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Abstract

The research work presented in this thesis dissussgious complex issues
associated with reactive power management andngrici the context of new
operating paradigms in deregulated power systemogoping appropriate policy
solutions. An integrated two-level framework foacéve power management is set
forth, which is both suitable for a competitive iketr and ensures a secure and
reliable operation of the associated power sysf€ne framework is generic in
nature and can be adopted for any electricity masdteicture. The proposed
hierarchical reactive power market structure cosgwitwo stages: procurement of
reactive power resources on a seasonal basiseahtime reactive power dispatch.
The main objective of the proposed framework igpitovide appropriate reactive
power support from service providers at least ceodtjle ensuring a secure
operation of the power system.

The proposed procurement procedure is based onosstep optimization
model. First, the marginal benefits of reactive powupply from each provider,
with respect to system security, are obtained Iyirep a loadability-maximization
problem subject to transmission security constsaimiposed by voltage and
thermal limits. Second, the selected set of geoesas determined by solving an
optimal power flow (OPF)-based auction. This auttimaximizes a societal
advantage function comprising generators' offeis taeir corresponding marginal
benefits with respect to system security, and ctamgig all transmission system
constraints. The proposed procedure yields thetseleset of generators and zonal
price components, which would form the basis fassaal contracts between the

system operator and the selected reactive poweicegroviders.



The main objective of the proposed reactive powispaich model is to
minimize the total payment burden on the Indepeh@ystem Operator (ISO),
which is associated with reactive power dispatche Teal power generation is
decoupled and assumed to be fixed during the xeapthwer dispatch procedures;
however, the effect of reactive power on real poiseronsidered in the model by
calculating the required reduction in real powetpot of a generator due to an
increase in its reactive power supply. In this casal power generation is allowed
to be rescheduled, within given limits, from theeady dispatched levels obtained
from the energy market clearing process. The pregaéspatch model achieves the
main objective of an ISO in a competitive electyicnarket, which is to provide the
required reactive power support from generatordeast cost while ensuring a
secure operation of the power system.

The proposed reactive power procurement and dispatdels capture both
the technical and economic aspects of power sysiparation in competitive
electricity markets; however, from an optimizatipoint of view, these models
represent non-convex mixed integer non-linear @wgning (MINLP) problems
due to the presence of binary variables assocaidd the different regions of
reactive power operation in a synchronous gener&och MINLP optimization
problems are difficult to solve, especially for anotual power system. A novel
Generator Reactive Power Classification (GRPC) rélgo is proposed in this
thesis to address this issue, with the advantageitestively solving the

optimization models as a series of non-linear mogning (NLP) sub-problems.

The proposed reactive power procurement and dispatwodels are
implemented and tested on the CIGRE 32-bus syst#im several case studies that
represent different practical operating scenaridse developed models are also
compared with other approaches for reactive powewigion, and the results

demonstrate the robustness and effectiveness oprtipsed model. The results



clearly reveal the main features of the proposedetsofor optimal provision of
reactive power ancillary service, in order to gsh#& requirements of an ISO under

today’s stressed system conditions in a competitigeket environment.
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Chapter 1

Introduction

1.1 Research Motivation

Traditionally, electric utilities have been verllgantegrated monopolies that have
built generation, transmission, and distributionilfies to serve the needs of the
customers in their service territories. For thetpdscade, the electric power
industry has been going through a process of tiansand restructuring by moving

away from these vertically integrated monopolied towards competitive markets.

This has been achieved through a clear separatatwebn transmission and

generation activities, as well as by creating caditipe in the generation sector.

This restructuring process has created certairs @aservices such as frequency
regulation, energy imbalance, voltage and reagboeer control, and generation

and transmission reserves, which are essentibetpawer system in addition to the
basic energy and power delivery services. Thisratless of services is referred to
asancillary servicesand they are needed to ensure system secutighiliey and

efficiency.

Ancillary services are no longer an integral pdrthe electricity supply, as
they used to be in the vertically integrated powmeustry structure, since they are
now unbundled and priced separately. The Indepar@gstem Operator (ISO) is
the entity entrusted to provide ancillary servite®ugh commercial transactions
with ancillary services providers. In a competitigrvironment, the provision of
these services must be carefully managed so tleapdlwver system requirements

and market objectives are adequately met.
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The Federal Energy Regulatory Commission (FERCXxlcaled in its Order
N0.888, April 1996, that reactive power supply anttage control from generators
is one of the six ancillary services that transmrsgproviders must include in an
open access transmission tariff. It also stated mbactive power from capacitors
and FACTS controllers, installed as a part of tt@gsmission system, isot a
separate ancillary service [1]. However, there wreent recommendations for
considering reactive power provision from thesersesi and to recognize them as
ancillary services that are eligible for finanaaimpensation [2]. FERC Order 2003
further states that a reactive power provider showit be financially compensated
when operating within a power factor range of d&jging and 0.95 leading, but an

ISO may change this range at its discretion [3].

Adequate provision of reactive power is essentiglower systems in order to
ensure their secure and reliable operation. Reagiower is tightly related to bus
voltages throughout a power network, and hencetiveapower services have a
significant effect on system security. Insufficieetictive power supply can result
in voltage collapse, which has been one of theorea$or some major blackouts
worldwide [2]. The US-Canada Power System Outagsk Tleorce states in its
report that insufficient reactive power was an ésu the August 2003 blackout,
and it recommended strengthening the reactive pawervoltage control practices
in all North American Electric Reliability CoundiNERC) Regions [4].

In the erstwhile vertically integrated power systetnucture, provision of
reactive power by utilities was embedded within ¢hextricity supply to customers.
However, in the deregulated power system structesstive power is managed and
priced separately as an ancillary service. Competiin generation makes it
important to consider the development of a reagimser market that complements
the existing energy market. In spite of the facttthe cost of reactive power

production is much less than that of real poweactige power is critical to system
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reliability since its sufficient provision is nesasy to avoid an extremely costly
system collapse. Moreover, under stressed systemditmms, reactive power

requirements from some generators are only meteaekpense of reducing their
real power output, and hence they significantlyréase the cost associated with

reactive power production.

Currently, most power system operators procuretikgapower services from
available providers based on operational experianceexpected voltage problems
in the system. In real-time, most system operatses power flow programs to
dispatch reactive power from the already contrageukerators. However, there are
several issues and concerns associated with tmentyrocurement practices and
pricing policies for reactive power which call flurther systematic procedures to
arrive at more efficient service management anéicseifit reactive power support
for a more reliable power system [2]. Some of thesaes are technical limitations
associated with power system operation, wherear#re policy issues related to
the rules under which the electricity market opesain a certain jurisdiction.

Technical issues include the following:

1. The high losses associated with transferring reagbower require that it
should be provided locally. This localized natufeeactive power results in
fewer suppliers generally available to provide tbactive power needed at
any individual location. These suppliers are likiglyjhave significant market

power.

2. The worth of 1 Mvar of reactive power support widgspect to voltage
control and system security varies across the mystEhe benefits of
reactive power from generators, with respect taesyssecurity, have to be
considered in the procurement of reactive power revithe contracted
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suppliers are determined. Currently, most systemraiprs rely on their

experience to determine these contracted generators

3. It is necessary to consider the effect of reacpesver production of a
synchronous generator on its active power generatie. the effect of
reactive power dispatch on active power dispateitl Bence on system
security. There are certain situations where reacfiower requirements
from a generator can only be met at the cost oficed its active power
output. Such rescheduling in active power dispatdight result in an

insecure operating condition.

4. Spot energy market prices are volatile, and thégcafeactive power prices.
This will be a significant issue if reactive powsrto be managed in the
same time frame of active power, since reactivegvgwices will be highly

affected by the energy market prices in this case.

5. There are two ways reactive power ancillary sesviaee provided: short-
term dispatch versus long-term procurement. If treagower is provided
based on a short-term dispatch, then several issugs as energy market
price volatility and the effect of reactive power active power and system
security will arise. On the other hand, long-tenmagurement can solve most

of these issues, but it does not consider real-tipggating conditions.

Policy issues, on the other hand, include the Wahg:

1. Optimal procurement of reactive power is not alwagkievedj.e. 1ISOs do
not purchase reactive power at least-cost. In a petiive market
environment, reactive power services should beciefitly provided from

the most reliable and lowest-cost sources.
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2. Reactive power ancillary services are not providsd considering all
available sources; only reactive power from gemesais considered as an
ancillary service and is eligible for financial cpensation. This decreases
competition due to a lower number of market pgraais, and allows for

market power to be exercised by certain serviceigeos.

3. Poor financial incentive and discriminatory paynsergsulting in generators
not being equally compensated. Unless reactive posuppliers are
encouraged to participate in fair agreements, thélynot be willing to
provide these services. This impedes adequate w@fidient provision of
reactive power support, and it may result in limiteumber of service

providers, leading to an inefficient market opeati

4. There is a lack of transparency and consisteng@janning and procurement
process for reactive power services. This may tesun inefficient supply
of reactive power support, since reactive powerdseend reserves are not

clearly defined by existing standards.

5. Interconnecting standards are assumed to be itisen® local needs,e.
without considering that reactive power needs may ¥rom one location

to another.

For a competitive reactive power market to be dgyed, the above issues have
to be carefully examined. New policy solutions andrket structures need to be
proposed that fit into the new shift of paradignopgration of the power system. In
a competitive electricity market, the objective tbk 1SO should be to provide
reactive power ancillary services from possiblesiser providers at the least cost,
while ensuring a secure operation of the poweresystAppropriate pricing

structures and payment mechanisms, which effegtinedlect the cost components
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associated with reactive power production, are thegded by the I1ISO in order to

achieve such an objective.

1.2 Review

1.2.1 Reactive Power Management in Different Deregulated Markets

Reactive power management and payment mechanigfas fdom one electricity
market to another, and no uniform structure or gtesias yet evolved. In most
cases, the ISO enters into contracts with the iksagbower providers for
procurement of their services. These contractsusrelly bilateral agreements

based on ISO experience, rather than on well faatedloptimal procedures.

Currently in North America, according to NERC's @mg Policy 10 [5],
only synchronous generators are compensated fativegoower provision. The
New York ISO (NYISO) uses an embedded cost basedngrto compensate
generators for their reactive power services, aatso imposes a penalty for failing
to provide reactive power [6]. Generators are asmpensated for their lost
opportunity costs if they are required to produeactive power by backing down
their real power output. Such opportunity cost pegta also exist in PJM
Interconnection [7] and California ISO (CAISO) [@rovision of reactive power
services in the California system is based on lemgy contracts between CAISO
and reliable must-run generators; generators aredated to provide reactive
power within a power factor range 0.9 lagging t@50eading. Beyond these limits,
the generators are paid for their reactive poweluding a lost opportunity cost

payment.

The Independent Electric System Operator (IES@ntario, Canada, requires

generators to operate within a power factor rarffgg®lagging to 0.95 leading and
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within a +/-5% range of its rated terminal voltagée IESO signs contracts with
generators for reactive power support and voltagegrol, and generators are paid
for the incremental cost of energy loss in the wigd due to the increased reactive
power generation. The generators are also paitley are required to generate
reactive power levels that affect their real podspatch, receiving an opportunity

cost payment at the energy market clearing pricariy power not generated [9].

