Modeling and Analyzing the Effects of Operating
Constraints on Pricing Signals in the Competitive
Electricity Market

by

Chaminda Amarasinghe

A dissertation submitted to the Faculty of Graduate Studies in partial
fulfillment of the requirements for the degree of

Doctor of Philosophy

The Department of Electrical and Computer Engineering
The University of Manitoba

Winnipeg, Manitoba, Canada

(© December 2007



THE UNIVERSITY OF MANITOBA
FACULTY OF GRADUATE STUDIES

-----

COPYRIGHT PERMISSION

Modeling and Analyzing the Effects of Operating Constraints on Pricing
Signals in the Competitive Electricity Market

BY

Chaminda Amarasinghe

A Thesis/Practicum submitted to the Faculty of Graduate Studies of The University of
Manitoba in partial fulfillment of the requirement of the degree
of

Doctor of Philosophy

Chaminda Amarasinghe© 2008

Permission has been granted to the University of Manitoba Libraries to lend a copy of this
thesis/practicum, to Library and Archives Canada (LAC) to lend a copy of this thesis/practicum,
and to LAC's agent (UMI/ProQuest) to microfilm, sell copies and to publish an abstract of this
thesis/practicum.

This reproduction or copy of this thesis has been made available by authority of the copyright
owner solely for the purpose of private study and research, and may only be reproduced and copied
as permitted by copyright laws or with express written authorization from the copyright owner.



To my parents



Acknowledgements

1 would like to express my deep appreciation and gratitude to Dr. Udaya Annakkage
for his continuous advice, guidance and encouragement throughout the research work.
It has always been a pleasure working under his guidance. I greatly appreciate the
advice and assistance received from Dr. Ani Gole. I am also grateful to Dr. Alan
Wang of Manitoba HVDC Research Center for useful inputs. I must also thank the
technical staff at the Department of Electrical and Computer Engineering, especially
Mr. Erwin Dirks for his support.

Conducting this work would have not been possible without the financial support
received from Manitoba Hydro, Manitoba HVDC Research Center, Faculty of Grad-
uate Studies at the University of Manitoba, and National Science and Engineering
Research Council.

I must also express my gratitude to the management of the Manitoba HVDC
Research Center, specially to the managing director Mr. Paul Wilson, for providing
their facilities to carry out a part of this research, in addition to the financial support.
Also, I would like to thank all my friends in the Power Tower and the staff of the De-
partment of Electrical and Computer Engineering for their continuous encouragement
and for making my years at the University of Manitoba a pleasant one.

This acknowledgement would not complete without thanking my family. I extend
my heartfelt gratitude to my parents for their support and encouragement throughout
my life. A very special thank to my sister for all the love and support over the years.
Last but not least I would thank my wife for guiding me to achieve my goals, and my

little son for keeping me happy all the time.

Chaminda Amarasinghe

December 2007

1l



Abstract

In a competitive electricity market, market signals are the main driving forces or
the incentives for the market participants to make their operational and investment
decisions. Locational Marginal Prices (LMP) are the only prevailing market signals,
and are determined using an Optimal Power Flow (OPF) program.

The present practice is mainly focus on real power dispatch by solving a LP-OPF
together with LMP based settlement. Acquiring the required reactive power & other
ancillary services, and ensuring the security (both static and dynamic) are performed
subsequently, which may result in curtailments to the already agreed optimal real
power dispatch. With such a dispatch mechanism, the resulting market signals are
also impaired. Thus, correct market signals can only be analyzed, if the related
constraints are suitably modeled in the OPF.

This thesis analyzes market signals after incorporating two such important con-
straints; reactive power and security issues into market dispatéh. First, a reactive
power model is proposed to suit the requirements of the competitive electricity market
and is incorporated into the OPF. The recently proposed transient stability boundary
is then used as a constraint in the OPF to ensure the secure operation of the system.

In determining market signals, the recently proposed method of analysis of LMP
components is first presented. The network rental, which is the surplus collected by
the system operator due to LMP based settlement of transactions, is then proposed
as a method in market signal analysis by decomposing the network rental. The key
advantage is that network rental components show how each consumer has actually
overpaid due to each binding constraint and losses in a detailed manner, which is ar-
gued to be a supplementary pricing signal especially from the consumer’s perspective.

Finally, implementation of a software tool using C** to solve the OPF and extend
it to incorporate the above market signal analysis methods is achieved. This allows
market signals to be readily available along with the optimal dispatch. The potential
of the proposed components of network rental in market signal analysis together with
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the suitability of the proposed models in market dispatch are evaluated for different

case studies using the developed software tool.



List of Principal Symbols

All notations and most of the terms used in the thesis are described in this section.
The remaining terms are explained as they first appear in the text for the convenience

in understanding.

i, 7 node (bus) number
k generator bid number

P real power

Q reactive power

g generation

D demand

P,;  real power generation at bus 7

Qg  reactive power generation at bus 4

Pp; real power demand at bus ¢

@p; reactive power demand at bus ¢

B bid

B;  set of all bids at bus 4

PZ  real power bid quantity of the k™ real power bid at bus ¢
Py real power dispatched from the k™ bid at bus 4

S price

SEZ  bid price of the k" real power bid at bus

S9  reactive power cost of generator at bus i

I set of all buses

B; set of all bids at bus

P real power injection at bus ¢

();  reactive power injection at bus ¢

Qg Block 1 (i.e., free) reactive power from the generator at bus 1

Qg2 Block 2 (i.e., non-free) reactive power from the generator at bus z
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maximum reactive power from the generator at bus ¢
minimum reactive power from the generator at bus i
set of all transmission lines
set of all transmission lines connecting to bus ¢
transmission line

th

voltage magnitude of i** bus

voltage angle of it

bus

voltage angle difference between voltages of buses 7 and j
conductance of the line connected between buses ¢ and j
susceptance of the line connected between buses ¢ and j
real power flow along the line connected buses ¢ and j
real power loss along the line connected buses ¢ and j
real power loss in the system

real power loss in the system

Lagrangian equation

maximum limit

minimum limit

A real power LMP at the reference bus

o reactive power LMP at the reference bus

A; real power LMP at bus ¢

o; reactive power LMP at bus ¢

The Greek symbols u, 8, «, v, ¢, ¥ and n with suitable subscripts are used to de-

- note the Lagrange multipliers associated with the equality and inequality constraints

of the Optimal Power Flow problem.
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Chapter 1

Introduction

Electricity industry restructuring during the last two decades has made drastic changes
to the traditional electricity structure and will continue for the next several decades.
In the past, the electric power industry has been either a government-controlled or
a government-regulated industry (i.e., single owner), which existed as a monopoly
where the overall authority in generation, transmission, and distribution of power are
within its domain of operation. Everyone including household, businesses, and indus-
tries were required to purchase their electricity from their local monopolistic power
company. This was not only a legal requirement, but also the only source they had
to rely on to fulfill their day to day requirements.

The restructuring has led the traditional electricity industry to become a competi-
tive electricity market. The main driving forces for these reforms are due to economic
inefficiencies and consumer dissatisfaction associated with the single owned electricity
industry. Since electricity is an essential source of energy for everyone and due to its
unique characteristics such as un-storability and lack of flexibility in controlling the
power flow in transmission lines, the whole process of restructuring is a challenging
and complex task [1].

Over the past two decades, however, countries have begun to split up these monop-
olies in favor of cofnpetitive markets to introduce commercial incentives in generation,

transmission, and distribution. The main goals under a competitive market design are
1



CHAPTER 1 - INTRODUCTION

efficient and reliable operation of the power system together with market incentives
for all the participants [2]. This is done by creating competition between participants

in the electricity market with open access.

1.1 Characteristics of Electricity Markets

The process of restructuring that led to electricity markets are not the same in all
countries due to economic, political, and other local differences [3]. As a result, newly
formed markets have taken different forms to suit their individual requirements. In
some markets, competition is only among suppliers while in others both suppliers and
consumers compete. Some markets are compulsory and others are voluntary. Some
markets only trade real power and some trade reserves, reactive power and other
ancillary services, with real power. Some markets use pool-based systems and others
use bilateral contracts. While some markets use full nodal pricing, and others use
zonal pricing arrangements, some use uniform prices. In some markets, settlement
is only based on a real time market, whereas some others use forward markets in
addition to the real time market.

However, there is a common basis and some similar characteristics that can be
found in all competitive electricity markets. Generally, generation, transmission, and
distribution services are the responsibilities of different companies in order to create
the competition. Normally, the wholesale market is pool-based in nature with the
provision for bilateral contracts. This means that all suppliers (i.e., generators) sell
energy to a pool and consumers buy energy from that pool by bidding to the market
(bid/quantity pairs). Furthermore, there can be financial contracts between partici-
pants outside the electricity market on long-term basis. Such long-term contracts are
agreements between participants to mitigate or share the risk associated with price
volatility due to the change in supply and demand conditions [4]. While generation
and demand sides are competitive, the transmission remains a monopoly. The huge
cost of investing in the transmission network as well as geographical reasons do not

2



CHAPTER 1 - INTRODUCTION

allow the transformation of this service into a competitive market. In order to ensure
open and fair access, the grid and the wholesale energy market are operated by an
independent entity with no direct interests in the energy business. This entity is
commonly known as the Independent System Operator (ISO) and is responsible to
achieve the above-mentioned goals while maintaining the security and the quality of
the supply.

One of the key concerns to any restructured market is the ability to operate the
transmission system in a manner that is fair to all participants. In USA, the Federal
Energy Regulatory Commission (FERC) oversees issues involving the transmission
system. FERC presently believes that the only way in which everyone will be on a
competitive environment is to create open access to all the participants. As stated
in its white paper [5] on Standard Market Design (SMD), participants in wholesale
power markets will have non-discriminatory open access to the transmission system.
Further, it proposes Locational Marginal Pricing (LMP) as a way of settling the
transactions between the participants. This is further insisted upon in their recent
documents, subsequent to the SMD white paper [6], [7]. This pricing scheme is also
called “nodal pricing” and the concept of nodal pricing was proposed in [8] long
before the restructuring of the electricity industry started. LMP is the marginal cost
of supplying the next increment of a quantity at a specific bus, considering marginal
cost of generation and physical aspects of the transmission system. Due to operating
the power system at limiting values of the constraints imposed by the physical and
operational limits, which are commonly known as ‘binding constraints’, and due to
the transmission losses, there exist different LMPs across the transmission network
which provide a precise, market-based method for pricing energy that includes the
cost of constraints and transmission losses.

An Optimal Power Flow (OPF) program is commonly used to obtain the optimal
generation dispatch [9]. The present practice is based on solving a Linear Program-

ming based OPF (LP-OPF), which has the advantage of simplicity and robustness



CHAPTER 1 - INTRODUCTION

in the solution algorithm compared to Nonlinear Programming based OPF (NLP-
OPF). Mathematically, LMPs are the dual variables of the power balance equations
associated with the OPF. Therefore, once the OPF is solved, LMPs can be easily
determined.

The state-of-the-art OPF is nonlinear in nature. The LP-OPF is a linear ap-
proximation of this standard NLP-OPF, which only requires linear network models
commonly known as dc power flow models. Hence, transmission losses, reactive power
related issues and security issues are not modeled in the LP-OPF. However, due to
the fact that it does consider the line flow constraints, which has the most impact on
real power dispatch, and due to the simplicity associated with the solution algori.thms,
LP-OPF is still dominating in all electricity markets.

The system losses, however, cause significant impact on generation dispatch de-
pending on the topology of the power system network [10]. Therefore, in some elec-
tricity markets losses are incorporated into the LP-OPF with a piece-wise linear
approximation for losses [11]. Alternatively, some markets use loss factors to repre-
sent the effects of the system losses [12]. All these methods are, however, based on
approximations, and therefore do not accurately represent the transmission losses.

For the successful operation of the system, the ISO needs to procure some essential
services other than real power, such as reactive power, spinning reserve, regulation,
and black start capability, which are commonly known as ancillary services [13].
With the current practice, these ancillary services are not included in the dispatch
algorithms, and are accrued in other ways such as long term contracts or having a
separate auction similar to real power.

The system security is another crucial issue to be addressed in market dispatch.
Unlike in single owner electricity industries, where the system operations are carried
out in a carefully planned and cooperative manner, in a competitive electricity market
no attention is paid by the market participants to the system security. This is because,

each market participant has own interests to maximize its benefits. Thus, the ISO
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has a key role in maintaining the system security by incorporating the security related
constraints into market dispatch.

The success of a competitive electricity market relies on the competition between
the participants. Market signals are the main driving force for the participants in
achieving this objective. Correct market signals provide a clear and accurate indi-
cation of the price of electricity at every location on the grid. These signals in turn
reveal the value of locating new generation, upgrading transmission, alleviating the
constraints, increasing the competition, and improving the systems ability to meet

power demand.

1.2 Motivation Behind the Research

In order to achieve the goals of restructuring, many outstanding engineering problems
need to be investigated. Most of the tools used in single owner electricity industry
are no longer valid and new tools need to be created. Most importantly, these related
issues should be addressed early in the restructuring process.

One such pertaining issue is how to determine the correct market signals for
the market participants. Unlike in the single owner electricity industry, participants
in the restructured electricity market seek market signals for their operational and
investment decisions, which eventually lead to a successful operation of the electricity
market. These signals indicate the effects on the price of electricity at each location
due to various factors such as system losses and binding constraints. For instance,
new generation companies will have an incentive to locate their new generators at
high priced locations, while new consumers will prefer low priced locations. On the
other hand, the ISO can use these market signals to enhance the performance of the
electricity market.

The present practice of market dispatch is based on solving a LP-OPF, where
very little attention is given to the procurement of reactive power and other ancillary
services, and ensuring the security (both static and the dynamic) of the system.

)
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Typically, these related constraints are not used in the conventional OPF, and are
procured or ensured in different ways after solving the OPF. This two-step approach,
however, does not guarantee the optimal procurement of real and reactive power due
to the subsequent adjustments made to the real power dispatch. Thus, to analyze the
correct market signals, those underlying constraints must be correctly incorporated
in the OPF.

The main advantage of including these constraints is that both technical and
economical aspects related to these constraints are embedded in the OPF. Thus, it
represents the actual operation of the network, and hence more accurate market sig-
nals can be obtained for the market participants for their operational and investment
decisions. Despite the associated complexities due to nonlinear constraints, it could
be feasible to solve a NLP-OPF in the future due to the continuous advancement in
computing speed [1]. Therefore, how to include these additional constraints into the
OPF and what methods should be used in analyzing the resulting market signals are
important issues to be investigated.

As mentioned in Section 1.1, the ISO has the responsibility of acquiring the re-
quired amount of reactive power from suppliers at appropriate locations of the net-
work. This is done in a sequential manner, where real power is dispatched first and
then reactive power is dispatched subsequently as an ancillary service. Different re-
active power models have been proposed in the literature for a sequential dispatch
of real and reactive power. However, this process may result in adjustments to the
already agreed real power dispatch and sometimes this could lead to an infeasible
solution. Therefore, there is a need for a good reactive power model that captures
both technical and economical aspects to suit the simultaneous dispatch of real and
reactive power.

Typically, the Dynamic Security Constraint (DSC) is not used in the traditional
OPF, due to the unavailability of such a constraint in the functional form compatible

with the OPF. The current industry practice of determining the generation dispatch
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that is secure from a dynamic stability point of view is by performing a dynamic
stability simulation after solving the OPF [46], [47], or by performing the generation
dispatch by some other means. Recently, there has been a motivation towards the
development of Dynamic Security Constrained Optimal Power Flow (DSCOPF) pro-
grams in which the dispatch is ensured against the security of the system in one step.
A novel technique to derive an accurate transient stability boundary is proposed for
a given credible contingency in [51]. In this way, a separate DSC can be derived for
each credible contingency. This can be used as a constraint in the OPF to obtain
dynamically secured generation dispatch.

The LMPs, which represent the price of electricity at each location of the system,
are considered to be the key market signals. Even though, LMPs provide valuable
information at each location of the system, they do not provide a detailed description
in terms of contributions coming from different constraints and marginal generators.
Unlike in LP—OPF, where only line flow constraints are considered, with NLP-OPF,
several other binding constraints also contribute to the LMP at a given location. The
existing method of analyzing LMP components can be used to determine the effects
of all the binding constraints explicitly, and hence can be used as better market
signals for the participants than LMP itself. However, the effects of transmission
losses cannot be seen explicitly from LMP components, which is a drawback of this
method.

When LMPs are used for settlement of transactions, there exists a difference
between what consumers pay to the ISO and what generators get paid by the ISO
[17]. This difference is referred to as network rental in this thesis, and is accumulated
with the ISO. Network rental is made up of two components known as the loss rental
and the constraint rental. Loss rental is due to the difference in average losses and
marginal losses. The constraint rental is due to operating the power system at binding
constraints imposed by the OPF. Inclusion of the above additional constraints in the

OPF leads to further accumulation of rental with ISO, and therefore, components
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of network rental could be used as another way of analyzing market signals. In
fact, since the network rental is an overpayment made solely by the consumers, the
components of network rental show how each consumer has actually overpaid due to
each binding constraint and losses. Therefore, the components of network rental can
be considered as consumer oriented market signals. However, the available methods
are not sufficient in determining these components separately. Hence, there is a need
for a new method to decompose the network rental, so that these components can be

effectively used as a tool in market signal analysis.

1.3 Main Objectives of the Research

The main objective of this research work is to analyze market signals using both
proposed and existing methods, after incorporating two constraints that account for
the reactive power and security issues in market dispatch. In this regard, first a
reactive power model is proposed to be incorporated in the OPF for a simultaneous
dispatch of real and reactive power. This OPF is then extended to incorporate the
DSC to ensure the dynamic security of the system in a simultaneous manner.
Having incorporated these constraints, the associated market signals are then
analyzed. The existing method of LMP components is first used to analyze market
signals. This enables the determination of the effects of marginal generators and all
binding constraints explicitly and quantitatively, which in turn can be used as better
market signals. However, LMP components do not show the effects of losses explicitly.
Then, a theoretical background related to network rental is presented together
with the proposed method to decompose the network rental into contributing com-
ponents. These components of network rental are then proposed as supplementary
market signals, to be used together with LMPs and components of LMPs in determin-
ing market signals. Finally, a software tool is developed using Ct* to implement the
OPF to include the above features. Thus, market signals can be determined together

with the optimal dispatch.
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In meeting the above objectives, the following steps have been accomplished.

1. Investigation of the operation of current electricity markets. This enables the
comparison of different electricity markets and the determination of a common
market framework for the work presented in this thesis. Further, it gives a
better understanding of how reactive power is procured; dynamic security is

ensured; and market signals are determined, in existing electricity markets.

2. Proposal of a new reactive power model for a simultaneous dispatch of real and
reactive power, by considering the capability of the synchronous generator and
the fairness of reactive power supply obligation to suit the competitive electricity
market. The opportunity cost of supplying reactive power is implicitly modeled
using the rating of the machine as a constraint. Fairness of the reactive power
supplying obligation is also ensured by splitting the reactive power supplied by
the generator into two components with the first component being proportional

to real power dispatch.

3. Incorporation of the Dynamic Security Constraint (DSC) in the OPF, to inves-
tigate the effects on generation dispatch due to the DSC. This approach has
been enabled by the availability of the DSC in a functional form in terms of

nodal voltages and their phase angles.

4. Explanation of the existing method of breaking down of LMP into contributing
components. The LMP at a given bus is made up of contributions coming from
marginal generators and binding constraints, and therefore, explicit decompo-
sition shows individual contributions due to each of the above factors. Thus,

these LMP components serve as better market signals than LMP itself.

5. Explanation of the concept of network rental and proposing a novel technique to
decompose the network rental among consumers into contributing components.
This enables each rental component paid by each consumer to be quantitatively

determined, which in turn can be used as supplementary market signals.
9
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6. Implementation of the OPF in the C** programming language to include the
above features. The resulting software can be used as a tool to perform com-
putational experiments to gain insight into the operation of electricity markets,

to compare the results with benchmark models and to analyze market signals.

1.4 Thesis Overview

The thesis has eight chapters and four appendices, which are organized to allow a
progressive discussion of the approach employed to achieve the above objectives.

Chapter 2 provides an overview to operation of the existing electricity markets.
This includes historic evolution of electricity markets, analysis of present market
structures and procurement methods, and associated problems in the current markets.
The OPF program is then presented as it is used to determine the optimal dispatch
in the electricity market. Finally, the widely accepted concept of LMP, which is also
currently being used in most electricity markets, is presented together with some
examples to demonstrate how these LMPs are calculated.

At the beginning of Chapter 3, the present reactive power procurement methods
are explained. Then, different ways of modeling reactive power proposed in the litera-
ture are presented together with the limitations and the drawbacks of those methods.
Finally, a new reactive power model for a simultaneous dispatch of real and reactive
power is presented, by considering the capability of the synchronous generator and
the fairness of reactive power supply obligation to suit the competitive electricity
market. A case study with the proposed reactive power model is also presented to
convince the suitability of the proposed model in market dispatch.

Chapter 4 starts with an introduction to the security of ‘the power system and
a brief summary of how dynamic security is ensured in the restructured electricity
market. This is followed by an explanation to the technique proposed in [51] to derive
an accurate transient stability boundary for a given credible contingency, which can

be readily used as a constraint in the OPF. Then, the inclusion of DSC in the OPF

10



CHAPTER 1 - INTRODUCTION

is presented together with a case study to determine the effects of DSC on LMPs.

In Chapter 5, different methods to analyze the associated market signals are pre-
sented. The chapter begins by presenting the existing method of analyzing compo-
nents of LMP. Then, a method is proposed to analyze the components of network
rental. This includes a novel method of decomposing the network rental among con-
sumers and how these components can be used in analyzing market signals. Finally,
some case studies are presented to numerically evaluate these individual components.

Chapter 6 describes the tool developed in C** language that implements the OPF
and incorporates the above market signal analysis methods. Based on the analysis
of the capabilities of different OPF solving techniques described in the literature sur-
vey, Newton method and Sequential Linear Programming (SLP) method are used
in this work to implement the OPF. This chapter gives an in-depth analysis and
implementation issues of the above two methods and how each method can be ex-
tended to incorporate market signal analyzing methods. Finally, the performance
and limitations of the developed software tool are presented. A commercially avail-
able optimization software tool called the Generalized Algebraic Modeling Systems
(GAMS) is used as a benchmark to compare the results of the developed software.

Chapter 7 presents the results of a case study carried out using the developed
software. In this study, the reactive power constraints and DSCs are included in
the OPF and the resulting LMPs, components of LMPs and componenfs of network
rental are analyzed to determine the associated market signals.

Finally, in Chapter 8, conclusions of this research work are drawn. It is concluded
that the components of network rental provide consumer oriented market signals,
which can be considered as supplementary information, in addition to LMPs and LMP
components. A few suggestions are given for future work covering the studied areas
which need further research. The appendices introduce the mathematical derivations
and details about test systems used in the main chapters of the thesis. References

are made to the appendices wherever required.
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Chapter 2

Electricity Market Overview,

Dispatch and Pricing Theory

This chapter presents a brief overview to current electricity market operation. Sec-
tion 2.1 explains the structure of existing electricity markets in different countries
together with historic evolution of market restructuring. This enables the compari-
son of different electricity market structures and thereby finding a common market
framework for the work presented in this thesis. The OPF program, which is used in
determining the optimal dispatch in the electricity market is presented in Section 2.2.
The concept of LMP used in settling the transactions between market participants is
discussed in Section 2.3. An example using a 3 bus system is given to demonstrate

how LMPs are calculated and what they physically mean.

2.1 Electricity Market Overview

An electricity market is a trading forum where participants compete with each other
to buy and sell electricity. Historically, the electricity industry has been a monopoly,
and a single owner has had authority over all activities in generation, transmission,
and distribution of power within its domain of operation. During this time, there

was hardly any competition in the electricity industry and this vertically integrated
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monopoly was obliged to provide electricity to everyone within its operating terri-

tory. Consumers have had no choice other than purchasing electricity from the local
monopoly to fulfill their day-to-day requirements.

However, over the past two decades, power industries worldwide have gone through
a process of restructuring to create a clear separation between generation and con-
sumption of electricity, and network operations. The economic inefficiencies and the
consumer dissatisfaction associated with the single owned electricity industry were
the main driving forces behind this restructuring and as a result single owner elec-
tricity industries were replaced by competitive electricity markets. However, due to
economic and political reasons, this restructuring was not same in all countries. As
a result the newly formed markets have taken different forms to suit their individ-
ual requirements. Each market has established their own set of rules for a smooth
operation of the electricity market, which are commonly known as market rules [2].

After the Federal Energy Regulatory Commission (FERC) issued its historic Order
888 in 1996, followed by Order 2000 in 1999 [18], containing the foundation required
for competitive wholesale electricity power markets, the electricity industry in USA
has experienced a wide range of restructuring activities [19]. The Pennsylvania-New
Jersey-Maryland (PJM) inter-connection restructured its operation in 1997 by estab-
lishing the PJM-ISO, followed by New England (NE-ISO), Midwest (MISO), Califor-
nia (CAISO), New-York (NYISO), and Texas with its Electric Reliability Council of
Texas (ERCOT) [12]. These newly formed electricity markets have then undergone
further reforms based on FERC recommendations.

One such important recommendation was the Standard Market Design (SMD),
which came to the picture through its appearance in FERC publications [5] in late
2001. Many of the underlying principles of the SMD have achieved broad acceptance.
The core of the SMD includes;

e LMP scheme to manage the efficient use of the transmission system

e establishment of wholesale power markets
13
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e independent entity to operate the transmission system

e multi-settlement scheme based on a forward market and a real time balancing

market
e market monitoring and market power mitigation

These features are now standard guidelines for a successful operation of a restructured
electricity market.

In Chile, restructuring was introduced in 1982, where end users were given the
right to choose their energy supplier and negotiate the prices [3]. This was later
extended to explicit market mechanisms in order to determine the generation dispatch
and the wholesale electricity price. New Zealand began the reform of its power sector
by setting up both the Electricity Corporation of New Zealand (ECNZ) and the
system operator, Transpower, in 1988 [11]. After some years of initial restructuring,
a voluntary wholesale electricity market is currently in place in New Zealand.

In neighboring Australia, the Industry Commission recommended reforms to the
state-owned electricity industry in 1990. In 1994, a pool market was established in
the state of Victoria . The same market form was introduced into New South Wales
in 1996. These two markets founded the National Electricity Market of Australia in
1998.

Within the European continent, England started its electricity industry restruc-
turing in 1989 by passing the Electricity Act. The following year, the newly formed
electricity market was commenced as a mahdatory pool market. In 1994 consumers
with a demand of more than 100 MW became eligible to participate in the market
and this was extended to all consumers in 1998. The mandatory pool market was
replaced in 2001 with a market-based structure under the New Electricity Trading Ar-
rangements (NETA), where bilateral contracts are possible parallel to the voluntary
pool market.

In parallel to the restructuring in England and Wales, Norway began its reform
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in 1990 by adopting the Energy Act. In 1995, the Swedish market was also reformed
and together with the Norwegian electricity market established the Nord-Pool, which
was launched in early 1996. This market includes both bilateral and voluntary pool
modes. Thereby, it has avoided the non-flexibility of England’s initial pool market.
Finland became a member of Nord-Pool in 1998 followed by West Denmark in 1999
and finally East Denmark in 2000.

Even though the restructuring process has taken a number of different forms in
various countries as explained above, there is a common basis and some similar char-
acteristics that can be found in most newly formed competitive electricity markets.
The main characteristic is that the generation, transmission, and distribution ser-
vices are separated, and are the responsibilities of different entities commonly known
as market participants. These market participants compete with each other in the
electricity market to buy and sell electricity. While generation and demand sides are
competitive, transmission side remains a monopoly. In order to ensure the open and
fair access to all the participants in the electricity market, the grid and the whole-
sale energy market are operated by an independent entity known as the Independent
System Operator (ISO).

