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Abstract

The research conducted in this dissertation is divided into two main parts. The first part provides
further improvements in power system state estimation and the second part implements Contin-
gency Constrained Optimal Power Flow (CCOPF) in a stochastic multiple contingency framework.

As a real-time application in modern power systems, the existing Newton-QR state estimation
algorithms are too slow and too fragile numerically. This dissertation presents a new and more
robust method that is based on trust region techniques. A faster method was found among the
class of Krylov subspace iterative methods, a robust implementation of the conjugate gradient
method, called the LSQR method.

Both algorithms have been tested against the widely used Newton-QR state estimator on the
standard ITEEE test networks. The trust region method-based state estimator was found to be
very reliable under severe conditions (bad data, topological and parameter errors). This enhanced
reliability justifies the additional time and computational effort required for its execution. The
numerical simulations indicate that the iterative Newton-LSQR method is competitive in robustness
with classical direct Newton-QR. The gain in computational efficiency has not come at the cost of
solution reliability.

The second part of the dissertation combines Sequential Quadratic Programming (SQP)-based
CCOPF with Monte Carlo importance sampling to estimate the operating cost of multiple contin-
gencies. We also developed an LP-based formulation for the CCOPF that can efficiently calculate
Locational Marginal Prices (LMPs) under multiple contingencies. Based on Monte Carlo importance
sampling idea, the proposed algorithm can stochastically assess the impact of multiple contingencies

on LMP-congestion prices.
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Chapter 1

Introduction

1.1 Challenges in Power Systems Computation Applications

Large-scale electric power systems are extremely complex, and have been designed and operated
conservatively through the years. At the present time, many power systems throughout the world are
undergoing fundamental operational changes. Under open-access regulations, transmission owners
are required to open their systems to use by other entities, including many non-utility players.
What was once intended as a bridge between generation and the distribution system, transmission
system became an electricity market trading floor. Many players in the game are now more oriented
towards commercial goals rather than the technical. With that respect, the power grid faces many
challenges that it was not designed and engineered to handle. Among challenges that modern power

system computer applications have to solve are:
e new and unanticipated conditions
e atypical power flow (quick changes due to unusual modes of energy trades, such as wheeling)
e congestion
e multiple contingencies (requiring redefined reliability criteria)
e out-of-date modeling and parameter data

Computation is now heavily used in all aspects of power networks. The new restructured envi-
ronment places more engineering and financial demands to operate reliably, robustly and efficiently.

The market participants would also like to have dynamic information about the physical system



state, past, present, and forecast. A key challenge is to have a real-time model so that power net-
work computations are performed on a model that resembles the current situation. When we say
a real-time model we mean a “snapshot” of the system that contains redundant measurements of
quantities of interest, the correct topology from which measurements are derived and accurate pa-
rameters of the elements in the model. An Energy Management System (EMS) provides a variety of
measured data and computer applications for monitoring and control of the power network. When

we refer to computer applications we mean the following two:
e State estimator (an on-line application)
e Contingency constrained OPF (an off-line application)

Started as engineering tool, the power system state estimator became the key data processing
tool in modern EMS systems, and evolved in today’s industry as a very important application for
Locational Marginal Pricing algorithms for charging congestion in power networks.

Monitoring and control of power system assets is conducted through the supervisory control
and data acquisition (SCADA) system. In the early days, it was believed that the real-time data
base provided by SCADA could provide an operator with an accurate system view. Very soon,
the deficiencies of SCADA were realized. To mention a few: hard to assure availability of all mea-
surements at all times, measurements prone to errors, etc. A more powerful tool was needed to
process collected measurements and to filter bad ones. A central master station, located at the
control center, gathers information through the SCADA system. The SCADA system collects mea-
surement data in real time from remote terminal units (RTUs) installed in substations across the
power system. Typical RTU measurements include power flows (both active and reactive), power
injections, voltage magnitude, phase angles and current magnitude.

While there is not much to be said that is not already known about active and reactive power
and voltage magnitude measurements, voltage angle measurements are relatively new in practice.
Direct measurement of voltage phase angle was impossible for a long time. In order to be valid,
those measurements should be synchronized, i.e. a time reference should be provided. The global
positioning system (GPS) signal made synchronization possible with accuracy better than 1 us.
A phasor measurement unit (PMU) equipped with a GPS receiver allows for synchronization of
measurements, yielding accurately measured and time-stamped voltage phase angles. A study of
impact of PMU measurements on state estimation and optimal placement of PMUs is given in [72].

The general conclusion is that PMUs have greatly improved observability and accuracy of voltage



angle estimates. Despite some opinions to the contrary, PMUs will not make state estimation
obsolete even if they are available at every bus in the system. As we know, measurements are not
perfect; thus a redundant set of measurements will still be needed in order to identify bad data.
All of these measurements can be considered dynamic since snapshots are performed every few
seconds. The status of the assets (line status, breaker status etc.) as well as network parameters can
be considered as static measurements. The network topology processor in Fig. 1.1 determines the
topology of the network from the telemetered status of circuit breakers. Having an observable set
of measurements is a necessary, although not sufficient condition, for EMS computer applications.
While it is desired, coordination across the network quite often does not happen in real-time. The
reasons for not heaving real time-model are varied. While many control and monitoring functions
are computer based, there are still functions handled by telephone calls between the system operator
and utility control centers. It is a well known fact that control room technology is behind today’s

state-of-the-art in the IT world.

RTU System Measurements
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Figure 1.1: State Estimation block diagram

In particularly, equipment status from plant level to substation level is usually managed manu-
ally. Many current power systems are not capable of acquiring change of status automatically the
way that, for instance, a computer operating system does. Unfortunately, it is hard to have an accu-
rate network model in real-time. Simulations are performed frequently, whether the network model

is correct or not. That means that many times simulations are performed on a network model that



does not reflect the correct network topology. While it would be nice to have a power system with
the ability to auto-detect equipment status the way that computers detect plugging/unplugging
external devices, it is not likely to happen soon. Situations with topology errors are common and
we have to find algorithms which will successfully cope with them. That is, algorithms with the
ability to detect topology errors.

One of the key EMS applications is power system state estimation. The block diagram showing
the components of a modern state estimator is shown on Fig. 1.1.

To maintain a valid computer model it is essential to coordinate the computer model with the
situation in the field at all times. There are situations when this objective is hard to fulfill, especially
during emergencies. In those cases it is crucial to have the capability to overcome those difficulties
reliably. Our work will focus on how to meet these challenges.

These improvements in power system monitoring and control are motivated by
e economics of the new market
e blackout prevention

e reliability improvement

1.1.1 Blackout Lessons

Power grids around the world have experienced a number of severe blackouts in the recent
past. One is the August 2003 blackout that originated in the Midwest and affected much of the
Northeastern and Midwestern United States and southern Canada. Each major blackout gives the
electric power industry added attention and proves how fragile the interconnected power system
really is. As in the case of the 1965 Northeast blackout, a team of national experts from the U.S.
and Canada was brought together to study reasons for the blackout.

In the view of the U.S.-Canada Power System Outage Task Force, who investigated causes of
the August 2003 Northeast blackout, the list of actors to blame is not that short. The impression is
that the Task Force report [91] opened a Pandora’s box of electric utility problems. The main factor
that contributed to the blackout was the lack of tree trimming by the utility as reported by the Task
Force. The well known scenario of a hot summer day, overloaded overhead lines that sagged more
than usual, and ended up in vegetation that was not well maintained. Rolling outages propagated
through the system and caused the blackout. To make the situation even worse, the power system

monitoring tools did not work properly. The operator was unable to capture the escalating crisis at



an early stage so that affected part of the system could have been properly isolated. One of the key
power system monitoring tools is the state estimator. The Midwest Independent System Operator’s
(MISO) state estimator at that time was not working.

The blackout did not occur instantaneously. Successive line trippings spanned an hour of agony.
The critical role of computer applications in making decisions and control under blackout conditions
was emphasized by Ili¢ et al. in [44].

Had the operator had a reliable and fast state estimator it is likely that widespread outage
could have been avoided. Only robust state estimators that converge accurately and rapidly could
be useful in these extreme situations, so that critical parts of the network could be detected and
proper remedial actions taken (like shedding load) in order to prevent rolling outages. It is to be
expected that such a scenario could appear more frequently in the situations when the power grid
is operated near its limit.

The point of our research is not to give an optimal recommendation regarding tree trimming but
to try to explore the ways of improving reliability of monitoring tools, particularly state estimator
software.

The state estimator (SE) computes the static state of the system (voltage magnitude and phase
angle) by monitoring available measurements. The SE has to be modeled in such a way so as to
ensure that the system is monitored reliably not only in day-to-day operations, but also under
the most likely conditions of system stress. The question is how to improve SE and make it more
reliable, so that is more likely to capture situations like the August 14, 2003, blackout and identify
critical nodes in the network.

A more robust state estimator is an essential need in the years to come. Successful SE solution
relies heavily on the numerical technique used to perform the estimation. Current numerical algo-
rithms too frequently fail to provide a successful solution. The first part in our research was to apply
globalization techniques that are more reliable but cost more computationally. A subsequent part
was to explore ways of reducing the computational cost of such robust SE algorithms by employing

efficient modern iterative methods.

1.1.2 Reliability criteria

Electric utilities in today’s market are facing many challenges and sometimes conflicting re-
quirements. The task of maintaining reliability has been greatly complicated by the introduction

of wholesale electricity markets. All players now depend on the reliability of the power grid, and



all are at risk if the grid is not reliably operated. On the one hand, the planning and operation
reliability criterion is still “N — 1”7 (the system must be able to withstand any single contingency
event) and on the other economic forces put pressure for providing higher standards of reliability.

Security constrained optimization applications at the current stage ensure that voltage magni-
tude and other state and control variables are under their operating limits after the first contingency.

It has been found that traditional “N — 1”7 reliability criteria for transmission and operation
planning is inadequate in new (deregulated) competitive energy markets. Not just engineering
(planning and operation) reliability criteria should be revisited in order to go beyond “N — 1" but
also the economic implications of such criteria must be assessed accordingly. The question is open
as to who is going to pay for the higher reliability standards. Reformulating reliability policies and
criteria that meet engineering, economic and regulatory needs is not an easy task.

Innovative strategies at a reasonable computational cost are required to cope with challenges
that new markets impose. Reliability of the power system can be assessed either on a deterministic
or a probabilistic basis. It is clear that a deterministic approach to the assessment of multiple
contingencies is computationally expensive. Although it is impossible to improve reliability without
additional investment, in our case computational investment, we will try to keep that investment
reasonable.

After the first outage, subsequent outages are more likely to occur. Screening and ranking multi-
ple contingencies very easily becomes a complicated task. A computational tool capable of multiple
contingency modeling has two names: contingency constrained optimal power flow (CCOPF) or
security constrained optimal power flow (SCOPF).

Today’s market faces many new challenges. New analytical methods and algorithms should be

capable of assessment of:
e multiple contingencies
e cost merits of applying more rigorous reliability criteria
e value to the customer for providing that service

e need for more rigorous security/reliability assessment



1.2 Historical Notes and Background

1.2.1 Power System State Estimation
Numerical formulation

In this section we review the current state estimation formulation and solution methods and
provide motivation for further improvement. Several excellent review papers [11], [100] cover this
topic in detail. When we say power system state estimation we mean the original and most widely
used problem definition in practice. That is, an over determined system of nonlinear equations
solved as an unconstrained weighted least-squares (WLS) problem. The WLS estimator minimizes
the weighted sum of the squares of the residuals.

min J(x) = 5 (=~ @) B~ (=~ h(z)

where: z is the state vector; z is the measurement vector and h(x) is the nonlinear vector function
relating measurements to states and R is a diagonal matrix whose elements are the variances of
the measurement error.

The first order necessary conditions for a minimum are that

aJ(x)

S —H@)'R [z - h(z)] =0

where H(x) is the measurement Jacobian matrix of dimension (m x n)

H(z) = 82(;5)

Once the nonlinear measurement function h(z) is linearized
h(z + Ax) =~ h(x) + H(x)Ax
the following iterative process is obtained!

(H'R'H) Az = H'R™' [z — h(z)] (1.1)
" = 2F ¢+ A
The symmetric matrix HT R~V H € R™" is called the gain or information matriz. Equations (1.1)

are the so-called normal equations of the least-squares method and the iteration step Ax can be

found only when the gain matrix is nonsingular.

LFor simplicity, we will write H (z) as H whenever clear from context



Fred Schweppe introduced WLS power system state estimation in 1969 in his classic papers [77],
[76], [74]. Since then power system state estimation has been a very active research area. Besides
the WLS algorithm, other state estimation methods such as decoupled WLS and Least Absolute
Value (LAV) estimation were developed, but WLS is dominant in practical implementations. The

overall state estimation process consists of the following steps:
1. data acquisition;
2. network topology processing;
3. observability analysis;
4. estimation of the state vector;
5. detection/identification of bad data.

An extensive bibliography of the first two decades (1968-1989) of power system state estimation
was prepared by Coutto, Silva and Falcao [21]. Comprehensive treatment of modern power system
state estimation can be found in books first by by Monticelli [57] in 1999 and then by Abur and
Gémez Expoésito in 2004 [1]. Beginning with the role of the state estimator in a security framework as
one of the key modern Energy Management System (EMS) applications, they covers all parts of the
state estimation process starting with power flow, problem formulation, basic solution techniques,
observability, detection and identification of bad data, and robust state estimation procedures. An
overview paper by Bose and Clements [11] covers the overall role of the SE in the power system
control centers starting from topology processing, then goes through an overview of state estimation
numerical algorithms, network observability, and bad data detection.

The subject of state estimation is vast, and we have chosen to review only those topics that are
directly relevant to the rest of our dissertation. It will be hard to cover almost 40 years of active
research in theory and practice of power system state estimation, and the list of contributors is
long. There are many aspects of the overall state estimation process, but since the focus of this
work is numerical methods for the solution of power system state estimation, at this point we will
present an overview and discuss specifics as they are needed in the dissertation. Each chapter will
have a background and bibliography review for the related topic.

The first approach to solving state estimation problems was the normal equation approach. More
precisely, Cholesky decomposition was proposed to factor the gain matrix G (G = H' R™'H) in the

normal equation. Then the solution is obtained by forward/backward substitution. The difficulty



with this approach was that gain matrix may be ill-conditioned, in which case the solution may fail
to converge which was a major reason that other methods were sought.

The condition number (which represents the degree of system ill-conditioning) of the gain matrix
in the normal equation is equal to the square of the condition number of the Jacobian (H). When
H is not well conditioned, G is very ill-conditioned. Therefore, in general, squaring the Jacobian is
not a good idea. The main reasons for the deteriorated condition number of the normal equation

that have been cited in the literature [1] are:
e very accurate measurements (virtual measurements);
e large number of injection measurements;

e connection of very long transmission line (large impedance) with very short transmission line

(short impedance).

Virtual measurements are measurements that do not require metering. One example is a zero
injection at a switching station. Since they represent “perfect” measurements, they are character-
ized with very small weighting factor. In the normal equation approach, huge discrepancies between
the weights renders the problem ill-conditioned. The impact of a large number of injection mea-
surements on numerical conditioning was first observed by Gu et al. in [36]. Also a recent paper by
Ebrahimian and Baldick [28] covers condition number analysis.

The next stage in the research was to try methods that prevent computing the gain matrix.
A solution based on orthogonal transformation was first proposed by Simées-Costa and Quintana.
Their first idea was based on column-wise Householder transformation [81] and the second on row-
wise Givens rotations [80]. Orthogonal factorization, also known as QR factorization, of an m x n

matrix H is given by
H=QR

where R € R™*"™ is an upper trapezoidal matrix and QQ € R™*™ is orthogonal. Orthogonal matrices
satisfies QTQ = QQT = I. Discussion of the orthogonal factorization method is left for Chapter 2
where this method will be treated in detail. While one problem of ill-conditioning was solved with
orthogonal transformation, other problem of fill-ins appeared. The phenomenon of turning a zero
element of a sparse matrix into a nonzero element during a factorization is called fill-in. Originally
extensive fill-ins in the process of orthogonal transformation prevent the method from being widely

used. The problem of fill-ins remains to be solved.
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As mentioned above Gu et al. studied sources of ill-conditioning and offered an alternative - the
method of Peters and Wilkinson [36]. The Peters and Wilkinson method factors H and thus avoids

forming HT R~'H. This factorization has the form
P HP, = LDU

where: P; and P, are permutation matrices used for enhancing numerical stability and preserving
sparsity, L is an m X n lower unit trapezoidal matrix, D is diagonal matrix and U is n X n upper

triangular matrix. The transformed normal equation is:
LTR'LUs = LTR7 (2 — h(x))

The above equation is solved in two stages. In the first stage Cholesky factorization of LT R™1L is

used resulting in
L"R™'L=LDU

where L is a n x n unit lower triangular matrix and D is n x n diagonal matrix. In the second stage,
above system is solved in terms of auxiliary variable y from LY Ly = L”r, then s is computed from
Us = y via backward substitution. Although computationally more expensive than the normal
equation method, the method of Peters and Wilkinson is a tradeoff between speed and stability.
Improvement in conditioning of LTL compared with HT H in the normal-equation approach has
been shown.

So far state the estimation problem was formulated as an unconstrained minimization problem.
Extending it to a constrained optimization problem started with the work of Aschmoneit et al.
[8]. There are buses in the network that have neither load nor generation. They are zero injection
power buses. Also these measurements are so-called virtual measurements, as mentioned earlier.
The idea is to use this very accurate information in order to enhance the accuracy of the estimates.
Aschmoneit treated those measurement separately from the telemetered measurements and imposed

them as additional constraints to the WLS problem

min J(z) == (z— h(z))" R~ (z — h(z))
subject to: c(x) =0

The constrained minimization problem was then solved by the method of Lagrange multipliers.
The Lagrangian (£) is formed as:

Lir oz, A) = % (2= h(@)" R~ (= — h(z)) + AT c(x)
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where A is the vector of Lagrangian multipliers. The first order necessary conditions for the optimum

states that derivatives of the Lagrangian with respect to x and A\ must vanish

35((;;7” = —HTR'[z— h(z)] + CTA=0
oL(xz,\) _
— - = c(x) =0

By applying Newton’s method to the above system of nonlinear equations, the following set of
linear equations is solved iteratively
HT(2")R™1H(2*) CT(2) ghtl HT (2" )R 1r(2)
C(z%) 0 A+ —c(x*)

where C'(x) is the constraint equation Jacobian matrix C(z) = d¢(x)/0x and r(z) = z — h(x). The
coefficient matrix above is indefinite; therefore row ordering must be employed in order to preserve
numerical stability.

A similar constrained weighted least-squares problem formulation was presented by Gjelsvik,
Aam and Holten in [32]. Regular measurements are imposed as constraints in the formulation where

the explicit optimization variables are the measurements residuals. The method is known as the

sparse tableau method or Hachtel’s method:
min J(x) = érTR_lr
subject to: r=z—h(x)
The Lagrangian function for this problem can be written as:

L(r,z,\) = %’I“TR_IT AT (r — 2 4 h(x))

The necessary conditions for a minimum are given by:

OL(r,x, \) I T
or
OL(r,z, \) S
ox
OL(r,z,\) B
—ax = 7 h(z) —r =20

After elimination of r and application of Newton’s method, we obtain the iterative linear system

R H(z*) puan r(zk)
HT(I‘k) 0 Sk+1 0
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In this formulation ordering is required, since the coefficient matrix is again indefinite. Gjelsvik et
al. presented numerically stable results obtained using the sparse tableau method.

Holten et al. compared performance of different methods (normal equations, orthogonal trans-
formation, normal equations with constraints and Hachtels’ method) for power system state es-
timation [40]. It has been found that orthogonal transformation (QR decomposition) is the most
stable method although it has the highest computational requirements. Also it has been reported
that Hachtel’s method is comparable in numerical stability with orthogonal transformations.

Although numerically stable, Givens rotations can produce excessive fill-ins and therefore addi-
tional computational burden. Vempati, Slutsker and Tinney in [93] improved efficiency by employing
ordering to preserve sparsity and minimize the number of intermediate fill-ins. Although there are
three different ordering schemes, the most widely used is the Tinney 2 ordering scheme which em-
ploys column ordering and then uses row ordering according to the minimum column index of the
row. In this form, Givens rotation establish itself as the method of choice; and it began to be used
widely.

Another way of treating a virtual measurement is as a very accurate measurement with a
corresponding very small variance. In other words zero injections have been modeled as measure-
ments rather than constraints. This approach applied to the normal equation method created an
ill-conditioning problem, and did not always work well in practice. Since the QR method is a nu-
merically reliable method, it did not have any problems handling equality constraints as accurate
measurements.

The power system community gained interest in interior point methods (IPM) for the solution
of constrained optimization problems in early 90’s. The first to apply IPM to SE problems were
Clements, Davis and Frey. They explicitly included inequality constraints and solved with the IPM,
first Weighted Least Absolute Value (WLAV) estimation in [17], while modeling inequality con-
straints in WLS SE and solving the problem with IPM started with paper [18]. They recognized
that generator Var limits and transformer turns ratio constraints may be violated once state esti-

mates were found. In order to prevent such violations, inequality constraints were added as in the
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problem formulation:

min J(x) =

subject to: flz)+s=0

In the IPM, the inequality constraint on the slack variable s are treated by appending a logarithmic

barrier function to the Lagrangian function

p
Ly, = %TTR_IT - Nzln sk— A (f(x)+5) —p'glx) =7 (r— 2z + h(z))
k=1

The next step is to form the Karush-Kuhn-Tucker (KKT) first order necessary conditions. The
nonlinear system of KKT conditions can be solved iteratively using Newton’s method. The interior
point method produce iterates that are interior to the feasible region, by forcing the barrier param-
eter u > 0 to decrease towards zero as iterates progress. The computational experiences with the
IPM method were reported and were found encouraging.

An approach to generalized state estimation that enhances robustness has been proposed by
Alsag, Vempati, Stott and Monticelli in [6]. The idea behind this formulation is to expand conven-
tional state estimation to include topology status and network parameters as state variables. Then
integrated estimation of states, status and parameters is performed. In order to be able to perform
generalized state estimation a model that requires explicit representation of switching devices is
needed. The authors report that generalized estimation is a more robust approach to process topol-
ogy errors. A larger state vector imposes a higher computational burden on the estimator. Since
parameter and status estimation are not needed at every run of an estimator, the authors suggest

that its “generalized function” should be invoked only as needed.

State Estimation in practice

While it is important to follow the state-of-the-art in numerical analysis and to continually
improve state estimator algorithms, it is equally important to follow how SE is implemented in
practice, and what kind of infrastructural problems it is facing. A state estimator can generate an

extensive amount information of the system state that is well beyond what a SCADA system is able
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to do. That is a major motivation that should drive electric utility industry towards SE successful
practical implementation.

The whole process of state estimation is a very large and complex hardware-software system
and today is usually based in an Independent System Operator (ISO) control center. Real-time
implementation and practical experience have been reported in a few papers describing how SE
performs in practice on day-to-day operations. Dy Liacco in [27] stressed experiences with state
estimators in EMS control centers and covers limitations like critical measurements, topology errors
etc. The panel discussion at the 2005 IEEE PES General Meeting addressed some of the challenges
faced by the SE in practice and stressed why SE still did not achieve its expected role in the electric
utility industry. Among these papers was [2] by Allemong, who emphasized the importance of three

basic categories needed for successful implementation. They are:
1. A redundant, reliable and accurate measurement set
2. Accurate network topology, constructed from the real-time status of switching elements
3. Accurate parameters for the network elements

Practitioners agreed that some issues that hinder state estimation in operation are:

e Incorrect topology or topology errors in the model (changes in topology occur continuously)

Incorrect model parameters

Inadequate or faulty telemetry

Inconsistent phase metering

Meter placement errors (inconsistency between meter placement in the field and in the com-

puter model)

A typical problem is the incorrect assignment of a flow measurement to a piece of equipment. Many
times a flow measurement is actually the sum of flows on two (or more) pieces of equipment. It is
discouraging to see that the problems SE has been facing since its early implementation still exist
and even today are not resolved. None of the above issues are related to the SE algorithm itself;
they are rather related to the infrastructure for state estimation. Although the above problems
deserve serious attention, besides recommendations, researchers cannot do much. What researchers

can do is to follow the state-of-the-art in robust numerical analysis algorithms and apply them to
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the SE problem in hopes of overcoming infrastructural weaknesses. Also, economic requirements of

the electricity market may make these deficiencies less tolerable.

The Role of the State Estimator in Real-Time Energy Market

The primary driver behind deregulation and transmission system open access is the facilitation
of effective competition in the generation sector of the power system. Under the regulated electricity
market, it was the responsibility of the integrated utility to assure stable and secure grid operation.
After deregulation, the control function was separated from the utility and granted to an indepen-
dent entity. The Independent System Operator (ISO) is an independent, non-profit organization
that administers the deregulated electricity market and oversees the security of the electric power
grid.