Among other international practices, in Austraignchronous condensers also
receive payments for providing reactive power afrarn generators [10]. On the
other hand, Sweden follows a policy wherein reactpower is supplied by
generators on a mandatory basis and without arandial compensation. In the
Netherlands, individual network companies have rawvige for their own reactive
power, usually through bilateral contracts withadbgenerators, who are only paid

for the reactive capacity but not for reactive gyda 1].

In the United Kingdom, the Transmission System @uer (TSO)-National
Grid Electricity Transmission (NGET) invites halégrly tenders for both
“obligatory reactive power services” which corresgdo the base reactive power
each generator is required to provide, and “entthmeactive power services” for
generators with excess reactive power capabilitiBisere are two payment
mechanisms: a default payment agreement, where thetlyenerator and NGET
enter into an agreement for service provision aaghments; and a market-based

agreement, where generators submit their reactweepbids to the NGET [12].

From the brief review of utility practices aboveis clear that there is no fully
developed structure for competition or pricing ehctive power services in any
system. Moreover there is no unified framework, varsally acceptable, for
reactive power management practices that have aj@®@| post-deregulation. In

some cases the pricing is based on fixed contrpajanents, and in other cases
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based on gross system usage (embedded cost), iwlolber markets there is no
mechanism for payments. Even the classificatiothefobligatory reactive power
band is quite amad hocprocess that varies across 1SOs without follovang well-
defined criterion, apart from the operator’s expece. Moreover, the ISOs do not
have any well defined reactive power managementesysn their operational
portfolio that could create an optimal provision ofactive power service

considering all the issues arising from competition

1.2.2 Review on Reactive Power Pricing and Management

Traditionally, reactive power dispatch has alwagerbviewed by researchers as a
loss minimization problem, subject to various systeonstraints such as nodal
active and reactive power balance, bus voltagedinand power generation limits
[13]-[16]. Another approach has been to dispatelttree power with the objective
of maximizing the system loadability in order tonmmize the risk of voltage
collapse [17], [18]. Furthermore, multi-objectivgtinization models have also
been proposed for the reactive power dispatch pnobln these models, reactive
power is dispatched to achieve other objectivesddition to the traditional loss
minimization, such as maximizing voltage stabilityargin [19], or minimizing the

voltage and transformer taps deviation [20].

The “traditional” dispatch approaches do not coersitie cost incurred by the
system operator to provide reactive power. Onenefreasons for this is that, in a
vertically integrated system, all generators wenelen the direct ownership and
control of the central operator, and hence reagioxer payments were bundled in
the energy price. However, after the liberalizatafnelectricity markets, reactive
power has been recognized as an ancillary serwibe purchased separately by the
ISO [1], [3].
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Researchers have been working at grasping vargsuges in reactive power
pricing and management in the context of the neweratmg paradigms in
competitive electricity markets. Technical and exuit issues associated with
pricing of reactive power, along with its optimakopision, have received
significant attention. Appropriate pricing struaarshould be developed in a way
that effectively reflect the different cost compotgeassociated with reactive power
production from synchronous generators, which hee dervice providers in this
case. Accordingly, several approaches have beeorteebin the literature for
identifying and analyzing these cost component$-[24], which are mainly due to
additional losses incurred by a generator when ighoy the required reactive

power support.

Lamont and Fu have provided in [22] a comprehenanedysis of the various
economic costs of reactive support from both gdimeraand transmission sources.
The reactive power cost from generation sourcesliveded into explicit and
opportunity costs; explicit costs mainly comprike tapital cost for reactive power
production, while opportunity costs account for theduction in real power
generation as a result of increased reactive ppvaetuction. The authors have then
proposed a cost-based reactive power dispatchntiv@tnizes the total reactive
power costs from generation and transmission seusghile maintaining all bus

voltages within specified limits.

Luiz da Silvaet al have discussed in [23] the practical issues meldte
establishing a suitable cost structure for reacpesver production, as well as
developing appropriate payment mechanisms for ikgapbower providers. Costs of
reactive power production are divided into fixegital costs and variable costs. A
detailed analysis was carried out for differentiafale costs associated with reactive
power production from various sources, includingnagators, synchronous

compensators, static compensators, and shunts imapacThe authors have
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proposed that payments for generators operatingyashronous compensators
should be determined based on the operating tindereal power consumption,
rather than on reactive power production or absmmptCertain reactive power
sources€.g.capacitors and on-load tap changers), they asiild be considered

as part of the transmission network and not adlanceervices providers.

Gross et al have examined in [24] the variable costs of reactpower
production/absorption by a generator, identifyinige t most dominant cost
component. The authors have ignored the losse<iatsh with reactive power
generation within the generator capability curvesyd referred instead to
opportunity costs, which occur when the generatacines its capability curve and
is required to reduce its real power generationraer to meet the reactive power
requirements, as the dominant component of theiveagower cost structure. The
authors have also argued that generators shouwdbertompensated by the ISO for
this dominant cost component as an incentive totme&ctive power support

requirements.

Based on these analyses, the cost of reactive p@naduction from a
synchronous generator can be divided into two mges: fixed cost and variable
operating cost. Figure 1.1 shows a typical generaactive power cost
characteristic in which the two types of costs am@wn [21]. The fixed cost
typically denotes a part of the generator’s captadt that goes toward providing
reactive power; hence, it is difficult to separties cost component from the total
plant capital cost. The variable cost includes tmwain components: a first
component arising from the increased losses iratheture and field windings of
the generator because of an increase in its reagwer output, and a second
component associated with the cost of opportuosy if the generator is required to
reduce its real power generation in order to meetréactive power requirements

assigned by the ISO.
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Figure 1.1 Cost of reactive power production frosyachronous generator.

Reactive power pricing policies have been typicdlsed on power factor

penalties. However, with the development of remletior spot pricing theory [25],

there has been significant interest in their ajpilon in the context of competitive

electricity markets. Baughman and Siddiqi haveonhticed real-time pricing for

reactive power in [26], based o
reactive power at a given bus. T

operating expense incurred by

n the hourly margowsts of providing real and
hese marginal cedtieh correspond to the added

the utility to seare incremental demand, are

obtained by solving an optimal power flow (OPF) tthainimizes the total

generation cost subject to operation constrairas iticlude load flow equations,

active and reactive generation |

limits.

imits, bus voltagets, and transmission system
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The physical and economic principles for reactiegv@r pricing are discussed
in [27], where the authors have argued that matgiosts, rather than embedded
costs, are the appropriate basis for efficientipgiof reactive power services in a
competitive electricity market. The authors alscoramend the use of capital costs
for reactive power pricing, since these are sigaiit components of reactive power

costs and are more suitable for long-term contracts

Hao and Papalexopoulos have presented in [28] twetng methods based on
reactive power unit cost measure. In the firstcitme, reactive power production
limits are determined by performance requirememtd standards; for example,
power factor can be used as one of these standdrel®e a certain range can be
defined by the ISO, inside which reactive powervpters are not compensated for
their services. In this structure, penalties areppsed for service providers that
violate these performance standards, and credd@sgasen for providing extra
reactive power generation beyond the specifieddstals. The second structure is
based on a local reactive power concept, wherdSBeprocures reactive power
services from the generators based on the coseofreactive power capacity, and

then recovers these payments from load customeosding to their demand.

Hao has further proposed a method for reactive powamagement in [29], in
which a mandated amount of reactive power is regufrom a generator beyond
which this generator should be compensated fohdurteactive power production
including the lost opportunity cost. Reactive powest curves have been computed
using a piece-wise linear representation of theals#ipy curve of each generator.
Reactive power schedules are then obtained by rgphan OPF model that
minimizes the reactive power cost which is formedbas a function of the reactive

power outpult.
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1.2.3 Review on Reactive Power Provision

Currently, most power system operators use power $tudies to arrive at reactive
power dispatches, primarily relying on operatioegperience. However, there are
several complex issues involved in reactive powenagement in deregulated
electricity markets which call for further systemgbrocedures to arrive at better
solutions. In a competitive electricity market, tH®O should provide reactive
power support from service providers at the least avhile ensuring a secure
operation of the power system. Thus, reactive pgwevision from generators can
be achieved either by short-term dispatch baseckaltime operating conditions,
or long-term procurement based on seasonal agréerbetween the ISO and the

generators, as service providers.

In the context of competitive electricity marketgactive powerdispatch
essentially refers to short-term allocation of te@cpower required from suppliers
(e.g.generators) based on current system operatingtamml The ISO’s problem
is to determine the optimal reactive power schedaoiteall providers based on a
given objective that depends on system operatinigriet. Different objective
functions can be used by the ISO, beside the toadit transmission loss
minimization, such as minimization of reactive poveest [22], [29], [30]. Any
objective can be adopted, but since some of theghtntue of a conflicting nature,
the ISO needs to choose a criterion that best thetmarket structure. For example,
if the ISO only seeks to minimize losses to detaarthe required reactive power
support, it might end up with an expensive set @dctive power providers,

something not desirable in a market-based envirahme

Several technical issues may arise if reactive pasvid be dispatched in real-
time. These issues include market power being esextdy some reactive power

service providers, considering the localized nanfreeactive power support; the
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effect of reactive power on active power generadind on system security; and the
possibility of reactive power price volatility whéinis dispatched in the same time-
frame as the spot energy market. In general, méthyese issues can be resolved if
reactive power services are optimally procured ublo long-term agreements
between the ISO and the service providers [27];[291]-[33]. These long-term
contracts would likely reduce the possibility ofngeators’ exercising market
power, and at the same time could solve the prolakprice volatility that arises
when reactive power services are priced on a nea-basis. This argument is

supported by economic theories and empirical evie¢g4].

Bhattacharyaet al have proposed a two-step approach to procureiveact
power in [31]. In the first step, the marginal bi#inef each reactive power bid with
respect to total system losses is determined, ke second step, an OPF-based
model maximizing a social welfare function is salv® determine the optimal
reactive power procurement. This work was extenie{B2], where a uniform
price auction model was proposed to competitivetetmine the prices for
different components of reactive power servicesrkdasettlement was achieved
by simultaneously considering minimization of paydotal system losses, and
deviations from contracted transactions. Using sheme framework, a localized
reactive power market for individual voltage coht@oeas was proposed in [33] to

address market power problems.

It can be seen from the above review of reactivevgsoancillary service
pricing and management that most of the reportedtsvimcus either on developing
suitable pricing methods that can effectively refléhe cost of reactive power
production, or on proposing appropriate models émtimal reactive power
procurement and/or dispatch. These models usuatiyaachieve the extremum of
a certain objective functiore(g. reactive power production cost minimization or

social welfare maximization) using OPF models. Aportant requirement that has
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not been addressed in most of the existing or mepanodels is the inclusion of
system security in the reactive power procuremepué&ich process. The 1SO
typically seeks a reactive power solution that doatsviolate transmission security
constraints, which are usually represented by geltahermal, and stability limits
[35]. There is a need, then, for developing appadprmechanisms for reactive
power ancillary service management which aim atieatfg optimal and secure
reactive power provision and ensure a reliable effigient network operation,

while taking into account various market relateslies.