It is possible to classify the existing market structure into two types; the bilateral
contract market and the pool-based market [2]. In the bilateral contract market,
generators and consumers have negotiable agreements for power delivery according
to their own contracts, independent from the ISO. Thus, in this market structure,
the ISO’s duties are limited to market operation by verifying whether the preferred
transaction can be executed without violating the power flow constraints. Since the
participants set their power transactions based on the desired contract terms, this
market structure has the minimum intervention from the single owner electricity
industry. Alternatively, in the pool-based market, no direct bilateral contracts exist
between generators and consumers, instead, both generators and consumers bid into

a common pool to buy and sell electricity. However, there can be financial contracts
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between participants outside the electricity market. The ISO performs both market
administration and system operation to schedule the energy transactions between the
participants. This type of market is fully competitive, and therefore, a pool-based
market model is considered for the work presented in this thesis.

Another feature common to most electricity markets is that there can be numerous
financial contracts between the participants [2]. As electricity prices can be extremely
volatile due to the fluctuation in generation and demand, these contracts are essential
to hedge against the associated financial risks. A multi-settlement scheme based on
a forward market and a real time market, and Financial Transmission Rights (FTRs)
are found in most markets to alleviate the participants risk.

Settlements between participants are based on Locational Marginal Pricing, cal-
culated from an OPF. LMP is the marginal cost of supplying the next increment of
a quantity at a specific bus, which considers the marginal cost of generation and the
physical aspects of the transmission system. Different LMPs exist across the trans-
mission network due to both the constraints imposed by physical and operational
limits (commonly known as ‘binding constraints’) and transmission losses. This pro-
vides a precise, market-based method for pricing energy that includes the cost of
constraints and transmission losses. These LMPs serve as important pricing signals
for the market participants to make their operational and investment decisions.

Another feature common to most markets is that only real power is traded in
the market. Other services that are necessary to support the transmission of power
while maintaining the security and reliable operation, are acquired subsequently, sep-
arate from the real power dispatch. These services are commonly known as ancillary

services.

2.2 OPF Problem

The Optimal Power Flow (OPF) program has been widely used to determine the
optimal generator dispatch of a given power system. This is done by optimizing the
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total operating cost of the power system or any other appropriate objective function
subjected to a given set of constraints which basically represent the physical and
operating capabilities of the power system [20]. The OPF was first introduced in the
1960s and now it has become a standard tool in power system planning and decision
making. The recent restructuring process in the electricity industry has broadened the
application horizon of the OPF, such that now the OPF is used in making operational
decisions as well as investment decisions.

The OPF is modeled as a static problem, in which the time variation of the loads
are neglected, by assuming fixed loads at the instant of solving the OPF. In general,
OPF is a nonlinear optimization problem and hence the feasible region could be non-
convex, leading to a challenging task in solving the OPF [21]. As given in Appendix

B, the OPF problem can be written as,

optimize  f(z)
subject to g(z) =0 (2.1)

h(z) <0

where z represents the decision variables for which the OPF is being solved; f(z)
is the objective function that is being optimized; g(z) are the equality constraints that
include the active and reactive power balance equations'at each bus; and h(z) are the
device limits due to the physical and operating capabilities of the power system.

As mentioned in Chapter 1, current practice focuses on solving a LP-OPF, which
has the advantage of simplicity and robustness of the solution algorithm. However, the
recent advancement in fast computers enables implementing compléx algorithms to
solve the OPF'. This allows the incorporation of static security limits, dynamic security
constraints, reactive power dispatch models, and spinning reserve requirements into
the OPF.

The calculation of LMPs is also important during the solution process, even though
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it is not directly related to the solution process of the OPF. In fact, LMPs are the
Lagrangian multipliers or the dual variables associated with the power balance equa-
tions of the OPF. Depending on the OPF solution technique used, there are different

ways of calculating the LMPs, which are discussed in Chapter 6 in greater detail.

2.3 Locational Marginal Pricing

Locational Marginal Pricing (LMP) or nodal pricing is a method of determining the
prices of delivered electricity calculated at every bus in the transmission grid. Each
bus represents a physical location in the transmission system, where participants are
connected. The LMP at each bus represents the locational value of energy, which
includes both cost of the energy and the cost of delivery, by considering the physical
aspects of the transmission system. Therefore, LMP at a given bus is nothing more
than the cheapest way by which an incremental unit of MW is delivered to that par-
ticular bus from the available generators while respecting all the system constraints.
These LMPs are thus considered to be key pricing signals for the market participants
[2]. The FERC has also advocated using LMP in its Standard Market Design (SMD)
as a way to achieve short and long-term efficiency in wholesale electricity markets [5].
This is further insisted upon in their recent documents, subsequent to SMD [6], [7].
The LMP for the reactive power can also be defined in a similar way to that of real

power, which is discussed in Chapter 3 in detail

2.3.1 Marginal Pricing Theory

Economic theory states that competition for a commodity could be maximized, if
that commodity is sold or purchased at the marginal price [8]. Marginal price is the
price of the next increment of the considered commodity. In the case of real power,
it is the cost of the next increment MW delivered to a given location of the network.
The same is true for the reactive power.

In the electricity market, generators and consumers submit price-quantity bids for
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the real power that they are willing to supply or consume at a given time interval.
From the generator’s perspective, the bid price should only contain the incremen-
tal variable cost of generation (i.e., the operational cost and any opportunity cost
incurred), which is referred to as their short-run marginal cost (SRMC). The price-
quantity bids are derived from the incremental variable cost curve, which is typically
a polynomial function of generation as shown in figure 2.1. Generator owners use
different bidding strategies to derive the bidding pattern, in order to maximize their

own profit [2], [22], [23].

Cost
A
bid 3 /

Price-quantity bids

bid 2

R Polynomial cost function
bid 1

B
ot

Generation

Figure 2.1: Generator bidding to the market

In the long term, generators must also cover fixed operating costs including em-
bedded costs, depreciation, and rate of return [24]. The combined charge of variable
and fixed costs is often referred to as the long-run marginal cost (LRMC).

It is important to note that even under pricing based on short-run marginal costs,
generators still have the opportunity to recover their fixed costs, as explained below.

Figure 2.2 shows an example with four generator bids and five consumer bids
aggregated to a single bus. Generator bids are aggregated in the order of increasing
bid price while consumer bids are aggregated in the order of decreasing bid price.
The intersection point of the supply and demand curves determines the dispatched

quantity and the price, commonly known as the spot quantity and the spot price
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Figure 2.2: Supply-demand curve and market surplus

respectively. This spot price is also knowﬁ as the Market Clearing Price (MCP) [25].
In general, when there is no transmission network (i.e., no transmission congestion
and no transmission losses), MCP is the only existing price. The price of the partly
dispatched bid known as the marginal bid sets the MCP. Any generator bid that has
a price less than the MCP and any consumer bid that has a price greater than the
MCP are fully dispatched.

Therefore, dispatched non-marginal generators earn a surplus, since their marginal
cost represented by the bid price is less than the MCP, which is the price paid by
the ISO to the generators. This amount in turn can be used to cover their fixed cost.
Similarly, dispatched non-marginal consumers also gain a surplus'. The dispatch is
thus to maximize the total surplus to both generators and consumers.

However, in a practical system with a transmission network, the concept of MCP
is no longer valid and more general Locational Marginal Pricing (LMP) has to be used

[25]. The next section presents how LMPs are calculated for a multi-bus network.

If consumers are not bidding into the market, the demand curve becomes a straight line resulting
in no consumer surplus. In fact, no demand side bidding is considered in the analysis presented in
this thesis. Therefore, the loads are known constants for the dispatch.

20



CHAPTER 2 - ELECTRICITY MARKET OVERVIEW, DISPATCH AND
PRICING THEORY

2.3.2 An Example of LMP

The simple 3 bus system shown in figure 2.3 is considered to illustrate the LMPs.
For simplicity, the losses are neglected and it is assumed that all the lines have same
reactance of 0.25 pu. Further, it is assumed that each generator has placed only one
bid. Four cases are considered in the following analysis; in Case 1, line flow limits
(i.e., thermal loading of the lines) are ignored; in Case 2, a line limit of 100 MW is
applied to line 1 — 2; in Case 3, a line limit of 250 MW is applied to line 1 — 3; and
in Case 4, a line limit of 100 MW is applied to line 2 — 3 while shifting the 400 MW

load to bus 2.

Bus 2
G, at 20 $/MWh

<_@ 0<P < 400
g2

G, at 10 $/MWh

Bus 3

0

L, =40

Figure 2.3: 3 bus system

Case 1: No line flow limits

Without line flow constraints, the cheaper generator (G; is supplied the load at bus
3 and becomes the marginal generator. The expensive generation at Gq is not dis-
patched at all. Any increase in load at any location will be catered by G; and
therefore, LMPs at all 3 buses are equal to 10 $/MWh which is the bid price of
the generator ;. The generation dispatch, LMPs, and line flows of each line are

summarized in figure 2.4.
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Bus 2
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: 133.33 MW
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LMP =10 l
L, =400

Figure 2.4: LMPs - without line flow limits

Case 2: 100 MW line limit on line 1 — 2

The 100 MW line limit in Case 2 results in line 1—2 reaching the 100 MW limit. This
yields the expensive generation at G5 also partly dispatched. As a result, LMPs are
different at each bus and both generators become marginal. The generation dispatch,
LMPs, and line flows of each line are shown in figure 2.5.

As in Case 1, LMP at bus 1 is still 10 $/MWh. This is because any increase in
demand at bus 1 can be supplied by G, despite the line flow constraint on line 1 — 2.
The LMP at bus 2 is 20 $/MWh, indicates that any increase in demand at bus 2 is
supplied by G5. This is expected because, the line flow constraint on line 1 — 2 does
not allow any increase in generation from the cheaper generator G to cater for any
increase in demand at bus 2. Therefore, any increase in demand at bus 2 is entirely
supplied by G.

On the other hand, LMP at bus 3 is neither 10 nor 20, but 15, which is in between
the bid prices of the two marginal bids. This can be explained as follows. Due to
line flow constraint on line 1 — 2, if the demand at bus 3 were to be increased by 1

MW, the total amount would not be completely supplied by G;. Due to the equal
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R
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Figure 2.5: LMPs - with 100 MW limit on line 1 — 2

reactance of all lines, power flow from G; to bus 3 would split between lines 1 — 2
and 1 — 3 in a proportion of 2:12. On the other hand the power flow from G, to bus
3 would split between lines 2 — 1 and 2 — 3 to a proportion of 1:2. Since the power
flows on line 1 — 2 for GGy and G, are in opposite directions, equal amount of power
generated on each generator will cancel the effective increase in power flow on line
1 — 2 to maintain the line limit of 100 MW. This results in 50% of the incremental
load being supplied by G, and the remaining 50% by G,. Therefore, LMP at bus 2
can be calculated as 0.5X10 4 0.5X20 = 15.

Case 3: 250 MW line limit on line 1 — 3

In Case 3, the binding line flow on line 1 — 3 causes both generators to become
marginal as in Case 2. The important point, however, is that the LMP at bus 3 is
higher than the expensive bid price (i.e., bid price of G3).

This is because the line flow constraint necessitates a reduction in the cheaper

generation at bus 1 in order to increase the generation from the expensive generation

2 According to the dc power flow equation, power flows between two nodes in different paths are
inversely proportional to the reactance of the path.
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Figure 2.6: LMPs - with 250 MW limit on line 1 — 3

at bus 2 in catering any increase in real power demand at bus 3. In other words, to
keep the line flow of line 1 — 3 at 250 MW (which is the thermal limit of the line), the
generation from G; must be reduced to counteract on line 1 — 3, so that the increase
in line flow on line 1 — 3 due to the increase in G, is exactly compensated by the
decrease in line flow on line 1 — 3 due to the decrease in G;. Following a similar

analysis to Case 2, the LMP value at bus 3 is calculated as 30.

Case 4: 100 MW line limit on line 2 — 3, while shifting the 400
MW load to bus 2

In Case 4, the LMP at bus 3 is zero, which is less than the cheapest bid (i.e., bid
price of Gy). This case illustrates that the incremental load at bus 3 will improve the
usage of the cheaper generator G; by relieving the binding line flow constraint on line
3 —2. The zero value for the LMP at bus 3 can be confirmed by performing the same
analysis explained in Case 2.

In summary, it can be seen that the effects of binding line flow constraints are

embedded in the LMP at each bus in the system.
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Figure 2.7: LMPs - with 100 MW limit on line 2 — 3 and shifting the load to bus 2

2.4 Concluding Remarks

This chapter defined a common market framework to be used in the subsequent anal-
ysis presented in this thesis. After reviewing the operation of the current electricity
markets and identifying the common features to most of the electricity markets, the
pool-based market has been chosen as the market model for the work presented in
this thesis.

The OPF, which is used to determine the optimal dispatch, and the concept of
Locational Marginal Pricing, which is used to settle the transactions between market
participants, have also been discussed. In that regard, the marginal pricing theory
and the mathematical model of the OPF have been presented. It has been stated
that LMPs provide important pricing signals for the participants. Examples using a
simple 3 bus system have been presented to demonstrate how LMPs are determined
and what they physically mean. This chapter also demonstrated how LMPs vary
in the network due to binding line flow constraints. The effects of losses and other

binding constraints on LMPs are studied further in the subsequent chapters.
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Chapter 3

Incorporating Reactive Power in

Market Dispatch

In restructured electricity markets, market participants compete with each other by
bidding to buy and sell real power. Although, consumers bid only for real power,
they also consume reactive power. In addition to this, reactive power is also required
to support the voltage in the network which is directly related to the system secu-
rity. Insufficient reactive power supply can lead to a voltage collapse, similar to the
US—Canada blackout in 2003 [26]. Therefore, the ISO has the responsibility of ac-
quiring the required amount of reactive power from suppliers at appropriate locations
of the network [27]. Although, the cost of generating reactive power is almost neg-
ligible compared to the cost of generating real power, the unavailability of reactive
power at certain strategic nodes may have a significant influence on the real power
dispatch and prices [28], [29].

Generally, rules of the electricity market specify the amount of reactive power that
each é;enerator has to supply. If the reactive power available from the generators is
insufficient, the ISO may have to acquire some additional reactive power from other
sources. As discussed in Chapter 1, the problem addressed in this chapter is reactive
power pricing using the nodal pricing approach. Nodal pricing of reactive power has

been discussed in the context of restructured electricity industry in [30], [31].
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With the present practice, real power is dispatched first and reactive power is
dispatched or acquired subsequently as an ancillary service. This may result in ad-
justments to the real power dispatch. Therefore, the generator owners have to indicate
their cost of adjusting real power as a separate piece of information [32], [33]. This
sequential approach, however, does not guarantee the optimal simultaneous dispatch
of real and reactive power.

In this chapter, a new reactive power model is proposed to be used in the OPF
for a simultaneous dispatch of real and reactive power. In the proposed model, the
opportunity cost of supplying reactive power is implicitly modeled using the rating
of the machine as a constraint. Fairness of reactive power supply obligation is-also
ensured by splitting the reactive power supplied by the generator into two components
with the first component being proportional to real power dispatch.

This chapter is organized as follows. A discussion of reactive power management
in current electricity markets is given in Section 3.1. Different reactive power models
that have been put forward together with the proposed reactive power model are
given in Section 3.2. The OPF problem is presented in Section 3.3. Some important
relationships derived for the optimality conditions are also presented in Section 3.3.
Section 3.4 presents a case study and an analysis of different price components to

prove the suitability of the proposed model.

3.1 Present Reactive Power Management

Reactive power management receives greater attention in restructured electricity mar-
kets. Although, the cost of production of reactive power is very small compared to that
of real power, the assumption of zero cost is not acceptable in a competitive market.
However, still there is no well-developed and widely accepted reactive power procure-
ment method. Instead, each electricity market uses its own procurement strategies
based on its market rules. The FERC has also made recommendations, that the
reactive power providers should be financially compensated in an equatable fashion

27



CHAPTER 3 - INCORPORATING REACTIVE POWER IN MARKET
DISPATCH

according to an agreed way between market participants [34].

Presently, under the restructured environment, reactive power and other ancillary
services are not treated integrally with the real power dispatch. Therefore, the ISO
has the responsibility of acquiring the required amount of reactive power from sup-
pliers. The common approach for the provision of reactive power services is based
on long term contracts between the ISO and generator owners. These long term
contracts are usually bilateral agreements based on market experience rather than
based on a competitive framework. In the context of the US, New York ISO, PJM
interconnection, and California ISO have such long term contracts that compensate
generators for their reactive power services [35], [36], [37]. In addition to this, an
opportunity cost payment is also made when real power generation is compromised
in order to increase the reactive power availability. However, most of the time, gen-
erators are bound to produce free amount of reactive power within a specified range
of operation of the generation.

The National Grid Company (NGC) in the UK and Wales also uses this type
of long term contracts to procure the reactive power services [38]. In Australia, all
the generators receive an availability payment for their preparedness in providing the
reactive power when the ISO requires [39]. Furthermore, a compensation payment
based on the opportunity cost is also paid for the generators, if the real power is

compensated.

3.2 Modeling Reactive Power Supply in Market Dispatch

In a competitive environment, reactive power procurement should also be done in an
optfmal way similar to that for real power. For that purpose, there is a need for a
reactive power pricing structure or a model which captures technical and economical
issues associated with reactive power procurement and pricing. Over the years differ-
ent ways of modeling reactive power in a market environment have been put forward.
In [40] the cost of production of reactive power is modeled as a polynomial function
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Figure 3.1: Capability region of the synchronous generator

of reactive power generation, and the maximum limit of reactive power generation is
treated as a constant. However, as the limiting value of reactive power is determined
by the stator current limit or the field current limit, it depends on the real power
generation as shown in figure 3.1. Therefore, when a generator is generating the lim-
iting value of reactive power, the amount of real power generation is compromised
and thus, there is an opportunity cost. This opportunity cost has been modeled in
[41] as a function supplied by the generator owner to the ISO. Furthermore, in this
model, the generator owners are obliged to supply a fixed amount of reactive power
free of charge. Any amount in excess of this up to a certain limit is priced as a lin-
ear function of reactive power generation, beyond which the cost is modeled as the
opportunity cost. This model was proposed for a sequential dispatch where the real
power is dispatched first, and the reactive power dispatch is done with the flexibility
to adjust the real power dispatch.

The ideas presented in [41] are extended in this chapter with some modifications
for a simultaneous real power and reactive power dispatch. The model proposed here,

has two components for reactive power. The first component )4 is the obligation of
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the generator owner to supply reactive power. Unlike in [41], in the proposed model,
the reactive power obligation of the generator is proportional to the amount of real
power supplied by the generator, because reactive power is needed to transmit real
power and to maintain correct voltages. This concept is rigorously analyzed in [42],
where it is pointed out that the generators must supply a certain amount of reactive
power free of charge as an obligation and this amount is related to the real power
generation in a nonlinear manner.

In the analysis presented in this chapter, the obligation of reactive power supply
is modeled as a linear relationship for simplicity (i.e., constant power factor). This
linear relationship is given in (31) for the generator connected to bus 7 with the
proportionality constant K. The term o1; is the maximum obligation of reactive
power and Y Py is the dispatched real power for the generator at bus 7 from its
k number of bids. The proportionality constant KiQ is considered to be common
to all generators and it is specified as a market rule. For example, in the California

electricity market generators are obliged to supply reactive power free of charge within

the range of 0.9 lagging to 0.95 leading [37].

e = <Z P> K? (3.1)

kEB;

The nonlinear model proposed in [42] is a more accurate representation and can be
used in place of (3.1). The equation included will have additional terms to represent
the nonlinearity, but the method of analysis remains the same.

The second component )4 has a price that represents the cost of additional real
power losses in the field winding due to reactive power generation. This cost, which
is a nonlinear function of reactive power generation, is approximated to a linear
function. This linear relationship for the ();2; amount of reactive power from the

generator connected to bus 7 is given in (3.2), where SiQ is the cost of reactive power.

price of Qg2 = Sf“) Qg2 (3.2)
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Figure 3.2: Proposed reactive power model for the generator

This model of reactive power can be viewed as having two bids of reactive power
with the price of the first bid equal to zero and the quantity proportional to the
dispatched real power. In this chapter, these two components of reactive power are
referred to as Block 1 Reactive Power, and Block 2 Reactive Power respectively. This
structure is also in agreement with [43], where it is proposed to pay the generator
owner for extra reactive power made available beyond the level dictated by the per-
formance standards. The value of S? or the Block 2 Reactive Power price has to be
submitted by the generator owner as a separate piece of information along with the
real power bids.

The net amount of reactive power supplied by the generator at bus 4 is the sum
of (Qg1; and Qg2;. This is constrained by the operating capability of the generator.
In here, the feasible operating region of the generator is modeled by a trapezoid as
shown in figure 3.2, which is a straight line approximation of the typical operating
capability curve of the synchronous generator shown in figure 3.1. Therefore, the
maximum limit of reactive power is a function of real power generation and thus, the
opportunity cost is implicit and need not be modeled explicitly.
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The total amount of reactive power supplied by the generator at bus %, Q)y; is the
sum of Qg1; and Qgo;.

Qgi = lei + Qg2i (33)

According to the trapezoidal model of the capability curve, the maximum and
minimum reactive power limits for a given amount of real power generation, Py, are
given by the straight line approximations to the generator capability curve. This can

be written as,

mazx maz mazx
= KI5 + K7™y Pa (3.4)
keB;
min __ promin m'm
v = K"+ ZRL (3.5)
keB;

where K7™, Kg}f”, K% and Kf’im are the coefficients of the straight line approxi-

mation.

3.3 OPF Problem

As discussed in Appendix B, the OPF problem can be written as a problem of mini-
mizing the total cost of real and reactive power production subject to real and reactive
power balance at all nodes, real power generation is within the limits specified by the
bid quantity, reactive power generation is within limits, and the voltages are within

specified limits.

Minimize:
J = Z Zﬂksﬁﬁ*ZS?ngi
i€l keB; iel
Subject to:
Zpik — Pp; = Z Vilgii (Vi — Vj cosby;) — bi;Vj sin 6;5] Vi
keB; ijeT;
QDz Z V 1_7 V V cos 01_7) gijv} sin eij] Vi

ij€T;
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0< P, <PE Vi,Vk (bid quantity limit
ik

Qgi = Qgui + Qg Vi (total reactive power) (3.6)
< Qg < QT Vi (reactive power limits)
Qi < (Z Pik> K? Vi (Reactive Power Block 1)
keB;

I/imin < ‘/z < V;maz ) (voltage hmltS)

Where Q7*® and Q7" are given in (3.4) and (3.5) respectively. For simplicity of

presentation, line flow limits have been ignored in the above formulation. However,
line flow constraints, —PF% < PFj; < PF can be directly incorporated into
(3.6) in order to take line congestion into account.

The Lagrangian for the above OPF can be written as:
L=>_> PuSE+) S%Qum

i€l keB; icl

+ Z Ai {— Z Py, + Pp; + Z Vilgi; (Vi = Vj cosB;;) — by;V; sin eij]}

iel keB; ijET;

iel

+ zai [_lei — Qq2i + Qpi + Z Vil—bi; (Vi — Vj cos 0;5) — gs;V; sin gij]}

ij€T;
+3 > Bi(Pu—P)+ > Bal—Px) (3.7)
icl keB; i€l keB;
+ 30 Qo + Qs — Q=) + Y0 (Q — Quai + Qi)
el el
+ Z’Yi(@gu ~KP Z Py)
iel kEB;
+ ZQS:-(V; » V;max) + Z(ﬁz—(‘/lmm _ V;)
el el

where A;, 03, Bix, i, Vi, and ¢; are the Lagrange multipliers associated with con-

straints of the OPF problem.

The optimal solution must satisfy the following KKT optimality conditions (see
Appendix B for more detail).
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aL B . B Qzam anzn oy
a-Pik - Sik /\1+/Bik lBik ( a-sz )+771 ( 83» ) ’Y‘L(Kz ) _0 (3'8)
oL
anlz' 7 7 7 7 ( )
oL
—— =82 — g4 -9 =0 3.10
8Qg2i ‘ 7 £ K ( )

oL .
ETAR > 9:5(2Vi — Vicos bi7) — by Vs sin i3] — > Ai[(9:5V; cos 05 + b3V sin 05,)]
’ ijET; i
—0; Z [0:5(2V; — Vj cos0;5) + g5V sin ;5] + Z o;{(bs;Vj cos B — gi;V;sin b))
ijeT; J#e .
+W—¢= (3.11)
=\ Z (9i5V; 8in 0 — bi;V; cos 0;5)] + Z Ai[(—gi; ViV sin8;; + b;;V;V; cos 0;;)]
ijeT; J#i
+ 0; Z [V;(~bijV;- sin 0;; — gi;V; cos 923)] + Z UJ[(bl]V;V; cos 0;; + g;; ViV sin 911)]
tjely J#i
~0 (3.12)
oL .
v > Py —Ppi— > Vilgi;(Vi — Vi cosby) — bi;V;sinfy] = 0 (3.13)
' keB; ijET;
oL .
80‘- = Qgi - QDi - Z ‘/Z[—sz(‘/; - V7 COS 61‘]‘) — gij‘/j Sin 91.7] S O (314)
¢ ijeT;

The complementary slackness conditions are,

(P — PR) =0 (3.15)

Bi(—Pix) =0 (3.16)

N (Qgri + Qg2 — Q) =0 (3.17)

77 (QF" — Qgui + Qgai) = 0 (3.18)

%i(Qqi — K2 Y Pa) =0 (3.19)
keB;

oV, = V) =0 (3.20)

¢ (V¥ = Vi) =0 (3.21)
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Further,

BiBr =0 = Bu = Bk — Bz

niny =0=mn=n —n;

¢ by =0=¢;=¢f —¢;

From (3.4) and (3.5),

8Q;na:c
—L = K 3.22
alDik 2,1 ( )
oQmin .

i — K(nm 2
a-Pz'k i,1 (3 3)

If Block 1 Reactive Power is not fully used (i.e., @, = 0), then (3.10) is not
relevant. As the generator has not reached the maximum amount of Block 1, the
Lagrange multiplier associated with this constraint, y; and the Lagrange multiplier
associated with the reactive power capability limit 7;" are zero.

Therefore, for the operation within the Reactive Power Block 1 region, (3.8) and

(3.9) become:

N = SE+ B (3.24)

01 =0 (3.25)
However, when (g2 > 0, (3.10) is also valid and when combined with (3.9) yields,
%=SP (3.26)

Therefore, (3.8) and (3.9) can be written as,

>‘i - Sﬁ + ﬁik - niKﬁaz/min - ’)’ZKZQ (327)
O =1+ (3.28)
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A;’s and o;’s are the multipliers associated with the real power balance and reactive
power balance equations. Therefore, they indicate the LMP of real power and reactive
power respectively at the corresponding bus. This shows that by combining real
and reactive power dispatch, the marginal pricing can be applied for reactive power
as well. Thus, the LMP of reactive power indicates the marginal cost of delivered
reactive power to a given location in the system.

The first two terms in (3.27) represent the marginal price of the supply bid; the
next term represents the component of price due to operating the generator at the
capability limit; and the final term represents the component of price due to the
constraint on Reactive Power Block 1, which depends on real power generation.

Similarly, in the reactive power price given in (3.28), the first term represents the
component of price due to operating the generator at the capability limit; and the

second term represents the price of Block 2 Reactive Power.

3.4 Results

This section presents a case study to analyze the different price components produced
by the proposed simultaneous real and reactive power dispatch model. In the presen-
tation of results, all the real and reactive power values are in MW or MVAr, prices
are in §/h and marginal prices are in either $/MWh or $/MVArh depending on the
quantitiy considered.

The simultaneous dispatch model was applied to the IEEE 30 bus system shown
in Appendix A using the generator bid data given in table 3.1 to represent the com-
petitive electricity market. There are six generator buses and it is assumed that each
generator offers two bids. This assumption, however, does not affect the validity of
the analysis presented. The reactive power details for the six generators are given in
table 3.2. The value of SiQ is chosen to be approximately 10 % of the real power cost
as in [40]. The maximum and minimum voltage limits of each bus are set to 1.05
pu and 0.95 pu respectively. The OPF was solved using the developed software tool
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explained in Chapter 6 and the results were validated using GAMS MINOS5 solver
[62] by modeling the OPF in the GAMS environment.!