The larger control area of the ISO has increased the need for computer systems to control the
interconnected transmission grid in order to assure its reliability and market efficiency. The nature of
the new real-time market monitoring is similar to the nature of system monitoring under a vertically
integrated system. It has been recognized for quite some time that currently employed numerical
algorithms in even the most advanced control centers are not fully adequate to ensure reliable and
efficient service. In today’s deregulated energy market, the state estimator becomes an increasingly
critical application. More and more power markets are moving from zonal to Locational Marginal
Price (LMP) based congestion management. A critical point in that move is having a reliable state
estimator as a part of the real-time market system. Not just LMP, but the accuracy of many other
applications like contingency analysis and dispatch depend on high quality estimates provided by
state estimator.

Doudna and Salem-Natarajan in [26] discuss issues facing the SE at the ISO/RTO organization
level in California (CAISO). One of the major challenges the ISO is facing is network modeling. The
ISO/RTO are in charge of monitoring the system; they do not own the transmission system. The
challenge that they are facing is that they must rely on the separate transmission owners to supply
the associated network models, measurements, and outage information necessary for successful
operation of the real-time state estimator.

Many parts of the network lack telemetry. In particular, the lack of real-time status measure-
ments present a problem in running the SE. An additional problem for CAISO is receiving data
from various entities. Many times the measurement sign convention is not consistent from one en-

tity to another. Doudna and Salem-Natarajan emphasize that improvement in real-time telemetry
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data and sign convention standards across the industry as a whole are essential elements to achieve

reliable SE solution.

1.2.2 State Estimation - our research direction

Considering the state of SE today, some issues require research and some of them just more
discipline in implementing the SE in practice. As far as the state of the research is concerned,
existing methods are improved and new methods are being proposed constantly. The good news
for researchers is that not all numerical techniques have been explored. Even though decades have
passed researchers are still seeking computationally reliable efficient state estimator.

Throughout this brief survey of existing methods and formulations one can notice a common
denominator for almost all of them. Once the first-order necessary conditions are imposed upon the
set of nonlinear equations, the resulting problem is solved via Newton’s method. Algorithms based
on Newton’s method have dominated the power system state estimation community for decades.
From the practical point of view, however, there are more efficient and robust methods. Those
methods lie in the family of trust-region methods (TRM) and recently have become very popular
in the optimization community. Development of the trust-region method has focused primarily on
the solution of unconstrained optimization problems such as the state estimation problem. TRM
is based on a globalization of Newton’s method which is very often the key to the success (finding
a global minimum) of the algorithm. The TRM has not been tested on the power system state
estimation problem prior to this research.

It is widely known that Newton’s method performs very well when the iterates are near the
solution. So in that region there is no reason to use anything else but Newton’s method. And that is
exactly what the trust-region method does. When Newton’s method performs well a step is chosen
according to it, as soon as a successful step can not be found, the trust-region iteration is employed.
The algorithm provides an automatic choice between the Newton and the trust region method.

We start Chapter 2 with a review of the state-of-the-art of the QR algorithm, and we give an
example under which this method in the presence of topology error does not perform reliably.

Our contribution is in trust region methods and further improvement with modern Krylov
iterative methods. Review of the the trust region literature will be left for chapter 2, and review of

the Krylov subspace methods will be left for Chapter 3.
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1.2.3 Optimal Power Flow (OPF) - problem formulation

The goal of the Optimal Power Flow (OPF) is to calculate a state of the power system and values
of the control variables which minimize a given objective function (e.g. generation cost, network
losses, etc.) and at the same time satisfy all constraints imposed on the problem. The classical OPF

(also called the base-case) can be stated as the following nonlinear programming problem:

min c(z,u)
subject to: g(x,u) =0 (1.2)
fla,u) <0
Dg
s= " | er> w=| % | cprm
6 ty

where: x is a vector of state variables (voltage magnitude v and phase angles 6), u is a vector
of controllable variables (generator outputs, adjustable transformers), g(z, ) is a nonlinear vector
function whose elements are g;(x,u), where i € £, and represent power balance equations at each
node in the network and f(x,u) is a vector whose elements are f;(x,u), where i € Z, are limits
imposed on the system.

The most common objective functions include minimum cost of operation, minimum active
power losses, minimum deviation from a specific operating point, minimum number of controls
rescheduled, etc. The objective function usually depends on variables with direct cost u (power
generation, load shedding, etc.) and variables without direct cost = (voltage magnitude). The ob-
jective that is most widely used is the cost of operation, which in the security-constrained framework
accounts for cost of generation and load shedding. One way to model load shedding is as a “very
expensive negative generation”, since otherwise the cheapest solution will be to shed as much load
as possible. The cost of thermal units is derived from the heat-rate curves which are sometimes far
from convex. Convexity of the objective function is one of the assumptions for the optimization
method employed in the solution of the OPF problem; hence cost curves are usually approximated

as convex polynomials, most often quadratic:

cg(pg) :a'p3+b'pg+c
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where pg is the MW (or per-unit) output of the generator and a, b and ¢ are quadratic polynomial
coefficients. Other approximations, such as using an arbitrary number of line segments, are used as
well.

OPF incorporates a wide variety of constraints that are formulation-specific. Constraints that
are important in one may not be important in another formulation. The set of constraints, as seen
from the formulation (1.2), can be divided into equality and inequality constraints. The equality
constraint set typically consists of power balance equations (both active and reactive) at each node

of the network. In general, inequality constraints can be classified in three categories:

1. dispatchable (active and reactive power, tap changing and phase shifting transformers)
2. variables (voltage magnitude and phase angles)

3. functions of variables (line flows based on thermal limits)

Generators are rated by the maximum apparent power (S™*) which they can produce. The
combination of P and @ produced by a generator must obey the apparent circle equation P?+Q? <
S™a% In practice, this condition is usually approximated so that each generator in the system is

subject to the box constraints:

maxr

P < p; < pl

ql_min < 4 < qznax

Besides generators, transformers provide an additional means of control of the flow of both
active and reactive power. There are two types of controllable transformers, tap changers and phase
shifters, although some transformers regulate both the magnitude and phase angle. Controllable
transformers are those which provide a small adjustment of voltage magnitude, usually in the range
+10%, or which shift the phase angle of the line voltages. A type of transformer designed for small

adjustments of voltage rather than for changing voltage levels is called a regulating transformer.

1.2.4 OPF Solution Techniques

The large number of variables and limit constraints make the OPF a computationally demanding
nonlinear programming problem. Since OPF has been around since the early ’60s, many methods
have been tried. The choice of a solution method is particularly important. It deserves careful
analysis and depends on many factors (accuracy, speed, storage, etc.). And as usually happens,

there is no method that fits all applications and that has all desirable properties.



19

The classical OPF formulations were pioneered by Carpentier [14] and Dommel and Tinney [25].
Their method was based on the use of a penalty function to account for constraints, the solution
of the power flow by Newton’s method, and the optimal adjustment of control variables by the
gradient method.

An extensive survey of the publications in the field of optimal power flow from the early days
up to the year 1991, with a classification based on methods of optimization technique used, is given
in Huneault and Galiana in [41]. A comprehensive review of the OPF algorithms was prepared by
Glavitsch and Bacher in [33].

There are two main approaches to the OPF problem formulation:

a) the exact nonlinear formulation or so-called full AC formulation

b) the linearized problem formulation (DC or incremental formulation)

Equality constraints are treated by the method of Lagrange multipliers. The Lagrangian function of
the problem (1.2), whose inequality constraints are transformed into equality constraints by means

of the slack variable s is:
L=c(z,u) + X g(x,u) + 7 (f(z,u) + s)

where \ and 7 are vectors of Lagrange multipliers. The first-order (necessary) conditions, or Karush-
Kuhn-Tucker (KKT) conditions for the solution are:

Vel = Vic(z,u) +GIN+ Flm =0

Vil = Vc(z,u)+GIN+ FI'r =0

VaL = g(z,u)=0 (1.3)

VL = f(z,u)+s=0

IIs = 0
s,m > 0
where:
Ga: — 8g(x7u) c R2n><2n? Gu — 89(337”) c R2n><nu
ox ou
Fz — af(x’ u) c RHCXQn’ Fu — 8f(x7u) c Rncxnu
ox ou
and

IT = diag(m)
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The KKT equation IIs = 0 is known as the complementary slackness condition.

Tterative techniques are employed to solve nonlinear programming OPF problems. A sequence of
subproblems, either linear or quadratic approximations to the original problem, are defined at each
iteration. Methods are usually applied to an augmented Lagrangian that combines the requirement
of optimality and feasibility in a single objective. Lagrangian is augmented by a penalty or barrier
function which adds a high cost for either infeasibility or for approaching the boundary of the

feasible region via its interior. The penalty and barrier term vanishes at the solution.

Sequential linear programming methods

Attractive for their speed and flexibility, linear programming methods gained much attention
for application in the nonlinear world of OPF. Sequential linear programming (SLP) optimiza-
tion is performed on piecewise-linear approximation of the quadratic cost function subject to an

incremental linearization of the network constraints. The general form of the SLP problem is

min L Az + ¢l Au
subject to: Gz Az + GyAu = —g(z,u)

F, Az + F,Au < —f(z,u)

where ¢, and ¢, are vectors of cost coefficients. An incremental linearization of the network load flow
problem yields power balance equations. The sequential linear programming approach requires an
outer linearization loop wherein the constraints and objective function are linearized. The linearized
equations are quite sparse and have the sparsity structure of the network bus admittance matrix.
By eliminating state variables from the problem using distribution factors, as proposed by Stott

and Hobson in [86], results in a reduced problem formulation of the form:

min c'Au
subject to: a’'Au=1b

DAu <d

where the primary variables are controllable unit generations. This formulation has a single equal-
ity constraint and set of inequality constraints. It is similar to the economic dispatch problem,
augmented with set of inequality constraints. Unfortunately, D has a large number of rows and

is dense. Typically, very few of the inequality constraints are binding. This characteristic can be
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exploited with the active set method that will be discussed in Chapter 5. Solution methods for the
LP-based OPF are discussed by Stott and Hobson in [86] and by Stott and Marinho in [87].

Some methods use an entirely linearized system model, neglecting reactive power and voltage
constraints and accepting MW-flow accuracy limitations of the DC load flow.

A method that exploits some physical properties of active and reactive power, has been proposed
by Stott and Alsag¢ in [84] and is known as fast decoupled load-flow. To explain the idea behind

this method, consider active and reactive power linearized about a given operating point:

Z 89k

AQ; = 8@ Ab;, +Z 8QZAV,€

or in a matrix form

AP H N A6

AQ J L AV
The above equations represent an incremental model, meaning that the system is linearized about
an initial system operating point, which is usually provided in real time by a state estimator or in
off-line studies by an AC load flow. The fast decoupled formulation is obtained by neglecting the

coupling submatrices N and J according to the following assumptions:

e insensitivity of real power to changes in voltage magnitude gTIj < %%

e insensitivity of reactive power to changes in phase angle 89 < 8Q

The fast decoupled load-flow equations are given by:

AP/V = B'A§
AQ/V = B'AV

where elements of matrices B’ and B" are:

—L i # j assuming a branch from i to j (zero otherwise)

r T;j
n 1 i_ .
Zk:1 Tin =]

Lij

— i # j assuming a branch from i to j (zero otherwise)
B — T

1) Z g i— i
k=172 4a2, =J
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Both matrices B’ and B” are real, sparse, and have constant elements, meaning that they need
to be factored only once in the algorithm. In many practical cases, accuracy of the LP, initially
proposed to improve computing speed, has proved to be adequate. Advancements being made in
LP-based OPF like cost curve modeling, handling infeasibility, and loss-minimization were reported

by Alsag et al. in [3].

Newton’s method

An extensive survey of the application of Newton’s method to the power flow solution is provided
by Tinney and Hart in [89]. Solution of the classical OPF formulation defined by (1.2) by Newton’s
method was presented by Sun et al. in [88]. That algorithm begins with the standard step of
forming the Lagrangian function by imposing equality constraints and penalty function in terms
of inequality constraints. The set of KKT conditions (1.3) in this approach is solved by Newton’s

method, resulting in the system that has to be solved at each iteration:

H -JT Az —0L/0z
J 0 AN —OL/OX

where Az is a vector of incremental state Ax and control Aw variables, and A is the vector
of incremental Lagrangian multipliers. Factorization and solution of the above problem requires
four times as much computational effort compared with the power flow problem. In order to save
computational work per iteration, Sun et al. also presented a decoupled version based on [84] that
requires approximately the same amount of computational effort as Newton power flow. It was
reported in [3] that in the full nonlinear version, convergence difficulties were encountered when

contingency constraints were included.

Sequential quadratic programming (SQP) methods

Probably the most powerful, highly regarded method for solving nonlinear optimization prob-
lems involving nonlinear constraints is sequential quadratic programming (SQP), also called suc-
cessive quadratic programming. The SQP method generates a sequence of iterates, each of which is
the minimizer to a quadratic subproblem that is a local model of the initial nonlinear constrained
problem. For more details on the SQP method, see Bertsekas [10].

The SQP method for the solution of the OPF problem defined by (1.2) was proposed first by

Burchett et. al in [12]. The method linearizes the KKT conditions at each iteration of the original
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nonlinear problem rather than linearizing the problem itself. Since linearized KKT proceeds from the
quadratic programming problem, the method is called sequential quadratic programming (SQP).

The SQP subproblems contain exact first- and second-order derivatives of the nonlinear objective
function and the linearized power flow equations. Like sequential LP algorithms, SQP algorithms
have an outer linearization loop and an inner optimization loop.

First linearize the KKT conditions given by (1.3)

Wee Az + W Au + Gg)\ + FxTﬂ' = —V.c(z,u)
Waue Az + Wy Au + GZ)\ + F;‘Fﬂ = —Vyc(z,u)
Gy Ax + G,Au = —g(z,u)
F,Az+ F,Au+s = —f(z,u)
IIs = 0

Wazy Waw, Wy and Wy, represent the second order derivatives of the Lagrangian function with

respect to control and state variables and are defined as follows:

2
Wee = ata: l‘u +Zagl Zafz

2
Wie = Wg
agz - 82fz
W:m: = a9 i
Viuc(x,u —I—Z s 6u27r

The corresponding Lagrangian is

e = (v vuren) [ 2 )+5 (o ar)
u

+ MN(GAz + GuAu+ g(x,u))

+ 7l (FpAz + FyAu+ s+ f(z,u))

Now we can formulate a quadratic programming subproblem given the Lagrangian function above.
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The linearized KKT conditions are the KKT conditions for the following quadratic problem (QP):

. Ax 1 Wee Wau Ax
min ( Vel (z,u) Vel (z,u) > + 3 ( AzT  AuT )
Au Wux Wuu Au
subject to: GpAz + G,Au= —g(z,u)
FoAz + F,Au < —f(x,u)
If we define
Vee(x,u) Wee Waa Az
Ve(z,u) = H= Az =
Vue(z,u) Wae W Au
and also

i-(c. @) r-(n n)
then the Lagrangian function is
L = vel(z)Az+ %AzTHAz +AT(GAz — g(2)) + 7T (FAz + 5 + f(2))

which is the Lagrangian of the following quadratic subproblem that we have to solve at each

iteration:

1
min Vel (z,u)Az + §AZTHAZ
subject to: GAz = g(z)

FAz < f(2)

Therefore, at each outer iteration the problem is approximated as a quadratic objective function
with a linear constraint set approximated at the current iterate x. The quadratic objective function
models the curvature of the Lagrangian. This SQP problem is solved iteratively until convergence

is attained. Burchett et al. in [12] proposed to apply Newton’s method.

Interior Point Methods (IPM)

An interior point method was developed by Nerendra Karamarkar in 1984 for linear program-
ming, although many of the component ideas were known earlier. The algorithm used for years for
solving linear programming problems has been the simplex method, which moves from one vertex

of the feasible region to another while constantly attempting to improve the value of the objective
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function. An interior point method implies that progress towards a solution is made through the
interior of the feasible region rather than its vertices. A general reference for interior point methods

is Wright [98]. The framework for developing an interior point method has three parts:
e A barrier method for optimization with inequalities
e The Lagrange method for optimization with equalities
e Newton’s method for solving the KKT conditions

After the transformation of inequality into equality constraints by introducing slack variables,
one augments the cost function with a barrier function. The barrier or penalty function accom-
modates nonnegativity constraints on slack variables. A barrier function is continuous and grows
without bound as any of the slack variables approach 0 from positive values (from the interior of

their feasible region). The most common example of a barrier function and the form we will use is

b(p,s) = —p Z Ins;
i=1

where 1 > is a scalar parameter called the barrier parameter. The value of p goes to zero as the
solution of the optimization algorithm progresses. After introducing the barrier function, we can

write the modified OPF formulation:

Ne
min c(x,u) — ,U,Zln Si
i=1
subject to: g(z,u) =0
flx,u)+s=0
The Lagrangian function of this problem is:
Nc
L, =c(z,u) — uZlnsi + Mgz, u) + 77 (f(z) + 5)
i=1
The complementary slackness condition in the primal-dual interior point method formulation is

replaced by:
IIs = pe

where e is a vector of ones of appropriate dimension. Solving the SQP OPF problem by an interior
point method was proposed by Nejdawi, Clements and Davis in [63] and further discussed in [62],
where more details are found. An extension of that method to include the CCOPF formulation

appears in Paji¢ [69].
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Constraint relaxation method

Needless to say, if the correct binding inequalities are known and if they do not change from
iteration to iteration, the OPF problem would be much easier. However, the binding inequality
set is not known a priori. Usually, the number of inequalities imposed on the problem is large,
and to model all of them will slow down the method. The term active constraint will be used to
designate an inequality constraint that is satisfied exactly at the current point (z,u), and the set

of all constraints active at a given point will be referred to as the active set A(x,u) at that point
A(z,u) ={ieZ| fi(z,u)=0}

The set of constraints whose indices lie in the active set are said to be active, or binding, while the
remainder are inactive. The challenge of any efficient algorithm for constrained minimization is to
identify and model only active constraints.

Exploitation of an active set method for the OPF started with Stott in [86] relative to linear
programming formulations, and was further discussed by Sun et al. in [88] and Burchett et. al in
[12] in a nonlinear programming framework.

A method that only models active constraints is called a constraint relazation method or an
active set method. In this technique, we ignore constraints until they are violated. Mathematically,
that means that Lagrange multipliers corresponding to inactive constraints are not considered in
the problem since they are zero; only when the inequality becomes active is the corresponding
multiplier is nonzero.

Each iteration begins with testing for new active constraints. Once a constraint becomes active,
it is considered active for the reminder of the iterative process, thus avoiding the additional process
of taking it out. Generally, only a small percentage of the total transmission constraints become
active, greatly reducing the size of the OPF problem. Numerical examples presented by Kimball et
al. in [51] show significant reduction in problem size achieved in practice by the active set method.
The heuristic of adding to the active set just the most violated of the newly active constraints was

proposed by Stott in [86] and has proven to be very efficient.

1.2.5 Contingency Constrained OPF

Contingencies, in power system terminology, are unpredictable disturbances to the transmission
or generation facilities. It has been recognized that with the basic OPF formulation, it may not

be possible to keep the system in a normal state after a contingency occurs, or even when it is
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possible, the cost of such a solution may be very high. Contingency Constrained OPF (CCOPF),
also called Security Constrained OPF (SCOPF) dispatch, guarantees that the system will operate
successfully and optimally under the base case and the contingency case.

CCOPF is a cornerstone security application in modern power systems. A given OPF problem
or so called base case, is expanded to account for credible contingencies and the problem is solved

as a single entity. The mathematical formulation of the general contingency constrained OPF is as

follows:
min c(z,u)
subject to: g(z,u) =0
flx,u) <0
9w (T, ty) =0 w=1,...,.K (1.4)
fo(®w,uy,) <0 w=1,....K
where:
T, u pre-contingency state and controls;
Ty, Uy post-contingency state and controls;
g(z,u) power balance equations for base case;
f(z,u) set of inequality constraints for base case;

9w (Tw,u,) power balance equations for each contingency case;

fu(zw,uy) set of inequality constraints for each contingency case;

€

is the set of possible contingencies;

In general, f,(z,u,) are contingency limits or security constraints that impose post-disturbance
limits and may be substantially different from base case limits. The computational times for con-
tingency constrained OPF are considerably longer than for base-case OPF.

The first paper that extended the Dommel-Tinney OPF formulation to include outage-contingency
constraints into the method to give an optimal steady-state-secure system operating point is Alsag
and Stott [5]. The evolution of CCOPF algorithms follow the same path as the OPF. Linear
programming formulations were presented by Stott at al. in [86] and [87]. Linearized CCOPF is
particularly well suited for the contingency framework, since it is very easy to modify constant real
matrices to account for line outages, a process that will be explained and thoroughly exploited in
Chapter 4.

In a CCOPF algorithm, more often than not, more expensive generators have to be dispatched
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and less expensive generators set to lower output in response to a contingency. Therefore, as in
real life, an increase in security comes with an increase in cost of operation. Nonetheless, operating
cost can be controlled to some extent by corrective actions. In that respect, the CCOPF can be

formulated on two ways:

e so called safe or preventive contingency constrained OPF, which does not allow any reschedul-

ing of controls in response to contingency;

e CCOPF with corrective rescheduling, which allows control actions shortly after the occurrence

of the contingency

Corrective rescheduling is accomplished by means of fast-acting control actions taken before the

slow control actions. Examples are:

e fast-acting controls: synchronous machine speed governors, synchronous machine excitation,

load shedding, etc.
e slow-acting controls: transformer taps, area interexchange control, etc.

By considering the corrective action formulation, (1.4) is expanded to include so-called ramp-

rate constraints or coupling constraints of the general form:
B, u0) < 0

These constraints recognize that the range of adjustment of certain controls is determined by their
setting at the time of the contingency. They act as a “bridge” between the base and the post-

contingency case. In the algorithm they are modeled as box inequality constraints:
A<u—u, <A w=1,...,.K

where A and A are lower and upper ramp-rate limits. The ramp rate of generators is usually
defined as a percentage of generator capacity (i.e., 10% to 15%) The idea of control actions was
first presented by Stott and Hobson in [86] in the LP framework.

An excellent simple example of corrective economic dispatch is given by Monticelli et al. in [58].
It has been shown that corrective methods provide the same level of security as preventive methods
but with the lower operating cost. In [58] the mathematical framework in which corrective CCOPF

was solved based on Bender’s decomposition.
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It is important to understand that control actions that are essential for economic rescheduling
are both active and reactive. Many times the contingency reactive constraints impose a cost penalty
on MW dispatch. An example that emphasizes this important point is given in [3]. As in the OPF
framework, active set methods are employed; in CCOPF, they consume a significant part of the
running time of the algorithm.

Stott, Alsa¢ and Monticelli [85] provide a comprehensive treatment of all aspects of security
analysis in the CCOPF framework.

For quite some time, the practice has been to optimize for single contingencies. Also the philos-
ophy of CCOPF employed in practice has been preventive control rather than corrective. That is
the way locational marginal prices are determined. One of the requirements of the new market is
to handle a large contingency list and to identify critical contingencies in it. Screening and rank-
ing multiple contingencies becomes a complicated task. New situations need development of new

algorithms, and we will address that issue and propose a solution using importance sampling.

1.2.6 CCOPF in Today’s Market

Since the OPF is a problem that combines engineering constraints and economic objectives
for system operation, it has paramount importance in today’s market. Many economic quantities
like Locational Marginal Prices (LMP), congestion charges, and so on are derived from the OPF
algorithm.

In a rapidly changing restructured power industry, market participants need to use the results
of CCOPF in order to become more competitive. Extensive OPF simulations are performed by
ISOs to anticipate worst-case system problems. Most abnormal voltage conditions are anticipated
off-line by contingency screening algorithms, and solution of CCOPF is supposed to prepare for the
worst-case contingencies.

Locational Marginal Prices are obtained directly from the solution of any OPF calculation.
OPF-based algorithms are also used to access the cost of transmission congestion which emerges as
the difference in energy prices between locations connected by a line whose flow has hit its limit.

One of the most difficult tasks on the road toward efficient transmission is the problem of
managing and valuing uncertainties. In the past, reliability-related uncertainties have been managed
in a somewhat conservative, preventive way. Those costs were distributed on a pro rata basis to all
customers. Uncertainties are not just system related as in the past. In today’s market it is hard to

distinguish between system-related and market-related uncertainties. For example, is a generator
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unavailable due to maintenance or because its owner does not want to participate in the marked

since the price is too low [42]7

1.2.7 CCOPPF - our research direction

The operation of a large interconnected system to ensure reliable operation at minimum cost
is a very complex problem. The objective is designing an algorithm that will be able to handle
multiple-contingencies in computationally and economically efficient manner.