1.3 The Present Research

In this thesis, an integrated framework for reaxtipower ancillary services
management in competitive electricity markets isspnted using a two-settlement
model approach. The proposed model works at twoattkical levels and in
different time horizons; the first level is the pupement model which works in a
seasonal time horizon, while the second levelesdispatch model which works in
a one-hour to 30-minute window. The developed fraork addresses the main
issues associated with reactive power ancillaryviser management post-
deregulation, proposing appropriate policy soluidhat suit the requirements of
the 1ISO in such a competitive market environmeihite Tramework is generic in
nature and designed to be adopted by system openat@ny electricity market

structure, be it a bilateral contract market opalpnarket.

The “big picture” of the proposed framework for iopal provision of reactive
power ancillary service is illustrated in Figur@.1The reactive power procurement
stage takes place a few months ahead of real-trmehich the ISO would call for
reactive power offers from all available generat@exvice providers in this case).

The structure of these offers should ideally refkbeir cost of providing reactive
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power. Based on the offers received and the fotedasal power information from
the energy market, the ISO would solve an optinomaimodel to maximize a
societal advantage functiolsAF subject to system constraints, including system
security. The solution of the optimization modeklgs a set of contracted
generators, as well as the price components oftiveapower. The contracted

providers will have a seasonal obligation for reacpower provision and receive

an availability payment.
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Figure 1.2 The “big picture” of the proposed reaetpower framework.




Chapter-1 Introduction 17

The reactive power dispatch stage, on the othed,htakes place one hour to
30 minutes ahead of real-time, in which the ISO Madetermine the available
units for reactive power dispatch based on thekptocured/contracted generators
and the generating units available from short-tenargy market clearing. The ISO
then dispatches the units using an OPF-based ntmateininimizes total payments
associated with reactive power dispatch, subjecappropriate system security
constraints. Finally, the payments would be madetlie service providers after

real-time operation, based on the actual usagel@pdtch requested by the 1SO.

1.3.1 Research Objectives

In view of the above discussions, the main objectw this research work is to
develop competitive mechanisms for reactive powecyrement and dispatch, in
the context of the new operating paradigms of ddedgd power systems. The

following are the main research goals:

 Study in detail the existing utilities’ practicesorf reactive power
management and pricing, aiming to develop apprtgnmaechanisms for

reactive power provision that would fit the neeflsystem operators.

* Examine the main complex issues associated witttiveapower ancillary
service management in the context of the new opgrgtaradigms in
deregulated power systems, and propose appropdaiey solutions for
these issues. The proposed solutions should suitetiuirements of an ISO
in a competitive electricity market and, at the samme, be in line with the

current practices and market rules.

* Design a unified framework for reactive power maragnt that is
appropriate for a competitive market, and that ezsa secure and reliable

operation of the associated power system.
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Develop suitable reactive power procurement pro@siudhat take into
consideration system security aspects, in ordefetermine an optimal set
of generators and zonal price components, whichldvimrm the basis for
seasonal contracts between the ISO and the selesetive power service

providers.

Redefine the reactive power dispatch problem te iako account both the
technical and economical aspects of operation inmarket-based
environment, while considering the effect of thaatere power dispatch on

real power and system security.

Develop computationally efficient algorithms forrtaing large-scale non-
linear mixed integer programming (MINLP) modelstthee associated with
reactive power procurement and dispatch problemaking into

consideration all relevant power system constraiisd that can be

practically implemented on real-size power systems.

1.4 Thesis Outline

The rest of the thesis is organized as follows:

Chapter 2 provides a detailed background revieweattive power as an
ancillary service, within the context of power &mt operation in a
deregulated electricity market environment. Accogtly, ancillary services,
including reactive power support, are defined statiheir different types
and how these services are managed in variougieilgcmarkets. Previous
relevant reactive power provision models are alsssgnted, pointing out

their main advantages and limitations.

Chapter 3 discusses in detail the main issues iassdavith reactive power
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management post-deregulation, proposing severaypsblutions based on
the current practices of different utilities workdde. Subsequently, a
unified framework for reactive power ancillary sees management is

proposed.

» Chapter 4 presents the main procedures for lomg-teactive power service
procurement. The proposed OPF-based procuremenelnsdhen tested

with the 32-bus CIGRE benchmark system and seeass studies.

» Chapter 5 presents a redefined formulation forrdaetive power dispatch
procedures in the context of the new operating dignas in competitive
electricity markets. The payment minimization dispa model is first
proposed, and then tested with the CIGRE 32-busesysconsidering

several power system operating scenarios.

* Finally, Chapter 6 summarizes the work presentethting out the main
contribution of the proposed research work, andgssting possible

directions for future work.



Chapter 2

Reactive Power as an Ancillary Service

2.1 Liberalization of the Power Industry

Electric utilities have been vertically integratedonopolies that have built
generation, transmission, and distribution faestito serve the needs of the
customers in their service territories. Significaapital commitments were required
to construct large power stations and to coordimgeeration, transmission and
distribution. The price of electricity was tradi@lly set by a regulatory process,
rather than by market forces, which were desigoe@dover the cost of producing
and delivering electricity to customers, as wellths capital costs. Under this
monopolistic service regime, customers had no ehoicsupplier; and suppliers

were not free to pursue customers outside theigdated service territories.

Since the nineties, most of the electric power gtiduhas been going through a
process of transition and restructuring by movimgya from vertically integrated
monopolies and towards more competitive market risodénis has been achieved
through a clear separation between transmissiorgandration activities, as well as
creating competition in the generation activitieBifferent countries are
implementing industry restructuring in a variety wfays, depending on the
characteristics of each market area which inclueEmand/supply balances, the
extent of transmission capacity to facilitate eyargports to meet market demand,
and the diversity of generation by fuel types. &signing and planning the market

structure and rules for competition in their jurtdbns, governments, regulators

20
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and other industry participants are influenceddmal market characteristics and the

practices in other jurisdictions.

Although various countries are implementing indyséstructuring in a variety
of ways, there are a number of elements commonllit@fathem. First, the
generation of electricity and the provision of @yeservices to consumers are not
natural monopolies. The generation sector is openompetition and end-users
should have the opportunity to choose their soaf@ipply. Generation companies
can sell energy either through bilateral (long-feoontracts with customers, or by
bidding for short-term energy supply in the spotrkets. Second, the price of
energy and the addition of new capacity should fideed by market forces rather
than by some regulatory policies. Third, transnoissiand distribution are
considered natural monopolies and are best man#gedgh an independent
regulator. Access to transmission and distributi@iworks is open on a non-
discriminatory basis to all electricity market pepants. Fourth, an Independent
System Operator (ISO) is created to maintain systdiability and security and to
ensure non-discriminatory access to transmissi@tesys. Fifth, an Independent
Market Operator (IMO) is usually present to faeil@ market-driven commercial
power transactions. The roles of the ISO and thé® IRbuld be carried out

separately or by a single entity.

Commercial power transactions in deregulated marlaften take place
through a central power exchange, or “pool”, adstered by the IMO. Offers for
energy supply at specified prices are made or feffeinto the power pool, and
sufficient generation capacity is dispatched to thuegnand. Purchasers can “bid”
to buy power in this “spot market” or, alternatiyethey can enter into bilateral
contracts with service providers or retailers. Eyeprices, in this case, are
negotiable, and the IMO has to make sure that ésalting transactions will not

violate any transmission security limits.
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Deregulation has been implemented in different wapsl for various reasons
among different countries [36]. In developed costrthe main reason has been to
provide electricity to customers at lower pricesdao open the market for
competition by allowing smaller players to haveesscto the electricity market by
reducing the share of large state-owned utiliti@s.the other hand, high growth in
demand and irrational tariff policies have beendheing forces for deregulation in
developing countries. Technical and managerialfiziehcies in these countries
have made it difficult to sustain generation armhsmission expansions, and hence
many utilities were forced by international fundiagencies to restructure their

power industries.

2.1.1 International Experience

Deregulation in Europe started with unbundling ofities when the European
Union Directive on the Internal Electricity Markefas applied on February 1999
[37], introducing full competition among generatamsthe European market. The
European Transmission System Operators (ETSO) aamexistence in July 1999
to regulate the transmission of power between cmmtwith effective price
arrangements. Four transmission system operataoreetb the ETSO, namely
Nordel in Nordic countries (Norway, Sweden, FinlaBénmark and Iceland); the
Association of Transmission System Operators itatree (ATSOI); the Union for
Coordination of Transmission of Electricity (UCTEANnd the United Kingdom
Transmission System Operators’ Association (UKTSOe EU Directive did not
restrict a specific market structure for all theuwwies; however, it defined
regulations that can guarantee a fair and nonithgtatory competition between
market participants, where large and medium-sizestioeners are allowed to choose
their electricity suppliers. The Directive has alsmuired all transmission and

distribution owners to open their lines to otherties.
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The process of restructuring of the electricityustly in Australia was initiated
in 1991, and by 1998 a National Electricity Markeas developed, where the
National Electricity Market Management Company (NHMO) acted as both the
ISO and IMO [38]. Generators could sell energy egitby bidding in the spot

market, or through formal (bilateral) contracts.

The New Zealand market, on the other hand, was empen 1996. The
Electricity Commission, which was established irpt8éember 2003, regulates the
operation of the electricity industry and markéiew Zealand has a spot market,
where each trading day is divided into half-hoading periods. Energy trading is
managed by Transpower, as the system operator,d base day-ahead bids
submitted to the ISO by the generators and purcs§38].

Since the US situation was different, with mosthad electric utilities already
owned by investors, it required a different form mfstructuring. The Public
Utilities Regulatory Policy Act (PURPA) of 1978 dted the whole deregulation
process in the US by allowing non-utility generatty enter the electricity market
[40]. The US Energy Policy Act of 1992 (EPACT) thefficially required the
electric utility industry to deregulate, and asgidrthe process of transition and
restructuring to FERC. Accordingly, FECR issued €sd888 and 889 on Open
Transmission Access in April 1996, requiring trarssion companies to open their
transmission system to other market participantsjng to eliminate transmission
monopolies [1], [41]. Furthermore, FERC issued ©@ra@00 in December 1999,
requiring the development of different Regionalrigmission Organizations (RTO)
to handle transmission issues and ensure a relgg@eation within effective tariff
arrangements [42].
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2.1.2 Ontario Electricity Market

Historically, Ontario Hydro had been a verticallydgrated electricity utility and
the only supplier of electricity for most of Ontaig customers. In November 1997,
the Province released a White Paper entitled “Bimador Change” which set out a
restructuring plan for the electricity industry i@ntario, aiming to create a
competitive market. In April 1999, Ontario Hydro sveestructured based on the
Ontario Electricity Act of 1998. Finally, in May™12002, and two years after the
initial deadline, the market was opened for contioeti[9].