Table 3.1: Generator bid data
Bus bid 1 bid 2
Py Sy | PR Sk
1 40 3.60{ 40 5.20
2 |40 3.20 40 4.60
13 120 4.00| 20 5.00
22 | 25 410 25 7.25
23 | 15 3.751 15 4.75
27 1275 3.701275 4.20

Table 3.2: Reactive power generation data
Bus | Kpew | Kimee | K | Ky | K2 | S2
1 40 -0.2 | -40 0.2 | 0.3]047
2 40 -0.2 | -40 0.2 |03 |0.67
13 30 -0.2 | -30 02 103|044
22 30 -0.1 -30 0.2 | 0.3 }0.52
23 20 -0.2 | -20 0.2 | 03]0.22
27 35 -0.3 | -30 0.2 |03 036

Tables 3.3 and 3.4 show the optimal dispatch and the values of the Lagrangian
multipliers, in which the cheaper bid of each unit has been fully dispatched and the
second bid from generators at bus 2 and 27 have been partially dispatched. Therefore,
both generators 2 and 27 become marginal generators. This is because the reactive
load is locally supported by the inexpensive generator at bus 27 and in order to make
that provision the real power dispatch is compromised. The remaining real power is
now coming from the next cheapest available bid which is at bus 2. The reactive power
dispatch of generator 27 given in table 3.3 and the non-zero Lagrangian multiplier
(ie., m%;) given in table 3.4 also reveal that Block 1 Reactive Power and Block 2
Reactive Power are fully dispatched and the generator is operating at its capability

Hmit.

!Generalized Algebraic Modeling Systems (GAMS) is a commercially available software platform
for mathematical programming.
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Table 3.3: Generation dispatch with the proposed simultaneous model
Bus | bid 1 | bid 2| Qg | Qg ] Qrel X | o
1 |40.00] 0.00 | 12.00 | 15.05 | 32.00 | 4.412 | 0.470
2 140.00 | 13.97 | 16.19 | 0.00 | 29.21 | 4.449 | 0.503
13 | 20.00 | 0.00 | 6.00 | 13.01 | 26.00 | 4.560 | 0.440
22 | 25.00 | 0.00 | 7.50 {13.03 |27.50 | 4.603 | 0.520
23 115.00 | 0.00 | 4.50 | 12.50 | 17.00 | 4.558 | 0.419
27 12750 7 9.17 | 11.00 | 13.00 | 24.00 | 4.429 | 0.482

Table 3.4: Values of the multipliers given by the OPF

Bus |__Pd L bid2 T o T,

Bu By | By Bkl * | "] "
1 |0 0953[0647 0| 0 | 0 |0.470
2 10 1400 0 0| 0 |0 |0503
1310 0692/0308 0| 0 |0 |0.440
22 | 0 0659 (2491 0 | 0 | 0 {0520
23 | 0 0.835/0165 0 |0.199| 0 |0.220
27 | 0 0800 0 0 |0122] 0 |0.360

On the other hand, if the dispatch is done based on the sequential approach, bid
2 of the generator at bus 2 is not dispatched while bid 2 of the generator at bus
27 is dispatched to a higher generation level. As far as the real power dispatch is
concerned, this sequential dispatch is preferred, as the cheaper bids are dispatched
ahead of the expensive bids. However, when accruing the required reactive power
subsequently, the cheaper reactive power of generator at bus 27 cannot be utilized
due to the higher real power dispatch of that generator. Thus, the ISO has to procure
the reactive power from the next available generators at a higher price or from the
generator at bus 27 by curtailing the real power dispatch. However, in order to curtail
the real power, the associated opportunity cost has to be paid by the ISO.

Therefore, if the dispatch is done without considering the reactive power and
then adjusted to satisfy fhe reactive power requirement, some participants will be
benefited at the expense of the others and the overall dispatch is also inferior to that
of simultaneous dispatch. Theoretically, the best solution that the two step approach
can achieve is the solution of simultaneous dispatch. As illustrated above, there is

no guarantee that the two step approach gives the same result as the simultaneous
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dispatch.

3.4.1 Analysis of Price Components

Using (3.27), (3.28), and the OPF results given in tables 3.3 and 3.4, different price
components of real and reactive power can be analyzed as shown below. The buses
2, 1, and 27 have been chosen for the analysis due to their unique features.

Bus 2 has a partially dispatched real power bid. The Block 1 Reactive Power is
fully dispatched and the Block 2 Reactive Power is not dispatched at all due to the

high Block 2 Reactive Power price.” Therefore,
Bie=0;, m=0
The real power LMP can be calculated from (3.27):

X = S —u(KP)

Az =4.6 —0.503 x 0.3 = 4.449

The term Y. K ZQ represents the value of free reactive power available to the system
due to the increase in real power generation. Therefore, the cost of real power at bus
2 is 4.449, even though the bid price for real power is 4.6.

For reactive power, (3.28) gives:
o; =7 = op=0.503

This gives the reactive power LMP at bus 2 as 0.503, which is less than the price
of Block 2 Reactive Power at bus 2 indicating that any increase in reactive power
demand at bus 2 will be supplied by some other cheaper generator in the system.

The situation at bus 1 is slightly different, where only the first real power bid is

fully dispatched and the second real power bid is not dispatched. Further, Block 1
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Reactive Power is fully dispatched and Block 2 Reactive Power is partially dispatched
(maximum reactive power limit has not been reached).

From (3.27), the real power LMP can be calculated as:

i = Sﬁ + B —’Yi(KiQ)

A1 =3.640.953 -047 x 0.3 =4.412

The second component of A; (i.e., 0.953) is the shadow cost of supply offer. This

factor represents the marginal value of the offer to the whole system.
0; =% == o1 = 0.47

The reactive power LMP at bus 1 is equal to the price of Block 2 Reactive Power at
bus 1 indicating that any increase in reactive power demand at bus 1 will be supplied
by the generator connected to bus 1.

Similar to bus 2, bus 27 also has a marginal real power generator. However, both
Block 1 Reactive Power and Block 2 Reactive Power at bus 27 are fully dispatched

and generator 27 is operating at the capability limit. Therefore,

B, = 0.800; n; = 0.122

A = SE+ Bix = miKET — (KR

A7 = 3.7+ 0.800 + 0.3 x 0.122 — 0.30 x 0.36 = 4.429

O =7+m = o0p=0.36+0.122 = 0.482

Therefore, at bus 27, both real and reactive power LMPs have a positive com-
ponent of price due to operating the generator at the capability limit, causing an

increase in both real and reactive power price. This is because the reactive power
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availability is decreased as the generation is increased, indicating that any increase
in generation is discouraged when there is a reactive power shortage.

The lower limit of reactive power is important when generators are absorbing
reactive power. Typically, generators supply reactive power and hence the lower
limit becomes irrelevant. Therefore, in the above analysis, the typical situation is
considered. However, the same analysis can be done, when generators are absorbing
reactive power as well.

The real and reactive power LMPs for all the buses can be summarized as shown
in table 3.5. These values can also be analytically obtained by solving (3.11) and
(3.12).

Table 3.5: Real and reactive power LMPs

Bus LMP Bus LMP Bus LMP

Real | Reactive Real | Reactive Real Reactive
1 4.41 047 | 11 | 4.61 055 21 | 4.62 0.54
2 4.45 050 12 | 4.58 0491 22 | 4.60 0.52
3 4.53 0521 13 | 4.56 044 | 23 | 4.56 0.42
4 4.55 053 14 | 4.65 050 24 | 4.60 0.51
5 4.53 054 | 15 | 4.63 0491 25 { 4.51 0.51
6 4.57 0551 16 | 4.63 0.53 | 26 | 4.59 0.56
7 4.60 0571 17 | 4.65 056 | 27 | 4.43 0.48
8 4.60 0.58 | 18 | 4.71 054 | 28 | 4.55 0.54
9 4.61 055 19 | 4.73 0.56 | 29 | 4.58 0.62
10 | 4.63 0.55 1 20 | 4.71 0.56 | 30 | 4.59 0.63

3.4.2 Market Signals Produced by the Proposed Model

If the Block 1 Reactive Power is sufficient to supply the total reactive power demand,
then according to (3.27), A; does not show any reactive power component. The
reactive power LMP, o;, is also zero. Therefore, the price of electricity is only due
to the dispatched real power. However, if at least one generator is providing Block 2
Reactive Power, then, there will be a component in the real power LMP. The reactive
power LMP is also non-zero (note that reactive power LMP is ; when the generator

is supplying reactive power and -y; when the generator is absorbing reactive power).
41



CHAPTER 3 - INCORPORATING REACTIVE POWER IN MARKET
DISPATCH

This shows that when the reactive power LMP is positive (i.e., generating), consumers
at that location are encouraged to consume less reactive power to improve the power
factor, and when the reactive power LMP is negative (i.e., absorbing), consumers are
encouraged to consume more reactive power to improve the power factor.

If a particular generator is operating at its upper capability limit (i.e., 5] # 0),
then according to (3.27) the real power LMP does show an additional component (i.e.,
—n; K73**). Since K[}** is negative this component is positive and that increases the
real power LMP. Since 7;" also appears in the reactive power LMP, the reactive power
price is also high and therefore, the consumers are encouraged to consume less reactive
power. This is because, when the generator is operating at its upper capability limit,
the reactive power availability is decreased as the generation is increased indicating
that any increase in generation is discouraged when there is a reactive power shortage.

On the other hand, if a generator is operating at its lower capability limit (i.e.,
n; # 0), the real power LMP also has an additional component 7;° K{"{" Since K{’j’" is
positive this component is positive and that increases the real power LMP. Since n; is
also appearing in the reactive power LMP, the reactive power LMP is further negative
and therefore, the consumers are encouraged to consume more reactive power.

As mentioned earlier, the value of KZQ has an important role to play under the
competitive market environment and should be specified as a market rule. According
to (3.27), if the value of K is sufficiently large to make Block 1 Reactive Power alone
enough for the dispatch, then the real power LMP will not show the reactive power
component. In practice, this is not possible as this requires generators to operate at

low power factors leading to low efficiency.

3.5 Concluding Remarks

A new reactive power model considering both the capability of the synchronous gen-
erator and the fairness of reactive power supply obligation in a compétitive market
environment has been introduced in this chapter. The model has been proposed for
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simultaneous dispatch of real and reactive power. The main features of this model
are, (a) generators are not required to supply reactive power free of charge when they
are not supplying real power, (b) generators are required to make a minimum amount
of reactive power available to the system and this amount is proportional to the real
power, (c) the maximum limit of the reactive power is determined by the capability
curve of the generator and is dependent on the real power generation.

In summary, the opportunity cost of supplying reactive power is implicitly modeled
using the physical constraint related to the rating of the machine. The fairness of
reactive power supplying obligation is ensured by the Block 1 Reactive power.

A case study has been presented using the proposed reactive power model . Based
on the results, it has been shown that, (a) real power LMP has a reactive power com-
ponent, (b) LMP for reactive power can also be defined, and (c) sequential dispatch
may give rise to an unfair advantage for some participants, and the overall dispatch

is also inferior to that of simultaneous dispatch.
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Chapter 4

Incorporating Dynamic Security in

Mafket Dispatch

The security of a power system is a measure of risk of interruption in an event of a
contingency [44]. A secured power system operates without interrupting participant’s
requirements and survives during a disturbance by settling to a new operating condi-
tion in which none of the system physical constraints are violated. Unlike in a single
owner electricity industry, maintaining the secure operation of the power system is a
challenging task in the competitive electricity market. This is because, each market
participant has its own individual interests in maximizing the profits, which could
possibly override the system security requirements.

The ISO has the responsibility of ensuring the security of the system, so that
sufficient safety margin is maintained in allocating market driven transactions. The
security assessment in ensuring the security of the system can be broadly categorized
as static security assessment and dynamic security assessment. Static security assess-
ment determines whether the steac;ly state post-disturbance conditions violate any
device limits or voltage limits, and dynamic security assessment determines whether
the power system reaches an acceptable operating condition after the transition [44].

The static security of the dispatch is easily assured by including the static security

constraints in the OPF using sensitivity factors [45]. However, Dynamic Security
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Constraints (DSCs) are not used in the traditional OPF, due to the unavailability of
such a constraint in the functional form compatible with the OPF.

The current industry practice of determining a generation dispatch that is secure
from a dynamic stability point of view is by performing a dynamic stability simulation
after solving the OPF [46], [47], or by performing the generation dispatch by some
other means. In the former approach, if the solution is unstable against a credible
contingency, then the solution is modified, so that the new solution is stable. These
modifications are based on engineering experience and judgments using a trial and
error approach. This is a time consuming process and cannot guarantee the accuracy
of the modified result. In the latter approach, ‘nomograms’ commonly used in indus-
try are translated into constraints and are used in the dispatch algorithms. However,
‘nomograms’ are two variable linear approximations to the stability boundary and
thus, do not accurately represent the nonlinear nature of such a boundary [48].

Recently, due to the restructuring of the power industry and the availability of
fast computers, there has been a motivation towards the development of Dynamic
Security Constrained Optimal Power Flow (DSCOPF') programs [49], [50]. In contrast
to the traditional sequential OPF, where the solution is adjusted by some other way
to ensure the dynamic security, the DSCOPF determines the same in a single step.
This is achieved by incorporating the differential equations governing the dynamics
of the system into the OPF in the form of difference equations. The disadvantages
of this approach are (1) replacing the differential equations by difference equations
in solving the problem sacrifices accuracy, (2) there are convergence difficulties due
to the introduction of a large number of variables and equations to the original OPF
problem [49], [50], and (3) the approach uses simplified models of power system devices
to reduce the computational burden.

A novel technique to derive an accurate transient stability boundary for a given
credible contingency is proposed in [51], which can be readily used as a constraint

in the DSCOPF. In this way, for each credible contingency, a separate DSC can be
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derived to incorporate in the OPF. The advantage is that dynamic security of the
system for a given credible contingency is modeled in the OPF using a single function
of power system variables, and consequently a secured generation dispatch can be
obtained in a single step.

The rest of the chapter is organized as follows. A brief introduction to the DSC
is given in Section 4.1. The DSCOPF is then presented in Section 4.2. Finally a
case study using IEEE New-England 39 bus system is presented in Section 4.3 to

demonstrate the effects of DSC in market dispatch.

4.1 Dynamic Security Constraint

This section briefly explains how to derive an accurate transient stability boundary
for a given credible contingency. A detailed derivation of this method is given in
[52], where the theoretical formulation of statistical learning is explained and the
application of this theory to IEEE New-England 39 bus system and a 470 bus system
is presented.

An operating point of a power system can be uniquely defined using 2 * nbus — 1
number of variables, where nbus is the number of buses in the system. For example,
if the bus voltage magnitudes and bus voltage angles (with angles measured with
respect to the reference bus) are known, an operating point can be uniquely defined
and every other variable can be calculated. An operating point vector: x in the
2 xnbus — 1 Euclidean space (where the co-ordinate axes represent the power system
variables) can be identified either as stable or as unstable depending on whether the
power system is transiently stable or not in an event of a specific contingency [44].

The boundary that separates the transiently stable region from the transiently
unstable region is the DSC. The estimated function given in (4.1) is used to approx-
imate the Critical Clearing Time (CCT) corresponding to a given contingency. This
approximation is an m!* order polynomial function and was estimated from a data
sample of n training points. Note that there is an optimum value for m, where the
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estimated DSC is most accurate.

CCT ~ i a((z,z) + 1)™ (4.1)

t=1
where, o is a set of real scalers and x; represents an operating point vector in the
transient stability database. The Transient Stability Margin (T'SM) is defined as the
difference between the CCT and actual fault clearing time: 7,. of the contingency.

Therefore, the approximated TSM can be written as given below.

TSM =~ [i ar((x,z) + 1)) — The (4.2)

t=1

An operating point in the stable operating region has a positive TSM. Therefore,

the DSC can be written as given in (4.3).

f@) ~ D oul(m,z) + )™ = Toe > 0 (4.3)

Similarly, for any other credible contingency, a separate DSC can be derived. The
DSC given in (4.3) is differentiable with respect to the operating point variables, and
thus suitable for optimization algorithms such as Successive Linear Programming
(SLP) and Newton method type algorithms. The derivative of (4.3) with respect to
a variable z, (essentially a voltage magnitude or a bus voltage angle) can be written
as,

T (Y- a0 + )" ) (@4)

t=1

4.2 OPF Problem

After including the above DSC, the OPF problem can be written as given in (4.5).

!Note that the reactive power model discussed in Chapter 3 is not considered in this OPF
formulation.
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Minimize:
T= Y RS Y
iel keB; i€l
Subject to:
Z Py, — Pp; = Z Vilgi;j(V; = Vj cos8;;) — by;V; sin 6, Vi
kEB; ij€T;
QDZ = Z V V; CcOs 91_7) — gij‘/j sin Gij] Vi
ijeT;
0< P <P} Vi, Vk (4.5)
~ PFj** < PF, < PFJ* V(i,4) C T
‘/imin S V; S ‘/ima:c Vi

= al(z,z) +1)7] = Toe 2 0

PE:gz V2—‘/7VCOSGZ "‘bz‘/;VSH'lgz v’l/,] cT
J VAN 7 J J 2 J

In (4.5), only one DSC is included to clearly demonstrate the formulation of the
OPF.

Typically, for a given power system, there can be several credible contingencies,
which are identified based on historical information. Inclusion of DSCs corresponds
to all the credible contingencies, however, increases the complexity of the OPF prob-
lem, and hence requires more execution time. On the other hand, neglecting the
critical contingencies result in insecure operation of the power system. Each of these
contingencies has a different risk associated with ignoring them, which depends on
the probability of the contingency occurring and the cost of exposing the power sys-
tem to that contingency. Thus, choosing the correct credible contingencies is also an

important issue, which is not discussed in this thesis.
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The Lagrangian for the above problem can be written as:

L= PuSE+> QuS?

i€l keB; il
+> N {— > PutPoi+ Y Vilgis(Vi — V; cos i) — by;Vj sim 91‘3']}
iel kEB; ijeT:
+ Zai [ Qqi + Qpi + Z Vil=bi;(V; = Vj cosb;;) — g:;V; sin@ij]jl
i€l ijeT;
+ Z Z Bi(Px — BE) + Z Z B (—Pix) (4.6)
i€l keB; icl keB;
+ Y uh(PFy; — PEF*®) + > piz(— PF*® — PFy)
ijeT ijeT
+ Vi V) 4> ¢ (V=)
el i€l

n

+/Y [Z at(<mamt> + 1)2] - Tac

t=1

By solving the KKT conditions of (4.6), the secured generation dispatch against

the considered contingency can be obtained.

4.3 Case Studies and Results

This section presents a case study to demonstrate the application of DSC in market
dispatch. For the following analysié, a competitive electricity market is modeled for
the New-England 39 bus system shown in Appendix A, using price-quantity bids for
the generators as given in table 4.1. The reactive power is considered as free from
the generators. In the presentation of results, all the real and reactive power values
are in MW or MVAr, voltages are in pu, prices are in $/h and marginal prices are
in §/MWh, $§/MVArh or $/pu.h depending on the quantity considered. The DSC is
incorporated in the OPF as explained in Section 4.2 to ensure the dynamic security
of the power system. The maximum and minimum voltage limits of each bus are set

to 1.10 pu and 0.90 pu respectively and a line limit of 1000 MW is imposed on each
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line. A higher line limit of 1000 MW is purposely selected, so that the effects of the
binding line flow constraints can be overridden, as the main objective is to study the
effects of the DSC (note that in Section 3.3, the line flow limits were not included in
the OPF formulation, to override the line flow constraints).

The contingency considered in this analysis is a three-phase-to-ground fault on
the line connecting bus 16 to bus 24 near bus 16 and the fault is cleared by opening
the faulted line after 10 cycles. Therefore, in the OPF formulation the lower limit
of the DSC is taken as 10 cycles (which is Tp.) and the upper limit is set to infinity.
This implies that if the estimated CCT for a given operating point is greater than or
equal to the fault clearing time, then the system is transiently stable.

The OPF was solved using the developed software tool explained in Chapter 6 and
the results were validated using GAMS MINOSS5 solver [62] by modeling the OPF in

the GAMS environment.

Table 4.1: Generator bid data
Bus bid 1 bid 2
Pr Sk | Pi Si
30 | 250 3.6 | 750 5.2
31 | 500 3.2 |500 4.2
32 | 600 4.0 [400 54
33 | 550 3.8 [450 7.25
34 | 500 3.75|500 4.9
35 | 650 3.7 | 350 5.05
36 | 500 3.8 {500 7.4
37 | 550 2.9 [450 5.0
38 1900 3.8 | 100 8.2
39 | 500 3.9 (500 4.1

The following 3 cases are considered.
1. Case 1: OPF without the DSC
2. Case 2: OPF with the DSC representing the Contingency

3. Case 3: OPF with the DSC representing the same Contingency, but the fault

is cleared 1 cycle faster
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Table 4.2: Generation dispatch

Generation dispatch (MW)
Bus Case 1 Case 2 Case 3
bidl bid2[ bidl bid2| bid1l bid?2
30 250.00 0.00 | 250.00 350.15 | 250.00 269.69
31 500.00 139.03 | 500.00 292.42 | 500.00 359.72
32 600.00 0.00 | 600.00 0.00 | 600.00 0.00
33 550.00 0.00 | 550.00 0.00 | 550.00 0.00
34 500.00 0.00 0.00 0.00 | 13.07 0.00
35 650.00 0.00 | 650.00 0.00 | 650.00 0.00
36 500.00 0.00 | 500.00 0.00 | 500.00 0.00
37 550.00 0.00 | 550.00 0.00 | 550.00 0.00
38 900.00 0.00 | 900.00 0.00 | 900.00 0.00
39 500.00 500.00 | 500.00 500.00 | 500.00 500.00
Total dispatch 6139.03 6142.57 6142.48
Total cost 22768.94 23358.93 23272.25

Table 4.2 shows the generation dispatch and the total generation cost for the
three cases. In Case 1, there is only one marginal bid, which is at bus 31 (i.e., 2™
bid). It can be seen from table 4.2 and the generator bids given in table 4.1, that
the generation dispatch in Case 1 is according to the merit order where cheaper bids
are dispatched before more expensive bids. This is expected, because in the OPF
formulation the transmission line congestion has been overridden. In general, the
losses in the system could result in out of merit order dispatch, but in this case the
effect of losses has not been significant enough to cause an out of merit order dispatch.
The total dispatch is 6139.03 MW and the total cost of generation is 22768.94.

In Case 2, where the OPF is solved with DSC, the generation dispatch deviates
from the merit order significantly as seen in table 4.2. The cheaper generation at bus
34 (i.e., 1 bid) is not dispatched at all, while the expensive generation at buses 30
(i-e., 2" bid) and 31 (i.e., 2"¢ offer) are partly dispatched. This is expected because
the power system operates on the DSC, as evident from the non-zero marginal cost of
DSC (y = 94.51). The marginal cost of 94.51 implies that the cost of operation can
be reduced by that amount if the fault could be cleared 1 cycle faster. Table 4.2 also

reveals that the total losses in Case 2 are slightly higher than in Case 1 (note that
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the total dispatch in Case 2 is 6142.57 MW, whereas in Case 1 it is 6139.03 MW).
Further, the total cost of generation is also increased to 23358.93.

In Case 3, when the breaker operates 1 cycle faster in clearing the fault, the DSC
is still binding as seen from the out of merit order dispatch given in table 4.2. It can
be seen that the cheaper bid at bus 34 (i.e., 1°* bid) is now partly dispatched, while
there is reduction in expensive bids. The total cost of generation is also reduced by
86.68 (i.e., 23358.93 — 23272.25). This is the amount saved due to the fault being
cleared 1 cycle faster, which is approximately equal to the «y value in Case 2 (i.e., y=

94.51). The slight difference in these two amounts is due to the linearization.

Table 4.3: LMPs for the three cases

Case Case Case
Bus | B g B
1 422 568 562 14 1420 497 498 27 | 417 484 4.89
2 419 519 5191 15 | 421 491 495 28 |[4.05 4.75 4.81
3 1422 511 511 16 |4.19 4.81 487 29 |4.01 4.73 4.79
4 1422 504 503 17 1419 488 492 30 {419 520 5.20
5 421 495 493 | 18 1421 496 4991 31 [4.20 4.20 4.20
6 420 489 488 19 |4.13 4.85 493 | 32 |4.17 4.77 4.79
7 1422 502 500} 20 |4.14 502 511 | 33 |4.11 433 447
8 1423 509 507| 21 |4.16 466 4.74| 34 [ 411 346 3.75
9 1423 563 557 | 22 413 447 457 35 |4.13 4.36 4.47
10 | 4.17 4.87 4.88 1 23 |4.13 4.47 457} 36 |[4.11 421 4.34
11 [ 4.18 489 4881 24 |4.19 4.76 483 37 [4.04 497 4.96
12 1418 494 493 | 25 14.07 504 504 | 38 13.96 4.35 447
13 14.18 491 491 | 26 411 487 4911 39 (423 584 5.77

The LMPs at each bus for the three cases are given in table 4.3. It reveals that
except at bus 34, higher LMPs are resulted in Case 2 and Case 3 due to the binding
DSC. However at bus 34, LMP in Case 2 and Case 3 are lower than that of Case 1.
This is because in Case 2, due to the binding DSC, the cheaper generator at bus 34
is not dispatched, enabling it to cater any increase in load at bus 34. Alternatively,
in Case 1, bid 1 at bus 34 is fully dispatched and any increase in load at bus 34 has
to be supplied from the next available generator which is bid 2 at bus 31, having a

higher bid price. Same explanation can be given for the Case 3 as well.
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The difference in generation cost between Case 2 and Case 3 reflects the effects of
fast operating circuit breaker, and thus can be used to perform a cost benefit analysis
of the fast operating circuit breakers. As pointed out earlier, the results of Case 1
and Case 2 could be further used in determining the associated risk in ignoring the
contingency in market dispatch. This could lead to a quantitative decision of whether
or not to ignore the particular contingency in market dispatch from the economical

and reliability point of view.

4.4 Concluding Remarks

The incorporation of the dynamic security constraint in the OPF has been demon-
strated in this chapter in order to ensure the dynamic security in market dispatch.
This approach has been enabled by the availability of the dynamic security constraint
in a functional form. The key advantage is that the dynamic security of the system
is modeled in the OPF using a function of power system variables, and consequently
a secured generation dispatch can be obtained in one step. The function used is dif-
ferentiable, and thus suitable for optimization algorithms such as Sequential Linear
Programming (SLP) and Newton type algorithms.

The resulting DSCOPF ensures security of the system in the event of the contin-
gency represented by the DSC. In this way, any number of DSCs, each representing
a credible contingency, can be incorporated in the OPF. A case study has been pre-
sented to demonstrate the effects of DSC on dispatch as well as on LMPs. The results
of the case study revealed that the binding DSC constraint has a significant effect on
LMPs for the case considered. These results could also be used in performing (a) cost
benefit analysis of fast operating circuit breakers, and (b) risk analysis of ignoring

the dynamic security in market dispatch.
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Chapter 5

Analyzing Market Signals

The inclusion of reactive power and Dynamic Security Constraint (DSC) in market
dispatch is discussed in Chapters 3 and 4 respectively. Having incorporated these con-
straints, this chapter investigates different methods to analyze the associated market
signals. In fact, market signals are the main driving forces for the market participants
to make their operational and investment decisions, which ultimately drive the mar-
ket toward further competition [2]. Thus, correctly determining these market signals
is an important issue in the context of restructured electricity market.

Under the present market operation, LMPs are commonly and extensively used as
market signals [12]. The SMD proposed by FERC also advocates the use of LMPs in
settling the transactions [5]. This is further insisted upon in their recent documents,
subsequent to SMD [6], [7]. LMP at a given node of a power system is the sensitivity
of operational cost to the change in load at that node, or in simple terms, the least
cost of getting the next increment at that node, while respecting the constraints
imposed due to the operational and the capability limits of the power system. Thus,
this design provides participants with a clear signal of the price of electricity at each
location [8].

While these LMPs provide valuable information at each location of the system,
they do not provide a detailed description in terms of contributions coming from trans-

mission losses and different constraints in the power system. The LMP components
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proposed in [54] can be used to overcome this problem, as they show the decomposi-
tion of LMP into its contributing components due to each binding constraint. This
explicit decomposition serves as better market signals for the participants than LMP
itself. However, the effects of the losses cannot be seen explicitly from these com-
ponents. Thus, supplementary information showing the effects of losses on LMPs is
necessary in providing full insight to the operation of the electricity market.

