should be close to 1.
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Figure 6-2: The distribution of the elements I,z for the sets C3, C3 ,C3 for Polish
off-peak Summer case. The horizontal axis shows the values of the elements. The
vertical axis represents the number of the elements.

The Figure 6-2 also shows the evolution of the distribution as the algorithm pro-
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ceeds. It can be seen that the pruning operations have more significant effect on
the left part of the distribution. This is an expected property as the corresponding
candidates are likely to have small bounds.

The vector £€* was interpreted in the Chapter 3 as the influence vector. Its absolute
value distribution is presented in the Figure 6-3. Since elements {§ are proportional
to the LODFs most of them are concentrated near zero. The distribution has a flat
profile in the log-log scale which indicates the power law dependence. This property
might be linked to the power law distribution of large blackout sizes [31, 32] since
the elements {5 contain information about both the relative influence (LODF) and

closeness to the limits (diag(f™ — f)~!; diag(—f™* — f)71).

T

|||El-"" 1

Figure 6-3: The distribution of the elements £§ for the sets C3, C3 ,C3 for Polish
off-peak Summer case. The horizontal axis shows the values of the'elements. The
vertical axis represents the number of the elements.

The form of the distributions of {5 and I'ag suggests the reasons for the exceptional

efficiency of the developed algorithm. First, outages of the most lines do not interfere
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with each other (most of the elements of I'ys are concentrated around 1). Secondly,
the effect of an arbitrary single line outage usually is small compared to the flow limit

margin on the affected line. This allows to produce rather tight bounding matrices.

6.3 Distribution of the elements in the bounding
matrices

The efficiency of the algorithm can also be studied using the distribution of the
elements in the bounding matrices Ugg and U,fzéc (Figure 6-4 and Figure 6-5). These
distributions explain how the bounding matrices improve as the algorithm proceeds.
As can been seen from the both figures the algorithm filters out small elements in the
bounding matrices converging to the distribution on the right side of the dotted line
(which depicts the pruning boundary).

On each iteration of the pruning loop (Lines 11-16) all elements on the left side of
the dotted line (< 1) are filtered out. However, the new pruned sets produce tighter
bounds and populate new elements that are smaller then 1. The number of elements
on the left side of the dotted line decreases as the algorithm goes on creating the " cliff”
near the pruning boundary. The bounding matrix for the set Si has significantly more
elements that are > 1 than the corresponding matrix for the set C;. This gives the

intuition about substantial difference in the pruning efficiency of these sets.
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Figure 6-4: The distribution of the elements in the bounding matrix U®? for the sets
C§ for Polish off-peak Summer case. The horizontal axis shows the values of the
elements. The vertical axis represents the number of the elements. The dotted line
is drawn at 1 and depicts the pruning boundary
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Figure 6-5: The distribution of the elements in the bounding matrix U%2 for the sets
S§ for Polish off-peak Summer case. The horizontal axis shows the values of the
elements. The vertical axis represents the number of the elements. The dotted line
is drawn at 1 and depicts the pruning boundary
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Chapter 7

Conclusion

The novel approach for N — 2 contingency selection has been presented. The devel-
oped algorithm is based on the idea of iterative pruning of the candidate sets. Only
potentially dangerous contingencies remain on each iteration as the algorithm pro-
ceeds. Unlike many other approaches, the developed algorithm is not heuristic as it
guarantees to find all dangerous double outages.

The algorithm filters out the set of potentially dangerous contingencies in just
O(N}) operations if the matrix of Line Outage Distribution Factors is given. Thus
the complexity of the pruning loop of the algorithm is substantially smaller than the
complexity of brute force enumeration over the full set of the double outages. The
latter would require O(N}) operations.

The algorithm has been validated and tested on the three Polish power grid cases.
The pruning loop of the algorithm in just 2 iterations has managed to reduce the size
of potentially dangerous non-islanding double outages by 99.9%, 99.1% and 89%
for Summer off-peak, Winter off-peak and Winter peak Polish cases correspondingly.

It has been shown that the complexity of the full search depends on the size of
the output set after K pruning iterations and is equal to O(KNj + N. L|Cftered)y,
While the size of the CJ™ ™% is expected to be small for the most real cases, it might
increase substantially for extremely stressed systems. However, the ratio of the size
of the iterative loop output set to the size of the final set of dangerous non-islanding

N — 2 contingencies has empirically established to remain of the order of 10 — 30.
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This gives empirical guarantee for the performance of the algorithm for even highly
loaded cases.

In cases when the full search is infeasible for some reasons the pruning loop of the
developed algorithm can be used as a pre-filter for any consequent contingency selec-
tion approach based on DC approximation as it decreases the size of the candidates
set without any significant computational overhead to N — 1 contingency selection.

It has been shown that the primary reason for an impressive performance of the
algorithm is twofold. The first part of it is the fact that the power flows on the most
lines are far from their limits compared to an average single line outage influence.
The second part is that outages of the most lines almost do not interfere with each
other. While this does not hold for a general system, it is expected to be the case for

any real grid and has been shown to be true for all cases studied in this work.

Although the effectivencss of the approach is quite impressive, there is a number

of ways one can proceed to improve and generalize it.

1. Optimization. The optimization directions have to be studied further. Among
them are technical implementation of the algorithm, divide and conquer method
to decrease the size of the output set as well as the degree of freedom in the
representation of the contingency equations, that can improve bounding matri-

ces.

2. N—Fk generalization. It is possible to generalize the presented approach to the
case of N — k contingencies, where & > 2. This would require reconsideration
of the bounding process as the governing equations for N — k contingencies
have very similar form. It is expected that whenever the number of dangerous
contingencies is small one will be able to produce sufficiently tight bounds to

prune the candidate sets.

3. AC generalization. It should be feasible to extend the approach to the full

AC model. Since the presented algorithm is based on bounding one might
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find an efficient way to bound different terms in the full AC equations without
solving them in closed form. Moreover, one might successfully utilize the fact

that power systems are usually operated in a weakly nonlinear regime.
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