Part of this dissertation presents the sequential quadratic programming technique applied to
CCOPF [69], combined with the method of importance sampling in order to solve the stochastic
OPF. It is widely recognized that it is impossible to model all possible contingencies. Instead,
we employ Monte Carlo importance sampling techniques to obtain an estimate of the expected
value of multiple-contingency operating costs. Recent blackouts warn us that there is a need for
clever stochastic algorithms able to assess multiple outage scenarios having potentially catastrophic
consequences. The objective in importance sampling is to concentrate the random sample points
in critical regions of the state space. In our case that means that single-line outages that cause the

most “trouble” will be encountered more frequently in multiple-line outage subsets.

1.3 Contents

This dissertation is organized in six chapters that are divided into two main parts. The chapters

are:
1. Introduction
2. Power System State Estimation via Globally Convergent Methods
3. Newton-Krylov Methods in Power System state Estimation
4. The Use of Importance Sampling in Stochastic OPF
5. A Formulation of the DC Contingency Constrained OPF for LMP Calculations

6. Conclusion and Future Work

The first part presents further improvement in state estimation (Chapters 2 and 3), and the sec-
ond part treats several implementations of CCOPF in a stochastic multiple contingency framework

and LMP calculation under multiple contingencies (Chapters 4 and 5).



31

In Chapter 1 we presented a general overview of power system state estimation and contin-
gency constrained optimal power flow, a motivation for further research into more reliable
computational tools, and present an historical review of the formulations and methods em-

ployed for both problems.

In Chapter 2 the theory and implementation of the TRM method and critical implementation
points are addressed and the algorithm is developed. The performance of the TRM method

is tested on the standard IEEE network cases and results are discussed thoroughly.

In Chapter 3 power system state estimation is solved by one of the most robust Krylov

subspace methods for solving least-squares problems, the so-called LSQR method.

In Chapter 4 sequential-quadratic programming (SQP) contingency constrained optimal power
flow is combined with the method of Monte Carlo importance sampling in order to solve the

stochastic optimal power flow.

In Chapter 5 we develop LP-based CCOPF formulation that can efficiently handle multi-
ple contingencies. The novel formulation can be used in importance sampling framework to

produce an estimate of LMP-based congestion price of multiple contingencies.

In Chapter 6 presents a brief summary of this research and a discussion of possible future

work.
The Appendix A provide the network test cases that are used throughout this research.

The Appendix B covers important theorems used for the reduced problem formulation in the

Chapter 5.
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Chapter 2

Power System State Estimation via

Globally Convergent Methods

2.1 State Estimation - Problem Formulation

Power system state estimation (PSSE) is an algorithm for determining the system state from a
model of the power system network and redundant system measurements. Here we will describe a

basic state estimation algorithm. The state estimation nonlinear measurement model is defined by:

z="h(x)+e
where:
z m-dimensional measurement vector;
x n-dimensional (n < m) state vector (of voltage magnitude

and phase angle);

h(z) nonlinear vector function relating measurements to states (m-vector);

€ m-dimensional zero mean measurement error vector;
m number of measurements;
n number of state variables.

The problem is to determine the estimate x that best fits the measurement model. The static-state
of an N bus electric power network is denoted by x, a vector of dimension n = 2N — 1, comprised

of N bus voltages and N — 1 bus voltage angles. The state estimation problem can be formulated
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as a minimization of the weighted least-squares (WLS) function problem

1
min J(z) = = (2 — h(x))T R! (z — h(x)) (2.1)
rxeR™ 2
or in terms of the residual vector
. _ Lt
in J(z) = 5" R™'r

where r = z — h(x) is the residual vector; the nonlinear measurement function is defined as h(x) :

R"™ — R™

B () Zm
and R is a weighting matrix whose diagonal elements are often chosen as the measurement error

variances, i.e.

R=F{e-e'} = e R™M
o

The problem defined by (2.1) is solved as an unconstrained minimization problem. An algorithm

for such an unconstrained minimization problem is an iterative numerical procedure in which the

objective function J(x) is approximated usually by a quadratic model.

Efficient solution of unconstrained minimization problems relies heavily on some type of New-
ton’s method. Newton’s method has a central role in the development of numerical solution for
unconstrained minimization problems. The type of Newton’s method of most interest here is the
Gauss-Newton method. There are two equivalent ways of defining it.

In the first approach, we linearize the nonlinear vector function h(x) using Taylor series expan-

sion
h(z + Azx) =~ h(z) + H(z)Ax

where the Jacobian matrix of dimension m x n is defined as:

Oh1(x) o Oh1(x)
ox1 O0zn
H(z) = SR e R™XT
Ohm () o Ohm ()

o1 OTn



34

and then obtain the linearized least-squares objective function

J(Az) = % (z — h(z) — H(z)Az)" R7' (2 — h(z) — H(z)Ax)

J(Az) = = (r(z) — H(z)Az)T R7Y (r(z) — H(z)Az).

N | —

The first-order necessary condition yields?

0J(Ax) T p—1
——t = _H — HAz) =
AL R (r x) =0

which results in the well known normal equation
H'R'HAz = H'R 'y

In the second approach, given a starting point z., we construct a quadratic approximation m.

of the objective function J(z.) that matches the first and the second derivative values at that point
1
me(ze + 5) = J(ze) + VI (2)s + 5.STVQJ(IC)S

Then we minimize the approximation (quadratic function) instead of the original objective function.
Therefore, the first-order optimality condition is

ome.

ox =0

Finally, the normal equation is of the form

V2 (z1)s = =V J ()
where

VJ(ze) = —HT'R r
and the Hessian matrix V2.J(z,) is defined as:

V2J(xe) = H'RTH + Y ri(2e)V7r;
1=1

K

The estimates are usually solved by Newton’s method which computes the state corrections s

at each iteration by solving:

V23 (2*)s = —VJ(zF)

oFtl = gk + s

*We will write H(z) as H in order to simplify the notation
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for k=0,1,2... until convergence is attained.

In Newton’s method, the Hessian matrix is computed exactly. K denotes the second-order
information in V2J(x.), which is often neglected in practice to avoid additional evaluation of m
n x n Hessians. Moreover this term may produce an indefinite V2.J which will ultimately lead to
the Newton step being in a non-descent direction. Hence, the symmetric approximation of V2.J(z)

given by
V2J(z.) ~ H'R™'H

is used. HTR™'H is called the Gauss-Newton Hessian. Consequently, by neglecting K in the
method, we obtain the Gauss-Newton method as opposed to the full Newton’s method. The dif-
ference between the two methods is that V2J(z) contains second order derivatives of h(x) in the
Newton method whereas these terms are not present in the Gauss-Newton method. Using the first
approach, linearizing the nonlinear measurement function h(x), the Gauss-Newton method is ob-
tained right away, whereas using the second approach second order derivatives must be explicitly
neglected. It has been shown by Van Amerongen in [92] that in practice, the impact of the second
order derivatives is negligible when applied to PSSE. In what follows, we will restrict our attention
to the Gauss-Newton method developed using the second approach.

When the Hessian V2J(z) (or its approximation) is nearly singular, applying the Newton
method can produce a huge step that is often not in a descent direction. This can produce conver-
gence failure. A descent direction for J(z) at € R" is a direction s € R™ at which the condition
VJ(x)Ts < 0 is satisfied. This condition will be tested in our algorithms as an indication of whether
the method is heading in the right direction. One should always keep in mind the very important
fact that the Newton step (s™ = —V2J(z)"'V.J(z)) is guaranteed to be a descent direction if
and only if V2J(x) is positive definite. The Gauss-Newton step is —(HT R~*H)~'VJ(x), which is
a descent direction as long as H is full-rank. We know that a stationary point is a minimizer if
V2J(z) at that point is positive definite. In general in Newton’s method, V2J(z) may not be posi-
tive definite during the iteration process and as a consequence Newton’s method is not necessarily

a descent method. Newton’s algorithm is outlined in Alg. 1.

2.1.1 Orthogonal transformation

The state of the art in PSSE algorithms is either orthogonal factorization (QR factorization

via Givens rotations) with ordering or the sparse tableau method (which is based on constrained
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Algorithm 1 Newton’s algorithm
given an initial x

until termination do
while |VJ(z)|| > € do
evaluate V2J
solve V2Js = —VJ(x)
r—x+s

end while

optimization). In this section we choose to cover QR factorization in detail particularly since we
will use it in performance comparisons. Also globalized Newton’s methods will be based on QR
factorization.

The iterative equations using the Gauss-Newton method have the form:
(HT@#ﬂ?4fuxﬂ)s:;HTu$ﬂrﬁ(z—wuxﬂ) (2.2)
Mt =gk s
Equations (2.2) are the so-called normal equations of the weighted least squares problem. In the

above equation the term G = HT R~1H is the so-called gain (information) matrix. Since the normal

equations involve squaring the H matrix, the accuracy depends on the condition number of H,
ka(G) = k3(R™V2H)

While the normal equations can be solved using several methods, the numerically most stable
method is the orthogonal transformation method [93] which will be used in comparison analysis as
well as in developing the trust region method. Orthogonal factorization methods are very desirable
because they do not magnify roundoff or any other kinds of errors due by avoiding building the

gain matrix H7 R~'H. The normal equations can be rewritten as:
HT'R'V?R'V?Hs = HTR'V2R™'/2 (2 — h(2))
Define

H, = R Y?H

ro = R7Y?(z—h(z)).
Then the normal equation can be written as

HIH,s=Hlr, (2.3)
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Orthogonal transformation avoids squaring the H,, matrix by applying QR factorization to the

weighted Jacobian H,,
H,=Q"U

where @ is an orthogonal (m x m) matrix (@@T = I) and U is an upper trapezoidal (m x n)

matrix. Applying orthogonal transformation to (2.3) will result in

7G0T = U7 Gr,

Us = @rw
This equation can be solved in two steps:

y = Qry

where:
Q (n x m) orthogonal matrix Q = (QT Q)7
U

(n x n) upper triangular matrix U = (U7  0)7;
r  residual vector (r = z — h(h));
r, weighted residual vector (r,, = R~1/?r),
The solution algorithm described above will be called Newton-QR throughout the rest of this

dissertation.

2.1.2 Test Results

The Newton-QR algorithm based on Givens rotations has been implemented in MATLAB to-
gether with the Tinney 2 ordering scheme [93] and tested on standard IEEE system cases [90].
At this point, we will show that under normal assumptions on the measurement noise level the
Newton-QR method performs reliably. We will also show cases where the Newton-QR, is unable to
find a solution. We will test the same cases with the trust-region method.

Besides the first-order necessary condition for optimization, or the fact that the gradient should
vanish at the minimizer (V.J(x) = 0), we observe the following parameters: the objective function

J(x), the norm of the step |/s||, and the descent direction condition V.J(z)Ts < 0. As the iterative
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process proceeds, the objective function and the step length should decrease. The descent direc-
tion criterion, which indicates whether the iteration process is heading in the right directions is
straightforward to check by examining V.J7 (z)s < 0.

The first case consider the measurement set for the IEEE 14-bus network shown in Fig. A.1
on page 134 in the Appendix A. The performance is shown in Fig. 2.1 and in Table 2.1. The
second case is the IEEE 30-bus system with the measurement set shown in Fig. A.2 page 136 of
the Appendix A. Convergence of this case is shown in Fig. 2.2 and Table 2.2.

One can see that QR performs reliably in both cases. Moreover, Newton-QR was able to solve
successfully many situations with a single topology error.

A single topology error in the IEEE 14-bus system can prevent convergence of the Newton-QR
method. The measurement set described in Appendix A Fig. A.3 on page 137 is one such example.
Behavior of the first-order necessary condition during the iteration process is shown in Fig. 2.3.
Observing other parameters in Table 2.3, one can see that in iterations 1,4, and 5 the algorithm
does not head in the descent direction: V.J” (z)s > 0. Steps in the descent direction reduce both

the objective function and the step norm.

log(10 IX)IN)

Number of iterations

Figure 2.1: Convergence of the Newton-QR State Estimator for the IEEE 14-bus test case

2.1.3 Orthogonal transformation - Remarks

Although the numerical stability of solving the normal equation plays an important role in the

overall algorithm, it should be regarded as just one of the goals in building robust state estimator.



Table 2.1: Newton-QR State Estimator applied to the IEEE 14-bus test case
’ # of iteration ‘ J(z) \ IIsll
1 3933.85 0.9118
64.551 0.0771
12.26155015334864 | 3.8156 - 10~*
12.25774142035936 | 1.1243 - 106
12.25774142086011 | 7.4052 - 1079
12.25774142357370 | 5.9328 - 107!

S O = W N

log(l10 IX)IN

2 3 4 5 6 7 8
Number of iterations

Figure 2.2: Convergence of the Newton-QR State Estimator for the IEEE 30-bus test case

Table 2.2: Newton-QR State Estimator applied to the IEEE 30-bus test case
| # of iteration | J(z) | [l

1 3750.167 1.5046
52.803 0.0840
7.91856500700121 | 2.00 - 103
7.89153387383260 | 2.2860-107°
7.89154236506929 | 2.3420-10~7
7.89154217042462 | 4.2913-107°
7.89154217376090 | 7.0944-10~ 1
7.89154217370184 | 1.2465-10712

00 = O U i W N
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log(10 I
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Figure 2.3: Newton-QR State Estimator applied to the IEEE 14-bus test case, the non-converging
case

Table 2.3: Newton-QR State Estimator applied to the IEEE 14-bus test case, the non-converging
case

’ # of iteration ‘ J(x) ‘ IIsl ‘ vJT(2)s ‘
1 3.8881-10% | 56.5160 | 5.7048 - 100
1.3418 - 1010 | 19.2814 | —3.5647 - 10”
0.8887 - 10% | 12.2159 | —1.8289 - 108
2.6988 - 107 | 10.2250 | 586.1503
15.8857 76.9153 | 1.9210 - 10!
3.7584 - 1010 | 24.4886 | —9.7947 - 10°
2.7010 - 10° | 14.0975 | —6.7856 - 108

N O O s W N
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If the gain matrix VJ? of the normal equation is not positive definite, Newton’s method may
produce a huge step that is not in a descent direction, independent of the numerical conditioning
of the matrix.

In the Gauss-Newton method the gain matrix HT R~'H is always at least positive semi-definite.
It fails to be positive definite if and only if H is rank deficient, in which case the gain matrix is
singular, i.e., “infinitely” badly conditioned. The Gauss-Newton step can fail to be descent direction

only if ill-conditioning results in excessive numerical error in the computed step.

2.2 Globally Convergent Methods - Introduction

The roots of the trust region algorithm methods lie in the pioneering work of Levenberg (1944)
and Marquardt (1963) for nonlinear least squares problems. They first noticed that when the Hessian
is not symmetric positive definite (SPD) in Newton’s method, the method may not converge. Adding
positive elements (the Levenberg-Marquardt parameter) to the diagonal was suggested. Although
the criteria for selecting the Levenberg-Marquardt parameter were not theoretically sound, the idea
was the foundation for work by Moré [59].

Newton’s method works very well when the initial guess is near the solution. An overview of
the Newton’s method can be found in many references, e.g., Moré and Sorensen [61]. But what
happens when we are not in the situation to provide a close initial guess? One idea is to augment
Newton’s method with “globalization”. Globalization of Newton’s method increases the likelihood
of convergence from an arbitrary initial guess. Convergence cannot be guaranteed even with glob-
alization.

Recall the properties of Newton’s method:

1. the iterates may diverge if x( is not near the solution

2. as x, — x, convergence is usually quadratic (very fast)

3. each iteration requires evaluation and factorization of V2.J
4. convergence is only local

5. numerical difficulties may arise if V2.J is ill-conditioned

The major strength of the Newton’s method is its quadratic convergence near the solution. Before

considering particular globalization methods, we describe the general structure of the globalized
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Newton’s method [96]

1. Begin with initial trial step (Newton step)
2. Test for adequate progress

3. Modify if necessary to get a new trial step; return to the test

This dissertation will present a new approach for solving power system state estimation based on
a globally convergent modification of Newton’s method using trust region methods. The objective
is to provide a more reliable and robust state estimator, which can successfully cope with all kinds
of errors (bad data, topological, parameter) faced in power system models.

There are two issues which a robust state estimation algorithm must be able to overcome.
One of them is the numerical ill-conditioning problem which is solved quite successfully with QR
factorization; the other is the convergence problem induced by data errors. When the system is ill-
conditioned it will manifest itself in the form of slow convergence or failure to converge. Orthogonal
transformation methods are more numerically stable than other methods. By applying them, the
issue of ill-conditioning is mitigated. But even this algorithm can suffer from non-convergence in
the face of faulty data. This dissertation is an attempt to remedy the second issue.

While there is no way to ensure that iterates will always converge to a solution of every problem,
our motivation was to implement more “successful” methods to the power system state estimation
problem in order to improve convergence in the presence of model errors. The approach we will
present is well known in the field of numerical optimization. It consists of two globally convergent
methods, the line search (backtracking) method and the trust region (restricted step) method. The
trust region state estimator was first presented in [70]. We will provide a theoretical framework for
both global methods and analyze them on standard TEEE network test cases. The backtracking
method is included for completeness although it has not proved as reliable a global method as the
trust region method, which will be our main concentration. Strong theoretical support as well as
practical efficiency and robustness are the strong arguments supporting the trust region method
for power system state estimation.

The standard technique for solving state estimation problems is to apply the Newton or Gauss-
Newton method. While Newton’s method has superior convergence properties when the starting
point is near the solution, its disadvantage is possible convergence failure on problems that are very
nonlinear. Whereas in the Gauss-Newton method very large residuals are the major issue that can

prevent convergence. which are common in power system state estimation. All global algorithms
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include calculation of the Newton step, because the strategy of the global methods is to apply the
Newton step whenever possible. Certainly any global method will end up using Newton’s method
near the solution to exploit its fast local convergence rate.

The trust region method allows more control of the step calculation. The trust region is that
region in the problem space in which we can trust that a quadratic model is an adequate model
of the objective function. The measure of progress is the diameter of the trust region § which is a
controllable quantity; it can be expanded or reduced based upon how well the local model predicts

the behavior of objective function.

2.2.1 The Backtracking (line search) Method

We will now explore the line-search way of modifying the Gauss-Newton step to obtain steps
that satisfy acceptability criteria. The backtracking idea can be stated as: initially try the Gauss-
Newton step; if a step is not acceptable, shorten it as necessary until an acceptable step is found.

Line search iterative algorithms for finding a minimizer of J(x) are of the form:
"t = 2k 4 0s

for a given trial step s. The choice of § ensures convergence criteria J(z**1) < J(2*); under section
2.2.3 on page 49, we will stress more strict convergence criteria which will hopefully force the
sequence into a neighborhood of a local minimizer. The reduction with 6 € [0in, Omaz| is the so

called “safeguarded” backtracking method [94].
o 0 < 0,4, ensures that the backtracking (inner) loop will terminate with an acceptable step;
o 0 > 04, ensures that steps will not be excessively small, producing poor convergence

The choice of 0,5, and 0,4, is arbitrary and problem dependent. We have used values suggested
in [24] for practical implementations, €, = 0.1 and 6,4, = 0.5. Our experience has been that the
use of larger values for 6,,,, usually resulted in a larger number of inner loop iterations.

In choosing 0 € [0pin, Omaz], We minimize a one dimensional quadratic/cubic interpolating

polynomial p(#) satisfying following constraints:
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The quadratic polynomial interpolating the above points is:

p(6) = [p(1) — p(0) = p'(0)] 6% + p'(0)6 + p(0).
The minimum of the above polynomial is

—p'(0)
2[p(1) = p(0) = p'(0)]

If J(x* +5) does not satisfy the convergence criterion, subsequent reductions can be either quadratic

f =

or cubic interpolations. The proposed algorithm implements cubic subsequent interpolates; more
detail can be found in [24].

In the inner loop, besides the one dimensional quadratic minimization, we need only to evaluate
the objective function which does not require much computational effort.

Shortcomings of the backtracking approach include:

e While sometimes successful, the backtracking strategy has the disadvantage that it makes no

further use of the n-dimensional quadratic model.
e Many step-length reductions may be required, entailing unproductive effort.

e The step may achieve relatively little reduction in the objective function, compared to other

steps of the same length but in different directions.

As we saw, an unsatisfactory Newton step indicates that our quadratic model does not adequately
model the objective function in a region containing the full Gauss-Newton step. The question arises:
What is the region in which we can trust that the quadratic model is able to represent our objective

function correctly? The trust region method is an attempt to answer this question.

2.2.2 Trust Region Method

As mentioned, our prime focus will be on trust region methods. The trust region method is
a robust implementation of the algorithm whose origin lies in the work of Levenberg [53] and
Marquardt [54]. A general trust-region-based algorithm is of the following form.

Minimize the local quadratic model m, of objective function J(x) over the region of radius &

centered at z.

1
min  me(z. 4+ 8) = J(xe) + VI (2)s + §STV2J($C)S

subject to: ||s|| <6 (2.4)
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where:

Me quadratic model of the objective function reduction;
0 trust region radius;

VJ(xz.) gradient of objective function;

V2J(x.) Hessian (or approximation);

111l 2-norm throughout.

The trust region algorithm can be outlined as follows:

e choose a step s according to (2.4);

check if sufficient reduction in objective function is achieved by the model;

if the step is not acceptable, reduce § and try again;
e once an acceptable step has been found, adjust ¢ for the next step.

The calculation of the step between iterates requires the solution of the above locally constrained
minimization problem. Applying the Lagrange multiplier method to (2.4) will produce the following

solution with p as the multiplier corresponding to the trust region constraint:

(V2T + pl) s(u) = =VJ

such that ||s||=9¢
Considering the Gauss-Newton case the above equation will have form:

(HTR_lH + ul) s(p) = HTR™ (2 — h(x))

such that [|s(u)|| =9 (2.5)

The first equation in (2.5) can be rewritten in following form:

R Y2H
( HTR—1/2 u1/2I ) . L g(,u) = HTR_IT (26)
pt2r

The solution process applies QR factorization to the following matrix:

= QL Uy (2.7)
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Since we already have factored the upper block matrix, it is only necessary to process the additional
diagonal elements. This property is particularly appealing if we need several iterations. We calculate

the trust region step in a very similar way to the Gauss-Newton step
UL Ups(pn) = UL Qry. (2.8)

The right hand side is calculated once in the outer Newton iteration, while Uy is calculated by

rotating /27 into U. Finally, the step is calculated by forward /backward substitution.

curve s(u)

Figure 2.4: The curve s(u)

The s(p)-curve {s(p) : 0 < p < oo} is defined by
s(u) = [H"R™"H + puI] " HTR "7,
As shown in Fig. 2.5, it traces out a differentiable curve of the trust region steps. ||s(u)|| is monotone
decreasing in p, with
o limy—o [s(p)ll = [|s™]]

o limy oo ||s()]] = 0

A fundamental practical difficulty is that due to the nonlinear constraint, there is no direct
method for solving equation (2.5); thus we cannot determine exactly an s(u) such that ||s(u)|| = 9.

Therefore our task is to determine an adequate approximation at a reasonable cost. We will use
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the approximate method (“hook” step) suggested in [24], [59]. The idea can be outlined: determine
s = s(p) exactly for pu such that ||s(u)|| is approximately §. One implementation formulation would
be to find an approximate solution to the following scalar nonlinear equation for some strictly

positive value of u:

() = ls(w)]| =5 = 0. (2.9)

Since there is no need for great accuracy, we will use the recommendation in [24] (Fig. 2.5) to

terminate iterations as soon as

3
25 < sl < 50

Do o

although some other values are possible. The key point is that it does not influence the number of

Figure 2.5: Calculation of trust region step

iterations needed to solve (2.9), usually no more than 2. Solving ®(u) = 0 is a scalar zero-finding
problem in u. Although one might first consider using Newton’s method to solve this problem, it
can be easily shown that it may not perform very well due to the structure of ®(u). As suggested

in [61], ||s(u)||* can be written in the form

n

_ Vi
Isl” =3 5

i=1
where A1,...,\, is the spectrum of HT R~ H. Since ||s(u)||? is a rational function in u and has
second order poles at —Aq,...,—\,, Newton’s method tends to perform poorly when the solution

is near —\;, for i = 1,...,n. However, this does not present a problem in our case since yu > 0 and
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Ai > 0 for each i. Fig. 2.6 shows the function ||s(u)||?> with the assumption of symmetric positive

definite Hessian HT R~ H with eigenvalues A\; > Ag > -+ > \,.

4 s

s =&°

|
|
i
\Jor =
|
|
|
|
|

Figure 2.6: Sketch of ||s(u)||?

Several possible implementations have been proposed for solution of (2.9). We will discuss the
one presented in [24] which suggests using a local model of the form according to the structure of
the previous equation:

Be + p

qe(fe)

C

with current values of a. and . that are changing in the inner iterations and calculated easily from

the following initial conditions:

qe(pe) = ®(pe)

qg(ﬂ«:) = CD/(,u,C).