Ontario Hydro was unbundled into five entities: @i Power Generation
(OPG) Inc., which owns 75% of the total capacityl amovides wholesale energy
and ancillary services [43]; Hydro One Inc., whiciwns and controls the
transmission, distribution and retail energy sexsjdhe Electrical Safety Authority
(ESA), which carries out electrical equipment andng installation and inspection
functions; the Ontario Electricity Financial Corption (OEFC), responsible for
managing Ontario Hydro’s outstanding debt; andllinahe IMO, now known as
the IESO, to act both as the ISO and IMO for Ontarmarket. The IESO is
responsible for the dispatch of generation to namhand, the control of the
Ontario transmission grid and the operation of gmeand ancillary services
markets. It is also responsible for maintainingeeuse and reliable operation of the
electrical system in Ontario, ensuring that all gh@ndards and regulations of the
market are being efficiently applied, and authogzthe market participants in the
IESO administered market [9].

Generators, both from within and outside Ontariompete to sell energy
through the IESO-administered spot market. The IE&patches generators based
on their offers to sell energy and operating reseifthe Market Clearing Price

(MCP) is determined every five minutes, in additionan Hourly Ontario Energy
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Price (HOEP) which is the hourly average of theedfiminute MCP [43], [44].

Transmission has remained a monopoly; howevers regulated by the Ontario
Energy Board (OEB) which decides the transmissimhdistribution tariffs. At the

retail level, end-users have the option of conimgctwith any licensed energy
retailer or continuing with their current distrilbutunder a regulated supply. Market
participants can also sell or purchase energy tirqhysical bilateral contracts,
provided that these contracts do not affect thetne® market administered by the
IESO. These bilateral contracts, which represesinall part in energy trading of
Ontario, need not be reported to the IESO and atesumbject to Ontario market

rules [9].

In 2005, another not for profit organization, Tha&t&io Power Authority
(OPA), was established by The Electricity Restruotu Act [45] to ensure an
adequate long-term supply of electricity in Ontafibe main objectives of the OPA
are demand forecasting and management, as wekrarajion and transmission
planning. In addition, the OPA is involved in vargactivities that ensure a reliable
and secure operation of the Ontario power systamyell as promoting cleaner
sources of energy and efficient use of electridihg OPA also helps the OEB in

developing retail price smoothing mechanisms.

2.2 Ancillary Services

As mentioned earlier in Section 1.1, the main featof deregulation is the
separation of generation and transmission actsyitighich has resulted in the
emergence of ancillary services. These servicetudacfrequency regulation,
energy imbalance, voltage and reactive power chnt@od generation and
transmission reserves; these are required to eas@leble and secure operation of

the power system. Ancillary services are now unieohdnd priced separately, and
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they are no longer part of the electricity suppdg, it used to be in vertically
integrated electricity markets. The ISO is resplesifor providing ancillary

services, often through commercial transactionsh vaervices providers. In a
competitive environment, the provision of theses®eis must be carefully deployed

and managed in order to meet system and marketreetgnts.

2.2.1 Definitions

FERC defines ancillary services in Order 888 asséhservices that are necessary
to support the transmission energy from resourcesoads while maintaining
reliable operation of the Transmission Provider'sangmission System in
accordance with good utility practices” [1]. FER@d@r 888 requires transmission
providers to include six ancillary services in grep access transmission tariff to
maintain reliability within and among the contrekas affected by the transmission

service. These six services are divided into tHevang two categories:

1. Services FERC requires transmission providers ter aind customers to

accept from the transmission provider, and thesede:

* Scheduling, System Control and DispafChis service is required to
schedule the movement of power through, out ofhiwjtor into a
control area in order to maintain supply-demandéiee.

* Reactive Supply and Voltage Control from GeneraSonrcesThe
system operator requires generators to providealjsorb) reactive
power in order to maintain the system bus voltagéhin some

desired limits.

2. Services FERC requires transmission providersfer dut which customers
can accept from the transmission provider, thirdigs, or by self-supply,

and these include:
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* Regulation and Frequency RespansEhe use of generation
equipped with governors and automatic generationirob(AGC) to
follow the instantaneous change in the load in otdemaintain
continuous generation-load balance within the adrdrea, and a

scheduled interconnection frequency at 60 Hz.

* Energy Imbalance The use of generation to correct for hourly
mismatches between actual and scheduled deliveryerwrgy

between suppliers and their customers.

» Operating Reserve - Spinnin§pinning reserve service is provided
by unloaded generating units that can respond inatedy to correct

for generation-load imbalance in the event of desyscontingency.

* Operating Reserve — Supplementalipplemental reserve service is
provided by unloaded generating units, by quicktgianeration, or
by interruptible load to correct for generationdaanbalance in the
event of a system contingency; however the respdaes not have
to be immediate, as in case of spinning reserverdiber within a

short period of time.

NERC refers to ancillary services as Interconne@gpdrations Services (I0S)
which include services that are required to suppbé reliable operation of
interconnected bulk electricity systems [5]. NER&S llefined, in its IOS Working
Group Technical Report [46], twelve IOS that arecessary to support the
transmission of power at an adequate level ofviiig and security; some of these
services are similar to the six ancillary servicequired by FERC. The twelve

services states by the 10S Working Group are:
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* Regulation Using generation or load in order to maintain aute-to-
minute generation-load balance within the contreha

* Load Following The provision of the generation and intercharaeability
required to maintain the hour-to-hour and dailydle@riations not covered

by regulation service.
* Energy Imbalance
» Operating Reserve — Spinning
» Operating Reserve — Supplemental
» Backup SupplyElectric generating capacity used to replace @egion

outage or the failure to deliver generation duariooutage of transmission

sources, and to serve a customer’s load that exdtsegeneration.

» System ControlActivities that are required to ensure the religbof the
North American interconnections, to minimize trafgsion constraints, and

to guarantee the recovery of the system after argmency or disturbance.
* Reactive Power and Voltage Control from GeneraSonirces

* Network Stability Services from Generation Sourcéksing special
equipment, or devices, such as power system <tatsliand dynamic
braking resistors at the generating plants to nEERC reliability

requirements and maintain a secure transmissidarays

* System Black Start Capabilitfhe availability of generating units that can
start without an outside electrical supply to tgleet in the restoration plan

after a system blackout.

* Real Power Transmission LosseBhe provision of capacity to replace

energy losses on a transmission system.
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* Dynamic Schedulélhe provision of the real-time monitoring, teldesreng,
computer software, hardware, communications, emeging, and
administration that are needed to electronicallwenceal energy services
associated with generation or load out of its Hoshtrol Area and into a

different Electronic Control Area.

2.2.2 Management in Different Markets

Ancillary services are defined, managed, and pricedifferent manners across
various deregulated electricity markets all ovee tworld. In New York, for
instance, the NYISO is entrusted to manage theigioyvof all ancillary services,
both those provided by the NYISO and the self-sieppbnes. The NYISO uses two
types of pricing mechanisms for ancillary serviggscurement. embedded-cost
based pricing method for scheduling, system coranal dispatch services, voltage
support, and black start capability services; aratket-based pricing methods for
energy balance, regulation and frequency resp@rsk operating reserve services
[6], where the last two services can be self-sagphy transmission customers and
suppliers by entering through a bidding processha ancillary services market,
with the NYISO choosing suitable providers for eadrvice according to the
bidding prices.

In the United Kingdom, The NGET is the system ofmraesponsible for
coordinating and managing the following two maitegaries of ancillary services
defined by the Grid Code in the UK [47]:

1. System Ancillary Service$hese services are essential for adequate system
operation, and they must be provided by all theegaimg units connected

to either the NGET transmission system or a supgldistribution system
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in England and Wales. System ancillary servicedwather divided into two

categories:

» Services which must be provided by all generatmsluding reactive
energyfrom other means than synchronous condensersatic sbltage
compensators, andfrequency control using frequency sensitive
generation by including a fast acting proportioficdquency control
device (or turbine speed governor) and unit loadtrodler, or an
equivalent control device, to provide frequerregponse under normal

operational conditions.

» Services which generatovsll provide only if an agreement is reached
with NGET, includingfrequency controinvolving the capability of a gas
turbine or pumped storage unit to fast sthtack start capability and

system to generator operational intertripping.

2. Commercial Ancillary ServiceS:hese services are not necessarily provided
by generators, but rather through ancillary sesvioebilateral agreements.
These services includeactive energyrovided by synchronous condensers
or static voltage compensators, akrating marginfrom pumped storage

units or stand-by generation.

In Australia, NEMMCO is responsible for the prowisiof ancillary services.
Ancillary services defined by NEMMCO fall under ookthe following three main

categories [10]:

1. Frequency Control Ancillary Services (FCAShese are services that are
required to maintain the frequency on the eledtisggtem at any point in
time, within limits set by the NEM frequency stardia FCAS are divided
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into two types, namely regulation frequency consetvices provided by
generators on AGC, for the adjustment of the gdimeralemand balance
after minor deviations in load or generation; amhtmgency frequency
control services, for the adjustment of the gememademand balance after a
major contingency such as the loss of a generaimg which include

generator governor response, load shedding, rapidrgtion, and rapid unit

unloading.

2. Network Control Ancillary Services (NCAShese are services that involve
voltage control services, by means of reactive powepport from
generators or synchronous compensators and netwading control, to
control the power flow on interconnections in th@nsmission network by

means of AGC or load shedding.

3. System Restart Ancillary Services (SRAShese are reserves for
contingency conditions to enable the system toarestfter a whole or

partial system blackout.

Both NCAS and SRAS are provided to the market uroleg term ancillary
service contracts between NEMMCO and the serviogigers. These services are
paid for through a mixture of Enabling Paymentst thee made only when the
service is specifically enabled, and Availabilitgyents that are made for every

trading interval in which the service is available.

2.2.3 Ontario Electricity Market

According to the Market Rules of the Ontario Eleity Market, the IESO procures
ancillary services in sufficient quantities andtla® appropriate locations through
contracts with ancillary service providers that exgistered market participants to
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ensure reliable and secure system operation [9 THSO recognizes three
operating reserve classes, namely 10 Minute Syncted Operating Reserve
(10S); 10 Minute Non-Synchronized Operating Resétd®); and 30 Minute Non-
Synchronized Operating Reserve (30R) [43]. Onlpdishable generators can offer
the 10S reserve, while dispatchable generatordaaus$, and boundary entities can
offer the 10N and 30R reserves.

In addition to the above operating reserves, wiaieh determined within the
energy market, the following five ancillary serscare recognized in the Ontario
Market, and hence procured by the IESO:

1. Regulation The use of generation equipped with governors AGC to
follow the minute-by-minute change in the load inder to maintain
continuous generation-load balance within the abrarea, and a scheduled

interconnection frequency at sixty cycles per sdcon

2. Voltage Control and Reactive Suppoithe control and maintenance of
system voltages at specific locations, using reagiower support provided
by generation units, as well as by synchronous eosels, capacitors, and
other electrostatic equipment. However, only re&ctipower from
generators and synchronous condensers can be rextachewhile the rest

of the resources are not eligible for any payments.

3. Black Start Capability The provision of generating resources, which can
start without any external energy supply followagystem blackout. They
can then be used to restore the system by suppdyivey generating stations

and critical loads.