A new method of analyzing the network rental components is presented in this
chapter by determining those individual components. The network rental is the sur-
plus solely paid by the consumers, and thus, the components of network rental show
the breakdown of the network rental to each consumer due to each binding constraint
and transmission losses. The key advantage is that the network rental components
show how each consumer has actually overpaid due to marginal losses and each bind-
ing constraint. Thus, unlike in LMP components, network rental components show
the effects of losses explicitly as a separate component.

In order to proceed with this analysis, the components of network rental must
be correctly determined. It is however, found that the available methods are not
sufficient in determining these components, specially when the general NLP-OPF
is considered, where different types of constraints contribute to the network rental.
Thus, a new method to determine these network rental components is proposed in
this chapter.

This chapter is organized as follows. The existing method of analyzing LMP
components is explained in Section 5.1 together with some examples to show how these
individual components are calculated. Section 5.2 presents the concept of network
rental and then the calculation of components of network rental using a LP-OPF
is investigated in Section 5.3. The novel technique to determine the components of
network rental based on NLP-OPF is then proposed in Section 5.4. Some case studies

are also presented in Section 5.4 for a clear understanding of the proposed method.
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5.1 LMP Components

5.1.1 Traditional Approach

With the present practice, the loss factors and shift factors are used to determine the
components of LMP due to losses and congestion® [10], [12]. Thus, the LMP at bus

1 can be expressed as;

L]V[.Pz = [ M perergy 4 LMPloss 4 LMPcongestion (5 1)

LMP, =X — LEN + E,LL,:SFit (5:2)
t

where LF; is the loss factor at bus ¢ and SFj; is the generator shift factor at bus ¢ on
line ¢. The value of u, indicates the shadow cost of the congested line ¢ whereas A"/
denotes the real power price at the reference bus.? The summation of the first two
components in (5.2) is commonly known as the energy component.

The LF; indicates the sensitivity of system losses to the change in the injection at
bus ¢. In other words, it reflects how system losses will change due to the injection of
an additional unit MW. Because the reference bus always makes up for this additional
unit MW, loss factors depend on the selection of the reference bus. The SF}; shows
how the line flow of line ¢ is changed if the injection at bus ¢ is pertubated. Shift
factors also depend on the choice of the reference bus. Therefore, by definition the
loss factor and the shift factor at the reference bus are zero.

Due to this dependency, the components calculated using this method do not re-
flect the true contributions of LMP at a node. In other words, even though, the LMPs
are independent of the selection of the reference bus, the individual components are
not independent of the selection of the reference bus [53] This dependency indicates
that the importance should be kept on the value of each component. The differ-

ence between such components at two locations are also dependent on the reference

IThe line flow limits are the only constraints considered in LP-OPF.
2The reference bus is sometimes called as the slack bus. In a power flow solution, the unknown
losses in the system are assigned to the reference bus.
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bus. For example, the difference between congestion cost components at two different
locations does not give any valuable information at all.

The drawback in this approach is due to the fact that transmission losses are
balanced at a designated reference bus whereas in reality losses are balanced according
to the governing physical laws. This results in different power flows once the location
of the reference bus is changed.

However, if losses are approximately balanced at bus level in a predefined way,
the energy component and the congestion component can be made reference bus
independent for a given loss distribution. The loss distribution factors proposed in
[10] allow the explicit balance of losses at each bus, so that the dc power flow solution
will be unique irrespective of the choice of the slack bus. The problem however, is
that the whole process depends on the predefined loss distribution factors which do
not represent how the actual losses are consumed.

The need for the reference bus can be eliminated, once the actual nonlinear power
flows are considered (i.e., NLP-OPF). Further, with the NLP-OPF, the reactive power
and security issues can be easily incorporated as discussed in Chapters 3 and 4. Unlike
in LP-OPF where only line flow constraints are considered, with the NLP-OPF differ-
ent other binding constraints also contribute to the LMP at a given location. Despite
the associated difficulties in dealing with the NLP-OPF, the recent advancements in
computing technology allow solving a NLP-OPF in an efficient manner.

A generalized method to unbundle LMP into its contributing components is pre-
sented in [54]. This approach is based on post processing the KK'T optimality condi-
tions of the NLP-OPF as explained below.

5.1.2 Unbundling LMP Based on KKT Conditions

The Lagrangian function for the OPF given in Appendix B (also given in Chapters

3 and 4) can be written in compact form by considering that there are N equality
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constraints, R inequality constraints and M decision variables, as,

R
f(z) + Z A gn(m) + > plhe(x) (5.3)

If the optimal solution is known, then all the binding or the active inequality con-
straints are also known. As the remaining inequality constraints are non-active, the
Lagrangian function can be rewritten by eliminating those constraints as given in

(5.4).

flz)+ Z Nogn(z) + > T () (5.4)

where h,(z) and 7, are the binding inequality constraints among h and their

multipliers among p respectively. The KKT optimality conditions of (5.4) can be

written as,
oL T@gn ___T _
_333m: E A E =0, m=1,...,.M (5.5)
oL
oL  — —
o A{z)=0;, r=1,...,R (5.7)

From the Lagrangian function given in (5.4), LMP at bus ¢ can be calculated by
taking the partial derivative of L with respect to the load Pp; as given by (5.8). This

is because, the LMP at bus ¢ is the sensitivity of L to the change in load Pp;.

_z of(z) Oz, Bf(a:)
BPD, 8a:m E)PDZ 6PD,

89n(z) O 8gn(z) & M
+ZATZ 8z,, OPp; ;AZ 9Pp; ;g”(m) 8Pp;

m=1

_ ) 0%m Ol (z) e, . O
+Z TZ i > Gyt Mg (59
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[ g;gi, 331;\;, B%E;]T can be calculated by differentiating (5.5), (5.6), and (5.7) with

respect to Pp; as given in (5.9), (5.10), and (5.11) respectively.

5 f(z) 8CIJm 70%gn(z) Oz, 8g.(x) O\, r 0%g,(z)
0x2, OPp; Ba:maPDl Z)\ O0z2,  OPp; ; 0z, OPp; ;)\" 0%, 0Pp;

m

R
0% (z 6$m+ O, () O T XR:Té’h(a: 0

+Z Oz%, OPp; 4 Oz, OPp; 97,,0 Pp,;
N
09n(z) Oz Ogn(z) _ -
; Oxm 8PD7.+ dPp; =0 n=1,...,N (5.10)
8-'I:m 3h_r(:)3) . _ _
Z a33m 8PD1 OPp; =0 r=1...,R (5.11)

Equations (5.9), (5.10), and (5.11) can be written in matrix form as given in

(5.12).
% f(z) T 9%gn(z) —T8%h(z) Ogn{z) Ohe(x) Oz
Oz2, + Zn )\TL 8x2, + Z T 9z2, O m OLm 8Pp;
8g¥ (x) 3n,
Ozm 0 0 OPp;
0%, (z) 0 0 Oy
OTm OPp;
% f(z) T _8%gn(z) AT i)gn(:c) —71 8hr(z) omz" O (2)
SondPo T 2onn BomdPp; T >on 3P; Oz T > Br Fomobp; T 2o 35 BPp: Otm
= — Ogn(z)
9Pp;
Ohr

(5.12)

Some terms in the left hand side matrix and the right hand side array of (5.12)

are zero, and thus, (5.12) can be simplified as given in (5.13).

8% f(x) T8%gn(z) Ognlz) Oke(x) Bzm
82, + Zn /\n 8z2, OTm OxTm B;Di 0
8gn (1:) aAn _ — ag‘n (m)
3 0o 0 D 20:(2) (5.13)
Rt (7:) 2y
B - 0 0 P 0

The left hand side matrix in (5.13) is a Hesslan matrix at the optimal solution
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with additional rows and columns corresponding to binding inequality constraints,
h.(z). The three elements shown in the right hand side vector represent three column
vectors. The 0 entries represent column vectors with all the elements equal to zero.
ag"(z) is a column vector with one entry equal to unity and the rest equal to zero. This

is because the term Pp; appears only in the corresponding power balance equation

where n = 1.

Remark It is important to note that the matriz in (5.13) is always non-singular
irrespective of the number of binding constraints, which is explained as follows. If
the number of buses and the number of generators in the system are nbus and ngen
respectively and assuming there is only a single bid from each generator, then the sub
matric [a f(w + 37 325’;}?)] in (5.13) has 2 x ngen + 2 * nbus — 1 rows and columns
(note that the size of the sub matriz is equal to the number of variables, which include
generator bid quantities, reactive power generations, voltage magnitudes, and voltage
angles excluding the reference bus), whereas sub matriz ag"(z has 2«ngen-+2xnbus—1
columns (same number of columns as above) and 2 x nbus rows. Therefore, for the
whole matriz to be non-singular, the mazimum number of rows of the sub matriz ag,(x)
(i.e., the number of binding inequality constraints) should be 2 xngen —1. If there are
no binding line flows or voltage limits, then ot least one real power bid is marginal
resulting in less than 2 x ngen — 1 rows, and if there are v binding constraints, then
there should be at least r--1 marginal generators, resulting in an even fewer number of
3hr(1)

TOWS N This shows that under any circumstances, the total number of binding

constraints does not erceed 2 * ngen — 1.

Therefore, by inverting the left hand side matrix and taking the column cor-

Bzm OAn  Ofr ]T

responding to the non-zero element yields the array [ -, 5P 5pa;) @S shown in

(5.14).
This array shows the sensitivity of the variables in the OPF to the change in load.

Thus, these sensitivities also provide some insight to the operation of the electricity
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market [55].

Dz 2f(z) Pgn(z) Ogale) (@) |

8Pp; “OxZ, + Zn )‘z; 6g:c2( : (’g)a:m Ozm

OAn S g i 893 (z)

o (—1).corresponding column of (g%_m 0 0

omr )

6£Di BT m O O
(5.14)

Equation (5.8) can be simplified using (5.10) and (5.11) as

of(z) Oz,
Z T (5.15)

GPDz

This implies that LMP at bus ¢ can be expressed only in terms of contributions
from the marginal generators (note that f(z) is only a function of generation and

gg’" equals zero for non-marginal generators). The effects of binding constraints are

embedded in the contributions of marginal generators.

By removing (5.11) in determining | g;g ) gﬁ\; , 661:; |7, the contributions of binding

constraints can be made explicit as seen from (5.8). Thus, the LMP at bus ¢ can be

written as,

oL 5‘h (z &rm
The first term represents the contributions coming from marginal generators whereas
the remaining terms under the summation represent the contributions coming from
binding inequality constraints.

However, it is important to note that even though the expressions ) %fz(:l) 38;;

and 3 LY, 6;;(”"> a“”" have a large number of terms (equal to the number of
variables in the OPF problem), most of these terms become zero by application of

the chain rule as explained below:

e f(z) is only a function of generation. Therefore, the partial derivative of f(z)

with respect to any other variable is zero.
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e h,(x) always represents the limit of a variable. Therefore, it has a value only
when the partial derivative with respect to the corresponding variable is con-
sidered. Further, the value of Qg——;%l is either +1 or —1 depending on whether

the constraint is at the maximum limit or the minimum limit.

5.1.3 Numerical Example to Evaluate the LMP Components

This section presents some case studies using a 3 bus system to analyze the compo-
nents of LMP. The single line diagram of the 3 bus system with line parameters are
shown in figure 5.1.

Bus 2

0.0135+0.0411j I ()
—l 200+100j
Bus 1

C 0.009+0.0151j

Bus 3

0.001+0.025j

‘l 500+400j

Figure 5.1: 3 bus system

In the presentation of results, all the real and reactive power values are in MW
and MVAr, line flows are in MW, voltages are in pu, and marginal prices are in either
$/MWh or $/MVArh depending on the quantity considered.

There are two generators connected to buses 1 and 2, having bid data given in
table 5.1. Buses 2 and 3 have real and reactive loads as shown in figure 5.1. For
simplicity, a fixed reactive power cost is considered and the reactive power limits are
set to £1000 MVAr. The minimum and the maximum voltages at each bus are 0.95

pu and 1.05 pu respectively. The following two cases are considered; in Case 1, line
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flow limits are ignored and in Case 2, a line limit of 300 MW is applied to all lines.

Table 5.1: Generator bid data

bid 1 bid 2 Q
B ¢
" [PF SETPE 5"
1 1250 36(750 5.2(0.1
2 | 600 3.2|400 4.2]0.2

The dispatch for the two cases together with shadow costs are shown in table 5.2.

Table 5.2: Dispatch for the Case 1 and Case 2

Case 1 Case 2

Dispatch | p | Dispatch | 1
P 117.51 0.00 250.00 1.60
Py 0.00 -1.60 19.89 0.00
Py 600.00 0.26 442.49 0.00
Pos 0.00 -0.74 0.00 1.00
Qa 535.87 0.00 487.55 0.00
Qg2 33.84 0.00 75.06 0.00
Vi 1.05 | 160.49 1.05 | 191.11
Vs 1.00 0.00 1.00 0.00
Va 0.96 0.00 0.96 0.00
PFi, -16.78 0.00 59.49 0.00
PFis 134.30 0.00 210.40 0.00
PFy, 380.79 0.00 300.00 3.72

Case 1

The dispatch and p shown in table 5.2 reveal that the voltage at bus 1 is at the
maximum limit of 1.05 pu. Bid 1 of generator 2 (i.e., Py;) is fully dispatched and
bid 1 of generator 1 (i.e., Py;) is partly dispatched. This is expected, as the bids
are dispatched according to the merit order in the absence of line flow limits. The
reactive power at both generators are partly dispatched.

According to Section 5.1.2, if all the binding constraints are used in formulating
(5.12), only the components associated with marginal generators are explicitly shown

as given in table 5.3, where A and ¢ denote the LMPs of active and reactive power
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respectively. The effect of the binding voltage at bus 1 is embedded in the cost
components of marginal generators. These results were validated using a sensitivity
analysis, by perturbing the active and reactive load at each bus and measuring the

changes in generations.

Table 5.3: Components of LMP for Case 1

| LMP | Pll le Qg2
A1 | 3.600 | 3.600 | 0.000 | 0.000
Ay | 3.464 | 3.478 | 0.010 | -0.024
Az | 3.684 | 3.666 | 0.002 | 0.015
o1 | 0.100 | 0.000 | 0.100 | 0.000
o9 | 0.200 | 0.000 | 0.000 | 0.200
o3 | 0.229 | 0.081 | 0.083 | 0.065

In order to understand the meaning of quantities shown in Table 5.3, consider the
LMP of bus 3. The LMP indicates that the cost of getting an increment unit of real
power at bus 3 is 3.684. This cost is made up of the cost of increasing the real power
generation at bus 1 (3.666), the cost of increasing reactive power generation at bus 1
(0.002), and the cost of increasing reactive power generation at bus 2 (0.015). Since
the generator bid prices are known, the changes in generation can also be determined
as: an increase of 1.018 MW (=3.666/3.6) real power generation at bus 1, an increase
of 0.02 MVAr (=0.002/0.1) reactive power generation at bus 1, and an increase of
0.075 MVAr(=0.015/0.2) reactive power generation at bus 2.

Table 5.3 also reveals that A; has only one component, which is due to P;;. This
is as expected, because an additional unit of real power at bus 1 is supplied by the
marginal bid which is also at bus 1. The same is true for o; and s, due to the fact
that reactive power generation is marginal at those two buses. On the other hand, A,
Az, and o3 have contributions from real and reactive power marginal generators due
to losses in the network. Note that cost of reactive power is modeled as a fixed cost
in this study. If the reactive power is assumed to be free, reactive power components
will not appear in LMPs.

Effects of the binding voltage constraint on LMPs can be explicitly obtained by
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removing the corresponding constraint from (5.12) as explained in Section 5.1.2. This

is shown in table 5.4.

Table 5.4: Components of LMP for Case 1

| LMP | i | Qg1 | Qg2 I Vi
A1 | 3.600 | 3.600 | 0.000 | 0.000 0.000
Ao | 3.464 | 3.535 | -0.016 | 0.037 | -0.092
A3 | 3.684 | 3.623 | 0.022]-0.035 | 0.073
o1 | 0.100 ] 0.000 | 0.100 { 0.000 | 0.000
o 1 0.200 | 0.000 | 0.000 | 0.200 | 0.000
o3 10.22910.019 | 0.110 | 0.000 | 0.100

Table 5.4 reveals that the contributions from binding voltage constraint at bus 1
on A\, 01, and o, are zero. This is as expected, because the binding constraint has

‘no effect if the generator is delivering to a load connected to the same bus.

Case 2

The difference between this case and Case 1 is that a 300 MW line limit is imposed
on all lines. This resulted in PFj3 reaching the 300 MW limit. The dispatch and u
shown in table 5.2 indicate that bid 2 at bus 1 (i.e, Pi2) and bid 1 at bus 2 (i.e, P ) are
partly dispatched (i.e., marginal bids). The reactive power at both generators are also
partly dispatched. The binding constraints are the PFy3 limit and the voltage limit
at bus 1. As before, if all the binding constraints are used in formulating (5.12), only
the components associated with marginal generators are explicitly shown as given in

table 5.5.

Table 5.5: Components of LMP for Case 2

|LMP| Pu| Po| Qa Qg2
Ar | 5.200 | 5.200 | 0.000 | 0.000 | 0.000
A2 | 3.200 | 0.000 { 3.200 | 0.000 | 0.000
A | 6.450 | 8.335 | -1.876 | 0.047 | -0.056
oy | 0.100 | 0.000 | 0.000 | 0.100 | 0.000
oo | 0.200 | 0.000 { 0.000 ] 0.000 | 0.200
o3 | 0.535 | 0.861 | -0.460 | 0.100 | 0.034
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The value of A3 is greater than the highest bid dispatched, (i.e., 5.2). This is
due to the binding line flow P Fy3, which necessitates a reduction in the cheaper bid
Ps;, in order to increase the generation from the expensive bid Pjo in catering the
additional unit of real power at bus 3. The negative contribution of P, in Az (i.e.,
—1.876) shown in table 5.5 also reveals this. Same explanation can be given for the
remaining terms as well.

Effects of the binding constraints (i.e., PFy3 and V)) can be explicitly determined
by removing these constraint from (5.12). The resulting components are shown in

table 5.6.

Table 5.6: Components of LMP for Case 2

| LMP | Py Py Qg1 Qg2 Vi | Py

A | 5.200 | 5.200 | 0.000 | 0.000 { 0.000 | 0.000 | 0.000
Ao 1 3.200 | 0.000 | 3.200 | 0.000 | 0.000 i 0.000 | 0.000
As | 6.450 | 2.802 | 1.512 | 0.021 { -0.036 { 0.156 | 1.995
o1 | 0.100 | 0.000 | 0.000 | 0.100 | ©.000 { 0.000 | 0.000
g, | 0.200 | 0.000 | 0.000 | 0.000 | 0.200 | 0.000 | 0.000
o3 | 0.535 | 0.043 | -0.001 | 0.096 | 0.025 | 0.117 | 0.256

It can be seen from both cases, that the effects of losses are implicit to the explicitly
considered components. Therefore, the effects of losses cannot be seen explicitly as a

separate component.

5.2 Network Rental

When LMPs are used in settling the transactions, there exists a difference between
what consumers pay to the ISO and what generators get paid by the ISO [17]. This
difference, which is accumulated with the ISO, is referred to as Network Rental.
ANetwork rental is made up of two components known as the loss rental and the
constraint rental. Loss rental is due to the difference between average losses and
marginal losses. The marginal cost of real power losses can be twice as high as the
average cost of real power losses [56], [57]. This is illustrated in Fig. 5.2. For a given

power flow PF;;, the average loss is equal to the gradient of line joining the origin and
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the corresponding point, which is equal to tané, whereas the marginal loss is equal
to the gradient of the tangent line passing through the corresponding point, which is
equal to tan a.

dP* /
Marginal loss =2 /
Power A g PR 7
Loss i / /

7
4
L e s
; y
s/ L

P;
Average loss =4

i

i
i
i
i
7 / :
i
i
i

Py,
-

PF;  Line flow

Figure 5.2: Average loss and marginal loss

The other component of the network rental ié the constraint rental which is due
to operating the power system at the binding constraints imposed by the OPF. The
remaining constraints neither influence the outcome of the OPF nor accumulate any
constraint rental.

With the present practice of market dispatch based on solving an LP-OPF, the
line flows are the only constraints (other than the real power balance equations)
considered in the dispatch. Therefore, the constraint rental is only due to the binding
line flows. Some markets do not consider transmission losses in market dispatch, and
therefore, in those markets no loss rental is accumulated. In some markets, losses are
incorporated into the LP-OPF with piece-wise linear approximation for losses [11],
while some other markets use loss factors to represent the effects of system losses [12].
However, irrespective of the method of loss modeling, a loss rental will be accumulated
with the ISO.

On the other hand, with the NLP-OPF, the inclusion of additional constraints

such as voltage limits and DSCs lead to further accumulation of rental with the
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ISO in the form of constraint rental. Furthermore, due to reactive power dispatch,
additional rental will also be accumulated. This is true even when the reactive power
is free from the reactive power sources, because reactive power LMPs at load buses

are non-zero due to real power losses associated with transmitting reactive power.

5.2.1 Components of Network Rental

As the network rental is an overpayment made by consumers due to the transmission
losses and the binding constraints imposed by the OPF, these rental components do
provide the detailed description of each consumer’s overpayment. However, to get
the advantage of this method, the components of network rental must be correctly
determined.

From the available methods, the components of network rental due to the dispatch
based on the LP-OPF can be easily determined. The constraint rental is only due
to the binding line flow constraints, which makes it easier to decompose the network
rental. If the losses are modeled approximately as discussed in Section 5.1.1, the
resulting loss rental component can also be determined. However, later in this chapter,
it is shown that these individual components only show the total rental accumulated
with the ISO due to losses or a given binding constraint.

On the other hand, if the dispatch is based on the NLP-OPF, reactive power
dispatch and various other binding constraints also contribute to the network rental.
Therefore, new approach will be required in determining each consumer’s portion of

network rental due to each binding constraint and losses.

5.3 Calculating the Components of Network Rental Based

on LP-OPF

In determining the network rental components, the LP-OPF is first considered by

formulating the corresponding OPF and analyzing the price relationships based on
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the KKT optimality conditions. To make the analysis clear, cases with and without

transmission losses modeled are discussed separately.

5.3.1 Neglecting Transmission Losses

When transmission losses are neglected, the power flows can be approximately written

either based on dc power flow equations or based on shift factors.

a) using dc power flow equations

The nonlinear power flow equations given in (5.17) can be simplified using dec power
flow approximations, which state that line resistance is very small compared to line
reactance; voltage across the network is around 1.0 pu; and voltage angle differences

are small. This leads to the dc power flow equations as given in (5.18).

PF'ij = ng(V72 — V;V; CcoS 61_7) — b”‘/;‘/] sin 91']‘ V(Z,j) cT (517)

PFy o~ —b;;0; V(7)) CT (5.18)

Using the above dc power flow equations, the LP-OPF is formulated as given in

(5.19).

Minimize:

J=> "> PusSE
i€l keB;

Subject to:
S By-Ppi— Y PF;=0 Vi (5.19)
kEB; iET,
0< Py < P§ Vi, Yk
— PR < PFy; < PF V(i,5) C T
PFij = —bi;(0; — 05) v(i,j) T
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The Lagrangian for the above problem can be written as:

L=3" % PuSE+X|[> Pu—Pol = > PFy|

i€l keB; k€eB; ij€T;
+ 3 S BB~ PR+ .S Bal~Pu) (5.20)
i€l keB; i€l keB;
+ > u(PFy — PFF*) + ) pi;(=PF}* — PFy)
ijeET ijeT
+ Y Y [PFy + by (6 — 65)]
ijeT

The price relationships can be obtained by considering the following KKT condi-

tions of (5.20).

oL

o SE— XN+ Br=0 Vi, Vk (5.21)
ik
aL .
W = )\; + Hig — Yij = 0 V(Z,]) cT (5.22)
aL .
69 = Z bij’)’ij — Z bﬁ’)’ji =0 VZ (523)
Y djen ijET;

Thus, the Network Rental (NR) can be calculated as,

NR=—Z>\i[PDi" sz‘k]z_Z[)\iZPFij]

el keB; i€l ij€T;
=" lwy = vulPFy = ) pPFs— Y Y %PFy
el ijeT; ijeT i€l ijeT;
=D mPFy+Y ) w0 — 05)
ijeT el ijeT;
= Z i PFy; + Zei Z Yisbi; — Z Z Vib150;
ijeT el GET; i€l ieT;
= Z 15 PFij + Z 6:{ Z [vigbi — viabs] }
ijeT i€l ij€T;
= wiPF;+ ) 0,[0]
ije€T i€l
=Y w;PFy (5.24)
ijeT .
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This reveals that the rental is due to all the binding line flow constraints. Since the
transmission losses are not considered, no loss rental is accumulated. Further, for each
binding line flow constraint, the rental component is equal to the Lagrange multiplier
associated with that constraint (i.e., shadow cost), times the limit of the line flow
(ie., uij.PE?”/ ™) This asserts that the higher the shadow cost of a given binding

constraint, the greater will be the network rental collected due to that constraint.

b) using shift factors

Instead of using dc power flow equations, the line flows can also be approximately
written using shift factors [10] as shown in (5.25). To eliminate the confusion in
notation, subscript t is used to denote the transmission line, instead of ij. Thus, SF;;

shows how the line flow of line ¢ is changed, if the injection at bus ¢ is pertubated.

PF, =Y SFy[> Py — Pp Vic T (5.25)

el keB;

Thereby, the LP-OPF can be reformulated in the following way.

Minimize:
1=Y Y Rt
icl keB;

Subject to:

YD P~ Ppi]=0 (5.26)

i€l keB;

0< Py < PE Vi, Vk
— PFm= < PF, < PF™® ViCcT

PF, =Y SFy[> Py — Pp) VicT

el keB;
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The Lagrangian for the above problem becomes:

L=>">"PuSE+X|>_[> Px— Ppi

i€l keB; i€l keB;
DD BRPa = PR+ DD Bul=Fa) (5.27)
i€l k€EB; i€l keB;
+ Z ,LL:_ (PE Fmaz + Z /‘Lt Fmaa: PFt)
teT tel
+> % |PF, =Y SFy(Y Py — Ppi
teT i€l keB;

The price relationships can be obtained by considering the following KK'T' condi-

tions of (5.27).

0L

=SB _ )\ i—§j SF, =0 Vi, Vk 5.28
ETN ik + Bik tET’)’t ¢ 1 ( )
oL .
apﬁ;"“””%_o VeCT (5.29)

The Lagrange multiplier 3;, is the shadow cost of the supply bid PZ. Therefore,

SE + i indicates the price at bus 7 for all k, and hence, the LMP at bus 7, \; becomes,

Sh+Bk=X=A— Z peS Fi (5.30)
teT

Thus, the Network Rental (NR) can be calculated as,

== MlPoi = Y Pl = = Y= > mSFu[Poi = Y Pal

el keB; i€l teT keB;
=—A> [Ppi= > Pal+ > >  mSFulPpi— Y Pyl
’ i€l keB; i€l teT keB;
=0+ Y Y uSFulPpi— Y Pal
teT iel keB;
= wPF, (5.31)
teT
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Once again, (5.31) reveals that the calculated network rental is entirely due to
binding line flow constraints. However, since the two OPF formulations given in
(5.19) and (5.26) are different, the calculated rental will be numerically different
for the two cases. Furthermore, the calqula,ted rental in this case is reference bus

dependent, which is a serious drawback of this method [10].

5.3.2 Including Transmission Losses

Due to the vast geographical span of the power system, transmission losses can cause
significant impact on optimal generation dispatch depending on the topology of the
power system network. Therefore, in some electricity markets losses are incorporated
into the LP-OPF by piece-wise linear approximation for losses [11]. Some other
markets use loss factors to represent the effects of the system losses [12]. Therefore,
in these markets, rental due to losses is also accumulated in addition to rental due to

binding line flow constraints, as shown below.

a) using dc power flow equations and piece-wise linear loss
equation

The transmission loss in line ij, PFj can be calculated as,

PFEj = PF; + PFy;

PFj = g;(2V7 + 2V} — 2ViV; cos 6;) (5.32)

For small angle differences and voltages close to 1.0 pu, (5.32) can be simplified

as,

PFZI]‘ =~ 2¢;;(1 — cos 6;;)

= gijgz?j (5.33)
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This indicates that in the most simple form, the transmission losses are quadratic in
nature and hence, the nonlinear loss term PF% can not be linearized for the whole
range of line flow.