Therefore, p is calculated so that g.(u) = 0 which will ultimately result in the following iterative

process:

[s()ll P (pe)
dc ' (pae)

fhet1 = e +

The above iterative process must be safeguarded in order to converge; we specify upper and lower
limits according to [24], [59]. Since each evaluation of ||s(u)| requires the solution of a system
of linear equations (2.8), it is crucial to solve this problem in a few iterations. A very important
property is that the number of iterations required to determine an acceptable value of u is very
small (one to two iterations) because the iteration process itself is based upon the rational structure

of ®.
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2.2.3 Criteria for Global Convergence

One of the serious drawbacks of Newton’s method is that in its pure form, it does not neces-
sarily produce a descent direction. Therefore, it is crucial to distinguish between “successful” and
“unsuccessful” iterates. When applying the pure Newton’s method, as seen in Alg. 1, we just as-
sume that the sequence of iterates will ultimately converge to the solution, without any testing. It
will be shown that, in the presence of certain network topology errors, Newton’s method does not
converge. In developing both the backtracking and the trust region algorithm, we will introduce
a criterion for global convergence, i.e., a step-acceptance rule, as a criterion for the sequence of
iterates to converge to a solution.

There are several alternative criteria for a step-acceptance rule. A simple condition that requires
J(xF*1) < J(2F) does not guarantee that the sequence of iterates will converge to a minimizer.
There are examples in [24] that show how the condition J(z¥*!) < J(z*) can be satisfied but the
iterates still fail to converge to a minimizer. Therefore, we need stronger convergence conditions.

The most widely used rules are:
1. Goldstein-Armijo
2. ared/pred

The Goldstein-Armijo conditions are defined as follows: For 0 < a < # < 1 and a descent direction

s, (i.e. s € R™ is a descent direction for J(z) at x € R" if V.J(x)Ts < 0)

J(z+5) < J(x)+aVJ(z)s alpha condition

VJ(x+s) s> pVJ(x)s beta condition

The condition 0 < o < 3 < 1 ensures that there exists a step that satisfies these conditions. In a
global optimization framework, the Goldstein-Armijo conditions were suggested in [24]. When ap-
plied to our problem, the results were not encouraging. Many times the iteration process stagnated.

The second test, and the one we have used, is known as the ared/pred criterion. This criterion

requires:

ared >t - pred
ared = J(x.) — J(xc + 3)

pred = J(zc) — me(ze +8) = —VJ ()" s — %STHTRAHS
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where:

ared actual reduction in J(x);
pred reduction in J(x) “predicted” by the local quadratic
model m.(z) of J(x);
t €(0,1) wusually ¢ is very small so a step could be accepted if
there is minimal (but still adequate) progress [94].
ared/pred criteria for the trust-region algorithm were suggested in [60]. ared/pred criteria were
much more reliable when applied to our problem. Hence we decided to implement them in our
algorithm.

The step-acceptance rule determines whether the trial step is accepted or not. If the trial step
is unacceptable, the trust region will be reduced in an inner loop and minimization of the same
quadratic function performed on a smaller trust region radius. The reduction factor 6 is determined
by minimizing the one-dimensional quadratic model interpolated between J(z.) and J(x.+ s). We
do not want to decrease the trust region too much; therefore, there will be imposed lower 6,
and upper 6,4, limits on the reduction factor. While values for 6,,,, and 0,,,, can be chosen
arbitrarily, often (as suggested in [24]) the choices are 0.1 and 0.5 respectively. After the new trust
region is determined the algorithm returns to the approximate solution of the locally constrained
minimization problem.

According to the above criteria, specific rules will be designed for revising and maintaining the
trust region radius 6 during the iteration process in an outer loop.

There are three cases of interest. The first is when there is excellent agreement between J(x)
and local quadratic model, the second case is when the agreement is acceptable, and the third case
is when the agreement is poor.

Updating of the trust region radius is done as follows:

505 i el
pred
d«— 0 if v < ared U
pred
seop i e
pred

Values of u and v recommended in [24] are u = 0.75 and v = 0.1. Other values may be considered

as well.



o1

2.2.4 The backtracking algorithm

The backtracking algorithm [94] is outlined in Algorithm 2.

Algorithm 2 Backtracking algorithm
given t € (0,1) and 0 < Opin < Opax < 1

evaluate J(z), VJ(x)

Iterate
while ||VJ(z)| > € do
calculate s (Gauss-Newton step)
evaluate J(x + s)
while ared < t - pred do
choose 6 € [Omin, Omaz]
update s « 0s
re-evaluate J(x + s)
end while
update = <+ x+s, and J(z) «— J(x +s)
evaluate VJ(z + s) and update VJ(z) «— VJ(z + s)

end while

As we initially mentioned in section 2.2.1 on page 43, our backtracking algorithm is “safe-
guarded” so that it terminates in a finite number of steps. Simulation results have shown that the

number of inner (backtracking) iterations was usually very small (2-3) and never exceeded 6.

2.2.5 Trust Region Algorithm

The basic trust region algorithm is outlined in Algorithm 3

2.2.6 Simulation Results

In practice there are several reasons for the failure of the state estimator, even when it is based
on the orthogonal transformation method. Among the reasons for convergence failure are very large
measurement errors, parameter errors and/or topology errors. We have investigated the effect of
topology errors on convergence. These types of errors are very severe because they affect several
local measurement residuals. Residuals produced by these errors can cause the state estimator to

fail to converge to a solution even when one exists.
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Algorithm 3 Trust Region Algorithm

given t € (0,1), 0 < Omin < Omaz <1, 0<v<u<1 and § >0
evaluate J(z), VJ(x)
Iterate
while ||VJ(z)| > € do
calculate s
s(u) = — (HTR™H + pI) ™" HTR™'(z — h(x))
such that |[[s(p)]| =4¢
evaluate J(z +s), me(x + s)
while ared < t - pred do
choose 0 € [Omin, Omaz]
update § < 6§
calculate a new s
s(u) = — (HTR™YH + pI) "' HTR™L(z — h(x))
such that ||s(u)]| =46
re-evaluate J(z + s), mc(z + s)
end while
update = <z +s, and J(x) — J(xz +s)
if ared > u - pred then
d— 20
else if ared < v - pred then
d—4/2
else
same 0
end if
evaluate VJ(z +s) and update VJ(z) «— VJ(x + s)

end while
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The trust region and backtracking algorithms were tested on several IEEE test systems. The
Gauss-Newton algorithm presented in the convergence comparison is based on the orthogonal trans-
formation method (QR factorization). The first scenario is a very common case in which we already
saw the non-convergence caused by a single topology error in Fig. 2.3. This case is investigated on
the IEEE 14-bus network with measurement set presented in Fig. A.3 on page 137 in Appendix. A
single topology error (line 12 out) was simulated. A dashed line branch denotes a topology error in

which we assume that the line is out when it is actually in.

Trust-region method

log(/IC I

0 2 4 6 8 10 12
Number of iterations

Figure 2.7: Convergence of the Trust Region State Estimator for the IEEE 14-bus test case

First we will present successful solution by the trust region method. Results are shown in Fig. 2.7
and in Table 2.4 and Table 2.5. It has to be pointed out that there is no need that V.J(z) converge
very accurately to obtain meaningful results. One has to keep in mind that voltage magnitude is
estimated in per-unit and that accuracy of the gradient V.J(z) of 10~* is sufficient for practical
purposes. Besides the parameters already discussed, we added the number of inner iterations to
Table 2.4, to indicate the cost of the method. One can notice that the method is constantly in
descent direction (V.J7(z)s < 0) as opposed to Newton-QR presented in Fig. 2.3. The number of
inner iterations is not excessively large, and the method is performing plain Newton’s iterations
near the solution.

In Table 2.5 we compare estimates obtained by the trust region method with the exact solution
which was provided by the test case in [90]. Branch 12, that is modeled out when it is actually

in, is connected between buses 6 and 12, as seen in Fig. A.3 in Appendix A. It is to be expected
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Table 2.4: The IEEE 14-bus test case: Trust region method iteration process

| # of iter. [ J(z) | [Is] | VJ  (2)s | # of inner iter.
1 3.8881-10° 0.8949 —7.7652 - 103 3
2 50.2372 2.3001 -95.5471 2
3 5.6373 0.1302 -6.2520 3
4 2.69719653128881 | 0.0736 -0.3752 2
) 2.52886228627499 | 0.1467 -0.0397 1
6 2.51570907143946 | 0.0527 -0.0125 2
7 2.50974212747101 | 0.0175 —8.4643 - 10~* 2
8 2.50930135450266 | 0.0158 —4.8502-107° 2
9 2.50927238291790 | 0.0076 —9.5334-1076 2
10 2.50926775714393 | 7.6225-10~* | —1.9599 - 10~7 2
11 2.50926768735649 | 7.6223-10~* | —5.2979- 1078 1
12 2.50926766478838 | 1.1572-10~* | —1.5051 - 10~ 0

that voltages at those two busses are not estimated very accurately. While the voltage at bus 6
is estimated relatively close to the solution one can see that the voltage phasor of bus 12 has an
excessively low and unrealistic value, indicating either measurement or topology error.

Besides estimating the state of the system, SE is able to identify bad data. Bad data identifi-
cation is the process of identifying noise corrupted measurements. and is conducted by performing
normalized residual test (rV-test). At this point we will state the basic idea behind bad data analy-
sis, we refer the interested reader to either [1] or [57], where detailed treatment of bad data analysis
can be found. Let Z = h(Z) denote an estimate of the measurement vector z, where ¥ is an estimate

of the state vector. The covariance matrix of the estimate of the measurement vector Z is
R:=H(HTR'H) ' HT
The difference between the real measurement and the estimated measurement covariance matrix
W=R—- Rz

is the measurement residual covariance matrix. Therefore, the measurement residuals are normal
random variables with zero mean and covariance matrix W (r ~ N (0, W)). The normalized residuals

for measurement 7 can be defined as

The normalized residual vector 7V is Gaussian random variable with a zero mean and unit variance

(rN ~ N(0,1)). Thus existence of the bad data is identified by comparing the normalized residual
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Table 2.5: State Estimates of the IEEE 14-bus test case solved by the Trust Region Method

Solution Estimates
bus # || V [pu] | 6 [°] V [pu] | 6 []
1 1.0603 | 0.0000 1.0602 | 0.0000
2 1.0451 | -4.9754 1.0450 | -4.9760
3 1.0094 | -12.7012 || 1.0093 | -12.7010
4 1.0192 | -10.3265 || 1.0191 | -10.3267
5 1.0202 | -8.7753 1.0201 | -8.7792
6 1.0697 | -14.2225 || 1.0724 | -13.9884
7 1.0621 | -13.3637 || 1.0621 | -13.3617
8 1.0902 | -13.3537 || 1.0901 | -13.3517
9 1.0561 | -14.9419 || 1.0559 | -14.9034
10 1.0509 | -15.0965 || 1.0513 | -15.0673
11 1.0568 | -14.7905 || 1.0574 | -14.7506
12 1.0548 | -15.0721 || 0.4400 | 13.8980
13 1.0501 | -15.1698 || 1.0500 | -15.0137
14 1.0357 | -16.0368 || 1.0361 | -15.8908

against an appropriate threshold. In our test case, the conducted normalized residual test is depicted
in Table 2.6 where suspicious measurement residuals are printed in red, The network placement of
the suspicious measurements is presented in Fig. 2.8 were is one can see that all of them are in
the vicinity of topology error. Therefore SE will detect topology error can be identified although
indirectly. Combining result in the Table 2.5 and Table 2.6 conclusion is that topology error produce
strange voltage values in incident nodes where and measurements in close proximity have very large
residuals.

A convergence comparison for Gauss-Newton, backtracking and trust region method is plotted
as log (||[VJ(z.)||) vs. the number of iterations for each test case. Fig. 2.9 compares the convergence
of the three methods for the IEEE 14-bus case. It is seen that the Gauss-Newton method exhibits
oscillatory nonconvergence and that the backtracking method stalls, failing to reach an acceptable
solution. The trust region method converges for this test case.

The next case is the IEEE 30-bus network with the measurement set shown in Fig. A.4 on
page 138 in the Appendix A. There are three topology errors indicated.

Fig. 2.10 compares the convergence of the three methods for the IEEE 30-bus case. The con-
vergence behavior for each of the methods is similar to that for the IEEE 14-bus case.

The last case is the IEEE 118-bus network with ten topology errors. One might argue that ten
topology errors are rare in practice; however, such a situation can occur with cascading failures. In

such situations, a reliable state estimator is crucial. Convergence properties are shown on Fig. 2.11.



Table 2.6: The IEEE 14-bus test case: Normalized Residual Test

measurement # H type ‘ bus ‘ line ‘ r rv
1 5 1 0 | -0.0002 | -0.0258
2 1 0 1 -0.0001 | -0.0062
3 3 0 -2 0.0005 | 0.0224
4 2 2 0 | -0.0001 | -0.0099
5 4 2 0 | -0.0002 | -0.0409
6 1 0 5 | -0.0003 | -0.0114
7 3 0 5 0.0004 | 0.0145
8 1 0 -3 | -0.0009 | -0.0531
9 5 3 0 0.0007 | 0.0828
10 4 3 0 | -0.0008 | -0.0888
11 1 0 -4 | 0.0000 | 0.0006
12 3 0 -4 | -0.0004 | -0.0144
13 3 0 -7 | 0.0000 | 0.0020
14 2 4 0 | -0.0001 | -0.0275
15 1 0 -8 | -0.0004 | -0.0350
16 3 0 -8 | 0.0002 | 0.0174
17 1 0 14 | 0.0000 | 0.0293
18 4 8 0 0.0002 | 0.0192
19 ) 8 0 | -0.0001 | -0.0192
20 1 0 -9 | -0.0012 | -0.0386
21 3 0 -9 | 0.0005 | 0.0203
22 5 9 0 0.0001 | 0.0212
23 2 9 0 | -0.0002 | -0.0308
24 3 0 -17 | 0.0023 | 0.0966
25 4 14 0 | -0.0013 | -0.0686
26 1 0 20 | 0.0002 | 0.0326
27 3 0 20 | 0.0001 | 0.0058
28 5 13 0 0.0000 | -0.0083
29 1 0 19 | 0.0388 | 2.2002
30 3 0 -12 | -0.0243 | -0.7693
31 1 0 13 | -0.0185 | -1.8223
32 1 0 -11 | 0.0198 | 1.0751
33 3 0 -11 | 0.0012 | 0.0726
34 5 11 0 | -0.0004 | -0.0575
35 2 10 0 0.0006 | 0.0489
36 3 0 18 | 0.0000 | -0.0488
37 1 0 10 | 0.0177 | 1.2491
38 5 5 0 | -0.0001 | -0.0103
39 2 6 0 0.0186 | 1.8375
40 4 6 0 0.0005 | 0.0883
41 1 0 -16 | -0.0010 | -0.0476
42 2 12 0 | -0.0388 | -1.8944
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Figure 2.8: IEEE 14-bus test case - Topology Error Identification
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Figure 2.9: Convergence comparison for the IEEE 14-bus network with a single topology error.
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Figure 2.10: Convergence comparison for the IEEE 30-bus network with three topology errors.

It can be noticed that in the trust region method the number of iterations varies slightly with
network size. The rate of convergence of the backtracking method in all three cases barely decreased.

In order to show that the rate of convergence is not always as poor as shown in the last three
cases, we examined another test case. The IEEE 30-bus network was considered with four topology

errors, which cause the Gauss-Newton algorithm to diverge (Fig. 2.12).

Convergence comparison (IEEE 118 bus)

12

10 Gauss—Newton

1
Backtracking

LOG of the gradient norm

«~ Trust region

0 5 10 15 20 25 30
Number of iterations

Figure 2.11: Convergence comparison for the IEEE 118-bus network with ten topology errors.

The backtracking state estimator was run for three cases which differ only in measurement noise
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(the noise was modeled as Gaussian). One notices that even small changes of the order of magnitude

of noise can significantly impact the rate of convergence of the backtracking algorithm.

Gauss—Newton method vs Backtracking method

10

Gauss—Newton

Backtracking2
!

1
Backtracking3

LOG of the gradient norm

- Bac:ktracking1

0 5 10 15 20 25 30
Number of iterations

Figure 2.12: Convergence comparison of the Gauss-Newton versus Backtracking method for the
IEEE 30-bus network with four topology errors.

The results illustrate the main advantage of global methods, and demonstrate that trust region
methods can successfully cope with topology error cases where neither the Gauss-Newton method
nor the backtracking method are able to reach the solution.

In terms of computational time, the backtracking method is comparable to the Gauss-Newton
method since the inner loop requires one-dimensional minimization which is fast to obtain even for
multiple step reductions. For the trust region method it is harder to give an exact analysis. The
reason is that one can not predict the number of inner iterations needed per outer iteration. Our
experience has shown that the number of inner iterations for the first six to eight outer iterations is
usually two, while in some rare cases we encountered up to six inner loop iterations. For each inner
iteration, the factorization (2.7) and solution of the linear system (2.8) are needed. A comparison
of computational time for the three methods was not possible since neither the Gauss-Newton nor
the backtracking method converged for our test cases.

In complex situations, like those arising from topology errors, the trust region method turns out
to be very successful and it is rare that a solution is not found. As in any other numerical method,
the trust region method has places of potential difficulty or break-down caused by finite precision.
In the trust region algorithm, one of the most dangerous stages we faced and referenced in [20] is,

perhaps surprisingly, near convergence. The problem arises due to floating point calculation of the
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term ared/pred. When both differences are close to the machine precision, calculating ared/pred
may result in a wrong sign (i.e., instead 1 we can easily get -1). Error in computation will result in
further reduction of the trust region radius, which causes even more pronounced cancellation. As
a result the algorithm will produce unsuccessful iterations and the convergence curve will stagnate
close to the solution. A practical recommendation [20] is to treat ared/pred=1 whenever absolute

values of both ared and pred are smaller than some threshold value.

2.2.7 Conclusion

Computation of the state estimate for large networks, in the presence of bad measurement
data, parameter, and/or topology errors requires a robust algorithm. Recent blackouts demonstrate
the requirement to build more reliable state estimators. In this chapter, we focus on the robust
implementation of a state estimator based on trust region methods. The trust-region method is

1 — 2k 4+ s is accepted only if fulfill the step

a descent method, meaning that a trial point a*+
acceptance criterion. This approach to the problem leads to a very reliable situation, but one which
is somewhat more computationally involved. The trust region method-based state estimator was
found to be very reliable under severe conditions. This enhanced reliability justifies the additional

time and computational effort required for its execution.

2.2.8 Historical Notes and Background

As we already mentioned, the foundation of the trust region method lies in the work of Levenberg
[53] and later Marquardt, who surprisingly found out about Levenberg’s work during the revision
of his paper [54]. In [54] Marquardt defined the trust region method although he used the name
mazimum neighborhood method. His procedure was: Minimize the objective function (J) in the
neighborhood over which the Taylor series approximation is an adequate representation of the
nonlinear objective function.

He emphasized that any improved method will in some sense interpolate between a steepest-
descent step s9 and a Newton step sV such that the objective function of the least squares is

reduced, J#+1) < J®) where
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In this approach, direction and step size are determined simultaneously instead of choosing a
direction and trying to shorten it until an acceptable step is found. The theoretical basis of the

mazimum neighborhood method is contained in the theorem:

Theorem. Let pp > 0 be arbitrary and let s satisfy the equation
(V2T +pul)s=-VJ
Then s minimizes J on the sphere whose radius § satisfies
Is|* = &2

Marquardt suggested optimum interpolation between the Newton and steepest-descent step,
although he did not suggest how to find p such that ||s||? = 62. He said “some form of the trial and
error is required to find a value of u”.

At that point the foundation for the trust region method was laid down, although a robust im-
plementation was missing. The generalization of a result due to Marquardt and the computational
aspect of the trust-region method (although the name trust-region was still not used), again con-
sidered for the least squares problem, was fully discussed by Moré in [59]. Moré called the method
robust implementation of the Levenberg-Marquardt algorithm. Many parts of our algorithm that
we used were proposed in [59]. Moré called the parameter p the Levenberg-Marquardt parameter
and presented an efficient procedure for finding i such that ||s(u)||?> = §. Moré based the choice of
trust-region radius § on the actual and the predicted reduction of the objective function. His work
included numerical and convergence results.

Since the early ’80s, there has been an explosion in the research on trust-region methods. A
number of state-of-the-art papers have been appeared since then. The name trust region was first
used by Dennis. A thorough analysis of the locally constrained quadratic minimization problem
defined by (2.4) that arises as a subproblem in the trust-region Newton iteration is given in [83]. This
reference covers both the theoretical nature and possible implementation of the locally constrained
model problem. Convergence criteria based on the ared/pred condition was suggested in this work
as well as in the work of Shultz et. al. in [79)].

The book by Dennis and Schnabel [24] is an invaluable source in this research. We highly
recommend this reference to understand the ideas behind Newton’s method in general and trust
region methods in particular. The subject was covered thoroughly in the first book about trust

region methods by Conn, Gould and Toint [20].
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Besides the “hook” step approach for approximately finding ||s(u)|| = J, another commonly
used approach is the dogleg approach. The idea behind the dogleg approach suggested in [24] is:

Determine s such that ||s|| = ¢ exactly on a curve that approximates the s(u)-curve. The dogleg

SD N

curve, shown in Fig. 2.13 is the polygonal curve connecting s =0, s = s~ and s = s"".

1
min  me(z. 4+ 5) = J(ze) + VI (2)s + §STv2J(JJC)S
s =—=AVJ(z,)

i c c_)\ c
min - m (z VJ(zc))

IV ()]
VI (x)TV2J(2:)VJ(2)

A=—

which gives the step in steepest-descent direction

o V@
VI (2) V2T (2:)V I ()

Globally convergent methods in general, and trust-region methods in particular, were not applied
to PSSE before this research. We first introduced trust region methods to the power community in

[70] with a more comprehensive treatment given in [71].
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Figure 2.13: The dogleg (I'pr) curve
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Chapter 3

Newton-Krylov Methods in Power

System State Estimation

3.1 Introduction

As a real-time application in modern power systems, the state estimator is required to be nu-
merically robust and fast. We stressed numerically robust techniques in the previous chapter. The
general conclusion is that while numerically very stable, a QR factorization-based state estimator
can not successfully handle severe cases resulting from uncertainty in the system. In these situation
a trust-region method-based state estimator provides reliable solution. Under normal system condi-
tions, QR serves as a reliable state estimator. This chapter studies aspects of iterative methods and
their implementation relative to state estimation. The question we try to answer in this chapter is
whether a faster or numerically less expensive solution method with a level of reliability comparable
to QR exists in the pool of Krylov subspace methods.

Over the years, many different algorithms have been proposed for efficient solution of the power
system state estimation problem. When it comes to reliability and robustness of the solution, QR
factorization-based state estimator is the algorithm of choice. Among favorable properties that

distinguish solving the normal equation by QR factorization are:
e QR is the most numerically stable solution [40];
e QR prevents squaring H matrix in the normal equation;

e QR can be implemented with ordering to reduce fill-in (i.e., Tinney Scheme 2).
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The price that one has to pay for such a numerically stable algorithm is its computational burden.

Krylov subspace iterative methods are methods of choice for many problems involving large-
sparse systems of linear equations. Power systems state estimation is one such example. While there
is no guarantee that if proven to be reliable on one sparse problem, an iterative method would be
reliable in general, there is hope that in the large set of Krylov subspace methods some of them
would perform well on our problem. Although present for many years, Krylov subspace iterative
methods did not receive much attention from power system state estimation researchers.

The benefits of iterative methods for the solution of large sparse system are well recognized.

Among them, the most prominent are:

theoretical convergence in a finite number of steps that is (sometimes significantly) smaller

than the order of the system;

the original sparsity pattern is preserved;

only matrix-vector products are required;
e can be implemented without explicitly knowing the coefficient matrix (“matrix-free”).

In general, iterative methods are recommended when direct methods produce excessive fill-in or
when the coefficient matrix (i.e., the Jacobian or Hessian) is not explicitly available. While in power
system state estimation, the coefficient matrix is available and well defined, the problem of fill-in
exists. In large-sparse problems, direct methods tend to increase matrix density and thus incur
additional work. The best one can do is to keep fill-in under control by using ordering algorithms.

An ordering algorithm permutes the rows and columns of a matrix so that the number of fill-ins
during factorization is minimized. In a seminal paper on the application on Givens rotations to
power system state estimation [93], Vempati, Slutsker and Tinney investigated several schemes for
column and row ordering of H. Their conclusion was that the best scheme consisted of minimum
degree ordering for H' R"'H to determine column ordering of H followed by staircase ordering
with a row count tie-breaker rule to order the rows of H. Practical direct solvers are dependent on
effective ordering algorithms, while iterative methods preserve initial sparsity.