4. Emergency Demand Response Ldadludes load facilities that are willing
to reduce their load consumption, on short notioegnable the IESO to

maintain the reliability of the grid.
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5. Reliability Must-Run Resource§he IESO may need to call registered
facilities, excluding non-dispatchable loads, tanten the reliability of the
grid, whenever there are insufficient resourceprtavide physical services

in a reliable way.

Ancillary service contracts between the IESO andiliany service providers
are limited to a term of no more than 36 monthsenelthe services providers are
compensated for their services in a non-discringiryatnanner. In doing so, the
IESO uses one or a combination of two ways accgrdinthe Market Rules of
Ontario; if several providers exist for a certaincidlary service, the IESO
determines the suitable providers and price fohessrvice based on a competitive
process. Alternatively, the IESO may have an agesgrwith only one ancillary

service provider based on reasonable price offers.

2.3 Reactive Power as an Ancillary Service

According to FERC Order 888 [1], and NERC White &apn Proposed Standards
for Interconnection Services [48], only reactivemgo support from generation
sources is considered as an ancillary service anceligible for financial
compensation. However, this may change in the fhaare to recognize other
reactive power support sources, particularly FAGT®trollers €.g. static VAR
compensators or SVC), as per the recent recommendaif FERC [2]. In view of
the existing FERC guidelines, only reactive powapport from synchronous
generators is considered as an ancillary servicugihout this thesis. Thus, it is
useful to present a brief discussion on the mamrastteristics of a synchronous
generator as a reactive power service provider thed attempt to examine its

reactive power generation capability.
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2.3.1 Reactive Power from Synchronous Generator

The real power output from a synchronous genertarsually limited by the
capability of its prime mover. When real power dadninal voltage are fixed, the
armature and field winding heating limits determihe reactive power capability of
a generator [49]. Thus, in Figure 2.1, the armaheating limit is a circle with a

radius Yila), centered at the origin, and expressed by thewolg equation:
Ps +Qc = (V,1,)° (2.1)

The field limit, on the other hand, is a circle hviadius V:E/Xs) at (0, Vi/Xs) and

expressed by the following equation:
V2 2 VE 2
P+ (QG x;] < (tx—f] (2.2)

Pg: Active power generation of the synchronous gatoer
Qc: Reactive power generation of the synchronougigear.

Vi Terminal voltage of the synchronous generatowhich its capability

curves are calculated.

l. Rated armature current of the synchronous gemrerat which its

capability curves are calculated.

Er. Excitation voltage of the synchronous generator.
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Xs.  Synchronous reactance of the synchronous gemerato
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Figure 2.1 Synchronous generator capability curve.

The generator's MVA rating is the point of interSen of the two curves,
given by (2.1) and (2.2), and therefore its coroesjing real power rating is given
by Psr. At an operating point A, with real power outfgs such thaPga<Pgr, the
limit on Qg is imposed by the generator’'s field winding hegtlmit, whereas,
when Pga>Pgr, the limit onQg is imposed by the generator’'s armature winding

heating limit.

There is a mandatory amount of reactive power #zath generator has to
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provide, which is shown by the shaded area in eigut. If the generator is called
upon by the ISO for additional reactive power psmwm beyond this area, it is then
eligible for payment to compensate for the incrdasests associated with losses in
the windings. Such mandatory and ancillary clasaifons of reactive power
capability is in line with what most system operatourrently have in place for

reactive power management.

According to the capability curve in Figure 2.1ethgenerator can provide
reactive power until it reaches its heating linfgsint A in Figure 2.1); any further
increase in reactive power provision from the gatorwill be at the expense of a
reduction in its real power generation. Hence,gbeerator is expected to receive
an opportunity cost paymenfor providing reactive power beyonQga which
accounts for the lost opportunity to sell its rpalver in the energy market and the
associated revenue loss. Thus, the following thmeggons for reactive power

generation can be identified in Figure 2.1 [31]:

« Region | Qc™ < Qs = Qg1 < 0) refers to the under-excitation region, in

which the generator is required to absorb reagioxger.

* Region Il (0< Qe = Qg2 < Qgp) refers to the over-excitation region, in
which the generator is required to supply react@eer within its reactive

power capability limits.

* Region Il Qca < Qc = Qss < Qgg) refers to the lost opportunity region, in
which the generator is asked to reduce its actoxgep production in order
to meet the system reactive power requirements.dssumed here thBtg
would be the minimum amount of real power that tpenerator is

able/willing to produce.
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2.3.2 Reactive Power Service Provision

Traditionally, reactive power support and voltagmtcol have been viewed by
researchers as a loss minimization problem, in vingactive power is provided
from different sources, including capacitor bankSACTS controllers, and

synchronous generators, subject to various systemt@ints such as nodal active
and reactive power balance, bus voltage limits, @oder generation limits. Thus,

reactive power is dispatched by solving the follogvioss minimization problem:

Min. Loss=05)" (Gij (v2 +V7 -2V, 005(5j -4)) (2.3)
ij
st. Py —Py =Y VV,Y, codg, +6,-3) (2.4)
i
QGi _QDi +QCi = _zViVjYij Sin(gij + 51 - 5I) (2.5)
j
PI™ < Py, < PI™ (2.6)
Qg =Qq = Q5™ (2.7)
Q" < Qy < QT (2.8)
Vimin SVi SVimax (29)
R (v,5)|<R™ (2.10)
Where,
Vi: Voltage magnitude at buisin p.u.
oi: Voltage angle at busin radians.
Gj: Conductance of the line connecting busasdj, in p.u.

Yi: Magnitude of thej entry of the admittance (Y) matrix, in p.u.
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O Angle of theij entry of the admittance (Y) matrix, in radians.
Poi: Active power demand at busn p.u.
Qoi: Reactive power demand at bus p.u.

Pc™™  Minimum active power limit of a generator atst, in p.u.
Pci"%  Maximum active power limit of a generator asb, in p.u.
Qs™™  Minimum reactive power limit of a generatorbaisi, in p.u.
Qa™ Maximum reactive power limit of a generatobasi, in p.u.
Qci: Reactive power output from a capacitor atibus p.u.
Qci™  Minimum reactive power limit of a capacitortatsi, in p.u.
Qci™®  Maximum reactive power limit of a capacitorassi, in p.u.
V"™ Minimum allowable voltage at biisin p.u.

Vv,"®  Maximum allowable voltage at bisin p.u.

Pi: Power flow from bus to busj, in p.u.

P;™  Maximum allowable power flow from bugo busj, in p.u.

The above OPF-based model is basically a non#liopimization problem,
with a loss minimization objective function (2.3Equations (2.4) and (2.5)
represent the nodal active and reactive power balaguations. Active power
generation is kept within upper and lower limitsngs(2.6); whereas, constraints
(2.7) and (2.8) limit the reactive power from geaters and capacitors, respectively.
Bus voltage limits are maintained using (2.9). Findine flow limits are imposed
by (2.10).
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In the context of vertically integrated utilitiethe cost of reactive power
support was bundled within the single electricayiff, and service providers were
not paid separately for this service. Accordingthe “traditional” dispatch
approaches did not consider the cost incurred ysyistem operator to provide the

required reactive power support.

In competitive electricity markets, reactive poveaipport from generators is
provided as an ancillary service either throughgierm procurement based on
seasonal contracts between the ISO and the sgmow@lers, or through short-term
dispatch based on real-time system operating dondit Currently, most system
operators procure reactive power by signing lomgitagreements with the service
providers; such agreements are mainly based oogletor's experience and the
expected system conditions rather than on optimezanodels. Subsequently, in
real-time, the ISO typically uses power flow an@y® arrive at a feasible reactive
power dispatch from the procured generators. Suspatth mechanisms only
ensure a secure reactive power dispatch, howeVery do not take into
consideration the payments associated with sucispatth,i.e. the ISO does not

dispatch reactive power at least cost.

Bhattacharyaet al have looked at the problem of optimal procuremeit
reactive power ancillary services, in various padéd]-[33]. A two-step reactive
power procurement model was proposed in [31], whiohsidered total system
losses as a decision criterion in the procuremeodgss. First, the marginal benefits
of reactive power supply from each provider withspect to system losses,
represented by Lagrange multipliers associated wéh reactive power balance
constraints, were obtained by solving the OPF m@2d)-(2.9); line flow limits
(2.10) were not considered in this model. Secohdsd¢ Lagrange multipliers,

together with the reactive power price offers fréime generators, were used to
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solve the following procurement model that maximsize societal advantage

function SAHR, and hence determine the required reactive pswgport:

Max SAF =3 (C, O, - m,, ) @q,, +
g

) (2.11)
Z((CL Eyg - ng)EQGgg - O-5msg [ﬁQesg _QGA) )
g
st.  Py-Py, =Y VVY, codg, +3, -3) (2.12)
i
~Qy = zvv,.vij sin(g, +0, -3 (2.13)
\/imin S\/I S\/imax (214)
mmln < QGlg <W. BDlead
B[g(ligg s QGZg SWZg |:(DGAg (215)
3g E(QGAg < Qesg SVV39 [QGBg
W, +W,, +W,, =1 (2.16)
Qsy = Qarg + Qozg + Qasg (2.17)
Where,
Mpg: Cost of loss price offer for generatgrfor operating in the over-

excitation region, in $/Mvarh.

Mag: Opportunity price offer for generatog for operating in the
opportunity region, in $/Mvah.
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Ag:

Vg-

C|_:

QG 1g:
QGZg:
Qgag

lead.
QGbgea -

lag.
QGbgag-
QGAg:

QGBg:

Lagrange multiplier associated with the nodakteve power balance
equation denoting the sensitivity of the systens lts a change in

reactive power injection at generator lggn MW/Mvar.

Lagrange multiplier associated with the reactipewer limit
indicating by how much the system loss will charfge a unit

change in reactive power capability for genergtan MW/Mvar.

A cost parameter denoting the economical woftheducing losses
in $/MWh.

Under-excitation reactive power of generajoin p.u.
Over-excitation reactive power of generagom p.u.

Reactive power of generawpoperating in the opportunity region, in
p.u.

Base leading reactive power of genergtan p.u.
Base lagging reactive power of generatdn p.u.

Maximum reactive power limit of generatgrwithout reduction in

real power generation, in p.u.

Maximum allowable reactive power limit of gea®r g with

reduction in real power generation, in p.u.

Wi, Wag, Wag: Binary variables associated with the three regjiohreactive

power operation for generatgr

The above procurement model (2.11)-(2.17) is a diiréeger non-linear

programming (MINLP) problem, where the real powetpait from generatorsg)

is assumed to be knowe priori because of the nature of the market structure
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considered therein. The limits for the three regioh reactive power operation for
each generator are given in (2.15). Constraint6j2and (2.17) guarantee that only
one out of the three regions, discussed earlier ikmstrated in Figure 2.1, is

selected. AccordinglyW;, W, and W5 in (2.15) and (2.16) are binary variables

associated with these three regions, for each georer

It can be seen that the reactive power procurepracedures proposed in [31]
do not properly account for system security in egitbf the two steps, since the
model (2.11)-(2.17) does not include line flow lisjiwhich are of great importance
to represent system security. In addition, the rhodglects the effect of reactive
power on the pre-determined active power, as g&rsraoperating in the
opportunity region are required to reduce theirvacpower generation; it is then
important to check whether or not the model yielsreasonable solution.
Moreover, from the optimization point of view, thocurement model (2.11)-
(2.17) represents a difficult optimization problesimce it is a non-convex MINLP
problem; the solution of this type of problem isrwechallenging due to the
presence of both the integer variables and thecoonexities of the model itself.