Thus, the losses can be incorporated in the line flow PF;; as,

PFEy; = g;(V? — V;V; cosby;) — b;;V;V; sin 6y
= gzj(l — COS 9@') — bi]' sin 91']'

1

As pointed out earlier, (5.34) is no longer a linear equation, and cannot be used in
the LP-OPF. However, piecewise linear approximation of PFi’]? as shown in figure 5.3
can be used to make it suitable for a LP-OPF. In this way, the nonlinear loss function
is approximated by a set of linear segments. Different mathematical techniques can
be used to obtain these line segments from the nonlinear loss curve [13].

Power
Loss

Piece-wise linear
- loss

Actual loss

B
Line flow

Figure 5.3: Piece-wise linear approximation for losses
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Thereby, the OPF can be formulated as:

Minimize:
J=>"%" PsxSE
i€l keB;
Subject to:
> Pix—Ppi— Y PF;=0 Vi (5.35)
kEB; ijeK;
0< Py < P Vi, Vk
— PF7% < Py < PF*° v(E,j)cT
PFy; = —b;;(0; — 0;) + %PF{; v@,j)cT

The Lagrangian for the above problem can be written as:

L=Zzpik5’£+Ai [Zpik—PDi]_ZPFij

i€l keB; keB; ijeTy
DD BB =P+ ) Bul-Fa) (5.36)
i€l keB; i€l keB;
+ 3 ph(PFy; — PER) + > pi(~PFj* — PFy)
ijeT ij€T
1
+ > ¥ PFy + big(6: — 6;) — §PF5]
€T

The price relationships can be obtained by considering the following KKT condi-

tions of (5.36).

8L g ,
5p, ~ S~ N TP =0 Vi,V (5.37)
L N

8PE-;- =X+ 55 — %5 =0 Vi,5) T  (5.38)
10PF} 10PF% ,
Z Y310, 5#] - z Yialbji — 5 89-3 1=0 Vi (5.39)

€T} z ij€T;
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Equation (5.39) can be further simplified as,

| OPFL | OPFL
> wilbs — 5#] = > il — 5 09,3 ]=0
ijeTs ¢ ijeT; ¢
1 OPFE  OPFE
Uze; [Visbis — vjabji] = 5@_;[’%;’5—& - 'ina—gi] (5.40)

Thus, the Network Rental (NR) can be calculated as,

=S NlPoi = S Pul ==Y "IN Y PRy

icl keB; i€l ij€T;
=D s —wlPF; =Y nPF; =Y > 7%PF;
i€l ijeT; ijeT el ijeT;
- Z ,u%]PE] Z Z 713 1] ) +3 PFL]
ij€T i€l ijeT;
= Z pi PFi; + A (5.41)
ijeT

Equation (5.41) indicates that there are two components of network rental. Close
examination reveals that the first term shows the constraint rental due to all binding
line flow constraints and the second term denoted by A shows the accumulated loss
rental. This can be further clarified by simplifying the expression of A in (5.41) using
the relationship obtained in (5.40). This simplified expression of A also conforms that

loss rental is proportional to the difference between marginal loss and average loss.

ZZ%] bis( 0;) + PFL]

il ijeT;

1

= Z [Z Vijbii0; — Z V501505 | — 5 Z[%PFL =+ ’inPP}IZ]

i€l LijeT; ije€T; ijeT

1

= 0> by — > viibsi] - 3 > [%PF} +7;:PFf

el ijeT; ijETs ijeT

1 OPFL  OPF:] 1

=> 6 [5 > i 0. = =i 89-] =3 =Y [y PE; + 7 PFS

iel ijeT; ’ * ijeT
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b) using shift factors and loss factors

Instead of using the piecewise linear loss approximation as explained above, the losses

can alternatively be incorporated using loss factors as shown below.

S Pw—Pp]-P=0

iel keB;
PY—>"LF]> Py — Ppi] + offset=0
i€l kEB;

A base case power flow is used to determine the actual power loss, PX. Then, based
on the loss factors, the linearized offset of loss is determined (this step is required
to offset the difference between the actual loss and the linearized loss based on loss

factors).

Thereby, the OPF can be formulated as:

Minimize:
=YY Pust
i€l keB;
Subject to:

> Pu—Ppi] - Pt =0

icl keB; (542)

PY—Y"LFE[> Py — Ppi] + offset =0

il keB;

0< Py < P} Vi, Vk
— PFM® < PF, < PE/® ViCT

PF; = SFul)  Pi— Poil vtC T

el keB;

The Lagrangian for the above problem can be written as:
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L:ZZBkSin—{—/\':Z[ZHk_PDi]_

i€l keB; i€l kEB;

+ 1 {PL + ZLFZ[Z Py, + Pp;] + offset

iel kEB;
+ Z Z /sz ik ‘sz + Z Z /BZL zk (543)
il keB; iel keB;
+ > 4 (PR, — PE™) + > iy (—PF{™* — PF,)
teT teT
+Z’Yt PFt“ZSEt[ZPik"PDi]
teT iel keB;

The price relationships can be obtained by considering the following KKT condi-

tions of (5.43).

%=S£—A—wLE+ ;—ﬁi‘k—;%wt:o Vi, Vk (5.44)
%zuj—u;ﬂt:d ViCT (5.45)
%:A—zp:o (5.46)
Therefore,
SR+ B =A—ALF, = > puSFy = ) (5.47)
teT;

Thus, the Network Rental (NR) can be calculated as,

== X[Pp; = > _ Pu]

icl keB;
== \=ALF; =) puSFy][Poi = ) | Pul

i€l teT; kEB;
= AN Poi— S P A LEPh - S Pl + 3. S mSFulPoi = 3 Pal

iel keB; i€l keB; i€l teT; keB;
= —APE L AP % TN S FalPpi — ) Pal
teT; iel kEB;
= A[PEmes — PR+ N 1, PF, (5.48)
teT;
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Once again, the first term in (5.48) shows the accumulated loss rental and the
second term shows the accumulated constraint rental due to binding line flows. The
important point is that the calculated rental is reference bus dependent. This is
because, as discussed in Section 5.1.1, the losses are balanced at a designated slack
bus. Thus, once the slack bus is changed, the calculated rental components appearing
in (5.48) are also changed. This can be eliminated by introducing the loss distribution

factors as explained in the next formulation.

c) using shift factors, loss factors and loss distribution factors

If the losses are balanced at the bus level using loss distribution factors [10] (which
indicate the fraction of losses to be balanced at each bus), the calculated rental
components appearing in (5.48) can be made reference bus independent, as shown

below.

PF, =Y SFy[»  Py— Pp;— LDF,P"| ViCT
i€l keB;

where, LDF; is the loss distribution factor at bus 7, which shows the assigned portion

of losses to bus 4. Further, ", LDF; = 1. Thus, the OPF can be formulated as:

Minimize:
NN
i€l kEB;
Subject to:
D> Pu—Po] =Pt =0
i€l k€EB;

PY—>"LE[> Py — Ppi] + offset =0

i€l kEB;

0< Py <P} Vi, Vk

(5.49)

. P_F‘ltmal‘ S PF‘lt S PF‘t‘Inal‘ vt C T

PF,=Y SFy[» Py — Pp;— LDF,P"| vicT
i€l keB; :

79



CHAPTER 5 - ANALYZING MARKET SIGNALS

The Lagrangian for the above problem can be written as:

I

el keB;
+A [Z[Z Py, — Pp;]— P*
i€l k€eB;
+9 |PY+ ) LE[Y  Pi+ Fo) + offset
i€l kEB;
+ YD BPa— PO+ > Ba(—Pa) (5.50)
i€l keB; i€l kEB;
+ 3w (PF, = PE/) + 3 iy (P — PF)’
teT teT
+> % |PF,—) SFu[>  Py— Pp; — LDF;P"]
teT i€l keB;

The price relationships can be obtained by considering the following KKT condi-

tions of (5.50).

oL

o SE—AN—VLF+ 8% —Bp— Y 1SFy=0  Vi,Vk (5.51)
b teT

oL N
-t — = 52
5PF, M pe +ve=20 ViCcT (5.52)

aL
5pr =A== D M) SFLDF;=0 (5.53)
teT i€l
Therefore,
SE+ B = A—¢LF; = > mSFy =) (5.54)
teT

The above expression for A; can be simplified as,

M=% —YLF; =Y wSFy+ ) mSFLDF, (5.55)
teT teT
N =% —yLF — [~ LDF])  wSF; (5.56)
teT

Thus, the Network Rental (NR) can be calculated as,
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> MilPoi = Y Pul

i€l keB;
=— |4 —9LF ~ (1 - LDF]Y  wSF| [Ppi— Y Pa]

i€l teT keB;
==Y [Poi— > Pil+% Y LF[Pp;i— > Pyl

el keB; el keB;
+> > [l ~ LDF]pSFy[Pps = Y Pul
i€l teT keB;
= —P" + PP+ 3 "N (1 — LDFuSFu[Ppi — ) | Py
teT icl keB;
= [Prme — P 4 ZNtPFt (5.57)
teT

Expression (5.57) is very much similar to (5.48), except it can be shown that the
calculated rental components appearing in (5.57) are reference bus independent [10].
The problem, however, is that the whole process depends on these predefined loss

distribution factors, which do not represent how the actual losses are consumed.

5.3.3 Discussion

Based on the above LP based formulations, it can be seen that the calculated com-
ponents of network rental do not show each consumer’s contribution due to each
~ binding constrai’nt explicitly. In other words, these components only show the total
rental paid by all the consumers due to losses and each binding constraint. Since
the LP-OPF is considered, the rental components due to reactive power dispatch and
other system constraints cannot be determined.

As pointed out earlier, to be considered as better market signals, the portion of
network rental to each consumer due to each binding constraint and losses must be
correctly determined. Thus, a new method is required to determine these network
rental components, especially when the general NLP-OPF is considered in repre-
senting the actual operation of the system. The next section presents the proposed

method of determining the rental components paid by each consumer due to losses
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and each binding constraint, by considering the general NLP-OPF.

5.4 Proposed Method of Calculating the Components of Net-

work Rental

The proposed method of computing the components of network rental is developed
in two stages. In the first stage, necessary equations for LMP difference between
two buses is developed for a network with only one load. This LMP difference is
expressed in terms of the contributing components, which include the effects of losses
and binding constraints as separate terms, and can be written for any two buses.
Then, these LMP differences are used to determine the components of the network
rental paid by the single consumer by expressing the network rental in terms of LMP
differences between generator buses and the load bus. In the second stage, the single
load bus approach is extended to a general case of multiple load buses by tracing the
power flow to identify how each load and the associated losses are supplied by the

generators in the system.

5.4.1 Determining the LMP Difference Between Two Buses

in Terms of Contributing Components

In this section, the first stage of the proposed method is explained, in which the KKT
optimality conditions obtained from the NLP-OPF are used to determine the LMP
difference between two buses in terms of contributing components.

As before, the OPF is first formulated and the KKT optimality conditions are
analyzed to determine the LMP relationships. This NLP-OPF formulation is given
in (5.58)3.

3Note that in order to clearly explain the proposed method, the reactive power model and the
DSC discussed in Chapters 3 and 4 are not considered in this OPF formulation. However, these
constraints are considered in the case study presented in Chapter 7.
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Minimize:
B ILE DI,
i€l keB; iel
Subject to:
DD Pu—FPp]-PE=0
i€l keB;
> Qe — Qo - QY =0
i€l
0< Py < P} Vi, vk
;rzin S Qgi _<_ Zr;az i

— PEme® < PFy; < PR V(7)) T

‘/imin S V; S V;maz' 23

The Lagrangian for the above problem can be written as:

L= Z Z PySE + ZQgiSiQ

iel keB; il
+AD D Pi = Ppi] =P 40D _[Qei — @pi] — Q"]
il keB; il
+ 3N BB - P+ Bi(—Fa)
i€l kEB; i€l keB;
+ 3 H(PFy = PEF™) + 3 (- PFg® — PFy)
ijeT ij€T
+ Z(pj(‘/; . 'Vima:l:) 4 quz—(v;mzn _ ‘/1)
iel i€l
+ Z i Qi — Q™) + Z m; ( Z?" — Qi)
iel ' i€l
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Further,

BBy = 0= B, = B — Bz
psti =0 == pyj = pif; — pg;
¢ ¢ =0= ¢ = ¢} — ¢
nin; =0=n=n —n;

s Bies i 1125, 0 87,1y >0

Price relationships can be obtained by considering the following KKT optimality
conditions of (5.59).

oL P oQr OPFy;
ﬁ’; Szk A[aRk——lJ—O’[aRk]‘FZ’T (8_Plk>

€
a‘/l J’aQ;niax/min _ ..
+ﬁik+;¢i<aﬂk)—m [ oD, =0 Vi, Vk (5.60)
oL oPrL oQr OPF;
:SiQ_)‘|:_:|_ [__1}_’_ ; ( z])
ani . 8le 7 BQQZ 1];, u J 6@91
N ze; 4. (8%) —0 vi (5.61)

Note that to avoid complexities in explaining the analysis, the reactive power
model proposed in Chapter 3 and the DSC discussed in Chapter 4 are not included
in the above OPF formulation. However, these constraints can be easily incorporated
as discussed in Chapters 3 and 4, and are considered in the case study presented in
Chapter 7. However, only the dependency of the maximum and minimum limits of
reactive power on the real power dispatch is considered in obtaining (5.60).

The same optimization problein given in (5.58) can be rewritten in a different form
by considering real and reactive power balance equations at each node separately as
given in (5.62), where PFy; = g;;(V;2 — V;V; cos0y;) — b;;ViV; sin §;;.

In this way, the total active and reactive power loss P* and Q are made implicit

in the formulation as shown in (5.62). In this formulation of OPF, each power balance
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equation has distinct multipliers (i.e., A; and o;), which represent the real and reactive

power LMPs at the respective bus.

Minimize:
IS st st
il keB; el
Subject to:

Z ]Dik — PDi = Z V;[g'LJ(V; - V; COS 913) — bijV} sin 9”] Vi

kB ET:
—Qpi = Z Vi[=b:(V; — Vj cos6;5) — g:;V;sin 6] Vi (5.62)
ijeT;
0< Py <P} Vi, vk
Qrin < Qyy < Qe Vi
— PF7** < PFy; < PFJ*" V(,j) T
Vimin <V, < Vmas Vi

The Lagrangian for the above problem can be written as:

L=Y "> PuSE+> QuS?

i€l keB; iel

+ Z /\i [ Z Bk + PDz + Z V gz] COS 02]) bijv} sin 91]]:|
€l k€B; ijeT;

4 Zo’i l: Qgi + Qpi + Z Vil=bi;(V; — V; cos0;5) — 9i;V; siné’ij]}
el ijET;

+ 3N B P = PEY+ 3. Brl—Pu) (5.63)
i€l keB; i€l keB;

&S (PR, — PR + 3 ig(— PR - PF)
ijeT ij€T

+ Y FVi= V) Y ¢ (VT - V)
i€l el

=+ Z 771 ng Qmax) + an_( Zﬁm - le)
i€l i€l
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The price relationships can be obtained by considering the following KKT opti-

mality conditions.

oL . Qm’a:z:/min '
=855 — X\ ik — T il = ) VR g
spr = SE =t B | A 0 Vi,Vk (5.64)
oL
9% 59 =0 Vi 5.65
50, 7 (5.65)

Hence, the real and reactive power LMPs at bus ¢ are,

Qma:z: /min
gi

55; + Bik + 1

=52 1y Vi (5.67)

The term gg in (5.60) is the loss sensitivity, which represents the contribution
from the supply offer P;. to the total system losses. However, this is only a function
of location of the generator as any other offer at the same bus makes the same change
in system losses. Therefore, offers from the same bus have the same loss sensitivity,
which is the sensitivity of losses to the net injection into that node. Hence, gf; can be
replaced Wlth by removing suffix k. Similar explanation applies to the remaining
terms in (5.60) and (5.61).

Equations (5.60) and (5.66) can be combined to obtain the real power LMP at

bus i as,

a2 [58] E () e () o

ijeT

Similarly, by combining (5.61) and (5.67), the reactive power LMP at bus ¢ can be

obtained as,
B oPL oQr OPF; oV; )
O"i——)\l: 6Q2]+0[1~5—Q—2_] -—Z ( 8Q2J>—Z¢i (5—QZ> Vi (5.69)

ijeT i€l
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The first term in (5.68) represents the cost of delivered real power to bus ¢ from
the reference bus in the event of delivering a unit of MW of real power to bus i. The
second term represents the cost of associated reactive power loss in delivering the real
power. The final two terms indicate the costs due to binding line flow and voltage
constrains respectively. It is important to note that if a constraint is not binding,
the corresponding Lagrangian multiplier (i.e., shadow cost) is zero, resulting in a zero
~ contribution to the LMP. The same explanation can be given for the terms in (5.69)
as well.

However, explicit evaluation of each partial derivative appearing in (5.68) and
(5.69) for each LMP difference required, leads to a high computational burden as
a large number of terms needs to be evaluated. To overcome this difficulty, these
derivatives are implicitly calculated by post processing the following KK'T optimality

conditions of the Lagrangian equation in (5.63) as shown below.

L
% :/\i Z [gz](,?‘/z - V} Cos gij) - szx/; sin gij] + Z /\j [—gijVj Ccos gji - bZ]V; sin 0_71]
¢ jEeT; i
=+ 0; Z [—sz(2V; - V; COS 61_7) - gijV;' sin (97;]'] + Z g; [b‘IJV? CcOS 0]'1' — g”% sin 9]2]
ijeT; J#i
OPF;;
S S . L - :
o5 =97+ D migy =0 Vi (5.70)
ijeT
oL . .
26. :Al Z [‘/l(ngVj? s Hz-j - szv_; COS 9”)] -+ Z )\]['—QUMV‘; S Gji + bUV;V; COS 9]'1']
¢ ijE€T; i
+0; Z [Vi(=b;;V; sin6;; — ¢4;V; cos6,5)] + Z ;b3 ViV; sin 65 + g;;ViV; cos 6]
ijeTy J#i
OPF; :
ij =0 5.71
+ ;u J 601 V’l ( )

Equations (5.70) and (5.71) represent 2n number of equations (where n is the

number of buses in the system), and these equations can be written in the compact
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matrix form as,
9G  8G A

s A C
P om
FE ) o d

where G; and G; represent the expressions for real and reactive power injections at

bus 7, and, ¢ and d are arrays of order n with ** element given by,

_ OPE;
c=—¢] +¢; - ZNUW,J‘

ij€T

== BPF”

ijeT

The Jacobian matrix appearing in (5.72) is a singular matrix having its first n rows
linearly independent and its last n rows linearly dependent with rank n—1. Hence, by
removing at least one equation from the last n equations, the matrix can be inverted.
Therefore, if the real and reactive power LMPs at any bus are known, the remaining
real and reactive power LMPs can be determined. This results in an expression for
LMPs in the form given in (5.68) and (5.69). This procedure is demonstrated for a 3
bus system in Appendix C.

After determining the partial derivatives, equations (5.68) and (5.69) can be re-
arranged to obtain a relationship for the LMP difference between any two real power
LMPs and any two reactive power LMPs respectively in the detailed form. For in-
stance, if bus j is the reference bus, the difference in LMPs between bus j and any
other bus ¢ can be written as given below. However, the associated partial derivatives
are only meaningful, when one bus is a load bus and the other bus is a generator bus.
In fact, later in Section 5.4.2, it is shown that only the LMP difference between a

load bus and a generator bus is considered in the presented analysis.

A—A—A[%];L]+aj[%%;]+zu (8PF”> qu,( ) Vi

ijeT
oP* 99" OPL; '
0j =0 =A; {5_621] I [5_621} +; ( 9Q; ) izquz (6@) ;
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5.4.2 Calculation of Components of Network Rental For a

System Having a Single Load Bus

Network Rental (NR) is the difference between what consumers pay and what gener- -

ators get paid. This can be mathematically stated as,

NR = NRp+ NRq

=> "X |Ppi— Y Py

el keB;

+ Z 0i[@pi — Qgi) (5.73)

iel

where NRp and N R are the rentals due to real and reactive power dispatch respec-
tively.

With the known dispatch and hence with the known LMPs, the network rental due
to real and reactive power dispatch can be separately calculated from (5.73), despite,
how each consumer contributes to the total network rental is still unknown. However,
if the system has only one load, then it is obvious that the total network rental is
paid by that consumer. Therefore, the total generation is to cater that single load
and the associated losses. Hence, (5.73) can be expressed in terms of LMP differences
between each generator bus and the load bus, corresponding power injections, and
losses, in order to calculate the loss rental and the constraint rental paid by the single
consumer.

This is explained using a simple 3 bus system, where the single line diagram is
shown in figure 5.4. In the presentation of results, all the real and reactive power
values are in MW or MVAr, voltages are in pu, prices are in $/h, and marginal prices
are in $/MWh, $§/MVArh or $/pu.h depending on the quantity considered. There are
two generators connected to buses 1 and 2. Bus 3 has a real and reactive power load
of 1000 and 300 respectively. Line data for the 3 bus system are shown in figure 5.4,
and the generator bid data for the two generators are given in table 5.7. Further, it
is assumed that the rea,ctivevpower from generators is free and only constrained by

maximum and minimum limits of 1000 MVAr. Each line has a limit of 700 MW and
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the maximum and minimum voltage limits of each bus is set to 1.1 pu and 0.90 pu
respectively. The real and reactive power dispatch obtained by solving a NLP-OPF

Bus 2

0.0135+0.0411j [ ( )

Bus 1

::: 0.009+0.0151j

Bus 3

0.001+0.025j

Figure 5.4: 3 bus system-

Table 5.7: Generator bid data

bid 1 bid 2 Q
B ¢
R R
1 1250 3.60| 750 5.201(0.0
2 1600 3.20|400 4.20]0.0

are given in table 5.8. It can be seen that the expensive generation at bus 1 (i.e.,
bid 2) is partly dispatched, without fully dispatching the cheaper generation at bus 2
(i.e., bid 2). This is expected because the power system operates on the binding line
flow constraints as evident from the non-zero marginal cost for PFb; given in table

5.9.

Table 5.8: Generation dispatch

F;
BuS e g Yo
1 ] 250.00 5533 ] 30051
9 |600.00 133.79 | 95.59

Apart from the binding line flow P Fy3, voltages at buses 1 and 2 are also binding,

resulting in three binding constraints altogether, as shown in table 5.9. The associated
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Table 5.9: Binding constraints
constraint | quantity | shadow cost

PFy 700 MW 1.37
W 1.10 pu 194.36
Va 1.10 pu 253.21

Lagrangian multipliers or the shadow costs are also shown in table 5.9, which implies
that the cost of operation can be reduced by that amount if the corresponding binding
constraint could be relieved by a unit, or more precisely the sensitivity of operation
cost to the limiting value of that constraint.

From (5.73), the total network rental can be calculated by analyzing the payments
made/received by each generator and the consumer separately as tabulated iﬁ table
5.10. This shows that the rental paid by the consumer due to real and reactive power

dispatch are 1148.39 and 57.90 respectively for the case considered.

Table 5.10: Network rental for the 3 bus system

Bus LMP Generator Receipt | Consumer Payment
P Q P Q P Q

1 |5.20 0.00 ]| 1587.69 0.00 0.00 0.00
2 [4.20 0.00 | 3081.91 0.00 0.00 0.00
3 582 0.19 0.00 0.00 | 5818.00 57.90
Total | 4669.60 0.00 ! 5818.00 57.90
Network Rental 1148.39 57.90

By expanding the first term in (5.73), the rental paid by the consumer due to real

power dispatch NRp can be written as,

NRp = 10003 — [(250 + 55.33) A1 + (600 + 133.79)A]

After rearranging the terms this can be rewritten as,

NRp = 305.33[A3 — Ay] + 733.79[A3 — Ao] — 39.02); (5.74)

As pointed out earlier, (5.74) indicates that the real power rental paid by the consumer

can be expressed in terms of LMP differences between each generator bus and the
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load bus, corresponding power injections, and losses (i.e., P;=305.33, P,=733.79 and
Pr=39.02).

For known A3 and o3, (5.68) can be used to decompose \; and A, in the detailed
form as given below. It is important to note that the required partial derivatives are
with respect to an injection at a generator bus (i.e., P; or P), while withdrawing

from the load bus. Thus, the load bus needs to be taken as the reference bus.

. op aQH OPFs o v,
A =3l — 8P1]+03[ 8P] #23[ 8P, }—¢ [GP] ¢2 {—}
OPL oQx OPF: oV; 5A%
Ay =A3[1 — aPQ] + o3]— 8?3 ] — pos [ aP;s} — ¢ [apl] ¢2 {—2}

Thereby, the required LMP differences can be calculated as,

L
)\3 - /\1 —-A.g |:8PL:| + 03 [9_62__} +,U«23 {%] + ¢1 [-a—‘{}‘] + ¢2 !:a—‘/?-]

8P1 5P1 5P1 5P1 8-Pl

) opPL 8QL] [8PF23] [81/1} {8%}

Az — g =) + + + + o |5
3 2 3[&%} 03{8]3 Ha3 oP, ¢1 aP, o a5,

The above LMP differences are then substituted in the expression of NRp in

(5.74) to yield,

L L L L
NRp Ag[ap P+ fa_apz—PL]Jrag[aQ P1+6Q PQ}

oP; 0P, 0P 0P,
OPF: OPF:
+ Uas [(_aplzs) P+ < 8P223> Pz}

corl () e (om) o] o om ) e (Ga) ™

This reveals that the first term of the above expression is the real power loss

rental paid by the consumer, as it is the difference between the marginal loss and
the average loss. Similarly the second term indicates the reactive power loss rental.
The final three terms are the constraint rental paid by the consumer due to the three
binding constraints PFy3, V), and Va respectively.

The same analysis can be done to determine the rental paid by the consumer due
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to reactive power dispatch, NRg. Thereby, all the components of network rental
paid by the consumer can be summarized as shown in table 5.11, where real power
loss rental and reactive power loss rental are given in columns 3 and 4 respectively,
and constraint rental due to PFa3, Vi, and V4 are given in the final three columns
respectively. Note that partial derivatives appearing in the above LMP differences

have been numerically verified using a sensitivity analysis [57].

Table 5.11: Components of network rental
Network Rental

total | loss rental | constraint rental

NRp | 114839 |177.12 | 32.82 1927.39 | 1.82 19.41

NRg 57.90 | 24.84 |-14.84 | 31.70|10.13 | 6.03

This reveals that the bulk of the network rental collected by the ISO is due to the
binding line flow constraint PFy3 for the case considered. This is because the binding
line flow constraint caused significant out of merit order dispatch of generator bids,
as evident from the generation dispatch given in table 5.8. This results in charging
the consumer at a higher LMP (greater than the highest bid dispatched) for the total
load, while the partly dispatched cheaper generator, which supplies part of the load,
only receives at a low LMP (equal to its bid price) for the amount dispatched.

Further, a significant network rental is accumulated in the form of real power
loss rental with the ISO. Likewise, all the components of network rental paid by the
consumer can be quantitatively analyzed to get a better picture of what leads to the
accumulation of network rental.

In practice, however, there exist more than one load in the system. If each load
can be traced to all the dispatched generators (i.e., how each load is supplied by the
dispatched generators in the systerﬁ), then the single load bus approach presented
in this section can still be applied to obtain the rental components for a general
case of multiple load buses. Due to the nonlinear nature of the power flow, it is
impossible to accurately determine the generator contributions to each load [61].

However, power flow tracing methods [58], [59], and the recently proposed Equivalent
93



CHAPTER 5 - ANALYZING MARKET SIGNALS

Bilateral Exchanges (EBE) technique [60] can be used to approximately determine the
generator contribution to each load. Each method gives rise to a different generator
allocation, and thus, the chosen method should be agreeable to all the participants

of the market.