Our motivation is to extend the pool of iterative methods applied to power system state esti-
mation in the hope of maintaining the state estimator’s reliability and speed. This work is intended
to screen iterative methods and to assess their performance on the power system state estimation

problem. Due to the nature of our problem, we concentrate our search on the methods known to be
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successful least squares or normal equation solvers. Prospective Newton-Krylov methods will then
be tested against Newton-QR which is numerically the most stable method and performance will
be assessed.

Therefore Krylov subspace methods that have been proposed to solve least squares problem will

be our target. Ideally, the Krylov subspace method would
e not need to “square” the H matrix and deteriorate conditioning;
e preserve the numerical stability of the direct method (i.e., QR factorization);
e have a well-defined and efficient preconditioner that incurs minimal additional cost;
e be computationally cheaper than the direct method.

Power system state estimation has been traditionally solved by direct methods. The first to
apply conjugate gradient methods to power system state estimation were Nieplocha and Carroll in
[64]. Their work has shown that, when implemented with proper sparse matrix format, precondi-
tioned conjugate gradients (PCG) are competitive to a direct solver. Further, PCG methods posses
properties that can enhance the speed of calculations on parallel processing computers.

Galiana et al. in [31] applied the conjugate gradient method with an incomplete Cholesky
preconditioner to solve sets of linear equations in the fast decoupled and the DC load flow problems.
Their test results show that PCG performs significantly faster than a direct solver as the system
size and connectivity increases.

A review of the important aspects of Krylov subspace methods and its fundamental ideas relative
to power flow applications is presented by Semlyen in [78].

Dag and Alvarado in [22] proposed a method for obtaining a positive definite incomplete
Cholesky preconditioner for coefficient matrices that arise in power system applications like state
estimation, power flow, security analysis, and transient stability. They demonstrate reliable conver-
gence of the CG method with their proposed preconditioner.

Dag and Samlyen in [23] proposed preconditioned conjugate gradient with an approximate
inverse of the coefficient matrix as preconditioner, based on a matrix-valued Chebyshev polynomial.
With the proposed PCG method they solved fast decoupled load flow. Their test results showed that
the PCG algorithm with matrix-valued Chebyshev polynomial as a preconditioner is comparable to
traditional direct methods used for fast decoupled load flow. Their opinion is that if implemented

using parallel processing architecture, their proposed algorithm could perform even better.
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Nieplocha et al. in [65] compared performance of a direct versus a CG-based solver of the state
estimator’s normal equations on multi-core-processor computers. Their implementation showed
encouraging results in favor of the CG solver.

The general view of all of these authors is that problem-specific preconditioners deserve more

research because of their promise to improve convergence properties of the CG methods.

3.1.1 Power System State Estimation - Problem Formulation

Power system state estimation is an algorithm for determining the system state from a model
of the power system network and redundant system measurements. The state estimation nonlinear

measurement model is defined by
z=h(z)+e
The state estimation problem is formulated as a weighted least-squares problem

min J(2) = 5(z — h(@)T R (= ~ h(a))

The problem is solved by minimization of the quadratic approximation of the objective function
around a starting point. The first-order necessary conditions for a minimum result in the equation
VJ(z)=—-H'R (2 — h(z)) =0

The optimum is found via Newton’s method by solving the system

V2 (x1)s = —V.J(xp)

Tyl =T+ S

at each iteration, until convergence is attained. In practice, the exact Hessian V2.J(x) is approxi-
mated by the Gauss-Newton Hessian V2J(z) = HT R™1H, resulting in an iterative equation of the

form
H'R'Hs = H'R'r (3.1)

where H = 0h/0x € R™*" is the Jacobian matrix and r = z — h(z) is the m-dimensional residual
vector.
Equations (3.1) are the so-called normal equations of the weighted least-squares problem. While

the normal equations can be solved using several methods, orthogonal transformations (i.e., QR
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decomposition) is numerically the most stable direct method. QR factorization can be computa-
tionally expensive even for sparse problems. One reason for this is the creation of fill-ins during
the factorization process (a fill-in is the creation of a new non-zero matrix element). With direct
methods, the ability to overcome fill-ins is limited. The best one can do with direct methods is to
keep fill-ins under control by ordering algorithms.

Krylov subspace iterative methods are well known solvers for large sparse linear systems. Among
the benefits of iterative methods for the solution of large sparse systems are: only matrix-vector
multiplications are required per iteration; there are no fill-ins; theoretical convergence within at
most n iterations (using exact arithmetic), where n is the size of the system, though in practice
they may require far fewer or far more than n iterations. The hope is that the state estimator
can take advantage of that. The conjugate gradient method works on symmetric positive-definite
systems, such as equation (3.1), although, as in the direct methods, a concern is the squared
condition number of H when applied to normal equation.

The use of preconditioners has clearly been the key to the success of CG methods in practice.
It has been found in [22] that the preconditioner has to be positive definite to ensure convergence.
Having a symmetric and positive definite gain matrix (HT R~'H) is a necessary but not a sufficient
condition to obtain a positive definite incomplete Cholesky preconditioner. The LSQR method [68],

[67] solves the normal equations without squaring the H matrix.

3.1.2 Sparse matrix computation - The Problem of Fill-in

Power system network equations require the use of large sparse matrices. A matrix is considered
sparse if most of its elements are zero. The reasons for development of sparse matrix methods are to
reduce storage and computational requirement. Sparse matrix problems require special techniques
which avoid or reduce the storage of zero elements and work only with the nonzero entries. A
historical review of the sparse matrix methods relative to power system applications is provided by
Alvarado et al. in [7].

When using matrix factorization in either the dense or sparse case, zero elements before fac-
torization can become nonzero after factorization. The phenomenon of turning a zero element of a
sparse matrix into a nonzero element during a factorization is called fill-in. This kind of behavior
occurs in any kind of factorization (i.e., Cholesky, QR, ...). For full matrices this phenomenon is
not critical since all elements are stored in spite of their value. For sparse matrices this is not the

case. Fill-ins increase storage requirements and produce an additional computational burden.
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The goal of sparse matrix factorization is to limit the fill-in as much as possible. The applied
mathematics community has developed algorithms that minimize fill-ins. These algorithms order the
rows and columns of a given matrix A with the aim of reducing the fill-in during the factorization,
prior to the actual factorization. Thus, the factorization process is divided into two stages: the first
is symbolic, and the second is referred to as the numeric stage. Symbolic factorization is applied to

the basic sparsity structure of the matrix A without regard for the numerical values of its entries.

3.1.3 Condition Number Analysis

Condition number analysis of the problem equation is important whether direct or iterative
methods are used. A poorly conditioned problem is generally difficult to solve by any method.
For a square matrix A € R™*" the 2-norm condition number is:

A1(4)

wa(4) = 147 141 = T

where: ||.||2 is an Euclidean or 2-norm and A (A4) > Aa(A) > --- > A\, (A) are eigenvalues of A. In
general, if A € R™*™ is a non-square matrix, with p-singular values o1(A) > 02(A) > --- > 0,(A),

where p =min{m,n} then the 2-norm condition number of A is defined as:

The condition number measures the relative change in the solution as a multiple of the relative
change in the data. In other words, for the linear system Ax = b relative error in x can be ka(A)
times the relative error in A and b [35]. Matrices with small condition number are said to be
well-conditioned while matrices with large condition number are #ll-conditioned.

The convergence rate of Krylov subspace methods depends on condition number; and they
perform poorly on systems that are not well conditioned. Besides the conditioning of the problem,
the convergence of iterative methods also depends on the spectral properties or the distribution of
the eigenvalues of the coefficient matrix [9].

Condition number analysis of power system state estimation has been the subject of research
first by Gu et al. in [36] and then Ebrahimian and Baldick in [28]. Reference [28] studied the effect
of combinations of different types of measurements on the condition number of the gain matrix. In
[28] a formula for the approximate condition number in terms of number of different measurement
types is developed. It is based on the following assumptions: the state estimator Jacobian is derived

from the fast decoupled load flow model, the network is radial, and different measurement error
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variances are assigned to different measurement types. These assumptions are similar to the ones in
[36]. Reference [28] provides guidelines for the order of the condition number that can be expected
in power system state estimation.

With exact arithmetic, CG would terminate in at most n iterations. In practice (finite precision
arithmetic) it may need far more, or far fewer if A has clustered eigenvalues.
CG works well on matrices that are either well conditioned or have just a few distinct eigenvalues
(eigenvalues or singular values are clustered ). A favorable eigenvalue distribution can be achieved
by finding a preconditioner, a topic to be discussed in this chapter.

Table 3.1 presents spectral properties and condition numbers for the matrices derived from the
IEEE 14-bus and IEEE 30-bus test cases described in Fig. A.1 and in Fig. A.2 of Appendix A,
where more details about the particular case can be found. Note that the matrix H, = R~Y2H is

the weighted Jacobian matrix used in Newton-QR algorithm, and G is the gain matrix H' R~ H.

Table 3.1: Condition Number and spectral properties of the IEEE test cases
| | IEEE 14 bus | IEEE 30 bus |

Ko(H) 77.8 342.3
ro(Hyp) 35.3 190.3
k2 (G) 1.15 - 103 3.16 - 104
o1(H) 50.6 88.9
on(H) 0.641 0.259
o1(Hy) 1.56 - 103 2.8-103
on(Hy) 45.1 14.76
A (G) 2.41-10° 6.81-10°
A (G) 2.1-10° 215.6

3.2 Krylov Subspace Methods

Consider the system of linear equations Az = b. The kth Krylov subspace generated by the

matrix A and vector rg is
Kr(A,ro) = span {7"0, Arg, AQrO, e Ak_lro}

where rg is the initial residual vector rg = b — Ax( associated with the initial approximate solution

zg. A Krylov subspace method determines

Tr =204+ 2 =A""' 2k € K. for k <n
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where
k—1

2L = Z)\jAj’l“o € Ky,
j=0

Different methods are determined by different choices of z;. Krylov subspace methods are based

on two traditional criteria:

1. Minimal residual (MR) criteria stated as: choose z € K to solve

inl|lb—A = mi —A
min [~ Awo +2)]l2 = min [fro — Az

2. Orthogonal residual (OR) criteria stated as: Choose zj € Ky, so that

r(zk) = b— A(xo+2r) L Kg

= To—Asz,Ck

Since the CG method, that we will use in this chapter is based on the OR criterion, we will state
the basic idea behind it. For a given basis matrix By = (b1,--- ,bg) of the kth Krylov subspace,
the vector z; € Ky can be written as zp = By for some y, € R*. With respect to the basis By,

the OR criterion can be stated as
B AByy, = Bkro (3.2)

The original Krylov subspace basis B, = (ro,Aro,-~~ ,Ak_lro) is often very ill-conditioned. A
well-conditioned basis of the Krylov subspace Vj is generated with the Arnoldi process outlined
in Alg. 4. The basis generated by the Arnoldi process is orthonormal (i.e., VkTVk = I) because it
draws on the modified Gram Schmidt algorithm.

The Arnoldi process of Algorithm 4 generates

hir -+ hag
ho1
Vi = (v, ,ug) and  Hj =
0 Pk,
For some k the process breaks down (i.e., hjy1, = 0)
Avy, € Ky, = span{v1,,...,v;}
Vi1 Hy, before breakdown

AV = _
V. Hy, on breakdown
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Algorithm 4 Arnoldi process [95]
Given 1

set po = [rol| and v1 =72
for k=1,2,... do
Initialize vgy; = Avg
fori=1,...,k do
Set h;. = 'UiTU].H_l
Update Vg1 < Vg1 — Rik¥;

end for

Piegr e = ||k ]l2

Update vjy1 < hZ:lk
end for
where
hiy - I
_ hor haa -+ hoy
H, =
0 - hgr—1 h

is a k x k upper Hessenberg matrix. After a Krylov subspace orthonormal basis Vj is found, the

OR condition in equation (3.2) becomes
Vi AViyr, = Vil ro
which leads to
Hyyr = poer

where pg = ||ro and e; = (1,0, - -- ,0)”. Therefore we only need to solve a k x k Hessenberg system.

Once yy;, is obtained, zj is found from zp = Viyx
T =x0+2,=A""'b

A general reference on Krylov subspace methods is Saad [73].
A Newton-Krylov method is an implementation of Newton’s method in which a Krylov subspace

method is used to approximately solve the linear systems that characterize the steps of Newton’s
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method. In our case the Krylov subspace method will be applied to solve the normal equation (3.1)
of the least squares problem. A Newton-Krylov method that uses a specific Krylov subspace method
is often designated by appending the name of the method to “Newton”, as in “Newton-CGNR” or
“Newton-LSQR”.

In this chapter the name Newton-QR is reserved for the direct method of solving the normal
equations based on Givens rotations, against which we compare the performance of the Newton-

Krylov method.

3.2.1 The Conjugate Gradient Method

The conjugate gradient (CG) method was developed by Hestenes and Stiefel in [38] and is one of
the best known iterative methods for symmetric positive definite (SPD) systems of linear equations.

The CG method is a realization of the OR criterion that requires
r(zr) = b— A(xo+ 2zr) L Kg

CG exploits orthogonality of the Krylov basis to estimate the residuals. In finite-precision arithmetic
this orthogonality can be lost and the estimate of the residual in the iteration can be poor [48].

For a symmetric matrix A, a step z; that satisfies the orthogonal residual criterion can be found
from the following constraint minimization problem:

2 = min ®(2) = 1 (z—2)T Az —2,) = el Ae (3.3)
2EKE 2

where: z, = A71b — 29 = A7 r(x0).
In order to show that the solution of this constrained minimization problem satisfies the OR cri-
terion, we define the function ¥(y) = ®(Vyy) where 2, = Viy and transform the above constrained

problem in K}, into an equivalent unconstrained problem in R*

yr = min ¥U(y) = min ®(Viy)
yERFK yERE

The first-order necessary condition for the above problem is
VU(y) = W VO(Viy) = VI VE(2) =0

or in other words, the gradient of W(y) is orthogonal to the basis of the Krylov subspace. By
choosing a proper scalar valued function ®(z) with its gradient equal to the residual r(z), the first-

order necessary condition provides us with the OR criterion. The objective function in (3.3) is the
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desired function since
V(I)(Z) = A(Z - 37*) = Az — T(ajo) = —7’(2;)

Therefore minimization of ¥(y) with zp = V4y, is equivalent to finding zj that satisfies the OR

criterion

VI(y)=0 <  VIVe(z)=0

s Vir(z)=0

As we will see shortly, the underlying idea behind the LSQR method is very similar, although the
solution steps in obtaining z; are different.

Two important theorems in [20] describe factors that influence the convergence behavior of the
CG method. The first factor is the condition number of A. If the matrix is ill-conditioned, then
round-off errors may prevent the algorithm from obtaining a sufficiently accurate solution after n
steps. The worse the conditioning of A, the slower the convergence of CG is likely to be. The second
factor is the eigenvalue distribution of A. The tighter the eigenvalues of A are clustered, the faster
the convergence.

The pseudocode for the Conjugate Gradient Method is given in Algorithm 5.

Algorithm 5 The Conjugate Gradient Method [95]
Given: A, b, x, tol, itmax

Initialize: r=b— Az, p> =|r|3, 2=0, =0
Iterate
for itno =1,2,...,itmax do

If p <tol, go to END

Update p «— 7+ (Bp

Compute Ap

Compute p’Ap and a = p?/p’ Ap

Update z < 2z +ap

Update 7« r — aAp

Update 3« [r[|3/p? and p* < |r||3
end for

Update = < x + 2
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3.2.2 The CG for the solution of the Normal Equation

The conjugate gradient method applied to the normal equation
AT Az = ATh (3.4)

constructs the k" iterate

T = X0 + 2k for k<n

using the update z; that lies in the Krylov subspace
Ke(ATA, ATr) = span {ATTO, (AT A)ATrg, ... (ATA)’HATTO}

When applied to the system Az = b, the CG method produces zj, such that e Ae is minimal over
all corrections in K. In the same way, when applying the CG method to the normal equation (3.4),
one has to solve the minimization problem

. T AT A\~
= = A A
2 = min =¢ ( )e

where: € = 2, — (AT A)~1ATb. It can be shown that this minimization problem is equivalent to the
problem

2z, = min (Az;, — b)T (Az, — b) = min ||rg|? (3.5)
zeKk 2€Ky

Therefore the kth iterate minimizes ||r]|2 over all corrections in Kj. Hence the name CGNR,
meaning CG on the Normal equations with Residual minimization.
Although sometimes effective, solving the normal equation using the CG method is handicapped

by the squaring of the condition number of A [35].

3.2.3 Preconditioning

A preconditioner is a matrix M that transforms the initial problem Ax = b into an equivalent

system

M YAz = M~

whose coefficient matrix has more favorable spectral properties. The preconditioner clusters the
eigenvalues and improves the condition number, which ultimately speeds the convergence of the

equivalent system. Iteration of a preconditioned system is more expensive, but with careful choice
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of preconditioner, one may reduce the total number of iterations. Finding an efficient preconditioner
is a difficult task.

While there are preconditioners that are inexpensive to construction, more often than not the
use of a preconditioner in an algorithm involves the extra cost in finding and perhaps factoring
M. Many times the only effective preconditioner M is one that approximates A. In those cases, in
order to avoid the need for factoring, a preconditioner is defined as M = LU (with L and U as
triangular matrices). That way solving a preconditioned system would be comparable in expense
to solving a system with coefficient matrix A. In preconditioned algorithms, the hope is that the
initial cost in obtaining the preconditioner will pay off through the iterative process. Another
computational savings might be repeated use of the same preconditioner in successive iteration
steps. An effective preconditioner is often problem specific and thus difficult to find. Each iteration

of the preconditioned CG method in a dense system requires:
e one precondition solve via forward/backward substitution (O (n?))

e one Av product (O (n?))

The Incomplete Factorization Preconditioner

A very important and widely used class of preconditioners is based on incomplete Cholesky
factorization of the coefficient matrix. During Cholesky factorization certain fill elements are cre-
ated. Incomplete Cholesky strategies range from discarding any fill-in during the sparse Cholesky
factorization to allowing different levels of fill-in.

While incomplete Cholesky is not too expensive, one has to be very careful with its implementa-
tion. Obtaining a stable algorithm for incomplete Cholesky is a non-trivial task. One may assume
that it is easy to provide incomplete Cholesky just by constraining the level of fill the existing
algorithm but it has been shown by Golub and Van Loan in [35] that such an algorithm may not
be stable. Incomplete Cholesky may encounter division by zero pivot or may result in an indefinite
matrix. (matrix M is indefinite if 27 M2 < 0 Vx # 0). For a stable algorithm we refer the reader
to Elman [29].

In order to be efficient, an incomplete Cholesky preconditioner must be positive definite (z” Mz >
0 Vx # 0). As stressed by Dag and Alvarado in [22], obtaining a positive definite incomplete

Cholesky preconditioner is a nontrivial task even for a matrix that is symmetric positive definite.
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The CGNR simulation results

The CGNR method is employed for solving the normal equation
H'R'Hs=H"R™'r

of the state estimation problem.

The following example will illustrate the performance of the CGNR method on the power system
state estimation problem. The CGNR method has been tested on the IEEE 14- and 30-bus networks
with measurement sets described in Fig. A.1 on page 134 and in Fig. A.2 on page 136, respectively,
of Appendix A. For performance comparison, the Newton-QR direct method has been used. Using
the Krylov subspace methods with exact arithmetic, the number of iteration is constrained by the
size of the system to be solved. In our case the size of the system is determined by the number of
state variables, which is 2n — 1 where n is the number of buses in the network. In practice we may

expect that the number of iterations per step to be larger or smaller than n.

IEEE 14-bus test case

Newton-QR
o —— Newton—-CGNR|

log(IIT JCAI)

i i i i

1 2 3 4 5 6 7 8
Number of iterations

|
[
o

Figure 3.1: Convergence performance of the CGNR method for the IEEE 14-bus test case

The first test case is the IEEE-14 bus network with the measurement set shown in Fig. A.1
on page 134 in Appendix A. The size of the system is 2n — 1 = 27, which implies that in exact
arithmetic CGNR would converge within 27 iterations. Convergence of the CGNR method is shown
in Fig. 3.1. The statistics showing the CGNR work per iteration are presented in Table 3.2. The

CGNR results have shown that residual reduction is obtained many times for a number of inner
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Table 3.2: Newton-CGNR applied on IEEE 14-bus test case
’ Iteration ‘ # of inner iterations

1 18
17
23
16
27
13
30
18

00 = O U i W N

iterations less than 27, although in outer iteration 7, the number of inner iterations needed is
slightly greater than 27.

IEEE 30-bus test case

4 ‘ ‘
— Newton—-QR

ol — Newton—-CGNR |

O L

log(lIE I(AIN
o

0 2 4 6 8 10 12
Number of iterations

Figure 3.2: Convergence performance of the CGNR method for IEEE 30-bus test case

For the IEEE 30-bus test case and the measurement set shown in Fig. A.2 page 136 of Appendix
A, results are shown in Table 3.3 and in Fig. 3.2. In this case, although successful, the number of

iterations often exceeds by far the size of the system (i.e., 2n — 1 = 59).

3.3 The LSQR Method

The LSQR method, which is similar in style to the CG method applied to the normal equation,
will be discussed in this section. The LSQR algorithm has been proposed by Saunders and Paige
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Table 3.3: Newton-CGNR applied on IEEE 30-bus test case
’ Iteration ‘ # of inner iterations

48
68
48
82
61
91
47
117
47
114
47

—_ =
EE o wmao otk Wi -

n [68] and [67]. Numerical tests that compare LSQR with several other CG algorithms are given
in [68]. It is shown that LSQR is more reliable than any other CG based method when A is
ill-conditioned.

As mentioned before, conjugate gradients (CG) work on symmetric positive-definite systems.
When applied to the normal equation, the concern is the squared condition number. It would be
advantageous if a Krylov subspace iterative method could solve the least-squares normal equation
without squaring the A matrix. The reasoning is just as with the QR factorization direct method:
the most effective and robust methods for solution of least-squares problem prevent squaring the
gain matrix and work with A directly.

LSQR is a method that meets this requirement. It is a Krylov subspace iterative method, analyt-
ically equivalent to the standard method of conjugate gradients. LSQR solves the normal equation
without squaring the gain matrix, and so it possesses more favorable numerical properties. The
difference between CG for least-squares and LSQR is that CG is based on the Lanczos method
while LSQR is based on the Golub-Kahan bidiagonalization process. The matrix operations needed
to perform the LSQR algorithm are products: Av and A”u, k-Givens rotations, and forward sub-
stitution. The computational expense associated with the algorithm is of the order n? in a dense
case.

First we will discuss the LSQR method applied to the system
Axr=b

where A is an m X n real matrix so that m > n and b is a real m x 1 vector. A rectangular m x n
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matrix A can be reduced to lower bidiagonal form by
UTAV =B

where U (m x k) and V' (n x k) are orthogonal matrices and B is a k x k lower bidiagonal matrix.
An algorithm that brings A into bidiagonal form is known as the Golub-Kahan process [34]. The

method will be first described theoretically and then implementation details will be addressed.

3.3.1 Golub-Kahan bidiagonalization process

Bidiagonalization is often used as the first step for dense singular value decomposition (SVD)
[35]. The approach to bidiagonalizing A is to generate columns of U and V sequentially as is done
by the Lanczos algorithm for tridiagonalizing a symmetric matrix used in the CG algorithm. So in a
sense the Golub-Kahan bidiaginalization algorithm is a Lanczos-type algorithm. The algorithm for
the Golub-Kahan process generates vectors uy and v and positive scalars o, and Gy (k= 1,2,...)
as described by the following equations and outlined in Algorithm 6. Bidiagonalization is performed

iteratively and requires products Av and AT u; therefore, sparsity can be fully utilized. The scalars

Algorithm 6 Golub-Kahan process

set (1 =||b]| and u; = % (exit if (1 =0)
set aj = ||[ATuy|| and vy = % (exit if a3 =0)

Iterate

for k=1,2,... do
Upy1 = Avg — agug
Brv1 = l|untl
Uk+1 < ﬁukﬂ

Exit when [yy; =0

AT
Vg1 = A" up1 — Bry1vg

1 = [Jvrgll

Vg+1 < Vk+1

Qp1

Exit when api; =0

end for

a; > 0 and B; > 0 are chosen so that ||u;|| = |v;|| = 1. The algorithm recurrence relationships can
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be written also as

Upt1 = Avp — oguy,
Brr1 = Huk+1H & Prriugrr = Avg — apug for k=1,2,...