It has been widely recognized by system operatuwas $ystem security and
particularly the impact of inadequate reactive powepport on security is an
important issue to be considered in system operatio this context, security
aspects need to be incorporated in the reactiveep@novision procedures. The
impact of reactive power from each generator ontesyssecurity has to be
examined and represented in the procurement madeieal-time, transmission
security limits have to be properly included in tleactive power dispatch model.
Moreover, the effect of reactive power dispatchreal power dispatch has to be
considered in real-time, to ensure a secure opgraint after the rescheduling of
real power from the already dispatched values nbthifrom the market clearing

process, due to high reactive power requirements.
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2.4 Reactive Power and System Security

Reactive power is directly associated with voltaged hence voltage control is
achieved in electric power systems by absorbintyeiehg reactive power. Voltage
control implies maintaining the voltage at each bushe system within defined
limits in order to prevent damage to electric powguipment and prevent voltage
collapse in the case of large disturbances sudystem faults, loss of generation,
or transmission line outage. Voltage collapse czeunen the system tries to serve

more load than what it can support.

If the power system is subjected to a large distnck, the voltage will drop,
resulting in an increase in the current to maintam power supplied to the loads,
and hence causing the lines to consume more reagtiwer, leading to a further
drop in the voltage. Moreover, if the current irases beyond the current carrying
capabilities of the transmission lines, these limdk trip, overloading other lines
and eventually causing cascading failure. Alsoyaftage drops too low, some
generators will automatically disconnect to protbeimselves. If the power system
is unable to provide the necessary reactive poeguired to supply the reactive
power demand, voltage drop may result in a completeage collapse. Sufficient
reactive power is then an essential requiremenrd f@cure and reliable operation of
the electric power system, since inadequate reagower supply might result in

voltage stability problems.

In order to ensure a secure operation of the p@ystem, the 1ISO needs to
check the technical feasibility of potential tractsans after energy market
settlement; only those transactions that are witha transfer capabilities of the
network are allowed. This is particularly importanhen dealing with reactive
power, since it has a direct bearing on systemrggcand hence the power transfer

capabilities of the transmission system [50].
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Typically, the transfer capabilities of the systémthe main transmission
corridors are defined using the concept of Avadabransfer Capabilitf{ATC),
which is in turn defined as the remaining transfapability of the transmission
system for further commercial activity over and abdts already committed uses

[51], and is commonly expressed as:

ATC=TTC-TRM-ETC-CBM (2.17)

Where, TTC is the Total Transfer Capabilitf;RM is the Transmission Reliability
Margin, which is typically assumed to be a fixedueale.g. 5% of TTC under
normal operating conditions in the Western Elettiri€oordinating CouncWWECC
[52]); ETC is the Existing Transmission Commitments; &8M is the Capacity
Benefit Margin and is usually included in tB&C.

TheTTCis typically defined as follows:

TTC=Min{Pa, .+ Puar. » Pumes, | (2.18)
Where, B, Pua,, @nd By, are the maximum powers the system can securely

transmit considering thermal limits, voltage limignd stability limits, respectively,
based on at least an N-1 (worst single) contingenitgrion.

Currently, electricity markets are usually operatgader stressed loading
conditions due to the increased demand and poaesfars, thereby increasing the
probability of the system experiencing stabilitylplems. Under such conditions,
system stability limits can be approximated throwgtiage stability limits [53]. In
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this context, th& TC can be evaluated using the system Loading FalcE)r (hich
is defined as the amount of additional loading gheen transmission corridor for a
given dispatch pattern that does not violate thédimats, bus voltages limits or
voltage stability limits [54], and can be expresasd

LF = LF, - LF, (2.19)

Where,LFy is the existing loading (theTC), while LF. is the system loading at the
maximum loading point. Hence, using TRM = 0.05*TTC, the ATC can be
approximately expressed in termsL&f as follows:

ATC= 095LF, - LF, 0)

It is worth mentioning here that the concept of system-wide” ATC, as
proposed in [53], has been adopted in this th@$is approach, however, does not
preclude using (2.20) to determine the ATC valulepaoticular transfer corridors,
since this can be readily accomplished by propédefining power “sources” and

“sinks” in the computation dfF..

Typically, an N-1 contingency criterion is usedtie TTC calculation, which
consists of studying single contingency cases gnere. For each contingency,

LF.is calculated, and the minimulok-; defines the “worst” contingency.

TheLF. can be readily obtained from the system PV curasghis represents
the change in load between the operating pointtaadhose of the curve, which
corresponds to how much the system may be loadfebeeaching its thermal,
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voltage magnitude, or voltage stability limits. ypical PV curve is illustrated in
Figure 2.2, showing the relation between the aferioned ATC definitions and
its relation with the systerbF. This PV curve can be obtained using Continuation
Power Flow (CPF) methods [54], which allow calcuigt complete voltage
profiles, and hence determining the value Ldf. for a given “direction” of
generation and loading increase considering difteo®ntingencies. On the other
hand, theLF. can also be computed by reformulating the congeatiOPF with the
objective function of maximizingtF [55], [56]. OPF-based models not only yield
the value ofLF., but also provide Lagrange multipliers that can used as

sensitivities equivalent to those computed by sgha CPF [57].
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Figure 2.2 A Typical PV curve.
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Based on the above discussions, and the idea ailaahg marginal benefits
of reactive power from each generator presentef81ifh system security can be
incorporated in the reactive power procurementggedy calculating the marginal
benefits of reactive power from generators witlpees to system security. These
marginal benefits can be represented by the Lagrangtipliers associated with an
OPF-based model that maximizieB, subject to transmission security constraints.
Incorporating system security in the reactive pop@curement process is one of
the main novel contributions of this thesis; moegads on how this is achieved will
be presented in Chapter 4, where the proposedvegawer procurement model is

discussed.

2.5 Summary

This chapter provides an overview of the procesYilo¢ralization” of the power
industry, with a detailed discussion on ancillasrvices including definitions,
types, and the way they are managed in differensdictions worldwide. A
background discussion on reactive power from syrubus generators is then
presented, explaining the different regions of tigacpower production and the
associated cost components. Finally, the effeateattive power on active power
and system security is discussed, pointing outitgortance of incorporating

system security within the procedures of reactivegr provision.



Chapter 3
A Unified Framework for Reactive Power Ancillary

Service Management’

3.1 Introduction

In Chapter 2, the main aspects of reactive poweillary services are presented,
pointing out the clear shift in the way these ssgiare managed and priced post-
deregulation. Reactive power management and paymeohanisms differ from
one electricity market to another, and no unifortrugure or design has yet
evolved. It is clear from the brief review for utgs’ practices given earlier in
Section 1.2.1 that there has been a move towaelsing competitive reactive
power markets in different countries and regiongwelver, there are several issues
concerning the existing provision policies and pagimechanisms for reactive
power services that impede the full developmera cbmpetitive market. Thus, this
chapter first discusses the main issues assoamthdeactive power management
and pricing in the context of the new operatingagdagms in deregulated power
systems. Subsequently, appropriate policy solutiovisich are in line with the
existing market rules and regulations, are propoBethlly, a unified framework
for reactive power management that is appropr@t@ fcompetitive market and that
ensures a secure and reliable operation of theiassd power system, is proposed

and developed.

The work presented in this chapter has been pdlish theproceedings of the 2006
IEEE-PES PSCHn Atlanta, Georgia [58].

48
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3.2 Issues Associated with Reactive Power Management

3.2.1 Optimal Provision for Reactive Power Services

In a competitive electricity market, reactive povpeovision by the ISO should be
achieved in an optimal manner. The question thaearhere is this: What is the
best optimization criterion to be adopted by th@®?S In other words, what is the
optimization objective that the ISO should be segkio determine the system
reactive power schedules? Should it be systemrossnization, as has been the
usual practice, or should it be maximization oftegs security or minimization of

reactive power costs?

Any of the aforementioned objectives can be adqptediever, since some of
these objectives are of a conflicting nature, B® heeds to choose a criterion that
best suits a competitive market structure. For gtanif the ISO seeks to minimize
losses to determine its reactive power provisibopuld end up with an expensive
set of providers located close to the reactive loaaters, without guaranteeing that
the optimal solution would improve system securymilarly, if the ISO seeks
only to minimize its reactive power costs, it migimd up with a set of low-priced
offers from far-off generators, thus increasing #ystem losses and certainly
negatively affecting system security. Hence, theoiah of an appropriate
optimization criterion is essential for the devetmmt of competitive reactive

power provision mechanisms.

3.2.2 Reactive Power Payment Mechanisms

In a competitive market environment, if reactivemeo service providers are not
properly compensated for their service, they wik inave enough incentive to

provide the required reactive power support, whidh definitely affect the power
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system operation and security. An important isba¢ arises with regard to reactive
power markets is then the choice of an approppaignent mechanism. Should it
be a market-based auction mechanism where theistgpplrovide their reactive

power bids to the ISO, which in turn determineslibst reactive power price using
an appropriate objective function? If so, shoulihé&n be a uniform price market for
reactive power with a single reactive power pricethe whole system, or a zonal
level reactive power auction market where the sysi® divided into zones, and

separate reactive power prices are determineddon eone? Should a Locational
Marginal Price (LMP) market, in which reactive povpeice varies across each bus,

be used?

If there is no auction market, then reactive pop&yments could be set on a
contractual basis, with the ISO entering into leitat agreements with the service
providers and signing long-term contracts for tequired reactive power services.
For example, the IESO in Ontario signs 36-monthtremts with generators,
recognizing additional energy losses and opporguwosts associated with reactive
power generation, and the cost of running the gdimgr units as synchronous
condensers if requested by the IESO [9]. The IS@-Hagland, on the other hand,
pays a capacity component for qualified generatorshe capability to provide
reactive power services, in addition to the enemgg lost opportunity components
[59].

The reactive power payment mechanism could alse tia& form of a tender
market structure as in the UK [12], where the geldgenerators are contracted for
six months and are paid based on their initial éequlice offers, similar to a pay-as-
bid (first price) auction market.

50
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3.2.3 The Effect of Reactive Power on Active Power and System

Security

It is well accepted that the principal function @fsynchronous generator is to
generate real power to meet the demand of theray&tader certain circumstances,
usually arising from critical system conditionsg tt SO may request or instruct a
generator to increase its reactive power outpuichivimay require a reduction in its
active power output, thereby affecting market aystesn operating conditions. The
reactive power capacity of a synchronous generatdetermined by its capability

curve, shown in Figure 2.1, which demonstratesrétationship between its real
and reactive power generation. Three regions oftirea power operation were

identified earlier in Section 2.3.1: under-exciati over-excitation, and opportunity
regions. If the generator is operating in any effinst two regions, no change in its
real power generation is required. Conversely, aggctive power generation

requested by the ISO in the opportunity region weljuire a decrease in the real
power generation from the already dispatched levidierefore, such an effect on
real power dispatch has to be considered when nmgdé¢he reactive power

dispatch problem.