5.4.3 Separation of Network Rental Among Consumers Us-
ing Power Flow Tracing

Tracing methods were originally proposed in transmission pricing [61] to cover the
fixed transmission cost based on actual usdge of the network by each participant.
There are different tracing methods proposed in the literature such as Bialek tracing
method [58] and Kirschen tracing method [59]. Tracing methods are topological in
nature and can be used to trace both real and reactive power. This makes possible
finding the contribution of each generating unit into each load separately. The other
advantage is that power flow tracing allows the determination of the transmission
losses apportioned to each load [58], which is also required for the proposed analysis.

Both of these methods are based on the proportional sharing principle, which
states that each outflow leaving a node contains the same proportion of the inflows.
Note that in these methods, the real and reactive power flows obtained by solving a
nonlinear power flow is used to calculate the generator contributions and losses into
each load.

Even though, both tracing methods are equally suited for the proposed approach,
due to the slight advantage offered in combining with the OPF, Bialek tracing method
is selected. This is because, in the Bialek method, tracing is performed based on actual
buses in the system whereas in the Kirschen method tracing is done by grouping the
buses supplied by the same generator which has to be determined beforehand based
on the direction of the power flows in the system. The concept behind the Bialek
tracing method is summarized for real power tracing in Appendix D.

A 4 bus system having two generators and two loads, shown in figure 5.5 is used
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Bus 1

O—

0.01+0.085j Bus 2

—Q

0.017+0.092] 0.032+0.161j
0.039+0.17]

Bus 3
Bus 4

0.0085+0.072j

Figure 5.5: 4 bus system

to explain how each rental component is separated for a general case of multiple load
bus system. The generator bids, reactive power limits, and voltage limits for this case
are the same as for the previous 3 bus case. Buses 3 and 4 have a real and reactive
power load of 220, 70 and 120, 10 respectively. Each line has a limit of 120 MW.

The generation dispatch obtained by solving a NLP-OPF for this case is given in
table 5.12. It reveals that the generation dispatch is out of merit order due to the
binding line flow constraint, PFj3, as evident from the non-zero shadow cost given in
table 5.13.

Table 5.12: Generation dispatch

bid fl ] O

1 3.45 0.00 | 88.47
2 | 34897 0.00 | 55.46

Bus

Table 5.13: Binding constraints
constraint | quantity | shadow cost

PFys 120 MW 1.74
Vs 1.10 pu 93.77

The real power flows along the lines are shown in figure 5.6. Based on line flows,

the matrices A,, PFY°*, and vectors P97, PY°%  PL-app are calculated as explained
ij D P
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in Appendix D.

Bus 1
110.75

@

3.45

Bus3 y 11167

y 114.20

115.87

-

v
220

7.54

Figure 5.6: Real power flows for the 4 bus system
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Thereby how each load and the apportioned losses supplied by each generator is
determined and are shown in figure 5.7. For example, there is 7.45 MW of associated
losses in catering 220 MW at bus 3 and generators at bus 1 and 2 supply this load
and the losses in part by 3.34 MW and 224.10 MW respectively. Similarly, there is
4.98 MW of associated losses in catering 120 MW at bus 4 and generators at bus 1
and 2 supply this in part by 0.11 MW and 124.87 MW respectively (the underlined

values shown in figure 5.7).

Bus 1 Bus 2
3.34 224.10
.11 124.87
Bus 3
Bus 4
7.45 -4 — 4.98
220 120

Figure 5.7: Generator contributions and apportioned losses for each load

As before, the total network rental paid by the two consumers is calculated and
presented in table 5.14. This shows that the rental paid by both consumers due to real

and reactive power dispatch are 254.36 and 5.41 respectively for the case considered.

Table 5.14: Network rental for the 4 bus system

Bus LMP Generator Receipt | Consumer Payment
P Q P Q P Q

1 |3.60 0.00 12.42 0.00 0.00 0.00
2 13.20 0.00|1116.70 0.00 0.00 0.00
3 413 0.07 0.00 0.00 | 909.48 4.62
4 1395 0.08 0.00 0.00 | 474.00 0.79
Total | 1129.12 0.00 | 1383.48 5.41
Network Rental 254.36 5.41
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Once the tracing is done, the power system can be viewed as several independent
networks each having a single load. Therefore, the method developed in Section 5.4.2
for a single load network can be repeatedly applied for each network to determine the

network rental paid by each consumer. In this way NEp can be written as,

=3.34[A3 — A1) +223.10[A5 — \g] — 6.44)03 + 0.11[\g — A\] + 124.83[\g — No] — 4.94),

=NRp3+ NRpy

Taking bus 3 as the reference bus,

OPL oQ* O0Pos3 oV,
M=l =G v ol e [apl ] % {B_Pl]

oPrL oQ* 0P oV,
o= Nl = Gl o | 322 |

Thereby, the required LMP differences to calculate NEps are,

oPL oQr OPFys oV,
As — AL =3 {8131} 03 [W] + a3 [‘5‘]“51‘“] + @2 [515;}
aPL oQr OPFys oV,
Ag — )\2—/\3[6132} [8[—)]4‘#23[ op, ] o2 [-——]

Similarly, taking bus 4 as the reference bus, the required LMP differences to calculate

NRp, are,

L L
[ [ on ] 2

5‘P1 8P1 0P1 8P1
. [apr oQ> OPFy Vs
)\4 - )\2 —/\4 [—a—};} + 04 [8_-P2:| —+ o3 |: aPQ ] + ¢2 [8—3}

Substituting for LMP differences in the above expression for N Rp, the rental paid by
consumers at buses 3 and 4 due to real power dispatch (i.e., NRps and NRp,) can

be determined separately in terms of loss rental and constraint rental.
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opr opt oQr oQ*

- _ L
NRp _Ag[apl P+ A%, —P,— P+ [apl P+ 3%, —<_p)
OPss OPss oV, Vs
+,U23[<6P>P1 (w8P2>P2]+¢2[(8P)P1 <8P2>P2]
P~ opPL . oQr oQ~
+)‘4[6P1P1 aPQPQ“P] [BP P+ 8PP2]

+#23[<%%3> P+ <%‘;32“2§> 2] + ¢2[<8V2> P+ (g}?) P)

A similar analysis can be done to determine the rental paid by consumers due
to the reactive power dispatch as well (i.e., NRgs and NRg4). The results can be
summarized as given in table 5.15, where real power loss rental and reactive power
loss rental are given in columns 3 and 4 respectively, and constraint rental due to PF3
and V5 are given in the final two columns respectively. A closer look confirms that

the summation of NRp3 and NRps; and NRgs and NRgs equal to the previously

calculated values given in table 5.14.

Table 5.15: Components of network rental
Network Rental

total | loss rental | constraint rental

NRps | 179.78 | 23.87 | 4.73 | 151.43 -0.25

NRps | 7472 111.62 | 3.26| 60.33 -0.50

NRgs 465 4.821-2.171 -2.80 4.79

NRg4 0.79 ] 0.58 | -1.93 0.07 2.07

As before, the individual rental components can be analyzed to determine the

market signals. This is further discussed in Chapter 7 in more detail.

5.4.4 Discussion

The proposed method is evaluated using small 3 and 4 bus systems for convenience
in understanding. However, the formulation of equations are general and therefore
applicable for any large system.

When a particular bus consists of both dispatched generators and loads, and if

the dispatched generation is greater than the load, then the particular consumer
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does not pay any rental to the ISO. This is because neither associated losses nor
binding constraints are associated with the delivery to that particular load. On the
other hand, if the dispatched generation is less than the load, then the particular
consumer pays the network rental only for the portion of the load supplied by other
dispatched generators in the system. KEven though, this situation did not arise in
the two examples considered in this chapter, the proposed method does consider this
automatically, as the net injection is only taken into account in power flow tracing.
Using this method, the components of network rental due to any binding con-
straint can be calculated separately. The Dynamic Security Constraint (DSC), dis-
cussed in Chapter 4 to obtain a secure dispatch, will also generate a constraint rental
component, when the DSC is binding at the solution [51]. Therefore, the portion of
the rental paid by each consumer due to the DSC can also be calculated from the

proposed method, which is discussed in detail in Chapter 7.

5.5 Concluding Remarks

This chapter discussed different ways of analyzing market signals. Correct market
signals are always sought, as they provide necessary incentives for the market partic-
ipants.

As far as the present market operation is concerned, LMPs provide crucial mar-
ket signals for the participants. On the other hand, the components of LMP can be
considered as better market signals as they show the explicit decomposition of LMP
due to marginal generators and binding constraints. However, LMP components do
not provide the effects of the transmission losses explicitly. This has been demon-
strated using a sifnple 3 bus system. The physical meaning of these individual LMP
components has also been explained using the results of this 3 bus system.

A new method to analyze the market signals has been proposed in this chapter
by means of analyzing the components of network rental. In this regard, a method to
decompose the network rental among the consumers into loss rental, and constraint
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rental due to each binding constraint, has been proposed by combining the power flow
tracing and KKT optimality conditions of the NLP-OPF'. The proposed method first
determines the rental components for a single load bus by mathematically expressing
the network rental in terms of LMP differences. The implicitly calculated sensitivity
values, based on post processed KKT optimality conditions, are then substituted for
the above LMP differences. This has then been extended to a general case of multiple
load buses by tracing the power flow to identify how each load and the associated
transmission losses are supplied by the generators in the system.

The novelty of the proposed method is that it yields the breakdown of network
rental paid by each individual consumer into its components due to losses and binding
constraints. The proposed method also utilizes an efficient way to calculate the LMP
difference between two buses by implicitly calculating the individual components
using the post processed KKT optimality conditions of the NLP-OPF.

As the network rental is an overpayment made by the consumers due to the
losses and the binding constraints imposed by the OPF, it has been argued that these
components do provide better market signals than LMP or LMP components. Several
case studies have been presented using simple 3 and 4 bus systems by calculating these
individual components using the proposed approach. Another case study is presented
in Chapter 7, using the reactive power model and the DSC discussed in Chapters 3
and 4.

101



Chapter 6

Software Implementation

This chapter deals with the implemented software package that incorporates the mar-
ket signal analysis methods discussed in Chapter 5. Since all these methods rely on
the availability of the optimal dispatch, an OPF solver is required to solve the OPF.
Recent developments in optimization techniques and the enhancement in computa-
tional capability have allowed commercial software packages to be put forward [62],
[63], [64], [65] in solving either the general optimization problem or specifically the
OPF problem. However, the detailed description of the algorithms used in the differ-
ent software packages haven’t been published and remain trade secrets.

Even though, the mathematics related to optimization is not new, due to the
complexity associated with the OPF, solving an OPF is still a challenging task. The
OPF was first introduced in early 1960’s [1] and since then, different solving techniques

have been proposed. These techniques can be broadly classified as;
e Sequential Linear Programming (SLP) [1]
e Newton Based Method [66], [67]

Sequential Quadrature Programming (SQP) [68]

e Generalized Reduced Gradient Method (GRG) [69]

Penalty, Barrier, and Augmented Lagrangian Method [70]
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It is observed that the matrices associated with the above solution algorithms
can be directly used when implementing the market signal analyzing methods. For
example, the Hessian matrix associated with the Newton method can be directly
used in determining the components of LMPs, while the Jacobian matrix found in
the Newton method and the SLP method can be directly utilized in determining
the components of the network rental. Further, the solution process of the Newton
method implicity determines the LMPs, while the shadow costs can be easily extracted
from the matrices. On the other hand, with the SLP algorithm, LMPs are the dual
variables, which can also be easily determined.

However, if a commercial or any other software package is used to obtain the
optimal dispatch, the above mentioned matrices are not explicitly a\}ailable for such a
post-process analysis. Thus, implementing the OPF in the software tool is required,
so that both optimal dispatch and the associated market signals can be determined
without using a separate software package. This allows re-using the already created
matrices in incorporating the market signal analysis methods, once the OPF is solved.

This chapter gives an in depth analysis and implementation of two such popular
methods to solve the NLP-OPF', the Newton method and the SLP method. Based
on the analysis on capabilities of different OPF solving techniques conducted dur-
ing the literature survey, the above two methods were selected in implementing the
OPF. Sections 6.1 and 6.2 explain the corresponding algorithm and implementation
issues of the Newton method and the SLP method respectively. Extending the above
algorithms to incorporate market signal analyzing methods are also discussed in the
respective sections. Finally, in Section 6.3, the performance of the developed software
is presented together with the comparison of results against that of the OPF modeled

in GAMS optimization software.
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6.1 Implementing the Newton Based Approach

The Newton method is well-known in the area of power systems [45]. It has been a
standard solution algorithm for the power flow problem for decades. Application of
the Newton method in solving an OPF was first found in the literature in 1984 [66].
Rapid convergence near the solution makes the Newton method a very powerful solu-
tion algorithm [20]. This property is especially useful for power system applications,
because an initial guess near the solution is easily obtained by solving a dc power flow.
This method computes the optimal solution by applying Newton-Raphson algorithm
to a set of nonlinear equations obtained from the optimality conditions based on the

Lagrangian function of the OPF.

6.1.1 The Newton Approach

As discussed in Section 5.1.2; the Lagrangian function of the OPF L is,
L(z, A, p) = f(z) + Ag(x) + ph(z) (6.1)

The KKT conditions for the Lagrangian equation given in (6.1) can be written as,

oL _ 0f(x)  \99x)  Oh(z) _

%~ ox " or TFag (6.2)
o ) =0 (63

uh(z) = 0 (6.4)

uw>0 (6.5)

h(z) < 0 (6.6)

In the Newton approach, the above nonlinear KK'T conditions are iteratively
solved [66], [67]. The key problem however, is that the binding or the active in-
equality constraints at the optimal solution are not known beforehand, which makes

it difficult to solve. This problem is overcome by removing all the inequality con-
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straints from the OPF problem and modeling them through quadratic penalty terms
augmented to the Lagrangian function.
By omitting the inequality constraints and adding the penalty terms, the La-

grangian equation can be reformulated as given in (6.7).
Lz, A) = f(z) + Ag(x) + penalty terms - (6.7)

If all the inequality constraints are non-binding at the solution, then all the p
terms in (6.1) and all the penalty terms in (6.7) are zero. On the other hand, if an
inequality constraint is bindir;g at the solution, then it becomes an equality constraint
in (6.1) and the penalty terms in (6.7) do not allow that variable to be moved from
the limit. This indicates that the solution of (6.1) is the same as the solution of (6.7),

and thus, the Newton method proceeds from (6.7).

The KKT conditions of (6.7) are,

OL Of(x)  0g(z)  O(penalty terms)

%= 85 T A 5 T B =0 (6.8)
oL

O o) =0 (6.9)

Equations (6.8) and (6.9) can be written in a compact form as,

oL

5 =Alz,0) =0 (6.10)
oL

= =Bz, =0 (6.11)

Equations (6.10) and (6.11) lead to a set of nonlinear equations, with the number
of equations equal to the number of variables to be solved. By considering the Taylor

series expansion around a starting point zo=(zg, Ag) and then, ignoring the second
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and higher order terms, the following equations can be obtained.

Z0,A0 Z0,M0
B B
B(:IIO + Axg, Ag -+ AAQ) ~ B(CL’Q, Ao) + 'aa—x‘ Az + aa—/\ AN~0 (613)
0,0 T0,A0

Equations (6.12) and (6.13) can be written as a set of linear equations and can be

represented in a compact form as,

2A 94
8z X
A($07 /\0) _ Zg,A0 9,0 ACC (614)
—B(z0, Xo) 2B B AN
Oz [N
o )\0 -’EO,/\O
By substituting the values for A and B in (6.14),
_ oL 2L 2L
0,0 — Z0,A0 z0,A0 Az (615)
oL 2L 2L A
X A0z 2%
z0,\0 Z0, Ao Z0,A0
8L 82_5 9g(x)
bz oz [
0,0 — Z0,A0 Z0, 0 Az (616)
_aL dg(z) T 0 Al
N Oz
Z0,A0 z0,A0
-1
8L 9g(x} oL
B2 Oz Oz
Az | 20A0 30,00 %030 (6.17)
) T
AN o(z) 0 g9(z)
0,0 o,A0
Az=—H7'D (6.18)

The above matrix H is called the Hessian matrix evaluated at zy = (xg, Ag) and
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captures the gradient and the curvature information of the objective function and
the constraints. Hessian is a symmetrical and heavily sparse matrix and thus, these
features can be exploited in the solution algorithm [20]. The right hand side vector
denoted by D contains the partial derivatives of L with respect to the variables. The
calculated value for Az from (6.18) is then used to determine the next point z; (i.e.,

z1=29+Az). This iterative process is continued until the stopping criterion is met.

6.1.2 Handling the Inequality Constraints

Since the binding inequality constraints are not known beforehand, inequality con-
straints are enforced through quadratic penalty terms augmented to the Lagrangian
function as shown in (6.7). The penalty term for a variable z,, which has maximum

and minimum limits of 2%* and z™™", is:

penalty = O . 'er xzi'ﬂ S T S xzax
penalty = P(z™ — ) 1 if 3™ >z,

penalty = P(z™% — 2,,)? @ if Ty > 20"

m

Where the positive quantity P is referred to as the penalty factor. In general, each
constraint can have a separate penalty factor and the behavior of the penalty term is
shown in figure 6.1.

If the inequality constraint is not violated, the penalty is zero. When the violation
increases, the penalty term is increased in a quadratic manner. Since for a given
violation the penalty term depends on the penalty factor, it is possible to control
the nature of the constraint by changing the penalty factor. Based on this, all the

constraints associated with the OPF can be divided in to two categories.
1. Soft constraints
2. Hard constraints

For soft constraints, a small penalty factor is used and that allows extra freedom

to the solution process. As the OPF problem has a large number of constraints,
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A penaity

/"

P*(X in ~X)? P*X__ -X)?

max

\

Figure 6.1: Penalty function for the variable X

applying soft constraints is preferred, in order to reduce the infeasibility of the OPF.
The word “soft” signifies that the constraint is not absolutely enforced, instead it has
the flexibility to violate within a tolerable range. On the other hand, a large penalty
factor is used for the hard constraints so that strict enforcement can be obtained.

Typically, the voltage limits and the line flow limits are considered as soft con-
straints, whereas generator active and reactive power limits are considered as hard
constraints.

It can be shown that if the inequality constraints are the limits of the variables
specified in the OPF, adding the penalties will only affect the diagonal terms of
the Hessian matrix. Let the Lagrangian of the original problem be L°¢ and the

augmented Lagrangian be L% (after including z,, < z**). Then,

[ew — Lold + P($m _ $7mna:v)2
aanw aLold
— 2P = mazx
Oz, OTm +2P(@ )
02 [ new 82 Lold
= 2P
0x2, 0z2, +
82 [ rew 82 Lold
8-'Z:'/TL-'Eml - a-'L'n'LiL'ml
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Which proves that only the diagonal terms are modified, and hence the sparsity of the
Hessian is preserved. In contrast, if a constraint is defined for a quantity expressed in
terms of many variables, the sparsity of the Hessian is reduced. This can be avoided
by explicitly defining that quantity as an equality constraint, at the expense of an
additional row and a column in H. For example, the following equality constraint can

be included to explicitly define PF};.
PF;']‘ = Qij(ViQ — V;‘/] CcOos 91']‘) - bUV;V; sin 91']' (619)

This explicit definition allows the calculation of the shadow costs in a simple way as

explained in Section 6.1.3.

6.1.3 Calculation of Marginal Prices, Components of LMP,

Components of Network Rental

Marginal Prices

Marginal prices include both LMPs and shadow costs. The calculation of LMPs is
implicit to the solution process of the Newton method as seen from (6.18). This
means that once (6.18) is solved, the LMPs are also known. On the other hand,
the shadow costs, which are the marginal prices of the binding constraints, are not
directly available from the solution process. However, the shadow costs can be readily
extracted from the elements of array D at the optimal solution as explained below.
The Lagrangian equation with upper and lower bounds on variable z,, can be

written as,
L= f(z)+ Z Angn (@) + i (T — T) + pm (T = )

wh and p, are the Lagrangian multipliers associated with the two inequality
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constraints. Taking the partial derivative of L with respect to z,,,

oL _ 9/=) Z/\ 89" + o ~ =0

O, &zm

Further,

Hon o, = 0
Hm = :U‘:;L = U,

and,
o
mazxr

b >0 1z, =a

min
m

b <0 1z =2

Pm =0 20" <z <20

Now (6.20) becomes,

Ogn(z
6:Bm ;/\ 8:13m = THm

(6.20)

(6.21)

(6.22)

(6.23)

According to (6.8), the D vector contains all the partial derivatives of augmented L.

Therefore the D vector calculated at the solution without adding the penalty terms

is equal to the left hand side of (6.23) which is the negative value of the shadow cost

Hm.

The shadow costs of the binding constraints associated with the additionally de-

fined variables in the OPF (such as PF;;) can be directly obtained from the solution

vector as discussed below.

The Lagrangian with upper and lower bounds on variable PF;; can be written

as given in (6.24), where the equality constraint defining the variable PF;; (given in

(6.19)) is explicitly included.
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L = f(z) + Ag(=) + A [PFy; — g;5(Vi" — ViVj cos bi;) — by ViV sin 0]

+ ph(PFy = PFR®) + ps;(PEG™ — PFy) (6.24)

u;} and p;; are the Lagrangian multipliers associated with the two inequality con-
straints and A;; is the Lagrangian multiplier associated with the equality constraint
that defines PF;;. Taking the partial derivative of L with respect to z;,

oL | _
BPF. Aij + ij — ;=0 (6.25)
ij

According the above remark, (6.25) can be written as,
fij = = Aij ~ (6.26)

This reveals that the shadow cost is equal to the negative value of the Lagrangian
multiplier associated with the equality constraint used to explicitly define that vari-

able.

Components of LMP

The left hand side matrix appearing in (5.13) (in determining the components of LMP)
is the Hessian matrix at the optimal solution with additional rows and columns cor-
responding to binding constraints. Thus, by augmenting the Hessian matrix in (6.18)
at the optimal solution, components of LMP can be easily determined as explained

in Chapter 5.

Components of Network Rental

The Jacobian matrix required for determining the components of network rental in

(5.72) is available within the Hessian matrix appearing in (6.18). Thus, the required
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rows and columns from the Hessian matrix are extracted and input to the power flow
tracing algorithm in determining the components of network rental (note that the
optimal dispatch is also passed to this algorithm). This tracing algorithm includes
the power flow tracing to determine the generator contributions to each load, and
the post processing of KK'T conditions in obtaining LMP relationships between two

buses, as explained in Chapter 5.

6.1.4 Algorithm and Implementation Issues of the Newton

Method

The algorithm of the Newton method is summarized in the flow chart shown in
figure 6.2. By reading the raw data file, the required data is taken to individual
arrays. The cost data file is also read to get the generator bid information. The
added feature of reading conventional generator cost curve is also incorporated in
this algorithm. This allows the user to experiment the single owner model as well.
Initially an economic dispatch without losses is performed in order to find the starting
values for the generator active power for the given load condition. The starting values
for bus voltages are set to 1 pu and remaining variables are set to zero. Alternatively,
a good starting value for bus voltages and angles can be obtained by performing
a power flow analysis (either DC power flow or full AC power flow). Because the
Newton method has the quadratic convergence only near the optimal point, a good
initial guess is always favored [20].

If the initial guess is zero for all variables, it can be seen that matrix H is singular at
the beginning. Further, since the initial guess and the optimal solution are quite apart
and as the Newton method will have quadratic convergence only near the optimal,
it may not provide a decent direction initially [20]. To overcome this difficulty a
diagonal matrix, y.I (where I is the identity matrix and 0 < v < 1), is added to
the Hessian to guarantee decent direction initially (see Remark 2). This makes the
method more robust. The diagonal matrix is successively reduced by a factor. In the
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Figure 6.2: Algorithm of the Newton method

implementation, this factor is set as a function of the number of iterations. Hence,
when the iterations go on, in the vicinity of the optimal solution, quadratic model of

Lagrangian function is used and the effect of this alteration is almost negligible.

Remark For a quadratic function, the Hessian matrixz only contains constant
elements. Therefore, irrespective of the starting point, the optimal point is reached in
one iteration, which is referred to as the quadratic convergence property of the Newton
method. However, the quadratic approzimation of the Lagrangian equation is not a
purely quadratic function and therefore, the elements of the Hessian matriz contain
ezpressions involving variables which necessitate more than one iteration to converge

to the optimal point. In the Newton method, (6.27) (same as (6.18) above) is solved
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and (6.28) is updated iteratively.

Az, = —H(zk)"IVL(zk) (627)

Zpr1 = 2z + Dz (628)

if H is positive definite, then —H (z;)™* is the descent direction or the Newton’s direc-
tion. Therefore, for the execution of this algorithm, Hessian at each iteration must be
positive definite. In practice this condition is difficult to be satisfied all the time, spe-
cially during the first few iterations. To overcome this difficulty, the positive definite

approzimation given in (6.29) is used.

Az, = —[H(zk) + ”y.I]_lVL(zk) (629)

The starting value of this factor, v also plays an important role. If the factor is
very large (close to 1), then the diagonal terms are significantly altered. Therefore,
the initial iterations are approzimated to the steepest decent direction (with unit step
length) and the second order details embedded to the Hessian are overridden as given
in (6.30). The rate of convergence is also reduced, resulting in a large number of
iterations and hence more execution time required for the solution process. Thus, a

compromised value is chosen for v using o trial and error approach

Az, = ~[y,. 1] 'V L(z) ~ —VL(z) (6.30)

The stopping criteria is met, if the power balance equations are satisfied within a
pre-specified tolerance. Therefore, once this condition is met, the control is exit from
the iterative loop. This stopping criteria can be enhanced by checking the gradient of
the Lagrangian as well. All these values can be easily calculated using the D vector.

Then, the resulting LMPs, LMP components and network rental components are

determined as explained in Section 6.1.3. Finally, the results of the OPF including the
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marginal prices are written to a text file, which has a similar format to that of GAMS
output file [62]. The calculated LMP components and network rental components are

also written to a text file for easy reviewing of the results.

6.2 Implementing the SLP Based Approach

As the name implies, the Sequential Linear Programming (SLP) method uses Linear
Programming (LP) as the search technique. With this approach, the nonlinear objec-
tive function and constraints are linearized around an operating point by considering
their Taylor series expansions. The resulting LP problem can be solved using the
Simplex method or its variants. The solution of the Simplex method is used as the
new point around which the nonlinear problem is linearized for the next iteration.
This procedure is continued until a stopping criterion is met. The motivation of the
SLP method is that successive LP problems can easily be solved using the Simplex
method or its variants. However, the linearized model gives satisfactory results only
in a small range in the neighborhood of the point used for linearization. The details

of the Simplex method and its variants can be found in [9].

6.2.1 Linearized Problem

After omitting second and higher order terms, the linearized OPF problem around

Zp can be written as,

optimize  f(xo) + —g—iﬁ Ax
zo
subject to  g(zo) + % Az =0 (6.31)
@o
h

Zo

In the resulting LP problem, Az are the variables to be solved. The values of
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Az can be either positive or negative. However, negative values for Az are not
acceptable for use with the Simplex algorithm. Therefore, the variables are replaced
by a difference between two positive variables (i.e., Az=Az*-Az~). Thereby, the
new form of LP problem to be solved using the Simplex method can be represented

as,

optimize  f(zo) + % Azt — % Az~
pots) o
subject to  g(zo) + g% Azt — —g—g Az~ =0 (6.32)
fed) o
h(zo) + % Azt — % Az~ <0
o o

The next point around which the problem is linearized, z;=zp+Ax, is determined by
solving (6.32) for Az (i.e., Az* and Az™). Likewise, in each step an LP problem is

solved to obtain the new point until the stopping criteria is met.

6.2.2 Calculation of Marginal Prices, Components of LMP,

Components of Network Rental

Marginal Prices

For a given LP problem there exists another LP problem called the dual problem,
which is related to the original or the primal problem. For the primal problem given
in (6.33), where A is a matrix and b and c¢ are vectors, the dual problem can be

formulated as given in (6.34).

minimize ¢’z

subject to Az >b (6.33)

>0
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maximize b7y
subject to ATy <c (6.34)

y=>0

It can be proved that the dual variables y in (6.34) are the sensitivity of the objective
function to the constraints in the primal problem [9]. In other words, dual variables
are the changes in the objective function per unit change in the right hand side value
of the constraints, which essentially are the marginal prices. Since the dual problem
given in (6.34) is also an LP problem, it can be solved using the Simplex method to

find the marginal prices.