_1
Uk41 Bri1 Uk+1

and
Vg1 = ATug1 — Brr1vk
T
1 = |[vesl & g1V = AN Up 1 — Br1vk

Vk+1 < Vk+1

Af+1

Therefore, after k steps we have:

AVj, = Ups1 By, = UpLy, + Brs1uptref,

T T T T
A" Ukt1 = Vi By, + agr1vp1€41 = Vi1 Ly

where Uy = (u; ug ... ug), Vo = (v1 vy ... vx), Ly is lower bidiagonal, and By, is lower bidiag-

onal with one extra row:

a1
a1
B2 o
P B2 a2
3 Q3
By, = o Ly = P as
Br o
Br ok
Br+1
thus, By can be written as
Ly,
By =
/BkJrlez

The bidiagonalization process breaks down for some k < n (i.e. either fx11 = 0 or axr1 = 0).
Using exact arithmetic U,z U, = I and VkTV/r€ = I, while in the presence of rounding errors, the
previous identities hold to within machine precision. In practice using floating-point calculations,

more sophisticated stopping criterion is needed since (k11 is unlikely to vanish for any k.

Ui B before breakdown
AV, = k+1Dk
UL on breakdown
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3.3.2 The LSQR Algorithm

Development of the LSQR algorithm starts with the same objective function as the CGNR
method. The objective function is least-squares residual minimization over the vectors in the kth

Krylov subspace
J(z) = min rir, = min ||rg|/?
(@) = min rfre= min [n]
where

r, = b— Az

is the residual vector for a given zj. If we choose y, € R* such that x, = Viy, and Vj, is a basis of

the Krylov subspace K, the residual vector can be written as:

r, = b— Axyg
= B — AViyg
= [1Ugr1e1 — U1 Bryk

= Ugt1 (Brer — Bryr)
Thus the unconstrained objective function has the form
J(y) = min [|Uxy1 (Brer — Bru) |2
yERF
Since

U1 - wll = \/wT Uy Uprw = ||w]

due to orthonormality of the matrix Uy, 1, the objective function simplifies to
J(y) = min | Byyy — frea|? (3.6)
yERF
with corresponding normal equation
By Byyr = Bf biex (3.7)

We only need to solve a kx k bidiagonal system. Equation (3.7) can be solved using QR factorization

of By to retain stability. We will use Givens rotations to factor

Qi1 ---Q23Q12 By, =
~~ 0
Qk




83

Note that the QR factorization for LSQR can be computed at negligible cost using k rotations of

the lower diagonal elements 35 ... 3 of By.

Ry,
Yk = Q1 Brex

0

where
Zk
Qf Brer =
Cr1
SO
Rryr = 2z

Substituting back xj
Rkkalm€ =2k
xj, can be calculated by

T = Vlezl 2k

——
Wi
where
Wy, = ViR,
can be calculated from
RIwWl =vr

using column-by-column forward substitution. Note that the solution x; = Vjy, lies in the Krylov

subspace
Kr(ATA, ATb) = span {ATb, (AT A)ATb, ... (ATA)k—lATb}

The LSQR algorithm that we implemented is from [68].
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Algorithm 7 LSQR algorithm 1

Initialize (1 = ||b]| and u; = ﬁ%

ATy,

Initialize a; = [[ATu| and v = £3°

Iterate

for k=1,2,... do
Bidiagonalization
Br1urs1 = Avg — aguy,
e 1Vk+1 = ATuip1 — Brp1vk
Exit when (x4+1 =0 or apy; =0

end for

Factor B, = QiR
Calculate zp = Q{ﬁlel
Calculate Wj from R{WE = VkT

Calculate xp = Wiz

Table 3.4: LSQR method results for IEEE 14-bus test case

# of inner iterations for Newton-LSQR with
outer iteration | FC precond. | IC precond. ‘ w/o precond.
1 1 18 27
2 11 18 27
3 9 15 27
4 6 11 27
5 2 4 18
6 2 7
7 7

Table 3.5: IEEE 14-bus test case - First-order necessary condition

[VJ ()]
iteration | Newton-LSQR ‘ Newton-QR

1 1.0196 - 104 1.0196 - 1074
2 94.2197 94.2096

3 0.2578 0.2578

4 4.299 - 10~* 3.2489 - 1074
5 1.8805- 104 6.5315- 1076
6 4.2301-107° 6.5474 - 1078




Algorithm 8 LSQR algorithm 2[68]
Initialize [ = ||b]| and u; = %
ATuy

Initialize aj = ||ATwy|| and vy = o

Set w1 =1v;

Set 20=0
Set ¢1 = (1
Set p; =
Iterate

fori=1,2,... do
Bidiagonalization
Bit1uit1 = Avi — aju;

AT
Qit1Vigp1 = A" uip1 — Biv1vs

Orthogonal transformation
Pi = (ﬁzz + i2+1)1/2

ci = pi/pi

s;i = Biv1/pi

Oir1 = Sicit1

Pit1 = —CiQi41

o1 = ¢id;

Piy1 = SiP;

Update z,w
T = w1+ (¢i/ pi)wi

Wit1 = Vig1 — (Big1/pi)wi

Test for convergence, exit if stopping criteria have been met

end for
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3.3.3 The LSQR Simulation Results

To evaluate the performance of the LSQR algorithm we have used the IEEE 14-bus and IEE
30-bus test cases with the measurement sets described in Fig. A.1 on page 134 and in Fig. A.2
page 136 respectively of Appendix A. Preconditioners used in the LSQR algorithm were found
once at the beginning of the algorithm and were used repeatedly in successive Newton iteration
iterations. Two extreme cases of preconditioners were applied: Full Cholesky (FC) (i.e., option ’inf’
in MATLAB meaning “infinite tolerance”) and the no fill-ins Cholesky preconditioner or Incomplete
Cholesky (IC) (i.e., option ’0’ in MATLAB, meaning zero tolerance). The FC essentialy requires
the full factorization of A, and in terms of computational effort for obtaining and solving the
preconditioned system, probably least effective. The FC initially leads to the solution using LSQR
in a single iteration (M ~!A = I); thus the method is the direct method at the very first iteration.
Since the preconditioner is calculated only once, consecutive iterations require more work. The
Newton-LSQR method without preconditioner was also considered. The incomplete Cholesky (IC)
in our case presents a good trade-off between comutational effort for obtaining and solving on one
hand and convergence efficiency on the other. Fig. 3.3 illustrates the convergence behavior of the
Newton-LSQR method when applied to the IEEE 14-bus test case. Performance of the Newton-
LSQR method with Incomplete Cholesky as a preconditioner is depicted in Fig. 3.4. Table 3.5 as
well as Fig. 3.4 shows that in the first three iterations of the Newton-QR and the Newton-LSQR
are the same.

IEEE 14-bus test case

Newton—-QR
Newton-LSQR] |

log(I[E I

Number of iterations

Figure 3.3: Convergence comparison: Newton-QR vs Newton-LSQR for the IEEE 14-bus test case
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|IEEE 14-bus test case

Newton-QR
Newton-LSQR with IC| |

log(IID ICANN)

Number of iterations

Figure 3.4: Convergence comparison: Newton-QR vs Newton-LSQR with IC preconditioner for the
IEEE 14-bus test case

The effect of the IC preconditioner is apparent when comparing the speed of convergence of the
test run presented in Fig. 3.5 and the one in Fig. 3.6

Test results for the IEEE 30-bus network depicted in Fig. 3.6 also reveal that LSQR iteration
turned out to be exactly equal to the Newton-QR iteration in the first few steps.

An algorithm efficiency comparison has many aspects. Among things to consider are fill-ins,
storage reguirements, number of floating point operations, and potential for paralel computer imple-
mentation. If proven reliable, the only critical comparison will be floating point work per iteration,
since in all other aspects LSQR is far more efficient.

For the sparse case it is more difficult to provide exact floating point operations estimates for
either Newton-QR and Newton LSQR. Thus, without loss of generality, we discuss results obtained
in terms of the cost of the dense case agorithm. Each LSQR iteration requires O (n?) arithmetic
operation and each QR factorization requires O (n3) arithmentic operations. Notice that whenever
the number of LSQR iterations is less than n for the given outer iteration, the LSQR method
cost less. One can see from Table 3.4, that using LSQR with IC preconditioner, number of LSQR
iterations per outer iteration is less than n. Overall computational effort in the IEEE 14-bus case
for the Newton-LSQR method is ~ 2.5n% whereas computational effort for the Newton-QR is 5n3.
Similar conclusions holds for the IEEE 30-bus case: LSQR costs less.
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Table 3.6: LSQR method results for the IEEE 30 bus network

# of inner iterations for Newton-LSQR with
outer iteration || FC precond. | IC precond. ‘ w/o precond.
1 1 48 59
2 13 48 59
3 11 46 59
4 8 42 59
5 6 28 59
6 3 8 59
7 2 59
12 44
13 32
14 13
15 10
16 6
17 3
18 3

IEEE 30-bus test case

Newton-QR
Newton-LSQR

log(10 IM)IN)

0 5 10 15 20
Number of iterations

Figure 3.5: Convergence comparison: Newton-QR vs Newton-LSQR for the IEEE 30-bus test case
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IEEE 30-bus test case

Newton-QR

Newton-LSQR
2 L. 4
= Or
z
L)
o 2y
=
o
_4,
_6 L.
_8 i i i i i
1 2 3 4 5 6 7

Number of iterations

Figure 3.6: Convergence comparison: Newton-QR vs Newton-LSQR with IC preconditioner for the
IEEE 30-bus network test case

3.3.4 Conclusions

Preliminary results from the Newton-LSQR iterative solver are very encouraging and interesting.
Computational results have shown that the Newton-LSQR method is effective on our test cases
with very reasonable computational effort. One may have noticed another asset besides its speed
that Newton-LSQR, posesses - its numerical robustness. Testing has shown that the reliability of
the direct Newton-QR is preserved when an iterative Newton-LSQR method is applied to the state
estimation normal equations. The hope remains that this trend will be preserved once Newton-

LSQR is applied to larger networks.
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Chapter 4

The Use of Importance Sampling in

Stochastic OPF

4.1 Introduction

The study of steady-state contingency problems is an important and well recognized activity in
the power system planning and operating environment. Methods based upon the use of distribu-
tion factors (both active [97] and reactive [45]) are fast and are widely used for studying single-line
outages. A well known and computationally efficient technique for contingency ranking is the per-
formance index algorithm [56]. Usually, the quadratic performance index (PI) is a scalar function of
either real power loading or voltage magnitude or both. None of these methods go beyond single-line
contingencies.

Our intention is to assess multiple credible contingencies while preserving the detailed AC
network model of the contingency-constrained OPF (CCOPF). With this model much information
can be obtained such as feasibility, locational prices and operating cost. The proposed algorithm
combines sequential-quadratic programming for solving CCOPF with a technique called importance
sampling [46], [30] for stochastic cost assessment of the multiple contingencies. This method emerged
from Monte Carlo importance sampling.

The AC contingency analysis approach is computationally involved, and the computational bur-
den is proportional to the number of contingencies considered. Our approach was to stochastically
assess different multiple-contingency scenarios (but not explicitly solve all of them).

Numerous methods have been proposed to find reliable algorithms for contingency selection
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and assessment. The key point in any proposed method is to achieve balance between acceptable
accuracy and computational speed. The computational burden resulting from contingency analysis
is the reason why most studies are limited to single and a few double-line outages. The contribution
of this work is in stochastic assessment of multiple contingencies which will allow better modeling
of unexpected system events. Currently, reliability is rarely guaranteed under the event of a second
contingency. Therefore the cost/pricing aspect of multiple contingency studies is very important in
order to determine the cost of reliability. Solutions obtained from these scenarios can be also used
to develop appropriate hedging strategies.

Problems associated with contingencies have recently received greater attention, due in part
to blackouts around the world. Since low probability scenarios can lead to blackouts and network
collapse under certain circumstances, our intention was to go beyond the “n — 1”7 criterion. The
approach is general and allows the stochastic study of any type of “n — k” contingency. Generally
speaking, single-line outages are more probable then double or multiple outages. But if the first
outage is one of the critical lines, then subsequent outages are more likely. That observation guided
our application of the importance sampling algorithm.

This paper presents proposed computational steps for a CCOPF algorithm which is outlined in
[51] as well as an importance sampling method [46] for assessment of multiple contingencies. Monte
Carlo simulation with importance sampling combined with CCOPF in large networks promises to

be an effective technique for analyzing such problems.

4.1.1 Nonlinear CCOPF formulation

The mathematical framework for the solution of the nonlinear contingency constrained optimal
power flow (OPF) is based on sequential quadratic programming as proposed in [51] and described
in detail in [69]. The contingency constrained optimal power flow minimizes the total cost of a
base case operating state as well as the expected cost of recovery from contingencies such as line
or generation outages. The sequential quadratic programming (SQP) OPF formulation [63] has
been expanded in order to recognize contingency conditions, and the problem is solved as a single
entity by an efficient interior point method. The objective function in (4.1) includes the total cost
of operation in the pre-contingency or base case as well as the expected cost of recovery from all
contingencies. This formulation takes into account the system’s corrective capabilities in response
to contingencies introduced through ramp-rate constraints.

Contingency constrained OPF is a very challenging problem, because each contingency con-
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sidered introduces a new problem as large as the base case problem. Not all contingencies have
the same likelihood of occurrence, which leads us to assigning a probability to each contingency

considered. The expected cost of these contingencies is defined as

k
E{cy(uy)} = prdguw
w=1

Thus, by modeling contingency probabilities we can formulate the optimal power flow as a stochastic
programming problem. This formulation is also called the stochastic OPF and its linear form was
the subject of the research by Kimball, Clements and Davis in papers [49] and [50] where it was
solved via an interior point method and Bender’s decomposition.

By proper system reduction and use of constraint relaxation (active set) methods, the compu-
tational burden can be reduced significantly. The mathematical formulation of contingency con-

strained OPF with corrective rescheduling is as follows:

Minimize  ¢(zg, uo) + E {cy(uy)}

Subject to: g(xo,up) =0

where x¢ and x,, are state variables for the base and contingency cases, respectively, and ug and

uy, are pre- and post-contingency control settings. Constraints are following:

g(z0, up) power balance equations for base case;

f(zo,up)  set of inequality constraints for base case;

9w(Tw,u,) power balance equations for each contingency case;
fu(zw,uw) set of inequality constraints for each contingency case;
h(ug,u,) ramp-rate constraints;

P probability of contingency w;

w is the set of possible contingencies w =1, ... K.

Sequential quadratic programming coupled with an interior point method, as proposed in [63],
can be used to solve this optimization problem. The Lagrangian for the above problem with non-

negativity constraints imposed on the slack variables s; and o; through a barrier parameter pu,
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is

Ne, K nNecy,
L = c(xo,up) (ilnsol%—ZZlnswz—FZlnaZ)

w=1 =1
+A8 9(o, uo)

+70 (f (o, uo) + o)

K
+ Z )‘Z; (gw(xw, Uy) + 7, & (foltw, uy) + Sw)) (4.2)

w

Il
—

(pwdz;uw + 'YT(h(u07 Uw) + Uw))

M=

+

Il
—

w
A stationary point of the Lagrangian function is a zero of the following system of KKT conditions

from the interior point formulation:

\A

Vo0, u0) + G A+ Fipom =0
Vel = Vuee(wo,u0) + Go A + Fym+ Hyy =0
Ve £ = GL AN +FLm,=0
Vi L = G A+ Fim+Hiy+pudy =0
VL = g(xo,u0) =0
Ve L = f(zo,u0) +s0=0
Val = gul(zw,u,) =0
Vi, L = flzy,uy) + 5, =0
VL = h(up,uy)+0o=0
Vel = m—puSy'e=0
Ve L = m—uS,le=0

Vol = y—pEte=0

where S = diag(s), S, = diag(s,) and X = diag(c) and e is a vector of ones of appropriate
dimension. The last three of KK'T equations are known as complementary slackness conditions. In
order to solve this system of nonlinear equations we first apply a Newton linearization by expanding

the KKT equations about xg, ug, Ty, .



Wee Az + We Au + Gg)\ + FzT7r
Woue Az + WyuAu + GEN+ FI'r + H

Wawao ATy + Wau, Aty + GL Ny + FIL 7,

wUw

Wozo AT + Wapuy, Aty + GL Ny + FL my + HE

wUw
Gz Ax + Gy Au

F. Az + Fy,Au+ s

Gg, Az, + Gy, Auy,

F, Az, + F,, Au, + sy,

I1Se

11,5, ¢

I'>Ye

—Vze(z,u)
—Vye(z,u)

L
—g(x, u)
—f(@,u)

— 9o (T, )
—fo(Tw, uw)
e

e

e
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This linearized set of KKT conditions can be seen as necessary conditions of a quadratic optimiza-

tion problem at each iteration, hence the name sequential quadratic programming.

At this point we give a summary of the major steps of the algorithm. We refer the interested

reader to [69] where the complete procedure can be found. The solution procedure is to decompose

the system and solve it in a few stages. First we eliminate Az and A as well as Az, and A,

since these vectors are largest in size. The reduced-order system obtained after elimination of the

variables has the form:

WouAu + Fgw + Hg*y = b,

W, Aty + FZW Am, + ng'y = Buw

F,Au+s = b,

fuw Auy, + s, = Bm
H,Au+ H, Au, +0 = by
I[ISe = pe

II,S.e = pe

I'Ye = pe

This is still a nonlinear system of equations in terms of s, s, 7w, m, and o. The next step in the
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algorithm is to linearize the system about those variables. Linearized variables As, As,, and Ao
are expressed using the linearized complementary slackness equations and substituted in the rest

of the system. After performing that operation and a few algebraic steps, the reduced system will

have the following matrix form:

Weu Fo 0 0 HT Au by
F, -II''s 0 0 0 Ar be
0 0 W, Fu HT Ay, Do
0 0 F., -I3;'s, 0 Am,, b,
H, 0 H,, 0 Ty Ay b,

What we have shown is the block bordered diagonal form that has the base case and one
contingency block, but in general, under multiple contingencies, the above system will expand
along the diagonal and border. The above system is still unacceptably large due to the significant
number of control variables u and u,,. As we stressed before, the number of active constraints is
relatively small. Hence it would be computationally cheaper to eliminate the control variables from
the above system. Once the control variables are eliminated, the final stage is a potentially small,

bordered-block diagonal system of the form

Co

VbT AT(‘ 1

To
1 VlT ATy 71
C. v Am r
? 2 ’ ? (4.3)
Ck VkT Aﬂk Tk
o ViV Vi M Ay r,

to be solved in the inner loop. Here the block matrix Cy corresponds to the base case, the blocks
Co,,w=1,... K, correspond to the each of the contingency cases, and the bordering blocks V}, arise
from the generator ramping constraints that couple the sub-problems.

Potentially, each diagonal block in (4.3) is as large as the number of all the line flow and control
variable constraints in a single case; (4.3) could be enormous! But constraint relaxation limits the
entries in each Am, to just the constraints active for contingency w, a number which is typically
quite small compared with the size of the base case problem. A method for solving the above

bordered block diagonal (also called multistage) system is suggested in [47], with the caution that
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in this formulation, the block matrices C} usually differ in size. The first k 4+ 1 equations have the

form:
C,Am, + VwTAfy =7,
from which Am,, can be expressed
Am, =C1 (rw — VEA'y) (4.4)

The last equation in the matrix equation (4.3) is:

k
> VoAm, + MAy =,

w=0

After substituting Am,,, last equation becomes:

k k
<M - vwcw1v5> Ay=r, =Y V,Clr, (4.5)

In order to solve (4.5) for A~y, we have to factor each diagonal block C,, as:
C,=U'D,U,
The computational steps in computing A~ are
v.eo vt =v,u'Dlu v = KID K,
where K,, = U;TV.I is calculated by column fast-forward substitution. Also,
VoCylry = VLU DU Try, = KD 'y,

where the term 7, = U T, is calculated by forward substitution. Therefore, after this factoriza-

tions, (4.5) can be written as

k k
(M -y Kwale> Ay=r,— Y KID;'7,

w=0 w=0
A~ can be found from this equation. Now we can go back to (4.4) to calculate Am, using the

following procedure:
C,AT, =71, — VWTAW =7,
Since we already factored C,,, we have

Ur'D, U, AT, =T,
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If we define
z=D,U,Ar,
then z can be found from
Urz=7,
by forward substitution and finally A, is calculated from
U,A7m, = D}, 1y

by backward substitution. Then the algorithm calculates the rest of the unknowns iteratively.
These are the major steps in the nonlinear SQP CCOPF algorithm. The computation of the
cost of multiple contingencies even with this compact formulation can be prohibitively expensive.
For a 1,000-line network, the number of all possible double-line contingency scenarios is close to
5 million. The core question is how to choose the multiple contingencies to consider in order to
obtain an accurate cost approximation. Stochastic modeling based on Monte Carlo methods is an

attractive approach to a practical answer for such high dimension problems.

4.1.2 Importance Sampling
Importance Sampling- Basic Idea

To illustrate the basic idea of importance sampling we will discuss it first in its basic form,
using it to approximately calculate the value of an integral. A more detailed introduction to general
importance sampling can be found in references on Monte Carlo methods, [82] and [37]. that we
used.

Let us consider a function f(z) defined over the interval D and let us compute approximately

an integral

I:/Df(:n)dx

An underlying assumption is that in the above case the integrand is beyond our power of either
theoretical integration or quadrature formulas, which is the case with a multidimensional integrand,
where the variable of interest # € R¥. The idea is to calculate the above integral approximately as

an expectation of a continuous random variable.
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A naive Monte Carlo method would estimate I based on the independent identically distributed
random samples (1), ..., ™) drawn uniformly from D. An approximation to I in that case can

be obtained as:
1 < A
N Z f(ﬂC(J))
=1

The method called importance sampling proposed by Marshall in [55] provides a much better
estimate. Suppose we could generate random samples 2 20 from a nonuniform distribution
that puts more probability mass in the “important” parts of the sample space D. Let us explain
the basic idea. Without loss of generality, let us assume the simple case where D = [0, 1]. In order
to perform importance sampling, we first select a function g(x) defined over the same interval as

the integral that we want to calculate that satisfies two probability density function conditions:
1. The function g(z) is positive inside [0, 1]

2. The integral of g(z) over the whole interval [0, 1] is equal to 1

/01 g(x)dr =1

Then g(x) is a density function for 0 < z < 1, and we can calculate I as:

_1 _1@1.3;
LiAfWMw—A o)

If £ is a random number sampled from the distribution g(z) then we define the random variable

_J©

9(§)

O e
E”}‘E{mo}‘ ) a@? =1

Now let us consider N independent, identically distributed random variables &1, &, ..., &n. Ac-

whose expectation is

cording to the central limit theorem, for sufficiently large N, one can estimate the integral I by

means of the unbiased estimator

1 N
N§:g

<.
[y

which has a variance
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By proper choice of g(x), one can theoretically reduce the variance substantially, well beyond that
obtained using independent samples. In practice, successful importance sampling depends on the
efficient choice of the importance sampling density g(x). Theoretically, a candidate that produces
zero variance is I - f(z), but its practical value is very low, since in order to select it we have to
know I, the value that we want to estimate. Realistically, one may hope to find a good “candidate”
g(z) that follows the shape of f(z) as much as possible or which will sample more in the regions
where the value of f(z) is high. However, generating random numbers from such a distribution can

be a real challenge.

Importance Sampling in Stochastic OPF

The approach presented in this section follows the derivation in [46]. We present a general
method applicable to multiple contingencies of any type. We just showed that importance sampling
is a variance reduction technique which usually performs well with reasonable sample sizes. The
objective in importance sampling is to concentrate the distribution of the sample points in the
parts of the state space that are of most “importance” instead of spreading them out evenly.

A multiple-contingency state is modeled by a random vector v,

T
UZ(’Ul vy ... vn)

where n is the number of independent random variables which could be line status, generator
availability uncertainties, etc. If line contingencies are studied, n is the number of lines, and each of
the entries v; denotes line status. From the perspective of the sample space, line uncertainties are
simpler to study than other kinds of uncertainties, since the state has only two possible realizations,
in service or out of service. Therefore, v can have realization v* with corresponding probability
p(v¥), w € Q, where Q is the set of all possible contingency realizations. The number of all possible
scenarios even for a modest order of multiple contingencies is not practically solvable. The operating
cost function c(x, u, v¥) depends on the state vector x, the control vector u, and the random vector
v¥, which represents the uncertainties. For simplicity of notation, we will denote the cost function
by ¢(v*¥) to emphasize its stochastic character, which is crucial in this section.