The rescheduling in real power generation assatiaiéh an increase in the
reactive power requirements may result in an inge@peration of the power
system. Hence, the ISO needs to check the techfaealbility of the resulting
solution after reactive power dispatch procedures eompleted. Only those
transactions that are within the transfer capaddiof the network are allowed.
Therefore, in order to ensure a reliable and secpegation of the power system, it
is important to incorporate system security in tleactive power provision
procedures by including appropriate transmissionusy constraints, and to
consider the effect of reactive power dispatch eal power dispatch and hence

system security. Transmission security constraares typically represented by
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voltage limits, thermal limits, and stability lirsit

3.2.4 Energy Price Volatility

It has been the general experience of market apsrand ISOs that energy prices
can be highly volatile under certain system condgi such as demand spikes or
outages. In a short-term operational time-framéatite energy market conditions
would certainly have an impact on reactive poweocprement and dispatch

procedures.

3.2.5 Reactive Power Market Power

One of the primary barriers to the implementatidnaocompetitive market for
reactive power is the possibility of market poweisiag because of the limited
number of reactive power service providers at @milocation in such a market.
Furthermore, reactive power is a “local” service,. it must be procured and
provided as close to the demand buses as poss&biuse of the technical issues
associated with transporting reactive power ovarglalistances. Hence, in a
reactive power market, it is certainly plausiblattsome “well-located” suppliers
may try to exercise market power by submitting ssoeely high price offers or by
withholding reactive power supply in an attemptincrease the reactive power

market price to their own advantage.

FERC Order 2000 mentions that market monitorin@nsessential tool for
ensuring non-discriminatory market operation andiding any opportunity for
exercise of market power [42]. Several indices rf@asuring/quantifying market
power (or market concentration) in real power aundihave been proposed in the
literature, such as the traditional Herfindahl-Hirean Index (HHI) [60], or the

Residual Supply Index (RSI) [61]. In the contextrehctive power markets, it
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would be important to consider these or other ieslito analyze and thus address

market power issues.

3.2.6 Reactive Power Management Time Line

In the context of deregulation, reactive power gimn can possibly be managed as
a short-term provision in which it is dispatchednfr available generators based on
real-time system operating conditions. It may bsoamanaged as a seasonal
provision in which it is procured based on longyiesgreements between the 1ISO
and the service providers. If reactive power is aggad concurrently with the
energy market clearing process, some problems msg such as price volatility

and the effect of reactive power on real power sysilem security.

Currently, most system operators sign long-termtreats with reactive power
service providers, based on operational experiemck knowledge of the system
and the expected voltage problems. In real-timestragstem operators run power
flow programs to determine the required reactivevgro dispatch levels from
contracted providers. The ISO has to check if tlat®n of the power flow is not
violating any of the security limits. In the casbem generators are operating in the
opportunity region, where they are required to bagkheir real power generation
to meet the reactive power requirements, the IS&ise¢o check if the resulting

operating point after rescheduling of real powesasure or not.

3.3 Proposed Policy Solutions

3.3.1 Decoupling of Active and Reactive Power

Based on the above discussions regarding mark#icieacies and the associated
problems that arise when both active and reactive/ep are simultaneously
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managed and priced by the ISO, a possible solusoto decouplethese two
markets from each other. Decoupling of active aedctive power markets is
possible by placing them in two entirely differemperating time frames. This
minimizes the possibility of adverse effects oncte@ power prices that might

arise from the price volatility of real power.

The decoupling of active and reactive power has bEen suggested in [30]
and [62]. Such a decoupling implies that the OPdblem can be separated into
sub-problems of active and reactive power. Thevactpower sub-problem
essentially provides the active power dispatch mcks in real-time based on a
cost minimization (or social welfare maximizatiomarket settlement model. The
reactive power sub-problem, operating on diffet&ame frames, provides reactive
power contracts, prices, and dispatch levels basedppropriate optimization

criteria.

It is important to mention that the solution ob&nfrom a “coupled” OPF
model, simultaneously dispatching active and rgaghower, is theoretically closer
to the optimal. However, in addition to the pricalatility issue that arises when
handling active and reactive power simultaneouiig, computational burden is
also an important issue for large-size power systesimce it would require solving
a rather complex and large-scale MINLP model. Dpting the OPF problem
provides the required flexibility for market devptoent in reactive power services
and avoids having to deal with the coupled modehmexity, while retaining an

acceptable level of accuracy.

3.3.2 Zonal Reactive Power Management

Different pricing mechanisms for reactive powerilay services were mentioned
in Section 3.2.2, raising the question of which @more suitable in the context of
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deregulation. Given the localized nature of reactpower and the common
practices amongst most electric utilities in regarsplitting the whole system into
zones or voltage control areas, zonal reactive poranagement and pricing might
be an appropriate approach. In the case of a systdenuniform price, market

inefficiencies resulting from market power beingrised by some reactive power
service providers, anywhere in the system, wilketffall other providers in the
system. Zonal reactive power pricing, on the otiend, helps isolate and confine
any existing market inefficiencies within the zoidese market inefficiencies may
arise from some service providers trying to exercizarket power by increasing
their reactive power price offers. Examining anitipg reactive power support in a
zonal context rather than as a whole system colslnl @duce the computational
burden on the 1ISO [33].

In terms of service provision, zonal reactive powsnagement allows for
having additional reactive power reserves for eamte; this reserve can be called
upon by the ISO in emergency cases associatedssithre contingencies in the
system. In general, zonal reactive power manageg@nbe achieved by splitting

the system into different voltage control aread.[63

3.3.3 Alternative Sources of Reactive Power Supply

One of the main challenges associated with reagibveer provision is that, so far,
only reactive power support from synchronous gdnesénas been considered as an
ancillary service and eligible for financial compation in North America, as per
FERC Order 888 [1], and NERC White Paper on ProgpoSeandards for
Interconnection Services [48]. However, these icste policies are currently
under review, since it can be readily argued th#t & more liberal reactive power

ancillary service provision structure, there wobkel more competition due to an
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increased number of providers. This will lead tgeduction in reactive power

prices, and improved system reliability and segurit

Motivated by these discussions at various forunBR€ has recommended in
its latest report on reactive power and voltagetrobrin competitive electricity
markets that system operators should fully consideer sources of reactive power
supply [2]. In view of these discussions, it is monjant to examine how other
reactive power providers, such as capacitor banks FRACTS controllers, could
participate in the reactive power ancillary servimarkets to help develop a fully
competitive reactive power market. This particissue is not studied in this thesis,
since the characteristics of these reactive powsources make them essentially
different from generators; hence, appropriate pesievill be required to determine
how these resources can be properly compensatgutdeiding reactive power as
an ancillary service. Therefore, in the work présdnn this thesis, only reactive
power from synchronous generators is considerexhascillary service, as per the

existing FERC and NERC regulations.

3.3.4 Accounting for System Security

Given the impact of reactive power on active powed system security, as
discussed in Section 3.2.3, system security shtlubth be incorporated in the
reactive power provision procedures. Accounting fystem security can be
achieved in two ways. The first way is by includiagpropriate transmission
security limits, represented by voltage limits,rthal limits, and line flow limits, in
the reactive power procurement and dispatch modibks.second way is by having
system security as a main criterion in the reagtio@er procurement procedures,
where a set of contracted generators is selectedreactive power prices are
determined.
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Under stressed operating conditions, some gensrabight be required to
increase their reactive power generation level bdysoheir capability limits
determined by the field or armature heating limétsg hence the generator will be
operating in the opportunity region (betwe€xa and Qgg in Figure 2.1).
Accordingly, this generator will have to reduce #stive power generation,
resulting in a rescheduling of active power frone thiready dispatched levels
obtained from the energy market clearing procesmchH, the ISO has to check
whether this new operating point is secure or net,whether or not any of the
transmission security limits are violated. Thus, ist important not only to
appropriately include security limits in the reaetpower procurement and dispatch
models, but also to take into consideration theatfbf reactive power on active

power.

3.4 A Proposed Framework for Reactive Power Management

Based on the discussions on the issues associétedeactive power management
in Section 3.2, and the proposed policy solutiomsSection 3.3, an integrated
framework for reactive power management is propokede. The proposed
framework comprises two hierarchical levels of te@&c power management,
namelyreactive power procurememndreactive power dispatclReactive power
procurement is essentially a long-term isdwe,a seasonal problem, wherein the
ISO seeks optimal reactive power contracts withsiiids suppliers that would be
best suited to its needs and constraints in a gseason. This optimal set of
contracts should be determined taking into accdargcasts of the demand and
system conditions expected over the planning horizbhe criteria for such
procurement could be many, but they should esdgnt#ke into consideration the

cost/price offers of reactive power provision, @ydtem security.
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Reactive power dispatch, on the other hand, cooredp to the short-term,
“real-time” allocation of reactive power to suppsiebased on current operating
conditions. The ISO determines the optimal reactpever schedule for all
providers based on a certain objective that dependsystem operating criteria,
such as minimization of total system losses, mipation of deviations from
contracted transactions, or maximization of systeaadability to minimize the risk

of voltage collapse.

Figure 3.1 explains the two hierarchical leveldhsd proposed reactive power
management scheme on a time-scale. The procurdesitis assumed to take
place 180 days ahead of real-time, where the setonfracted generators and
reactive power prices are determined, and an dmiyacomponent is paid to the
contracted service providers. Based on hourly gnerarket clearing, the reactive
power dispatch procedure is assumed to take plaedour to 30 minutes ahead of
real-time. Finally, reactive power settlements takace post-dispatch, and

payments are made to the service providers basesbttime support levels.

The following sub-sections provide an overview lod proposed two levels of

reactive power management.

3.4.1 Long-Term Management

This is the higher of the two levels in the hierarof the proposed reactive power
management scheme. The objective of the ISO inctge is to procure “adequate”
long-term reactive power supply for the system. pheposed procurement process
would work as follows: The ISO first calls for réi@e power offers from available
service providers (only synchronous generatorsprdatg to FERC regulations),
and based on the received offers, it solves amagation model that maximizes a
societal advantage function subject to system cainss, properly representing

system security. Appropriate security indices, espnted by marginal benefits of
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reactive power from each generator with respect system security, are
incorporated in the procurement procedures. Thatisal of procurement model
yields the required set of generators to be cotgdafor reactive power service
provision, as well as reactive power price comptsmenhe selected providers will
have a long-term obligation for reactive power psmn and will receive an
availability payment for such a commitment. Theesuhtic representation of the

long-term reactive power procurement proceduresaled in Figure 3.2.
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Reactive power
offers from

generators
Obtai <l Max. Societal Sign seasonal contracts,
]Zam ?arg;na —_ Advantage Function | determine all payment
cehe 1ts 0 to determine the components and pay
reactive power contracted generators availability component

! }

Calculate reactive — Real power market
power limits Information

Figure 3.2 Long-term management (procurement)atiee power services.