Components of LMP

Since the Hessian matrix is not available in the SLP algorithm, in order to calculate .
the components of LMP, the Hessian matrix has to be formulated separately (note
that part of the H matrix consist of the Jacobian terms, which are already available

from the SLP algorithm. Thus, only the remaining terms need to be evaluated).

Components of Network Rental

The Jacobian matrix required in determining the components of network rental is
available in (6.31). Thus, by passing this matrix to the power flow tracing algorithm,
the components of network rental are calculated (this is previously discussed under

the Newton approach in Section 6.1.3).

6.2.3 Algorithm and Implementation Issues of the SLP Method

The algorithm of the SLP method is summarized in the flow chart shown in figure
6.3. As discussed in Section 6.1.4, an initial starting point is chosen based on the

solution of the dc power flow.
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Figure 6.3: Algorithm of the SLP method

Then, the NLP problem is linearized around that starting point and the LP prob-
lem is solved to find the next point to be linearized. An efficient variable step is
required to maintain the accuracy and the convergence of the SLP approach. This is
essential, especially when the starting point is far from the optimal point. If the step
length is too small, a large number of iterations is required for the convergence, which
effectively increases the execution time. On the other hand, if the step length is too
large, the solution can be infeasible or sometimes the solution can bounce between
two points during the iterative process.

This problem can be tackled by allowing large steps for the first few iterations and
then gradually reducing the step length afterwards [71]. This allows extra freedom for

the solution process during the first few iterations to find the desired direction. On
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the other hand, efficient step length control reduces the number of iterations required
and hence, reduces the execution time for the convergence.

The stopping criteria is met, once the power balance equations are satisfied within
a pre-specified tolerance. Therefore, once this condition is met, the control is exit from
the iterative loop. Then, the dual problem around the solution is created and the

market signals are determined as discussed in Section 6.2.2.

6.3 Performance of the Developed Software Tool

In this section, the performance of the C** Newton based and SLP based algorithms
are discussed. Tables 6.1 and 6.2 show the execution time (including the raw data file
reading and the subsequent market signal analysis) and the number of iterations of
the two algorithms for various test systems for the generator quadratic cost function
and bid/quantity pairs respectively (the detail on the 30 and 39 bus systems are given
in Appendix A and the detail on the remaining test systems can be found in [2], [30]).
A Pentium 111 machine with the CPU speed of 2.8 GHz and 512 MB of memory is
used to execute the program. The execution times of the OPF modeled in GAMS
(excluding the raw data file reading and the subsequent market signal analysis) are

also shown in tables 6.1 and 6.2.

Table 6.1: For quadratic cost function

3 C*+* Newton based C**t SLP based GAMS
ystem — - - - - - -
time (s) no of iterations | time (s) no of iterations | time (s)
3 0.09 28 0.11 61 0.02
9 0.12 16 0.40 74 0.03
14 0.41 23 0.86 71 0.09
30 1.56 26 5.18 64 0.18
39 2.86 24 24.00 61 0.33
118 89.23 25 716.00 48 15.23

It can be seen that the execution times of the two developed programs are con-
siderably larger than that of models using GAMS. The execution time can be further

reduced by exploring the sparsity techniques in matrix manipulations of the two meth-
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Table 6.2: For bid/quantity pairs

System C*+ Newton based C** SLP based GAMS
time (s) no of iterations | time (s) no of iterations | time (s)
3 0.14 23 0.08 40 0.03
9 0.21 21 0.31 52 0.06
14 0.48 24 0.89 51 0.09
30 2.89 25 3.55 58 0.14
39 4.58 30 17.25 54 0.32

ods. Furthermore, a Quasi-Newton approach can be incorporated to speed up the
process of the Newton method. The basic idea behind the Quasi-Newton method is
to retain the fast convergence speed of the Newton method without evaluating the
Hessian at each iteration.

It is identified that for quadratic or any polynomial cost function, Newton method
has a good convergence. This is because diagonal terms corresponding to —8—%5%) are
always non-zero, giving rise to a conditioned Hessian matrix all the time during the
iterative process. On the other hand, for bids and offers, the SLP method has a good
convergence due to the fact that normally only few bids are marginal at the optimal
solution and the remaining bids are non-marginal (note that in the LP the optimal
point is always at the vertex of the feasible region).

During simulations, it is understood that fixed penalty factors for the hard con-
straints cause some difficulties in finding the optimal solution using the Newton
method. Instead, an increasing penalty factor which is a function of the number

of iterations is used to tackle this problem. This allows an additional freedom to the

variable during the first few iterations, which makes the solution process robust.

6.4 Concluding Remarks

This chapter discussed the implemented algorithms of the developed software tool.
The inclusion of OPF in the software tool enabled determining the optimal dispatch
together with the market signals, while taking the advantage of re-using the same

matrices, and eliminating the necessity of a separate OPF solver.
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Based on the literature survey of the available OPF solving algorithms, it has been
chosen the SLP and the Newton method to implement the OPF. The algorithms,
implementation issues, and how to include the market signal analyzing methods for
each of the two methods have been discussed. The performances of the developed
algorithms have also been demonstrated using various test systems up to 118 buses.
A good convergence was obtained by dynamically changing the penalty factors in the
Newton algorithm and efficient step length handling in the SLP algorithm. It was
also revealed that the Newton method has a good convergence for quadratic or any
polynomial cost function, whereas the SLP method has a good convergence for bids
and offers. Finally, different methods to improve the performance of the developed
software tool have been presented, such as exploring the sparsity techniques in matrix

manipulation and adopting the Quasi-Newton approach.
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Chapter 7

Case Studies and Results

This chapter presents a case study to analyze the market signals using the developed
software tool. Since the reactive power and dynamic security related constraints are
incorporated in the OPF, more accurate market signals can be analyzed. This investi-
gation study is presented in Section 7.1, where the resulting LMPs, LMP components,

and network rental components are analyzed.

7.1 Market Signal Analysis using the IEEE New-England 39

Bus System

This section presents a case study using the IEEE New-England 39 bus system shown
in Appendix A to analyze the market signals produced by the different methods
explained in Chapter 5. A competitive electricity market is modeled using price-
quantity bids for the generators as given in table 7.1. The reactive power details
given in table 7.2 are as per the reactive power model explained in Chapter 3. The
same DSC used in Chapter 4 is considered.

In the presentation of results, all the real and reactive power values are in MW
or MVAr, voltages are in pu, prices are in $/h, and marginal prices are in §/MWh,
$/MVArh or $/pu.h depending on the quantity considered.

Table 7.3 shows the real and reactive power dispatch obtained from the developed
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Table 7.1: Generator bid data
Bus Offer 1 Offer 2
Py Sk | PP Sk
30 [ 250 3.6 | 750 5.2
31 | 500 3.2 |500 4.2
32 | 600 4.0 |400 54
33 | 550 3.8 |450 7.25
34 1500 3.75 1500 4.9
35 | 650 3.7 {350 5.05
36 | 500 3.8 500 7.4
37 | 550 2.9 |[450 5.0
38 1900 3.8 |100 8.2
39 1500 3.9 {500 4.1

Table 7.2: Reactive power generation data
Bus | Kpp | Ky | Koy | Ko | K27 | S
30 | 500 | -0.3 | -500 | 0.3 | 0.3 | 0.51
31 | 500 | -0.3 | -500 | 0.3 | 0.3 ]0.30
32 | 500 | -0.3 | -500 | 0.3 | 0.3 |0.74
33 | 500 | -0.3 | -500 | 0.3 | 0.3 ]0.32
34 | 500 | -0.3 | -500 | 0.3 | 0.3 |0.35
35 | 500 | -0.3 | -500 | 0.3 | 0.3 |0.28
36 | 500 | -0.3 | -500 | 0.3 | 0.3 | 0.41
37 | 500 | -0.3 | -500 0.3 | 0.3 |0.55
38 | 500 | -0.3 | -500 | 0.3 | 0.3 | 0.64
39 | 500 | -0.3 | -500 | 0.3 | 0.3 | 0.42

software for the case considered. Columns 3, 4 and 5 show the real power dispatch
details, whereas the last five columns show the reactive power dispatch details.

It can be seen in table 7.3 and the generator bids given in table 7.1 that the gen-
eration dispatch deviates from the merit order significantly. The cheaper generation
at buses 34 (i.e., 1** bid) and 38 (i.e., 1*¢ bid) are not fully dispatched, while the ex-
pensive generation at buses 30 (i.e., 2" bid), 31 (i.e., 2" offer), and 37 (i.e., 2"¢ offer)
are partly dispatched. Thus, the real power generation at buses 30, 31, 34, 37 and 38
are marginal. This is expected because the power system operates on several binding
constraints as evident from the non-zero marginal costs given in table 7.4. The DSC,
six voltages (i.e., Va3, Va4, Vas, Vag, Va7, Vi), and one line flow (i.e., PFsg o9) are
the binding constraints (i.e., altogether 8 binding constraints). The total real power
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Table 7.3: Generation dispatch

Real power Reactive power
bid 1| bid2| Total Qo1 | Qg | Total] Q| Qres
30 | 250.00 | 425.82 | 675.82 | 202.75 | 94.51 | 297.25 | 127.75 | 297.25
31 | 500.00 9.57 | 509.57 | 152.87 | 194.26 | 347.13 | 152.87 | 347.13
32 | 600.00 0.00 | 600.00 | 180.00 | 140.00 | 320.00 | 180.00 | 320.00
33 | 550.00 0.00 | 550.00 | 165.00 | 47.90 | 212.90 | 165.00 | 335.00
34 | 128.82 0.00 1 128.82 | 38.65 | 122.57 | 161.21 | 38.65 | 461.35
35 |650.00 0.00 { 650.00 | 195.00 | 88.10 | 283.10 | 195.00 | 305.00
36 | 500.00 0.00 | 500.00 | 150.00 | 19.99 | 169.99 | 150.00 | 350.00
37 | 550.00 | 179.23 | 729.23 | 218.77 0.09 | 218.86 | 218.77 | 281.23
38 | 800.00 0.00 | 800.00 | 229.93 0.00 | 229.93 | 240.00 | 260.00
39 | 500.00 | 500.00 | 1000.00 | 200.00 0.00 | 200.00 | 200.00 | 200.00

Bus

dispatch is 6143.44 MW, which includes an associated real power loss of 46.34 MW.

In regard to the reactive power dispatch, with the exception of bus 38, the free
reactive power (i.e Block 1 Reactive Power) from all generators is fully utilized. The
voltage limit at bus 38, doesn’t allow the use of the remaining amount of Block 1
Reactive Power (note that the shadow cost of the binding Vag is comparably large).
The Block 2 Reactive Power of generators at buses 30, 31, 32, and 39 are fully
utilized and those generators operate at their respective capability limits. Close
examination of Block 2 Reactive Power prices given in table 7.2, however, reveal that
those generators have higher Block 2 Reactive Power prices. This is because, the

binding voltage constraints restrict the cheaper reactive power being dispatched.

Table 7.4: Binding constraints
constraint | quantity | shadow cost

Vas 1.10 pu 1383.61
Vaa 1.10 pu 98.48
Vas 1.10 pu 1593.07
Vi 1.10 pu 74.35
Var 1.10 pu 1003.34
Vg 1.10 pu 1766.88
PF3g 99 | 800 MW 0.53
DSC 10 cy 99.40

124



CHAPTER 7 - CASE STUDIES AND RESULTS

7.1.1 LMPs

Based on the generation dispatch, the total network rental paid by all the consumers
is calculated and presented in table 7.5 together with the LMPs. This shows that the
accurnulated real and reactive power network rental with the ISO are 3357.87 and
868.70 respectively.

As pointed out in Chapter 5, other than indicating the price at a given node, the
LMP does not show the effects of the contributing components explicitly. Thus, by
looking at LMPs, participants onlylsee the relative price at each node. For example,
consumer at bus 39 sees a relatively higher LMP for real and reactive power at
its node, whereas the generator at bus 38 sees its real and reactive power LMP as
relatively low.

At real power marginal buses except at bus 38, the resulting real power LMPs
(i-e., As0, A31, Asq, and Agy) are slightly less than the bid price of the corresponding
generator. This slight reduction is due to the free reactive power availability when
increasing the real power dispatch. The Asg, however, is equal to the bid price of the
generator at bus 38. This is because at bus 38 Block 1 Reactive Powér is not fully
dispatched. The reactive power generation at buses 33, 34, 35, 36, 37, and 38 are
marginal, and hence the resulting reactive power LMPs (i.e., 033, 034, 035, 036, and
o37) are equal to the corresponding Block 2 Reactive Power price of the generator.
However, the reactive power LMP at bus 38, oss, is zero due to the fact that the

Block 1 Reactive Power is not fully dispatched.

7.1.2 LMP Components

The LMP components due to binding constraints (i.e., Vas, Vas, Vas, Vas, Vaz, Vas,
PF3g 99, and DSC) are calculated as explained in Chapter 5 and shown in table 7.6.
Please note that only the components of real power LMPs are presented to clearly
explain the subsequent analysis. However, the components of reactive power LMPs

can also be analyzed in the same way.
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Table 7.5: Network rental for the 39 bus system

Bus LMP Generator Receipt | Consumer Payment
A o P Q P Q

1 |5.89 1.08 0.00 0.00 0.00 0.00
2 1534 091 0.00 0.00 0.00 0.00
3 1544 0.98 0.00 0.00 | 1751.36 2.36
4 1549 1.29 0.00 0.00 | 2747.00 237.36
5 1539 1.34 0.00 0.00 0.00 0.00
6 |[532 1.35 0.00 0.00 0.00 0.00
7 | 551 1.34 0.00 0.00 § 1288.94 112.81
8 |5.59 1.34 0.00 0.00 { 2919.02 236.19
9 [598 1.21 0.00 0.00 0.00 0.00
10 {519 1.31 0.00 0.00 0.00 0.00
11 1524 1.31 0.00 0.00 0.00 0.00
12 | 5.29 1.07 0.00 0.00 39.67 94.16
13 {524 1.29 0.00 0.00 0.00 0.00
14 | 5.36 1.28 0.00 0.00 0.00 0.00
15 | 5.27 1.08 0.00 0.00 | 1686.08 165.55
16 | 5.10 0.81 0.00 0.00 | 1678.23 26.20
17 {5.18 0.76 0.00 0.00 0.00 0.00
18 15.30 0.83 0.00 0.00 836.61 25.02
19 14.96 0.63 0.00 0.00 0.00 0.00
20 | 5.08 0.66 0.00 0.00 | 3192.12 67.77
21 | 4.90 0.68 0.00 0.00 { 1342.05 78.32
22 | 4.63 0.51 0.00 0.00 0.00 0.00
23 | 4.64 0.54 0.00 0.00 | 1149.39 45.60
24 |15.06 0.76 0.00 0.00 | 1559.97 0.00
25 |5.07 0.84 0.00 0.00 | 1134.78 39.55
26 | 5.02 0.55 0.00 0.00 698.34 9.28
27 [ 5.10 0.54 0.00 0.00 | 1433.10 41.00
28 | 4.82 0.40 0.00 0.00 992.51 11.12
29 [4.76 0.29 0.00 0.00 | 1350.31 7.83
30 | 5.15 0.85] 3480.49 80.61 0.00 0.00
31 | 4.45 1.42 1 2265.54 276.24 40.90 6.54
32 1479 1.29| 2871.00 180.46 0.00 0.00
33 | 4.44 0.32| 2442.00 15.33 0.00 0.00
34 |3.66 0.35 469.56 42.90 0.00 0.00
35 | 4.44 0.28 | 2884.70 24.67 0.00 0.00
36 | 4.29 041 214250 8.20 0.00 0.00
37 |14.84 0.55] 3525.82 0.05 0.00 0.00
38 {3.80 0.00| 3040.00 0.00 0.00 0.00
39 |6.15 1.16 | 6145.00 0.00 | 6784.08 290.50
Total 29266.60 628.45 | 32624.47 1497.15
Network Rental 3357.87 868.70
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Table 7.6: LMP components

LMP component
Vas | Vas | Vas | Vig | Var| Vis | PFsgae | DSC

LMP

141 589 028] 0.05|-0.01| 0.00]-0.03|-0.34 0.04 1 0.26
2| 534 0.09| 0.02]-0.01| 0.00-0.01]-0.12 0.05| 0.24
3| 544 0.21| 0.04|-0.02 | 0.00 |-0.04 |-0.28 0.06 | 0.08
4 | 549} 0.26 |-0.05|-0.02 | -0.01 | -0.15 | -0.34 0.03 | 0.29
5| 539 0.22| 0.04|-0.01| 0.00 | -0.04 { -0.29 0.00 | 0.24
6 | 532 0.21| 0.04|-0.01| 0.00 |-0.04 | -0.27 -0.01 | 0.22
71 551 025 0.06]-0.01} 0.00{-0.04|-0.32 0.01] 0.24
8| 559 006 0.05|-0.11} 0.00|-0.14 | -0.34 0.02] 0.06
9 598 026 0.05} 0.00| 0.00|-0.04 | -0.32 0031 0.24

101 519 0.19| 0.04 | -0.02 | 0.00 | -0.04 | -0.27 -0.01| 0.24
11} 524 | 0.20| 0.04 | -0.01 | 0.00 [ -0.04 | -0.27 -0.01 | 0.24
12| 529 | 0.21} 0.04 | -0.02 | 0.00 | -0.04 | -0.29 -0.01| 0.26
13} 524 | 021 | 0.04 |-0.02| 0.00|-0.04|-0.29 0.00{ 0.27
14| 536 | 0.26 | 0.05|-0.02 | 0.00 | -0.05 | -0.36 0.02| 0.33
15| 527 0.35| 0.07 |-0.04 | 0.00 | -0.08 | -0.51 0.07 | 0.44
16| 5.10| 0.36 | 0.07 |-0.05| 0.00|-0.09 | -0.53 0.07 | 047
17 518 0.27| 0.05|-0.03 | 0.00|-0.06 | -0.38 009 035
18| 530 0.26 | 0.05|-0.03 | 0.00 | -0.05 | -0.35 0.08 | 0.03
19| 496 | 056 | 0.11 |-0.08{ 0.00 | -0.14 ; -0.87 0.03| 0.78
20| 508 0.05} 0.15|-0.11|-0.01 {-0.19 | -1.18 004 1.04
21| 490 0.33}] 0.06 |-0.056} 0.00 | -0.08 | -0.49 0.05] 0.49
22, 463 030} 0.06 { -0.06 | 0.00 | -0.08 | -0.46 0.02 | 047
23| 464 | 0.30| 0.06 | -0.06 | 0.00 | -0.08 | -0.46 0.02 | 0.50
24| 506 | 0.35| 0.07{-0.05| 0.00|-0.08|-0.52 0.06 [ 0.483
25| 5.07| 0.02| 0.00| 0.00| 0.00| 0.00|-0.01 0.09 | -0.01
26| 5.02| 004 0.01 | 0.00| 0.00| 0.00|-0.01 0.16 | 0.05
27| 510 0.05| 0.03|-0.02| 0.00 |-0.13}-0.18 0.14 | 0.18
28| 4.821-0.06|-0.01| 0.01) 0.00; 0.02} 0.17 0.23 | 0.07
29| 476 1-0.08-0.02| 0.01; 0.00| 0.02| 0.20 0231 0.11
30| 515 0.00] 0.00| 0.00} 0.00| 0.00| 0.00 0.00{ 0.00
31| 445 | 0.00{ 0.00{ 0.00| 0.00| 0.00| 0.00 0.00 { 0.00
321 4.79| 038 0.08 }-0.06 | 0.00|-0.10 | -0.62 -0.02 | 0.58
331 444 | 038 0.08 |-0.06 | 0.00|-0.10 | -0.62 0.02 | 0.58
34| 3.65| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00 0.00 | 0.00
35| 444 | 0.30| 0.06 | -0.08 | 0.00 | -0.08 | -0.46 0.02] 049
36 | 429 030 0.06 | -0.07| 0.00 | -0.08 | -0.45 0.02] 049
37| 484 0.00| 0.00| 0.00] 0.00}{ 0.00} 0.00 0.00 | 0.00
38| 3.80( 0.00| 0.00| 0.00| 0.00} 0.00} 0.00 0.00 | 0.00
39| 6.15-0.25|-0.05 | -0.10 | -0.01 | -0.03 | -0.30 0.04( 0.20

These components of LMPs show the contribution of each LMP due to each bind-

ing constraint. For example, component due to binding constraints PF3g o9 and DSC
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on Ay are 0.04 and 1.04 respectively. This provides the consumer at bus 20 with
an additional information about the price in the form of contributing components.
Similar information is available for the other consumers as well.

The table 7.6 reveals that higher contributions on LMPs due to binding PFag o9
and DSC are resulted at bus 29 and bus 20 respectively. Furthermore, it can be seen
that the effects of the binding line flow P F3g o9 is localized around bus 29, whereas the
effects of the binding DSC are significant throughout the system. However, consumers
have no information about the effects of transmission losses on their respective LMPs,

instead are embedded in the explicitly expressed components.

7.1.3 Network Rental Components

The power flow tracing is used to determine how each load and the apportioned losses
supplied by each generator. The resulting generator contributions are shown in table
7.7. For example, there is 4.70 MW of associated losses in catering 322 MW at bus 3
and generators at bus 30 and 38 supply this load and the losses in part by 237.61 MW
and 89.09 MW respectively. The important point to note is that the load at bus 31
and part of the load at bus 39 are locally provided by the respective generators and
hence are automatically ignored during the power flow tracing (also note that due to
these loads no network rental is accumulated as the generation and the load are at
the same bus). The remaining portion of the load, however, causes an accumulation
of network rental which is already considered in power flow tracing as shown in table
7.7.

Once the tracing is done, the power system can be viewed as several independent
networks (18 in number for this case), each having a single load. Thus, based on
the proposed method explained in Chapter 5, the network rental components paid
by each consumer are calculated and presented in table 7.8. The real power loss
rental and reactive power loss rental are given in columns 2 and 3 respectively, and

constraint rental due to binding constraints (i.e., Va3, Vaq, Vas, Vag, Var, Vag, PFisg 29,
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Table 7.7: Generator contributions and apportioned losses to each load

Generator pL-app
30 | 31 | 32 | 33] 34] 35 | 36 | 37 | 38

3 1237.61 0.00 0.00 0.00 0.0 0.00 0.00 | 89.09 0.00 | 4.70
4 |165.20 | 83.74 | 203.56 0.00 0.0 0.00 0.00 | 61.94 000 524
7 0.00 | 147.28 | 87.45 0.00 0.0 0.00 0.00 0.00 0.00] 094
8 | 59.34 | 278.55 | 165.39 0.00 0.0 0.00 0.00 | 22.25 0.00| 3.53
12 0.00 0.00 7.57 0.00 0.0 0.00 0.00 0.00 0.00 | 0.07
15 7.25 0.00 | 136.03 | 16.99 0.0 | 108.94 478 | 2387 2586 | 3.72
16 | 12.87 0.00 0.00 | 30.14 0.0 { 193.28 8.48 | 42.36{ 45.89 4.02
18 | 116.82 0.00 0.00 0.00 0.0 0.00 0.00 | 43.80 0.00 | 2.63
20 0.00 0.00 0.00 | 502.87 | 128.8 0.00 0.00 0.00| 0.00| 3.69
21 0.00 0.00 0.00 0.00 0.0 | 275.23 0.00 0.00 0.00 1.23
23 0.00 0.00 0.00 0.00 0.0 | 32.17|215.84 0.00 0.00| 0.51
24 0.00 0.00 0.00 0.00 0.0 | 40.38 | 270.90 0.00 0.00] 2.68
25 0.00 0.00 0.00 0.00 0.0 0.00 0.00 | 224.89 0.00{ 0.89
26 0.00 0.00 0.00 0.00 0.0 0.00 0.00 | 63.39| 77.50 1.89
27 0.00 0.00 0.00 0.00 0.0 0.00 0.00 | 128.86 | 157.54 | 5.40
28 0.00 0.00 0.00 0.00 0.0 0.00 0.00 0.00 | 208.08 | 2.08
29 0.00 0.00 0.00 0.00 0.0 0.00 0.00 0.00 | 285.13 1.63
39| 76.73 0.00 0.00 0.00 0.0 0.00 0.00 | 28.77 0.00 1.50

675.82 | 509.57 | 600.00 | 550.00 | 128.8 | 650.00 | 500.00 | 729.23 | 800.00 | 46.34

and DSC)) are given in the next eight columns in the same order.

At a glance, table 7.8 shows the overpayment made by all the consumers due to the
losses and the binding constraints separately. A closer look reveals that the bulk of the
network rental collected by the ISO is due to the binding DSC for the case considered.
Further, a significant network rental is accumulated in the form of reactive power loss
rental (note that unlike the case study discussed in Chapter 5, the reactive power
loss rental in this case is higher due to reactive power pricing). The binding line flow
PFsg o9 accumulated a rental from consumers at buses 15, 16, 26, 27, 28, and 29. The
generator contributions based on power flow tracing given in table 7.7 confirms that
the generator at bus 38 (which is the constrained-off generator due to the binding
line flow PF3g o9) supplies only to the above loads. This is in agreement with the
LMP components calculated previously, where a higher component is resulted due
to binding PFj3g 29 at bus 29 . Thus, these figures give a good insight to what leads

them to overpay due to the binding line flow P F3g .
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Table 7.8: Components of network rental

Network Rental
total loss rental constraint rental

P | Q| Ves| Vaa| Vas| Vig| Var| Vi | Prisa | DSC

NRps 97.03 | 18.41 | 15111 | -495| -035 | -5.85 | -028 | -12.14 | -15.79 0.00 | -33.12
NRpy | 163.15 | 24.35 | 163.35 | -2050 | -146 | -2421 | -1.14 | -24.65 | -40.40 000 | 87.82
NRpy | 22077 | 1013 | 10478 | -619 | -044 | -7.31 | -03a| -416| -8.11 0.00 | 132.41
NRps | 475.86 | 19.90 | 286.43 | -24.86 | -1.77 | 2036 | -1.38 | -2077 | -37.83 0.00 | 285.48
Nitpig 381 | 043 338 | -114] -008] -1.3¢| -006] -0.86| -1.63 0.00 5.12
NRpys | 20460 | 17.83 | 16152 | -893 | -063 | -18.44 | -0.77 | -14.00 | -28.60 13.82 |  82.81
NRpys | 204.69 | 21.49 | 12225 | -048 | -003 | -1457 | -051 | -1037 | -24.45 2452 | 86.84
NRpig | 3734 | 2301 | 7540 | -4.18| -030{ -494 | -023 | -11.41 | -1425 0.00 | -26.87
NRpaso | 50825 | 5201 | 136.28 | -2691 | 006 | -52.44 | 247 | -4098 | -73.51 0.00 | 516.20
NRpy | 12664 | 1172 | 57.88 | -258 | -018 | -1276 | -0.38 | -2.38 | 427 0.00 | 79.58
NRpas | 8407 | 443 | 2970 | -038| -003| -1.01] -0.38 036 | -0.64 0.00 | 5274
NRpss | 23356 | 26.76 | 106.51 | -4.61 | 033 | -21.67 | -157 | -426 | -7.64 0.00 | 140.38
NRpss | 51.89 | 840 | 53.63 0.00 | 0.00 0.00 | 000 | -555 0.00 0.00 -4.59
NRpas | 106.91 | 2159 { 3504 | .551] 039 ] -651] -031] -6.20| -1021 41.41 | 37.09
NRpyr | 23888 | 66.84 | 9526 | -1515 | -1.08 | -17.89 | -0.84 | -2029 | -42.33 84.18 | 90.18
NRpss | 21192 | 2263 | 3227 | -1475 | -1.05 | -1742 | -082 | 958 | -1216 | 111.19 | 101.62
NRpso | 27465 | 1444 | 17.20 0.00 | o0.00 0.00 | 0.00 000 | -377| 15236 | 94.42
NRpso | 114.06 | 30.80 | 121.13 | -4751 | -339 | -56.12 | -2.64 | -33.33 | -65.13 0.00 | 170.24
3357.87 t 396.07 ‘ 1754.03 | -188.63 l -11.45 ’ -291.85 ) -14.13 ’ -221.27 I -390.72 } 427.49 1898.34

A higher rental is accumulated due to DSC from the consumer at bus 20, which is
also in agreement with the previously calculated LMP components at bus 20. Further,
the rental due to DSC is distributed throughout the system, which is also similar to

that of LMP components.