Consider a random line outage scenario with random vector v*, w € Q and N = |2|. The cost
of the random line outage scenario ¢(v*) is an independent random variable with expected value

C, which in our discrete case is
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As we have shown in the integral example, by applying naive Monte Carlo, an unbiased estimator

of the mean C is:
N
_ 1
BRI
whose variance depends on the sample size as O(v/N) regardless of the dimensionality of v. The

expected value will be the same if we calculate it as

weN

by introducing a new sampling probability density function ¢“.
Successful importance sampling, as discussed, requires selecting an importance sampling density
g“ so that the variance in the estimate is reduced. For these reasons, we want ¢ to be proportional
to c(v¥)p(v*) and at the same time computationally inexpensive to find. A Monte Carlo importance

sampling estimator of C can be then defined as

1 N
— T‘w
v

Y,
1

where the new random variable is

Now we will show how a potential candidate for a successful sampling function ¢* can be found.
Let us introduce the notion of the “incremental cost” of a single line contingency. A single-line

contingency state can be defined as the vector

(7’1 e Ti—1 Uy T4l .- Tn>
with a single random variable corresponding to the base case

(n )

The incremental cost is defined as the difference between the cost of the contingency case arising

from v; and the base case
M;i(v)) =¢(m1 ... Tic1 v Tit1 ... Tp)—c(T) (4.6)
with corresponding expected value

M = E{M;(v¥)} = Z Lo Ticl U Tigl ..o Ta) —o(T)]pf
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When line outages are studied, the expectation M simplifies to M = M;, since v; can have only
one different outcome than assumed. Since the incremental cost is proportional to the respective
contingency cost (i.e., M;(v;) ~ c¢(v¥) ), the expected value of the random outage scenario can be

written as

or as the expectation

therefore the new random variable

For a particular network structure, we can calculate the base and all single-contingency OPF solu-

tions in order to form an additive approximation of the cost function under multiple contingencies:
n
cv) me(r) + > Mi(v¥) (4.7)
i=1

where M; is the incremental cost of the single-line contingency, v; represents a line outage scenario
with probability p¥, and ¢(7) is the cost of the base case. The incremental cost is not too expensive
to compute since we have to find one base case OPF solution and the n solutions of the single-
line outage scenarios. The CCOPF formulation (4.3) shows that each single-line contingency will
contribute to that set of equations one bordered diagonal block (one additional dimension beside
the base case). In other words, we have to solve n one-dimensional CCOPF scenarios instead of
one n-dimensional case.
The expected value of the cost (4.7) for the multiple contingency cases can be expressed in the
following form:
n n
B{e()} = e(r) + > MY F(o*)g [ pi(e) (4.8)
i=1 =1

we Jj=1
J#i
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where

wy _ ) —(7)
Flt) = ?:1 M;(vy)

& = pi(v”) M;(vfY)
M
Equation (4.8) can be interpreted as the sum of a constant term and n expectations. To describe

the sampling scheme, partition the sample space €2 into n subspaces €;,

OQi:Q
=1

each of size n;, corresponding to each line; assign each multi-line contingency to only one partition.
Therefore each line ¢ will be represented in double-line contingencies with weight n; according to

its incremental “importance”

M.
M

The second component of the double-line outage in the subset 2; will be sampled according to the
prescribed density function. In our case, since we do not have any a priori knowledge, it will be
uniformly distributed among all other lines j = 1,...,n, j # i. Therefore, for each n;, the i*" sum
in (4.8) can be estimated by

n;

pi= =S F()

n;
i =1

Finally, the estimated expected value of the double (in the general case, multiple) contingency can

be written as:
n
Z=c(r)+ Y M (4.9)
i=1

4.1.3 Numerical example

The importance sampling technique coupled with the CCOPF formulation was tested on the
IEEE 14-bus network. The ramp-rate constraints coefficient A was modeled as 10% of the generating
capacity of each generator. This example tested n — 2 contingency cases. Since the IEEE 14-bus
network has 20 lines, the number of all possible combinations for n — 2 contingency cases is 190.

Since this is still a manageable number for our formulation, we found the exact cost of hedging
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against all 190 cases and compared it with the estimated cost (4.9) obtained using importance
sampling with three different sample sizes (N = [Q2|). In the table, both the cost of the universe of
all contingencies (i.e. all 190 second contingencies) and the estimated cost are normalized against
the base case cost.

The total cost of hedging all 190 second contingency cases is C,_2 = 1.315 p.u. The fifth
column of Table 4.1 shows the estimation error as a percent of C),_o. This test case indicates that,
as concluded in [46], importance sampling shows promise in the stochastic evaluation of multiple-
contingency cases.

The implementation for large networks considering multiple contingencies will be the subject of
future research. Our hope is that, as in other importance sampling applications described in [46],
the method will be even more useful for investigating multiple contingencies on large networks.

Future research will also incorporate load shedding into the formulation.

Table 4.1: Results for the IEEE 14-bus network test case

IEEE 14-bus network
Case | Sample | Sample | Estimated Normalized | Estimation
size N | size % Cost function Error %
1 15 7.9 1.236 6.01
20 10.5 1.264 3.88
3 30 15.8 1.270 3.42

4.1.4 Conclusion

Evaluation of multiple contingencies is a challenging problem. The ultimate goal for any prac-
tical stochastic algorithm is to employ a sufficiently detailed model and to construct samples that
emphasize the “important” part of the state space. In the formulation presented, a detailed model
is obtained using nonlinear contingency-constrained OPF and a manageable sample size is achieved
through importance sampling.

We have developed a mathematical formulation and tested it on the IEEE-14 bus network case.
Results of the numerical example show that the expected costs obtained using importance sampling
are close to the actual operating cost of accommodating the full universe of contingencies.

It is hoped that importance sampling-based methods will complement simulation methods in
planning studies by filtering out from the large number of cases being studied those which require

detailed scrutiny.
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Chapter 5

A Formulation of the DC Contingency
Constrained OPF for LMP

Calculations

5.1 Introduction

Restructuring of the electric utility industry started with the unbundling of traditionally ver-
tically integrated utility companies that provided generation, transmission, and distribution into
independent, competitive commercial entities. Generating companies today sell electrical energy on
the open market to which transmission companies have to provide open access. In the restructured
industry, transmission companies are still treated as a monopoly, subject to regulation of the trans-
mission tariffs they can charge for network access. The role of independent distribution companies
is to provide low-voltage power to individual industrial, commercial and residential customers [43].

To ensure reliable, secure, and efficient operation of the power system, the Independent System

Operator (ISO) entity has been established. The role of the ISO is
1. to be independent from market participants (i.e., electric utilities, generator owners, retailers);
2. to coordinate the use of the transmission system;
3. to operate the electric energy market.

With the restructuring of the electric utility industry, operation of the market has moved from

being cost-based to bid-based. Under the Standard Market Design (SMD) issued by the Federal
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Energy Commission (FERC) in 2002, the ISO as the central authority accepts supply and demand
bids submitted by market participants (i.e., sellers and buyers). Once bids are submitted, the ISO
performs a bid-based OPF to determine dispatch of the generation, calculate Locational Marginal
Prices (LMP), and at the same time ensure secure and reliable operation of the power network.

Just as in the regulated industry, computer methods continue to play a major role in imple-
menting the electricity market objective while ensuring secure system operations. A chart showing
the inter-dependence between typical computer applications essential for successful energy market
is depicted in Fig. 5.1.

Real-time snapshots of the system state are of paramount importance for market applications.
In the electricity market environment a state estimator continues to serve the monitoring role
essential for secure system operation. Its prominent role is to ensure that market modules are
based on accurate on-line data and correct topology. The state estimation function utilized in the
energy market is shown in Fig. 5.1. Only a robust and reliable state estimator can fulfill that need
at all times. That segment of the problem is stressed in Chapter 2, where development of a robust
estimator is discussed in detail.

The process of computing LMPs depicted in Fig. 5.1 is based on some form of contingency
constrained OPF (CCOPF) and is decomposed into two stages. The information about the system
status and selection of the bids subject to system constraints is performed by the LMP Preprocessor.
The LMP Contingency Processor in Fig. 5.1 represent the contingency screening function. Its
function is to identify efficiently active power flow binding inequalities. In this chapter we will
present a novel algorithm in which this function can be efficiently performed through reduction of
the underlying CCOPF problem. Ultimately, the LMP block in Fig. 5.1 computes the prices.

A Locational Marginal Price (LMP) at a particular node in the network is “the price of supplying
an additional MW of load” at that bus. Or in other words, LMPs can be seen as the least expensive
way of delivering one additional MW of electricity to a node in the network while respecting all
system constrains.

The theory of LMPs, also called spot prices, was developed by Schweppe et al. in a few classical
papers that preceded [75], where a comprehensive treatment of the subject can be found. The work
by Hogan on contract networks in [39] is an important extension of Schweppe’s idea.

The LMPs are obtained from the underlying OPF-based optimization problem. From a math-
ematical point of view, LMPs are derived from Lagrange multipliers or as a solution of the dual

optimization problem. The traditional cost-based OPF, translates in the new market environment
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Figure 5.1: Typical Components of LMP Based Energy Market

into a bid-based OPF. Therefore, the problem objective is to find control settings that minimize
the bid-based objective function constrained by meeting load demand while respecting all other
constraints imposed on the problem. The resulting dispatch yields a set of market-clearing prices
for energy market transactions and for transmission congestion charges. In a linear programming
framework, bids are discrete bids, although in general other formulations of bid functions are pos-
sible [13].

The major factors affecting the LMP values are generator bid prices, the losses throughout the

system, and transmission lines prone to congestion. Thus, each LMP has three components [4]
LMP = LMP* + LMP* + LM P®

where:

LMPF is the component due to the energy:

LMPY  is the component due to losses

LMPC is the component due to congestion.
The energy component is the same throughout the system. In optimization language, the energy
component is the Lagrange multiplier of the power balance equations at the reference bus (what
we will define as ). The loss component varies and is usually small. If a lossless network model is
used, as in our case, the loss component is neglected.

Transmission constraints are the cause of congestion. If line flow limits are binding, their effect
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on the LMPs can be significant. Due to them the operator has to dispatch out-of-merit generation
in order to meet the demand. Mathematically speaking, the congestion component is Lagrange
multiplier of the binding line flow constraints; it will be defined soon as 7, in our algorithm. There-
fore, transmission constraints contribute to the fluctuation of LMPs. The congestion component
adds or subtracts from the LMP depending on whether power injection at the bus contributes to or
alleviates congestion. These components will be much clearer once we derive the KKT conditions
for the underlying optimization problem. We defer further discussion until then.

Under locational pricing, the cost of transmission congestion emerges as differences in energy
prices between locations connected by a line whose flow hits its limit. The process that is currently
in use by most ISO’s for pricing congestion is based on the LMP-congestion component. Energy
markets that adopted LMP-based congestion management agree that so far experience has been
fairly successful. On a longer horizon, LMPs provide effective financial signals and incentives for
locating new generation and transmission facilities which could provide further cost savings to
energy consumers.

Although less accurate than full nonlinear OPF, a linear programming OPF formulation has
been used almost exclusively in the LMP-based applications. Studies that examined the tradeoff
between a full nonlinear OPF based on AC power flow against a linear OPF based on DC power
flow have shown that results match fairly closely [66].

Linear programming OPF uses the DC power flow model. A favorable feature of the LP-based
OPF is that it can handle many different contingencies in an efficient and computationally accept-
able way. The cost of the computation in a linear OPF is substantially smaller than in a nonlinear
OPF. A drawback of the DC power flow model is that it does not model power losses and is less
accurate.

The development of a novel contingency constrained OPF algorithm suitable for market appli-
cations is the subject of the current chapter. We already discussed a closely related topic in Chapter
3, where the nonlinear CCOPF was used to estimate the cost of multiple contingencies. Since this
chapter deals with energy market applications that have been governed by almost exclusively linear
power flow models, our idea is to develop the CCOPF algorithm in the linear framework. The
algorithm that we present efficiently calculates the dispatch, state and LMPs of the system under
multiple contingencies.

The idea for problem decomposition that is used to develop the algorithm is based on work

of Stott and Hobson in [86]. Once the KKT conditions for the original CCOPF problem have
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been stated, the problem is decomposed into two stages. The first stage is a modified economic
dispatch subproblem, whose solution allows efficient calculation of the system state and the LMP-
congestion prices at the second stage. An interior point method is applied to the problem resulting
in a bordered-block diagonal system for which an efficient solution exists. This formulation provides
a framework to apply the importance sampling in order to obtain estimates of congestion charges

under multiple contingencies.

5.2 Initial problem formulation

The objective in bid-based contingency constrained OPF is to find control settings that minimize

the linear bid-based objective function
J = bTu[)
Subject to the base case (pre-contingency) equality and inequality constraints

Bobg + Coug = —pr,

Fobo + Gouo < fo
as well as contingency constraints of the form

Bwew + Cwuw = —PL
Fwew + quO + kuw < fw

w = 1,...,.K

The equality constraints are power balance equations at each bus in the network. The inequality
constraints are limits imposed on the system components. Contingency constraints are incorporated
either for corrective or preventive scheduling. In our case the corrective approach will be considered.
Corrective control actions are modeled through ramp-rate constraints.
The general problem formulation is:
Minimize bl
Subject to: Byby + Coug = —pr,
Fobp + Gouo < fo
B0, + C,u, = —pr,
F.0,+ Gyuo + Hyu, < fo,
w=1,....K
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The details of the formulation will be presented once the constraints used in the problem formulation
are defined.

Nomenclature

be R is the bid vector;

B € R™"™ is the negative susceptance network matrix;
6 eR” is the vector of bus angles (state variables);
u € R™ is the vector of control variables;

pg € R™ is the vector of generator powers;

p € R™ is the vector of nodal loads;

0 subscript that denotes variables or constraints associated with the base case;

w subscript that denotes variables or constraints associated with that contingency case;

n number of network buses;

ng number of generators;

ny number of loads;

ng number of network branches, but in implementation the number of active line-flow constraints.

5.3 Modeling of Inequality Constraints

In our problem formulation we will have four types of inequality constraints. They are classified

as follows:
e Transmission line flow limits (active power flow limits)
e Generator limits (lower and upper limits on real generation)
e Load-shedding limits

e Ramp-rate constraints

5.3.1 Transmission line flow limits using distribution factors

In DC power flow, active power line flow between nodes ¢ and j is defined as

1
pij = —(0i — 6;)

Tij
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where x;; is the reactance of the line. We will define a vector pjin. of all active power line flows,

and a matrix E € R™*"™ whose rows correspond to line flows and whose ij element has the form

where e; is the vector with all components equal to zero except for the " component, which is

equal to 1. From the power balance equation,
B0 = Kpy — Mp,

where:

K € R™™ is the node-to-generator incidence matrix that has value 1 at position
K;; where i denotes a bus where generator j is connected,;
M € R™™ is the node-to-load incidence matrix that has value 1 at position

M;; where i denotes a bus where load j is connected

phase angles ¢; and 6; can be obtained as

0; = el B Y (Kp, — Mp,)
b; = e;fol(KPg—Mpl)

Then, the line flow equation can be written as

1 _ 1 _
pij = 7(62‘ — ej)TB leg — —(ei — ej)TB 1]\4]9[
xij .’L‘Z'j

The vector pyne can be written as
Pline = EB™'Kpy — EB™' Mp,
where a matrix of so-called distribution factors can be defined as
F,=EB™!

Since the DC OPF problem requires LU factorization of B, distribution factors can be calculated
at the cost of a two step forward /backward substitution. The first step is to find R by solving the

equation

UTRT _ ET
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via column-by-column forward substitution and the second is finding FbT from
L"F =R"

via column-by-column backward substitution. It is worthwhile to note that matrix Fj, is non-sparse.

Using distribution factors, line limit inequality constraints can be stated as

Fypg — Fypr < f
where

F, = FK

F, = FE,M
Among the favorable properties of the DC OPF-based applications is one related to updat-
ing the system matrix B when the network is subject to contingencies. Since efficient contingency
calculation is of particular interest in the development of the algorithm, we will show the computa-
tional steps for recomputing distribution factors of the network subject to line contingencies. When
multiple (i.e., k-line) contingencies are considered, modifications to matrix B can be represented
using U and V matrices in R™**. The general Sherman-Morrison-Woodbury formula [35] writes

the inverse of (B4 UVT) as
(B+Uuvh=t =gt - B 'y +uvTB 'U)"lvT B!

which allows efficient recalculation of distribution factors.
When single contingencies are considered, the new B matrix, denoted as B., can be expressed

as a rank-one modification:
B.= B+ uv!

The updating procedure is a very important part of designing a computationally efficient algorithm.

Using the rank-one Sherman-Morrison-Woodbury formula, B, ! can be written as

1

Bl'=B+wh)'=B"1- T50TE T

(B )" B )

Let us define

T 1+ 0B 1y
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For efficient solution, write
vIB i =0TU 'L u=0"4

where @ is calculated from UT% = v via fast-forward substitution, and % is calculated from L@ = u,

also by fast-forward substitution. Thus,

1

B;'=B7'—~.u07 here = —
¢ 7 v R

and v is calculated from Uu = @ via fast-backward substitution, and v is calculated from L7 = o,

also by fast-backward substitution. Therefore, the distribution factors for each contingency can be

found by

Ff = Fy—~- Euvt

5.3.2 Generator output limits

Generator output limits are constrained between

max

Py < pg < pp

is the maximum generation limit as determined by its rating;

is the minimum generation limit, usually dependent on boiler stability and not necessarily zero.
For modeling purposes, we split each double-sided limit into two inequalities

max

pgl S pgl

max

Pg2 < Pg2

max

pgng S pgng

min

7pg1

IN

*pgl

< min

_pg2 _p92

min
_pgng S _pgng
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written in matrix form as

Ig pgmac
pg - min
F, gPg < f g

where I, is the identity matrix of dimension (ng x ng).

5.3.3 Load shedding limits

Load shedding is included in both the objective function and in the constraint set. In the past,
high cost has been assigned to the load shedding variables so that they are adjusted only as a
last resort when no other solution can be achieved. Load shedding in today’s market is tailored to
customers’ needs. By assigning proper weights we can model customers’ participation in the market
dispatch, especially if provided with forecasts of price information.

There are two alternatives for including load in the dispatch:

e voluntary - where customers agrees to adapt their demand to meet utility needs under un-

certainty or during a period of high electricity price (congestion) or generation shortage;
e involuntary - by assigning very high weights and using load shedding.

Our formulation will allow this choice through the assignment of appropriate load weights ¢; in
the weight vector c. Load shedding limits represent the amount of load shed, generally bounded

between 0 and the actual load pg,

which we write as
I Py
P <
-1 0
Ep < fi

where I; is the identity matrix of dimension (n; x n;)
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5.3.4 Ramp-rate constraints

Corrective control actions produce lower cost than preventive methods that are more conser-
vative. In preventive methods contingency constraints are imposed in the base case and corrective
actions are not allowed. One has to solve the base case such that a feasible operating state is
achieved without considering the systems’ corrective actions.

Corrective control actions involve changing the control variables of the system in response to a
contingency occurrence within prespecified limits. This process is also known as post contingency
corrective rescheduling. The underlying assumption is that rescheduling of the plant can be done
within a maximum increment of A; up or down.

General ramp-rate constraints are of the form
A<u—u? <A
In our algorithm the control variables subject to ramp-rate constraints are active power generation.
A<py—pg <A
By replacing double-sided constraints with two sets of inequalities, as we have done before, one gets

HOpg + prgw < A

where
A
I, -1 A,
Hy = ) H, = and A=
—14 I -4
SAY

where I, is the identity matrix of dimension (ng x ng).

5.4 An Interior Point Solution Algorithm

The algorithm that we will derive in this section is based on an idea of Stott and Hobson in

[86], which is that the linear programming formulation can be reduced to a smaller subproblem by
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elimination of the phase angles and the Lagrange multipliers corresponding to the power balance
equations.

In what follows, we adopt Stott’s very elegant approach but solve the problem using an interior
point method, prove some very interesting observation along the way, and extend the formulation
to account for multiple contingencies.

The network power balance equation
B = Kpy — Mp,

has to be decomposed due to the singularity of the network susceptance matrix B. To do this
we impose the reference bus® equality constraint explicitly in the original set of power balance
equations and treat separately its power balance equation. The corresponding modified power

balance equation is
B'0 = K'p, — M'p,

where B’ is the modification of B in which its first row is replaced with vector ef’; the first rows of
the incidence matrices K and M are zeroed out in order to obtain K’ and M’. This modification
reflects the constraint that the angle at the reference bus is equal to 0°.

The power balance equation for the reference bus is treated separately and can be extracted

from the initial set of power balance equations by premultiplying by ef:
B0 = T Kpy — o My
Therefore, the problem formulation is

Minimize prg + 'y

Subject to  B'6 — K'py,+ M'p, =0
el BO — elTKpg +elMp =0
EO < fp
Fypg < fy

Fipr < fi

The first step in the interior point method solution process is to convert inequality constraints to

3In this chapter the first bus in the network denotes the reference bus
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equality constraints by introducing slack variables s, s, and s;:
Minimize prg +c'py
Subject to B'0— K'p,+ M'p, =0
el BO — elTKpg +elMp =0
EO— fo+s,=0
Fypg — fg+54=0
Fipp— fi+s=0

The nonnegativity of the slack variables is enforced by appending a logarithmic barrier function of

the form

np Ng ny
M[ZIDSb + Zlnsg + Zlnsl}
i=1 i=1 i=1
The problem Lagrangian is given by
L= prg + ',
+XT[B'0 — K'p, + M'p]
+a« [e{BO — elTKpg + elTMpl}
+7rbT Eﬁ—fb—i-sb}

Jr7TgT _ngg*fgjLsg]

+ml | Fip— fi+ Sz}
ny g ny
_M[Zlnsb—l—Zlnsg—i—Zlnsl}
i=1 i=1 i=1

where the corresponding Lagrange multipliers in the LMP framework can be interpreted as:

« is the energy component of the LMPs;
A(2:n) is the vector of LMPs;

b is the vector of (shadow) congestion price for the line limit constraints
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The KKT first-order necessary conditions

oL

= b— KX~ aK"e; + F]my =0 (5.2)

oL T T T

%:c—&—M AtaMiep+F m=0 (5.3)
!

oL T T _

%—B A+ Beja+E =0 (5.4)

% =B0—K'p,+Mp =0 (5.5)

OL _ Tpo_ Tk +el'Mp =0 (5.6)

oo A €1 fApg T € Mpp = .

% o fbe=o 57

oy

oL

8771'9: gpg—fg+3g:0 (58)

oL

9 —fim— it s =0 (5.9)
7

oL

oL

oL

= =1LS — e = 1

081 lSl ue 0 (5 2)

The fundamental equation for understanding the idea behind LMP-based congestion prices is
equation (5.4). The \’s are LMPs that, in the absence of congestion (no binding limits, i.e., 7, = 0),
are equal to «, which is an energy price component or the price at the reference bus. Therefore,
in the absence of congestion, prices are the same throughout the system. Once a line constraint
becomes binding, its corresponding Lagrange multiplier becomes nonzero (i.e., m, # 0), and the
LMPs undergo changes. A very interesting discussion of equation (5.4) can be found in Wu et al.
[99].

Reduction of the above system will be accomplished through elimination of A and 6 from the set
of KKT conditions. Vectors A and € can be expressed from equations (5.4) and (5.5), respectively,

as

0 — B/—].K/pg . B/—].M/pl

AN=—-BTETr,— B~TBT¢
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Substituting these expressions in the rest of the system results in

b+ KTBTETm, +a [K’TB’*TBT - KT] er+ Flmy =0 (5.13)
¢~ MTB-TE T — o [M’TB’_TBT - MT} e1+ Fl'm =0 (5.14)
elTB [B’flK’pg — B’flM’pl} = elTKpg — elTMpl (5.15)

EB"'K'p, — EB'M'p; — fy + 5, = 0 (5.16)
Fypg — fg+54=0 ( )
Epr—fi+s=0 (5-18)
1,5, - je=0 (5.19)
ISy, — e =0 ( )
11,5, — pe =0 (5.21)

In order to simplify further, we will show that the following two equations hold:

KTBTBTe; — KTey =& where é=(1...1)T e R™

MTB"TBTe; — MTe; =& where é=(1...1)T e R™

One may recall that K is the node-to-generator incidence matrix, each of whose columns has exactly
one element equal to one and the rest of the elements are zero. K’ is the matrix K modified in such

a way that its first row is zeroed out. Accordingly, two cases are considered

1. There is no generator connected to the reference bus.
In this case, each row of KT has exactly one element equal to 1 and the first column is the

zero vector. Also the product K'e; is the zero vector

0 x x --- X
0
0 x x -+ X
1T / _ 0
K+ = 0 X X - X and Kel—
0
0 x X X

2. Generator j, (j # 1), is connected to the reference bus.

In this case the j** row of K'T is a zero vector, while the j** element of vector K’e; will have



value 1 and zero everywhere else.