7.1.4 Discussion

An important point to note is that the resulting LMP component and the network
rental component due to a given binding constraint cannot be directly compared. This
is because the effects of the losses are embedded in the LMP component, whereas they
are explicit in the network rental component. This situation is clearly observed in the
LMP components and network rental components of the binding voltage constraints.
Due to this reason, for a given binding voltage constraint, while the resulting LMP

component is positive, the resulting network rental component could be negative and
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vice-versa. In fact, a closer look reveals that the components of network rental are
shifted relatively downwards with respect to the LMP components and the effects of
this shift is seen as positive contributions to the reactive power loss rental.

Another point to note is that the components of network rental shown in table
7.8 are for the total load, whereas LMP components presented in table 7.6 are for
unit MW or MVAr. In general, LMP components can be calculated for all the buses,
whereas network rental components can only be calculated for load buses. Thus,

these rental components can be considered as consumer-oriented market signals.

7.2 Concluding Remarks

The case study performed using the IEEE New England 39 bus system demonstrated
the application of network rental components in market signal analysis. It has been
shown that these individual components provide supplementary information for the
consumers, in terms of the amounts they overpaid due to marginal losses and binding
constraints.

The results of the case study revealed that even though LMPs provide valuable
information at each location, they failed to provide the effects of the contributing
factors explicitly. On the other hand, the calculated LMP components showed a
detailed description due to all binding constraints. However, the effects of the losses
were implicit to the explicitly available components.

The calculated components of network rental showed the effects of the losses and
the binding constraints explicitly. It has also been shown that LMP components and
network rental components are in good agreement, even though the results of the two

methods cannot be directly compared.
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Chapter 8

Conclusions

8.1 General Conclusions

A new approach to analyze the market signals has been presented by means of compo-
nents of network rental in this thesis. A mathematical analysis has been proposed to
determine these network rental components, by combining the KKT optimality con-
ditions and the power flow tracing. Network rental is the accumulated revenue with
the ISO after settling the transactions. This accumulated revenue is solely paid by
the consumers due to the effects of marginal losses and binding constraints imposed
by the OPF. As the network rental is determined by the above factors, it has been
argued that supplementary market signals are provided by components of network
rental showing the decomposition due to each of the above factors to each consumer.
A case study has also been presented to demonstrate this.

This thesis also highlights the fact that the correct market signals can only be
analyzed, if the operating constraints are correctly modeled in the OPF. Thus, an
effort has been made to mathematically model two such important constraints (i.e.,
reactive power and the dynamic security) in the OPF. The competitive electricity
market has also been modeled using generator bid /quantity pairs for the mathematical
analysis and case studies presented in this thesis.

Chapter 2 investigated the operation of the current electricity markets to de-
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termine a common market framework for the work presented in this thesis. After
reviewing the common features to most of the existing electricity markets, the pool-
based market model has been chosen for the research work presented in this thesis,
due to its competitive framework. Chapter 2 also presented the concept of Locational
Marginal Pricing, which is currently used in most electricity markets together with
some examples to demonstrate how these LMPs are calculated.

Chapters 3 and 4 dealt with incorporating reactive power and dynamic security
related constraints into the OPF respectively. Chapter 3 started with investigating
the present reactive power procurement methods and explaining the different ways
of modeling reactive power in market dispatch. The limitations and the drawbacks
of these methods have been discussed. A new reactive power model considering both
the capability of the synchronous generator and the fairness of reactive power supply
obligation in a competitive market environment has been presented thereafter. The
main features of this model are, (a) generétors are not required to supply reactive
power free of charge when they are not supplying real power, (b) generators are
required to make a minimum amount of reactive power available to the system and
this amount is proportional to the real power, (c) the maximum limit of the reactive
power is determined by the capability curve of the generator and is dependent on the
real power generation. A case study with the proposed reactive power model has been
presented to demonstrate that, (a) real power LMP has a reactive power component,
(b) LMP for reactive power can also be defined, and (c¢) sequential approach may give
rise to an unfair advantage to some participants while the overall solution is inferior
to the simultaneous dispatch.

A brief summary about the system security including both static security and
dynamic security has been presented at the beginning of Chapter 4. The inclusion of
the DSC in the OPF and its effects on nodal pricing have been presented thereafter.
The function to represent the DSC proposed in [51] is differentiable, and thus suitable

for optimization algorithms such as sequential linear programming (SLP) and Newton
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type algorithms. It has been shown that any number of DSCs, each representing a
credible contingency, can be incorporated in the OPF to ensure security of the system
in the event of the contingencies represented by the respective DSCs. A case study
has also been presented to demonstrate the effects of DSC on dispatch as well as on
LMPs.

Having incorporated reactive power and dynamic security issues into market dis-
patch, analyzing the market signals has been discussed in Chapter 5. It has been men-
tioned that LMPs provide crucial market signals for the participants in the present
electricity market. A recently proposed method of LMP components has then been
presented. It has been shown that the decomposed components provide additional
information at each location due to marginal generators and binding constraints, even
though the effects of the losses are not explicitly shown.

A new method to analyze market signals has been proposed later in Chapter 5
by means of components of network rental. In this regard, a method to decompose
the network rental among the consumers into loss rental and constraint rental due to
each binding constraint has been proposed by combining the power flow tracing and
KKT optimality conditions of the NLP-OPF. The rental components for a single load
bus has been calculated by mathematically expressing the network rental in terms of
LMP differences, and substituting those with the implicitly calculated values based on
post processed KK'T' optimality conditions. The proposed method utilized an efficient
way to calculate the LMP difference between two buses by implicitly calculating the
individual components using the post processed KKT optimality conditions of the
NLP-OPF. This has then been extended to a general case of multiple load buses
by tracing the power flow to identify how each load and the associated losses are
supplied by the generators in the system. Some case studies have been presented to
demonstrate the proposed method of analyzing market signals.

In Chapter 6, the software tool developed in C** to incorporate the market signal

analyzing methods has been discussed. It has been decided to implement the OPF in
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the software tool to take the advantage of re-using the matrices created in solving the
OPF. This made determining the market signal together with the optimal dispatch
possible, while taking advantage of re-using the same matrices.

Based on the literature survey of the available OPF solving algorithms, the SLP
and the Newton method were chosen to implement the OPF. The algorithms, im-
plementation issues, and how to include the market signal analyzing methods for
the above two methods, have been discussed. A good convergence was obtained
by dynamically changing the penalty factors in the Newton algorithm and efficient
step length handling in the SLP algorithm. Two algorithms revealed that the.New-
ton method has a good convergence for quadratic or any polynomial cost functions
whereas the SLP method has a good convergence for bids and offers. The performance
of the implemented algorithms has also been presented using various test systems.

Chapter 7 presented a case study to demonstrate the application of the compo-
nents of network rental in analyzing the market signals using the developed software
tool. The IEEE New-England 39 bus system has been chosen with reactive power
and dynamic security related constraints modeled in the OPF. It has been shown
that the components of network rental provide consumer oriented market signals,
which can be considered as supplementary information, in addition to LMPs and

LMP components.

8.2 Contributions
The main contributions of the work presented in this thesis are as follows:

e Proposed a new method to be used in market signal analysis, by determining
the components of network rental. Since network rental is the overpayment
made by all the consumers due to marginal losses and binding constraints, these
individual components show how much each consumer has actually overpaid due

to each of the above factors.
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e Proposed a new reactive power model for a simultaneous dispatch of real and
reactive power, considering both the capability of the synchronous generator
and the fairness of reactive power supply obligation in a competitive market

environment; and incorporated in the OPF.

e Incorporated the dynamic security constraint in the OPF, so that the dynamic

security has been considered simultaneously with the optimal dispatch.

e Implemented a software tool written in C** language to incorporate the OPF
and the market signal analysis methods using two OPF solution algorithms:
Successive Linear Programming method and the Newton method. This enabled

determining the market signals together with the OPF results.

e Demonstrated the suitability of the proposed method of components of network

rental in market signal analysis using a case study.
These contributions have led to the following publications;

e L. Y. C. Amarasinghe, and U. D. Annakkage, “Determination of Network Rental
Components in a Competitive Electricity Market”, Accepted to be published in

IEEE Transactions on Power Systems.

e L. Y. C. Amarasinghe, and U. D. Annakkage, “Analysis of Market Signals
in a Competitive Electricity Market using Components of Network Rental”,

Submitted to the Electrical Power System Research Journal.

e L. Y. C. Amarasinghe, and U. D. Annakkage, “Analysis of Network Rental in
the Competitive Electricity Market”, In proceedings of IEEE Power Engineering
Society General Meeting, Tampa, FL, USA, June 2007.

e L. Y. C. Amarasinghe, U. D. Annakkage, and R. A. S. K. Ranatunga, “A
Reactive Power Model for a Simultaneous Real and Reactive Power Dispatch”,
In proceedings of IEEE Power Engineering Society General Meeting, Tampa,

FL, USA, June 2007.
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e U. D. Annakkage, B. Jayasekara, and L. Y. C. Amarasinghe, “Determination
of an Accurate Dynamic Security Constraint with Applications in Market Dis-
» patch”, Invited paper, In proceedings of PES Power System Conference and
Ezxposition, Atlanta, GA, USA, October 2006.

e L. Y. C. Amarasinghe, B. Jayasekara, and U. D. Annakkage, “The Effect of
Dynamic Security Constraints on the Locational Marginal Prices”, In proceed-
ings of IEEE Power Engineering Society General Meeting, San Francisco, CA,
USA, June 2005.

8.3 Suggestions for Future Research

The work presented in this thesis has focused on developing an effective software tool
to determine market signals by calculating LMPs, LMP components, and network
rental components, after solving the NLP-OPF. The reactive power and dynamic
security constraints were incorporated in this OPF. This software tool uses two algo-
rithms to solve the OPF: the SLP based algorithm and the Newton based algorithm.

The speed of execution and the convergence issues can be further improved to
make the software tool a reliable one. Theoretically attractive methods have been
proposed in the literature in achieving thdse objectives. Some of these techniques
such as (a) incorporating sparsity techniques in matrix manipulation; (b) application
of Quasi-Newton methods in the Newton algorithm; (c) improving the effective step
length handling in both algorithms; and (d) combining these two algorithm at different
stages of the solution process, can be incorporated to the software tool to make it a
reliable one.

The availability of the OPF within the software tool allows performing computa-
tional experiments to gain further insight into the operation of the electricity market.
One such analysis is to determine the associated risk due to ignoring the dynamic
security of the system. In fact, the contribution in LMP due to each incorporated

DSC can be separately calculated using this software tool, which in turn can be used
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to determine the additional cost to ensure the dynamic security against a considered
contingency. This could be then compared with the risk associated with the occur-
rence of that contingency which depends on the probability of the occurrence of the
contingency and the cost of exposing the power system to that contingency. Thereby,
a decision can be made based on quantitative information, whether or not to ignore
the corresponding contingency represented by the DSC in market dispatch from the
economical and reliability point of view.

Currently, in most electricity markets, the collected network rental is redistributed
among the market participants through a Financial Tradable Right (FTR) auction.
The FTR holder (does not necessarily have to be a consumer) has the right to receive
the LMP difference between two buses for a contrac;ted amount of real power. In fact,
the proposed method determines how each consumer has actually contributed to the
network rental using the general NLP-OPF. Thus, it would be interesting to look at
how these proposed network rental components could be used in redistributing the
collected network rental.

The reactive power model proposed in this thesis is for a synchronous generator.
This model was used in the OPF for a simultaneous dispatch of real and reactive
power, assuming that the synchronous generators are the only source in providing
reactive power. However, in reality, there are some other reactive power sources such
as synchronous condensers, capacitor banks, and static var compensators connected
to different locations of the system. Thus, the effects of these reactive power sources
have to be incorporated in the OPF for an economical utilization of the reactive

power, while compensating for their services.
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Appendix A

Test Systems Data

All per-unit quantities are given with respect to a per-unit base defined by 100 MVA
and 500 kV.

A.1 IEEE 39 bus system
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Figure A.1: Single line diagram of IEEE New England 39 bus system
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Table A.1: Real and reactive power loads for IEEE New England 39 bus system

3 322.00 2.40
4 500.00 184.00
7 233.80 84.00
8 522.00 176.00
12 7.50 88.00
15 320.00 153.00
16 329.00 32.30
18 158.00 30.00
20 628.00 103.00
21 274.00 115.00
23 247.50 84.60
24 308.60 -92.20
25 224.00 47.20
26 139.00 17.00
27 281.00 75.50
28 206.00 27.60
29 283.50 26.90
31 9.20 4.60
39 1104.00 250.00

Table A.2: Transmission line data for IEEE New England 39 bus system
i | J {7y (pu) [ 2y (o) [ by (pu)
11 2 |0.00350 | 0.04110 | 0.69870
39 | 0.00100 | 0.02500 | 0.75000
3 10.00130 | 0.01510 | 0.25720
25 1 0.00700 | 0.00860 | 0.14600
30 | 0.00000 | 0.01810 § 0.00000
4 1 0.00130 | 0.02130 | 0.22140
18 | 0.00110 | 0.01330 | 0.21380
5 1 0.00080 | 0.01280 | 0.13420
14 1 0.00080 | 0.01290 | 0.13820
6 | 0.00020 | 0.00260 | 0.04340
8 | 0.00080 | 0.01120 | 0.14760

Ot Ok b WO W N B B
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Table A.3: Transmission line data for IEEE New England 39 bus system Contd.
i | j |7y (pu) [2y (pu) | by (pu)

7 | 0.00060 | 0.00920 | 0.11300

6 | 11 | 0.00070 | 0.00820 | 0.13890

6 | 31 | 0.00000 | 0.02500 | 0.00000

7

8

(@)

8 | 0.00040 | 0.00460 | 0.07800
9 |0.00230 | 0.03630 | 0.38040

9 |39 |0.00100 | 0.02500 | 1.20000
10 | 11 | 0.00040 | 0.00430 | 0.07290
10 | 13 | 0.00040 | 0.00430 | 0.07290
10 | 32 { 0.00000 | 0.02000 { 0.00000
11 | 12 | 0.00160 | 0.04350 | 0.00000
12 1 13 | 0.00160 | 0.04350 | 0.00000
13 | 14 | 0.00090 | 0.01010 | 0.17230
14 | 15 | 0.00018 | 0.02170 | 0.36600
15 | 16 | 0.00090 | 0.00940 | 0.17100
16 | 17 | 0.00070 | 0.00890 | 0.13420
16 | 19 | 0.00160 | 0.01950 | 0.30400
16 | 21 | 0.00080 | 0.01350 | 0.25480
16 | 24 | 0.00030 | 0.00590 ] 0.06800
17 | 18 | 0.00070 | 0.00820 | 0.13190
17 | 27 | 0.00130 | 0.01730 | 0.32160
19| 20 | 0.00070 | 0.01380 | 0.00000
19 | 33 |{ 0.00070 | 0.01420 | 0.00000
20 | 34 | 0.00090 | 0.01800 | 0.00000
21 | 22 | 0.00080 | 0.01400 | 0.25650
22123 | 0.00060 | 0.00960 | 0.18460
22| 35| 0.00000 | 0.01430 | 0.00000
23 | 24 | 0.00220 | 0.03500 | 0.36100
23 | 36 | 0.00050 | 0.02720 | 0.00000
25126 | 0.00320 | 0.03230 | 0.51300
25 | 37 | 0.00060 | 0.02320 { 0.00000
26 | 27 | 0.00140 | 0.01470 | 0.23960
26 | 28 | 0.00430 | 0.04740 | 0.78020
26 | 29 | 0.00570 | 0.06250 | 1.02900
28 | 29 | 0.00140 | 0.01510 | 0.24900
29 | 38 | 0.00080 | 0.01560 | 0.00000

141



APPENDIX A - TEST SYSTEMS DATA

A.2 IEEE 30 bus system
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Figure A.2: Single line diagram of IEEE 30 bus system

Table A.4: Real and reactive power loads for IEEE 30 bus system

i | Ppi MW) | Qp; (MVAr)

i | Po: (MW) | Qp; (MVAT)

17 9.0 5.8
18 3.2 0.9
19 9.5 3.4
20 2.2 0.7
21 17.5 11.2
23 3.2 1.6
24 8.7 6.7
26 3.5 2.3
29 24 0.9
30 10.6 1.9

2 21.7 12.7
3 24 1.2
4 7.6 1.6
7 22.8 10.9
8 30.0 30.0
10 5.8 2.0
12 11.2 7.5
14 6.2 1.6
15 8.2 2.5
16 3.5 1.8
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Table A.5: Transmission line data for IEEE 30 bus system
i | g | riy (pw) | 2y (pu) [ by (pu)
1 | 2 ]0.01920 | 0.05750 | 0.05280
0.04520 | 0.18520 | 0.04080
0.05700 | 0.17370 | 0.03680
0.01320 | 0.03790 | 0.00840
0.04720 | 0.19830 | 0.04180
0.05810 | 0.17630 | 0.03740
0.01190 | 0.04140 | 0.00900
0.04600 | 0.11600 | 0.02040
0.02670 | 0.08200 | 0.01700
0.01200 | 0.04200 | 0.00900
0.00000 | 0.20800 | 0.00000
0.00000 | 0.55600 | 0.00000
0.00000 | 0.20800 | 0.00000
0.00000 | 0.11000 | 0.00000
0.00000 | 0.25600 | 0.00000
0.00000 | 0.14000 | 0.00000
0.12310 | 0.25590 | 0.00000
0.06620 | 0.13040 | 0.00000
0.09450 | 0.19870 | 0.00000
0.22100 | 0.19970 | 0.00000
0.08240 ; 0.19230 | 0.00000
0.10730 | 0.21850 | 0.00000
0.06390 | 0.12920 | 0.00000
0.03400 | 0.06800 | 0.00000
0.09360 | 0.20900 | 0.00000
0.03240 | 0.08450 | 0.00000
0.03480 | 0.07490 | 0.00000
0.07270 | 0.14990 | 0.00000
0.01160 | 0.02360 | 0.00000
0.10000 | 0.20200 | 0.00000
0.11500 | 0.17900 | 0.00000
0.13200 | 0.27000 | 0.00000
0.18850 | 0.32920 | 0.00000
0.25440 | 0.38000 | 0.00000
0.10930 | 0.20870 | 0.00000
0.00000 | 0.39600 | 0.00000
0.21980 { 0.41530 | 0.00000
0.32020 | 0.60270 | 0.00000
0.23990 | 0.45330 | 0.00000
0.06360 | 0.20000 | 0.04280
0.01690 | 0.05990 | 0.01300
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Appendix B

Constrained Optimization

In this appendix, some fundamental concepts related to the constrained optimization
are presented. This includes the formulation of the Optimal Power Flow (OPF)
program, formulation of the Lagrange equation and the presentation of necessary
conditions for optimality. -

The OPF program determines the optimal generation dispatch subjected to a
given set of constraints which basically represent the physical and operating capa-
bilities of the power system [20]. Mathematically, the OPF problem can be written

as,

optimize  f(z)
subject to g(z) =0 (B.1)

h(z) <0

where x represents the decision variables for which the OPF being solved; f(z)
is the objective function that being optimized; g(z) are the equality constraints that
include the active and reactive power balance equations at each bus; and h(z) are the
device limits due to the physical and operating capabilities of the power system.

This OPF can be written in the expanded form by considering that there are N
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equality constraints, R inequality constraints and M decision variables, as:

optimize  f(z)

subject to  g,(z) =0 vn (B.2)
he(z) <0 Vr
Ty < 2" Ym
xzin <z Vm

Note that for the sake of clear explanation, inequality constraints representing the
lower and upper bound of a variable are explicitly shown separate from the remaining
inequality constraints.

The constrained optimizing problem given in (B.2) can be written as an uncon-
strained optimization problem using the Lagrangian function, L [1], [21] as given in

(B.3).

:v)+z/\ 9n :z:)+Z,u,r:rh
+ Z ,)/:I;T(xm _ maz _{_ Z mzn _ xm) (B3)
m=1

The elements of vector A\ are the Lagrange multipliers associated with equality
constraints. The elements of vectors u, v, v~ are the Lagrange multipliers associated
with inequality constraints. These Lagrange multipliers indicate the sensitivity of the
Lagrangian function to a change in the corresponding constraint.

The Karush-Kuhn-Tucker conditions or the KKT conditions are the most impor-
tant theoretical results governing the necessary condition for the optimality conditions
[21]. The KKT conditions for the Lagrangian equation given in (B.3) can be written
8'87

oL ZXFagn z) Z Tah byt —m =0, m=1,...,M (B.A4)

O 3xm Tm ™ Vm
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g)\%:gn(x)z(); n=1,...,N (B.5)
An # 0; n=1...,N (B.6)
wrhe(z) = 0; r=1,...,R (B.7)
Vi (@ — ) = 0; m=1,...,.M (B.8)
(™ — g, ) = 0; m=1,...,.M (B.9)

By Vs Y 2 0 (B.10)

The Lagrange multipliers associated with the equality constraints (i.e., A’s) are
always non-zero. Further, the multipliers associated with all inequality constraints
(i.e., p’s, v"’s and y7’s) are always nonnegative (this is due to the fact that the
inequality constraints in the OPF formulation in (B.1) are written as ‘less than or
equal’ type constraints).

If a particular inequality constraint is binding at the solution, then the correspond-
ing Lagrange multiplier is non-zero, and if the inequality constraint is non-binding
at the solution, then the corresponding Lagrange multiplier is zero. Equations (B.7),
(B.8) and (B.9), which are known as ‘complimentary slackness conditions’, ensure
that the above condition is met.

The variables z,,’s are constrained by an upper limit and a lower limit as given
in (B.2). As the upper and lower limits are different, the respective variables can’t
be on both limits at the same time. Therefore, at least one of the multipliers must
always be zero. Hence, a single multiplier can be used to represent the shadow cost

of a lower and upper bound variable.
TV =0 == Y = 7 — Vm

Based on the value of the shadow cost, the following conclusions can be made.
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if,
VY >0 =yt >0,v,=0 = z, =z

m

Yo <0 =t =0,7,>0 = z,=17"

m

Ym=0 =>y-=0,7.=0 = z™" <z, <7
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Appendix C

LMP Relationships

In this appendix, the mathematical derivation to obtain the LMP relationships is

presented. For a 3 bus system, (5.72) can be written in the expanded form as,

If real and reactive power LMPs at bus 1 are known, then the rows corresponding
to real and reactive power balance equations at bus 1 (i.e., rows 1 and 4) are deleted.

To make the matrix square, columns corresponding to real and reactive power price

at bus 1 (i.e., A; and o) are taken out as,

8G1 (x)
Ve

0G1 (=)

A%
)\1 8 +0o,
0G1 ()
002

9G1(x)
003

8G1(z)
oV
9G1(x)
Vs
8G1(z)
962
8G1(x)
083

8Gi(x) 0Ga(z) 08G3(z) 0Gi(z) 06Ga(z) 0Gs ()
oy oV A%l ovy oy A%]
8Gi(x) 9Ga(z) 0Gs(z) 0Gi(z) 08Ga{z) 0G3(x)
Vs oV oV Vo Va OV
8Gi(x) 0G2(z) 08Gs3(z) 8Gi(z) 8Ga(z) 0Ga ()
Vs Vs 8Vy oV oV oV
8Gi(z) 0Ga(z) 0Ga(z) 0Gi(z) 06Galz) 0G3 (x)
961 061 061 861 061 961
8G1(z) O0Ga(z) 08G3(z) 9Gi(z) 8Ga () OG3(z)
002 002 2 862 864 002
9G1(z) 0Ga(z) 0G3(z) 8Gi(z) 0Ga(z) 0Gs(z)
063 863 03 803 063 003

A1
A2
A3
(%51

02

O3

8Ga(z) O0Gs(z) 0Ga(z) 0Ga(z)
Ve vy Vo oV
8Ga(z) 0G3(z) 8Ga{z) 0Gs(x)
1%} oV oVa oV3
8G2(z) O8Gs3(z) 8Ga(x) OGs(x)
862 802 802 002
9G2(z) O8G3(z) 8Ga(x) 8Ga(x)
083 a3 903 003
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€1
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di
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Therefore, the remaining LMPs can be expressed as,

where,

A2
A3
)

O3

[ oci(z) ] 80 ()
6V2 aV2
8G1(x) G (x)
Vs oV
—'-)\1.U. 8 —Ul.U. . 8
0Gy(z) 0G4 (x)
392 692
G (z) 8G1(x)
893 003
[ 8Ga(z) 0Gi(z) Ta(z) 8Ca(z)
OV oV Vo oVa
8Ga(z) 08Gs(z) 0Ga(z) 0Ga(x)
U— oV V3 oV oVs
8Ga(z) 0Ga(z) 8Ca(z) OGs(z)
505 50, 505 502
8Ga(z) 8G3(z) OGa(z) OGs(x)
503 003 903 505
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Appendix D

Power Flow Tracing using Bialek

Method

In this appendix, the theoretical background behind the Bialek power flow tracing
method is presented.

Let P/™ be the unknown gross nodal power flow through bus ¢ and PFJ* be
the unknown gross line flow in line connected to bus 7 and j, both of which would
flow in lossless system that was fed with the actual generation. Consequently the
gross line flows at either ends are same (i.e., PEJ " = PF*).

The gross power flow through bus ¢, P/"*** can be written as,

Pgro.ss . Z PFgro.ss )
K
jea‘l-ﬂ-
where o is the set of buses supplying directly to bus ¢ and P,; is the actual generation
at busi (i.e., ), P;;). Now assuming that the transmission losses are small compared

to that of line flow,

gross
PFITOss — pRIross _ PF Pgross ~ PEn
ij 7t Pg'ros.s .P]

J
This corresponds to the assumption that the distribution of gross flows at any node
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is same as that of the actual flows.

] F; i TOSS .
pros 3 PEji PIes = B, Vi

jEain 7

Angross — Pg

where P97°*° is the unknown vector of gross nodal flows, P, is the vector of actual

nodal generation and A, is the upstream distribution matrix having 5" element of

1, for i=34;
[Au)i; = —%F;j—', for j € o™ ;
0, otherwise.

gross __ —1
P - Au PQ

This shows how each gross nodal power is supplied by generators in the system.
Hence, the gross line flow, PFJ* can be calculated using the proportional sharing
principle as,

TOSS P ‘Fig'mss rosé P -Fz —
PFG* = —P—_H—TJ%T‘Pig = —P‘J‘ > [Auz' Pe
1 1 t

This shows the contribution of generation in each gross line flows. Similarly, the

gross demand at bus 4, P3**° can be calculated as,

gross
paross _ PDi pIToss _ PDi [A ]—1P
Di pyToss i ) ulit -+ gt
3 T t

Therefore, the losses apportioned to each load, PL-PP can be calculated as,

L_app __ pgross
plope — pgross _ py,



CAISO
CCT
DSC
DSCOPF
ERCOT
FERC
FTR
IEEE
ISO
KKT

LF

LMP

LP
LP-OPF
LRMC
MCP
MISO
NE

NLP
NLP-OPF
NYISO
OPF
PJM

SF

SLP
SMD
SRMC

Acronyms

California Independent System Operator

Critical Clearing Time

Dynamic Security Constraint

Dynamic Security Constraint Optimal Power Flow
Electric Reliability Council of Texas

Federal Energy Regulatory Commission

Financial Tradable Right

Institution of Electrical and Electronics Engineers
Independent System Operator
Karush-Khun-Tucker

Loss Factor

Locational Marginal Price

Linear Programming

Linear Programming based Optimal Power Flow
Long Run Marginal Cost

Market Clearing Price

Midwest Independent System Operator

New England

Nonlinear Programming

Nonlinear Programming based Optimal Power Flow
New-York Independent System Operator

Optimal Power Flow

Pennsylvania-New Jersey-Maryland

Shift Factor

Successive Linear Programming

Standard Market Design

Short Run Marginal Cost
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