0 x x -+ X
0 0 0 : 0
KT = and K'ey
0 x x -+ X
0 x x -+ X

According to Theorem B.4. on page 143 in the Appendix B, the product BT BT is equal to

O 00 --- 0
110 --- 0
BTBT—| 1 01 --- 0
100 - 1
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With this matrix structure, one can easily show that whether or not a generator is connected to

the reference bus, one gets

KTB TBTe; — KTe; =& where &€ R™
In a similar way it can be shown that

MTB"TBTe; = —¢ where ¢&ecR™

Equation (5.15) can be rewritten as

eI [BBHK' _ K} py =eT [BBHM’ — M|p,
From the above discussion it is straightforward to show that

eT [BB’*IK’ - K] — &7 where z€R™
and also

eI [BB’—lM’ - M} = &7 where &ecR™

Therefore, the power balance equation for the reference bus (5.15), after elimination of the vector

f, becomes the system power balance equation

T ~T
e pg=¢m
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One may recall that we already encountered the terms

EB'K' =TF,

EB M =F,

as the distribution factors discussed on page 110.

Thus, the KKT conditions can be written in more compact form as:

b+FbT7rb+éa+FgT7rg =0

c—ﬁgwb—goc—i—ﬂTm =0

éTpg —eTp =0

Fypg — Fypr — fo+ 55 =0 (5.22)
Fypg — fg+54=0

Ep — fi+s=0

HbSb—MGZO
1,8y — pe =0
;S —pe=20

This reduced system of KKT conditions can be seen as the KKT conditions of the following La-
grangian:
L=0b"p,+cp
+ o [éTpg — éTpl}
+ 7y [Fbpg — Fypr — fo + Sb}
+ 775 [ngg — fq + sg]

+ [Flpl - fi+ Sz}

ny Ng ny
— H[Zlﬂsb + Zlnsg + Zlnsl}
i=1 =1 =1



The corresponding reduced problem is
Minimize prg +c'py
Subject to éTpg =él'p
Fiypg — Fopr < fi
Fypg < fq

Ep < fi
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(5.23)

One can recognize this problem as an economic dispatch problem with line limits imposed via

distribution factors.

5.4.1 Solution of the reduced system

In this section we will discus how the reduced order system can be solved using an interior point

method, The reduced KKT conditions (5.22) are nonlinear due to the last three complimentary

slackness conditions. They are linearized as follows:

I Asg 4+ SgAmy = pe — I, Sge
II,Asy + SpAm, = pne — 11, Sye

I As; + S;Am = pe — I1;Sje
Now express Asgy, Asy, As; as

Asg = Mﬂgle — 854 — H;ngAwg
Asy = ,uﬂgle —Sp — H;lsbAwb

As; = qule — 85— HflSlAwl
and substitute them in the rest of the linearized system, which becomes

FgTAwg + FZAm, +ae=r;
FlTATrl — ﬁbTAﬂ'b — Qe =17y
éTpg — éTpl =0

Fypg — DyAmy =13

Fypy — Fyp, — DyAm, = 14

FEipy — DiAm =15

(5.24)
(5.25)

(5.26)

(5.27)
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where
rn o= —b—Flny—Fym
ro = —C—F}Tﬂl—ﬁgﬂb
ry = fg—uﬂgle
rg = fo—pll e
rs = fi—pll e
and
D, = II;'S,
D, = IL'S,
D = 1,5

The next step is to express the vectors Any, Am, and Am from the system (5.27) as

Amg =Dy, ' Fypy — Dy 'rs (5.28)
Aﬂ'b = Db_lfbpg - Db_lﬁbpl - Dl_lT4 (529)
Am = D, Eyp, — Dy 'rs (5.30)

Eliminating (5.28), (5.29) and (5.30) results in the matrix form

E'D,'F, + F, D, 'F, ~F, D, 'F, é Py re
—FI'D;'Fy FI'DYF + F'D; Ry, —é o | =1 (5.31)
el —er 0 a 0

where the right hand side terms are

_ =T ~_
reg = 7“1+F9TD917’3+FbDb17’4

T = T + FZTDI_17“5 — FbTDl_1T4

The pseudocode for a DC OPF algorithm based on this form is outlined in Algorithm 9.

5.5 Formulation of the DC Contingency Constrained OPF

The DC contingency constrained OPF problem may be formulated as a single optimization prob-

lem which includes a base case and a set of contingency cases coupled with ramp-rate constraints.
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Algorithm 9 DCOPF algorithm
given an initial dispatch p,

build initial F, and F;
initialize p
while y > ¢ do
calculate py, p
calculate Am,, Am, and Am
calculate Asy, Asy, As;
calculate step size
update A7 and As vectors
update p
end while
check for new violations
while new violations # 0 do
build new Fj and F
% resolve the problem
initialize pu
while p > € do
calculate pg, p
calculate Amy, Am, and Am
calculate Asy, Asy, As;
calculate step size
update Arm and As vectors
update pu
end while
end while

calculate # and \




The mathematical formulation is as follows

Minimize

Subject to
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=T ~T
e pg=¢p

Fypg — Fypi < fi
Fypg < fg

Fipy < fi

e pg =& py

Frwpgw — Fyot < foo
Foupgw < fouw

Fupi < fiw

Hopy + Hup, < A

w=1,...,K

Instead of deriving the full algorithm, we will just look at terms that will be affected by extending

the problem to include contingencies. We know from the nonlinear CCOPF covered in Chapter 4

that each contingency case introduces a problem as large as the base case and that the base case

and contingency cases are coupled via the ramp-rate constraints. Addition of ramp-rate constraints

will expand certain terms in the base case KKT conditions and add appropriate blocks for each

contingency case considered. Once the impact of the ramp-rate constraints upon the base case

problem structure is examined, the pattern of the full linear CCOPF will emerge.

Addition of the ramp-rate constraint

Hopg + Hypo, <A

to the base case will add the following terms to the base case problem Lagrangian

L= +7Tg;; |:H0pg +H,p, — A+ 3rwi|

K ng

K Z Zln Srw

w=1 =1

Those new terms will modify the following KKT condition

oL
Opg

K

= = bt Flmg+ Fymy+ag+ Y Him, =0

w=1
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as well as add two new KKT conditions

oL
p) :HOpg+prgw_A+STw:0
Trw
oL
3 =1I1,,S, —pue=0
Srw

where S, = diag(s,w), Il = diag(m,,). The KKT conditions linearized around m,,, and s, are

K
FgTAﬂ'g + FfAm, +ae+ Z HI Amyy, =14 (5.32)
w=1
Hopy + Hopgy — A + 57 + Asp, =0 (5.33)
Lo ASre + SrwAmey = pe — I, Sppe (5.34)

For convenience we will define
K
/ § : T
7'1 - Tl - HO 7T7«w
w=1

By expressing the incremental slack variable As,, from the linearized complementary slackness

equation as
Asp, = MHT_Wle — Spy — walSmAﬂ'm
and substituting in (5.33) one gets
Hopg + Hupgow — Dy AT = T10w
where

Drw = H;jsrw
0w = A—,qule

rw

Now Am,., can be eliminated from
ATy, = Dy} Hopy + Dyt Hopgw — Dyolri0w (5.35)

After substituting A, into (5.34) and a bit of algebra, the equation has the form

K K
_ =T ~—17 _ 1 ~—17 _ _
Fy D' Fy+ Fy D' Fy+ ) HgDrJHO}pg — Fy Dy ' Fypy + Ne + ) Hy Dyt Hupgo = 1]
w=1 w=1

(5.36)
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where
K
r =17+ Z HgD;Jrlow
w=1
which closes consideration of the base case with ramp-rate constraint appended.
The next stage is to consider the general form of the contingency part. As stated before, the
KKT conditions for the contingency part of the problem are very similar to the base case, and all

of them can be obtained from the base case consideration by appending the subscript w. Due to

oL

Bpes has

the coupling constraints, only the % condition requires special consideration. Therefore,

the form

_ —T
= eéay, + Fg:fuwgw + Fy Mo + Hfﬂm =0

Opgw

Using the same linearization process as in the base case leads to the final form

— _ —T 1= _ - i~ ~
HE;DT 1H0p9 + FT D 1Fgw + FbwwalFbw + HEDW}HL&J Pgw — FbwwalFbwplw toage = rll,w

w gw gw
where
" / T y—1
Tw = Tw T+ Hw Drw 710w

The coupling between the base and the contingency cases is best seen if we represent all equations in
block matrix form. The following compact form produces the well-known upper bordered-diagonal

system, similar to the lower bordered-diagonal system obtained for the nonlinear CCOPF.

Co i Vo - Vi Do ro
Vil & p1 m
V2T Cs b2 = T2 (5-37)
vr Ck Dk Tk

where each block has the structure
Ci1 Cyio e Ciy 0 0 Py
Co = Coyy Coy —€ , Vi = 0 0 0 and Po = DI

el —eT' o 0 00 a
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The base-case block matrices are defined as:

K
Cu = FI'D;'F, + F, D;'Fy + > H{ D; .} Hy

w=1
7T 1=
Cip = —F, D; ' I,
Ciy=HID'H,
Co1 = Cfy
Cos = F'Dy Ry + FEDy YRy
The coupling block matrices are defined as:
Cy=Cl,=HID, ! Hy
and the contingency block matrices are defined as:

Cy = FI.D F,, + Fy, Dy Fo, + H Dy H,

gw T gw
7T 1=
w o 1
12 — _Fbwwa Fbw
w _ rwT
021 - 012

Csy = FLD Fuy + FL,Dy ) Fy,

5.5.1 Solution of the upper Bordered-diagonal system

Next a procedure for solving the bordered-diagonal system (5.37) will be outlined. Equations 2

to k have the same form and can be written as
Vpro—i-prw:rw w=1,....K
Express p, as
P = Ct(ro = Vi po) (5.38)

The first equation from (5.37) is

k
Z Vopo + COpO =To

w=1

which after substituting p,, from (5.38) becomes

k k
(00 -y ijvf) po=ro— > VoCi'r, (5.39)

w=1 w=1



The first step in solving this equation is to factor each symmetric block matrix C,, as
C,=UrD,U,
Then calculating the terms in the sum on the left-hand side as
v.eo 'V =v,u'D'u;TvE = KIDJ'K,
with K, calculated column-by-column via fast-forward substitution from
Uk, =v?r
In a similar way the terms on the right-hand side of the summation are calculated as
V,U;'D; U r, = KIDS'F,
where
Tw=U, Ty,

is calculated by forward substitution. Thus, equation (5.38) has the form

k k
<00 - KfD;le> po=ro— > K,D'r,

w=1 w=1
from which py can be found by performing LU factorization of the matrix

k
Co— Y KIDJ'K,
w=1
Once py is found, the p,’s are calculated from equations 1 to k of the system (5.37)
UngUwpw =Tw — VEPO

where p,, can be found by forward/backward substitution by first finding z from

Ul 2z =r, —VIp,
via forward substitution and then p,, from

U,po :D;1~z

by backward substitution.

128
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5.6 Importance sampling for LMP-based congestion prices

In practice, LMPs that respect the standard N —1 reliability criteria are obtained in the following
way: the system operator identifies the worst single contingency and performs CCOPF with that
contingency to obtain LMPs that meet standard reliability criteria. Finding single worst contingency
is still a manageable job even for a large system. If one is interested in going beyond standard
reliability criteria, it is an open question as to what to do. As we explained earlier, if we go one
step further, the number of N — 2 cases could be prohibitively large.

The real challenge is how to define schemes for the evaluation of multiple contingencies without
considering all of them and still obtain an acceptable estimate of the relevant variables. A method
based on probability is required to gain more insight into the cost of congestion. What we suggest
is to find a valid sample space, similar to the one presented in Chapter 4, and apply the importance
sampling algorithm. Experience suggests that such an algorithm will give a good estimate of the
congestion prices under multiple contingencies.

Let us reiterate the basic ideas of importance sampling algorithm described in Chapter 4. The
algorithm first assesses all single contingencies and finds their incremental cost (M;), which is the
difference between bid value of each contingency case (J,,) and the base case (J). Then one finds
the expected value of the incremental cost M for all single contingencies. One has to choose the
size N of the sample space €2 for the multiple contingencies to be considered. Partition the sample
space ) into ny, subspaces €2; where |J2; Q; = Q, each of size n;, corresponding to each line; assign
each multi-line contingency to only one partition. Therefore, each line ¢ will be represented in a
double-line contingency with weight n; according to its marginal “importance”

M.
M

The second component (the second line in the double-line contingency) will be sampled randomly.

Finally, the congestion price at each node is calculated according to:
1 N
A=+ kZ:l Ak
The cost of security under multiple contingencies is estimated as
- 1 &
A=+ > Ak —a
k=1

The importance sampling algorithm for LMP-based congestion and cost of security estimation,

using contingency constrained DC OPF as developed in this chapter is proposed in Fig. 5.2.



130

Single contingency
preescreening | preescreening and
partitioning sample

space Q
Y
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Solve second order | optimization
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of equations
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Expected cost LMP estimate Congestion
of security under N-2 paterns

Figure 5.2: Importance sampling in contingency constrained DC OPF framework
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The ability of the state estimator to achieve a high level of efficiency and numerical robustness
is of paramount importance in today’s eclectic utility industry. A robust algorithm must be globally
convergent (convergent from any starting point), and able to solve in practice both well-conditioned
and ill-conditioned problems.

This dissertation presents a new approach for solving power system state estimation based on
a globally convergent modification of Newton’s method using trust region methods (TRM). The
performance of the TRM method was tested on the standard IEEE network cases and results are
discussed thoroughly. A sound theoretical support as well as practical efficiency and robustness are
the strong arguments supporting the trust region method to be applied in practical power system
state estimators. The objective is to provide a more reliable and robust state estimator, which can
successfully cope with all kinds of errors (bad data, topological, parameter) faced in power system
models.

It is well known that Krylov subspace iterative methods are used to solve large sparse linear
systems. Although it was not clear their potential on the power system state estimation problems.
In presented research it has been found that LSQR method perform reliably when applied to solve
PSSE. The LSQR method follows the same principle as CG, although it is much better suited for
least-squares problems. The numerical simulations indicate that LSQR method is very competitive
in robustness with classical QR factorization algorithm. Additional savings by reduction is number
of floating point operations, no need for ordering, and ability to implement iterative methods using

parallel computing, recommend Newton-LSQR method for practical implementations.
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The dissertation presents SQP technique combined with the method of importance sampling
in order to solve the stochastic OPF. The objective in importance sampling is to concentrate the
random sample points in critical regions of the state space. In our case that means that single-line
outages that cause the most ”trouble” will be encountered more frequently in multiple line outage
subsets. It has been shown that

Under multiple contingencies LMP-based congestion prices fluctuate considerably. Proposed
method employs reduced problem formulation and decouples economic dispatch problem from state
and LMP calculation problem. Thus, the large multiple contingency optimization problem can be
solved efficiently. We believe that the proposed method will be very effective on networks of practical
size. Based on Monte Carlo importance sampling idea, the proposed algorithm can stochastically

assess the impact of multiple contingencies on LMP-congestion prices.

6.2 Future Work

Future work can be extended in following directions

e Explore possible ways of reducing computational effort in TR method by solving inner itera-

tions using LSQR method

e Testing of the proposed LP based CCOPF with importance sampling
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Appendix A

Network Test Cases

A.1 Introduction

Bus/branch network models are most commonly used in state estimation and power flow studies.
The algorithms in this dissertation have been tested by means of a standard IEEE test systems that
can be found in [90]. In power system state estimation the measurement set is usually a mixture
of line power flow (both active and reactive), power bus injection (also active and reactive), and
voltage magnitude measurement. Today even power angle measurements are available by means of
PMUs, although those types of measurement were not consider in our study.

A fundamental question one has to answer when placing measurements is the following: “Is
it possible to estimate the state from an available set of measurements, or in other words is the
network observable?” An observability analysis is conducted prior to performing state estimation.
Observability analysis is based on three methodologies: topological, numerical or hybrid. The topo-
logically based algorithm that determines observability of the network was introduced by Clements
and Wollenberg in [19] and further developed by Krumpholz, Clements and Davis in [52], where
more details can be found. A review of the observability analysis methods and meter placement

was prepared by Clements in [15].

A.2 1IEEE 14 bus network case

The one-line diagram of the IEEE 14-bus network with a measurement set is illustrated in
Fig. A.1. This network has been used in many examples throughout the research and also in many

references cited in this dissertation. The original network and data files can be found in [90].
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The IEEE 14-bus network in Fig. A.1 could be summarized:

v
o

, 8
P (14
10 L<>_>_g( ' 1@
+7

.
(8

}6)

3

—O—  line flow measurement (P,Q)

2 voltage magnitude measurement (V) v.Q

! injection measurement (P,Q)

Figure A.1: IEEE 14-bus test system with measurement set

- number of buses: N = 14

- number of state variables: n = 2N — 1 =27
- number of measurements: m = 42

- redundancy ratio n = m/n = 1.56

For practical implementation, there should be enough redundancy in measurement throughout the
network. Degree of redundancy is usually expressed in terms of ratio of number of meters to number
of states. 7 is a very important quantity, more redundant measurements give more chances for bad
data to be detected [16].

Each of these measurements is not perfect. There is a constant level of error/noise present in the

measurement. Therefore measurement error must be considered. The measurement error variance
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o2, is assigned to each measurement type to reflect the expected accuracy of the meter used. These
values are usually used as weights in the diagonal matrix R~'. Assumed values of the variance o
depending on the measurement type are given in Tables A.1 and A.2.

The way that we generated the measurement set is by calculating “perfect measurements” from
the data available. Standard IEEE systems come with both parameters and solution. Measurement
system is generated knowing the solution and then measurement noise (Gaussian random variable,
zero mean unit variance) has been added to the perfect measurement to produce more realistic

“noisy” measurements.

Table A.1: IEEE 14-bus test case - measurement set

’ type # ‘ measurement type ‘ # of meas. o2
1 P flow 13 1-1073
2 P injection 6 1-1073
3 Q flow 11 1-1073
4 Q injection 5 1-1073
5 V magnitude 7 1-1074

A.3 IEEE 30 bus network case

IEEE 30-bus network in Fig. A.2 could be summarized:
- number of buses: N = 30

- number of state variables: n = 2N — 1 =59

- number of measurements: m = 81

- redundancy ratio n = m/n = 1.37

Table A.2: IEEE 30-bus test case - measurement set

’ type # ‘ measurement type ‘ # of meas. o?
1 P flow 26 1-1073
2 P injection 13 1-1073
3 Q flow 26 1-1073
4 Q injection 13 1-1073
5 V magnitude 3 1-1074
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(40)
PQ
(14) PO (13) 111
T o
(11)
PQ (10) '
' 8
— 7
—O—  line flow measurement (P,Q) — 5
vO

! voltage magnitude measurement (V)

! injection measurement (P,Q)

Figure A.2: IEEE 30-bus test system with measurement set
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A.4 Non-converging cases

When we say “non-converging cases”, we mean that the measurement set with topology error
could not be solved by the Newton-QR algorithm. The notion of observability applied to the network
with topology errors also. The design goal is to provide network observability under most operating
conditions. If the outages or topology errors render a network unobservable even, the most robust
algorithm won’t be able to find the solution. While there is a constant effort to provide observable
networks, temporary unobservability may still occur due to unanticipated network topology or
failure in the telemetered measurements.

When building “non-converging” cases such as the ones in Fig. A.3 and Fig. A.4, we carefully
placed the measurement set so that the network is observable. In Fig. A.3 and Fig. A.4 we denoted

topology error by a dashed line, in which we assume that the line is out when it is actually in.

'®

(19)

g 8
P14
b 7

.
(8

}(6)

&

voltage magnitude measurement (V) v.Q

—— line flow measurement (P,Q)

injection measurement (P,Q)

— ——- topology error

Figure A.3: IEEE 14-bus test system with measurement set and topology errors
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— 7

(6]
— 5
v

voltage magnitude measurement (V)

injection measurement (P,Q)

—O— line flow measurement (P,Q)

———- topology error

Figure A.4: TEEE 30-bus test system with measurement set and topology errors
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Appendix B

B Matrix Theorems

In this Appendix we will prove four important theorems regarding the bus susceptance network
matrix B and its modifications (i.e., matrices B’ and B). Theorem B.4. is the key theorem in
the development of the economic dispatch-based reduced system in Chapter 5. In order to prove
Theorem B.4., Theorems B.1. through B.3. are needed.

Theorem B.1. is considered something of a Folk Theorem in the power system analysis commu-
nity. To the best of the author’s knowledge it has not been given a rigorous mathematical proof.
Therefore, for completeness, we provide a mathematical proof for the fact that was taken for granted
in many references.

Recall that B € R"*"™ is a symmetric, singular matrix whose rows/columns have the following

property

n

bkk:_zbkj k’zl,...,n

j=1

J#k
Theorem B.1. Suppose that matriz B € R"*™ is a symmetric matrix such that for, k=1,...,n

b, <0, and by >0 for i#k

and

n

bre=—3 by  k=1,....n
j=1
J#k

Then dim N (B) = 1, where N'(B) denotes the null-space of B.
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Proof. Suppose that:

U1
V2
B =0
Un
Claim:
U1 1
V2 1
=A| for some A € R.
Un, 1

Suppose that not all v;’s have the same value. Then for somel, 1 <l <mn

lur| > |vj] for 1<j<n and

lur| > |vj] for some k #1.

Then since

n
Z blj'l)j =0
j=1

n
ullend = el = | =3 byges|
j=1
J#l
n
S loylos|
7j=1
J#l
n
< (X ) u
7=1
J#l
n
= (Zbu)\vll
7=1

i
= |bullv]

IN

Which is a contradiction and therefore all v;’s must have the same value; hence dim N(B) =1
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Theorem B.2. Suppose matrices B’ and B are defined as

1 0O --- 0
- ) b -+ bop
B = %2 ?2 2n and B =
an bnn
bln b2n e bnn
with the following property
n
bk =—» by  k=2,....n
j=1
J#k
Then matrices B' and B are nonsingular.
Proof. Let us denote
el 1
! 1
ba 0
B'=| ee=|  [eR™  e=| i |eR™
1
bn 0

It is straightforward to show that det(B') = det(g), so B is nonsingular if and only if B’ is
nonsingular.

Also due to the property of the B matriz
Bv=20 & v=A

Since dim N (B) = 1, where N'(B) denotes the null-space of B, ba,...,b, of B are linearly inde-
pendent. In order to prove that, suppose a contradiction.

Assume that vectors b, ..., b, are linearly dependent vectors. Then

n
Z Oéibi =0
=2

for some «;’s that are not all zero. Then

Y abi=0 = Bl " |=0 =  dmN(B)>2

Qp



142

which is a contradiction.

Now suppose B'v =0 for some v. Then

1 o --- 0 V1 U1
0= Bl — b%z b?z bg.n 1).2 _ bav
bin bop bon Un, b, v
We have
0=byv=...=byv
Therefore, v is orthogonal to the linearly independent rows ba, ..., b, of B i.e.,

v € span{bl ... bEY L {Xe: X ER}

Butvi =X =0= A=0, and v = 0. Therefore B'v = 0 only if v = 0; thus B’ and B are

nonsingular.

Theorem B.3. Given:

1 0 0 1 0 0
B biz b2 ban _ bi2
B
b1y, bon bnn bin

with the property

then

D?>



Proof. Set:

C =
Then the first column of B'C is
1 0 0
bi2
B!
bln

and the second through nth columns are:

0 --- 0

&)

It follows than that B'C =1, so C = B'~!

bo1
B
bnl
0 0
BB!

Theorem B.4. Suppose B, (B = BT) and B’ are defined as

bir bz -+ bin

bia by -+ Doy
B —

bln an e bnn

with the property

and B =

_ O
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Then
0 -1 -1
0 1 0
B-B =
0 0 1
Proof. Let D = B - B'~!. We claim that
bin b2 - bin 10 --- 0 0o -1 --- 1
D=B-B~'= b? ~ b -’ .
. B . B—l BB—l
bin 1 0
Since biy = — Y1 bin, it is straightforward to show that the first column of matriz D is the zero

vector. We have to show that
Dy =-1 for j7=2,...,n
Recall that if we multiply matrices P € R™*P and Q) € RP*™, then the product W € R™*™ is

Wij =3 PirQu;
k=1

or if p; is the ith row vector of matriz P and vector q; is the jth column vector of matriz Q, then

the matrixz product can be written
Wij =} 4j

Accordingly, if we define the elements of matriz B as Zij and the elements of matrix B! as gij,

then the first row elements of matriz D are

n
Dlj :Zblkbkj j :2,...,TL (Bl)
k=2

Using the given property of the row/column elements of matriz B
n

blk:—Zbik for k=2,....n
i=2

then equation (B.1) can be rewritten as
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If we denote by b; the ith row 0f§ and by Ej the jth column of Eil, then

n

Dij == blb
=2

or, in other words, D is a negative sum of dot products of all rows 0f§ with the jth column of B,

One can see that only the jth element of the sum produces a nonzero element; moreovergjrgj =1.

Hence,

Dy = -1 for j7=2,...,n
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