It is proposed that the reactive power price offerbe submitted by generators
comprise three parts, as per the discussion ortiveapower cost components
(Figure 1.1) and the classification of reactive powutput based on the generator’s
capability curve (Figure 2.1). Thus, the followingepresent the different

components of a reactive power price offer froneaayator:

* Availability price offer (n, $/h): A fixed component to account for that
portion of a supplier's capital cost that can beilaited to reactive power
production.

» Cost of loss offerrfy andm, $/Mvarh): A linearly varying component to
account for the increased winding losses as reagiwer output increases
in the over- and under-excitation regions, respetbti

« Opportunity offer s, $/Mvarh): A nonlinearly varying component to
account for the lost opportunity cost when a getoeris constrained from
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producing its scheduled real power in order toense its reactive power

production.

3.4.2 Short-Term Management

The lower level in the proposed hierarchical apphodao reactive power
management is the short-term management functiamely reactive power
dispatch. In practice, active power and reactivegrchave been handled separately
by most power system operators. Typically, actieevgx dispatch is carried out
using a linear programming model associated witiEeonomical Load Dispatch
(ELD) calculation that maximizes social welfare,il@hguaranteeing that system
security constraints are met [64]. Reactive powerthe other hand, is dispatched
based on power flow studies and operational expegsieHowever, as discussed
earlier in Section 3.2, there are several compdsxas involved in reactive power
service provision in deregulated electricity mask#tat require further study and
appropriate procedures to arrive at better solstiddeally, reactive power should
be dispatched from generators in an economical graiimat minimizes the ISO’s
payment burden, while also considering system ggaonstraints.

Figure 3.3 illustrates the proposed schematicqatore for short-term dispatch
of reactive power. The scheme is based on the gagsmthat a pre-determined set
of contracted (or procured) generators with comesing reactive power price
components is available. This set of contractedegdars should ideally be
obtained within a long-term framework, for examgtem the procurement process
discussed earlier, to avoid the adverse impachefgy price volatility on reactive
power prices. In line with current reactive powespatch approaches, the 1ISO
would carry out the dispatch procedure one hoBQaninutes ahead of real-time.
Based on the set of procured/contracted generaots the generating units

available from the short-term energy market clegrthe 1ISO would determine the
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available units for reactive power dispatch. It wbthen dispatch the units using
the proposed OPF-based model that minimizes taagmpnts associated with

reactive power dispatch, subject to appropriatéesysecurity constraints. Finally,

payments would be calculated after real-time opmrabased on the actual usage
and the dispatch requested by the 1SO.

Contracted/procured Reactive power price
generators for components from
Q-provision procurement process
Available Run Q-dispatch
generation units ™= model minimizing
and Q-capacity total payment
, Market clearing Reactive power
Generators’ real . :
: P with P-dispatch settlements and
power bids ..
decisions payments

f

24-hours load
curve

Figure 3.3 Short-term management (dispatch) oftieapower services.

Most system operators use dc-OPF models for reaépmarket clearing and
dispatch, with iterative mechanisms to guarantestegy security. In this thesis,

because of its emphasis on reactive power dispatcls assumed that the
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information from the energy market clearing process. energy prices and
associated real power dispatches, are availalbe farithe execution of the reactive
power dispatch procedures. It should be notedahatc-OPF can also be used in
lieu of the dc-OPF to arrive at the real power mearklearing and dispatch.
However, the computational burden of such an OPFange for actual power
systems, since it requires solving a rather compled large-scale NLP model

every few minutesg(g.every 5 minutes in Ontario).

An important input to the proposed reactive powspatch model is the set of
available generators for real-time reactive powispatch. LettingX be the set of
contracted/procured generators for reactive powsnioed at the procurement
stage, and’ be the set of available generators from energketatearing, then the

available set of generators for reactive poweratdpwill be given by =X N Y.

The reactive power capacity of the available gatireg units is predetermined,
based on the capability curves of these generdkagsire 2.1). Accordingly, for
each generator, the upper and lower limits of tiree reactive power operating

regions are assumed to be known.

3.4.3 Reactive Power Pricing

Based on the three regions of reactive power operand the associated costs
identified earlier in Section 2.3, a reactive powsyment function QPF) is
formulated, as shown in Figure 3.4, comprisingftil®wing payment components:
an availability payment component (with a prieg which is a fixed component to
account for the portion of a supplier’s capitaltcbst can be attributed to reactive
power production; two loss payment components (witbesp, andp,), which are
assumed as linearly varying components to accaurthé increased winding losses

as reactive power output increases, in the unded @er-excitation regions,
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respectively; and an opportunity payment comporieith a priceps) to account
for the lost opportunity cost associated with thgeration in Region Ill. This
opportunity component appears as a quadratic tecause of the assumption that
active power costs are parabolic functions of outpower, which may be
considered to approximately change linearly withcteve power in Region Il
(from point A to B in Figure 2.1). AccordinglyQPF for each generatay in the
system can be mathematically represented by thenfiolg equation:

Payment for opportunity
cost

Payment for cost of loss

Availability payment

S

|
|
|
| Po f
| | _ Mangatory !
QGmm QGbleaa’ 0 QGblag QGA QGB Q
«-— - >
Region I Region IT Region III

Figure 3.4 Reactive power payment function.
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QPFg :p0g +W2g102g (QGZQ - (I.“aat?g)sn _V\é_gplg (QGlg - (I.“ft?g)sn
+p2g 3fg +Vv3rg )(QGSQ - (lsagg)sn
+ 0'5103g 3fg +VV3rg )(QG3g _QGA)ZSE

1
\Mg - 0
1
W, = 0
1
W,, = 0
1
Vv3fg = 0
1
Vv3rg = 0
Where,
QGlg:
QGZg:
QG3g:
QGmg:
S
Pog:
Prg:

H i —_ lead
if Q(?g;n = QGg _QGlg = Cft?g
otherwise

H lead — lag
if QGbg < QGg - QGmg < Ghg
otherwise

H lag —

if QGbg < QGg - QGZg < QGAg
otherwise

If QGAg < QGg = QGSg < QGBg & PGog < PGRg
otherwise

If QGAg < QGg = QGSg < QGBg & PGog > PGRg
otherwise

(3.1)

Under-excitation reactive power of generagian p.u.
Over-excitation reactive power of generaoin p.u.

Reactive power of generatgroperating in the opportunity region,

in p.u.
Mandatory reactive power of generagpm p.u.
Base MVA power (assumed here to be 100 MVA).

Availability price component of reactive power fgeneratorg, in
$/h.

Under-excitation price component of reactive poyee generator
g, in $/Mvarh.
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Peg:

lead.

QGbgea -
lag.
Qobg™%:
QG min.
g .

QGAg:

Qcag

Pcrg

PGog:

Wi

ng, V\ég:

Warg, Whtg:

Over-excitation price component of reactive pofegrgeneratonp,
in $/Mvarh.

Lost opportunity price component of reactive povie generator
g, in $/Mvarh.

Base leading reactive power of genergtan p.u.
Base lagging reactive power of genergtan p.u.
Minimum reactive power limit of generatgyin p.u.

Maximum reactive power limit of generat@mwithout reduction in

real power generation, in p.u.

Maximum allowable reactive power limit of gea®r g with

reduction in real power generation, in p.u.
Rated active power of generatignn p.u.

Market clearing pre-determined active powepdish for generator
g, in p.u.
Binary variable associated with mandatory re&ctipower

production for generata.

Binary variables associated with Regions | dnaf reactive power

operation for generata@; respectively.

Binary variables associated with armature andd fiemits of

reactive power generation for generajprespectively.

In this equation, the binary variables are needea@flect the fact that the generator

operates in only one of the three reactive poweratmg regions defined in Figure
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2.1. Observe thaQPF does not include the mandatory component of reacti
power generationQemg), Since generators are not financially compenstteduch

obligatory amount of reactive power.

The four reactive power price components shoulddeeermined from the
procurement stage, where the ISO signs long-terntracts with reactive power
service providers in which both parties agree oe fiices and the payment
mechanism. For example, in Ontario, the IESO sig&snonth contracts with
generators that are willing to provide reactive powervices. Prices are based on
costs of providing reactive power, which includediidnal costs from energy
losses incurred by operating at a non-unity powaetor and the cost of running the
generating units as synchronous condensers if séegieby the IESO [9].
Generators that are asked to reduce their real poutput in order to meet the
reactive power requirements are paid an addititostl opportunity component at
the market clearing price. The New England ISOthenother hand, pays a capacity
component for qualified generators for the capgbiio provide reactive power
services, in addition to the energy and lost oppoty components [59]; a “base
VAR rate” of 2.32 $/Kvar-yr has been newly incorgiad for qualified generators
available for reactive power provision below 0.@ading or 0.95 lagging power

factors.

3.5 Summary

This chapter discusses the different issues asedcigith the existing provision
policies and payment mechanisms for reactive poareillary services. These
issues include: determining the best optimizatibjective to be adopted by an ISO
while providing reactive power services; determignthe best payment mechanism

for reactive power services; the effect of reactp@ver from a synchronous



Chapter-3 A Unified Framework for Reactive Powemdgement

generator on its real power output and system ggrenergy price volatility and
its effect on reactive power prices; and the paddsitof market power because of
the small number of reactive power service prodder a certain location.
Accordingly, appropriate policy solutions are preed to address some of these
issues. Among the proposed solutions are: decaypdih active and reactive
provisions in order to reduce the effect of engogge volatility on reactive power
prices; procurement of reactive power support aoral basis in order to reduce
the payment burden on the ISO and help reduce anfihe the effects of market
power; proper incorporation of system securityhie teactive power procurement
procedures; and considering other sources for iveagtower support such as

capacitor banks and FACTS devices.

Based on the current practices for reactive poweavigion by various ISOs in
competitive electricity markets, this chapter pregm a hierarchical reactive power
market structure that addresses the various isasssciated with the existing
policies and practices for reactive power managéraad payment mechanisms.
The proposed framework is based on the separatiogaotive power management
into two distinct time-framesg,e. a reactive power procurement stage carried out on
a seasonal basis, and a reactive power dispatgk #tat determines the reactive

power levels in “real-time”.

The proposed framework assumes a general offeststeufor reactive power
services based on the generators’ reactive powas @nd capability curves. It is
argued that a zonal pricing procedure would barbst appropriate mechanism for
payment of reactive power services, so that thalloature of reactive power
supply can be used to address market power isss&sciated with players
indulging in gaming strategies. The need to inclughkctive power providers other
than generators to improve market competition dngs treduce reactive power

prices is also discussed. Finally, arguments agegmted for the need to properly
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represent system security in the proposed reaptiveer procurement and dispatch
OPF-based procedures, proposing a specific metbggadlor including system

security in the procurement stage.



Chapter 4
A Procurement Scheme for Reactive Power Ancillary

Services Considering System Security®

4.1 Introduction

In Chapter 3, a two-level framework for the operatof a competitive market for
reactive power ancillary services is presenteds klrgued that the first-levelge.
reactive power procurement, should take place oseasonal basis, while the
second-level,i.e. reactive power dispatch, should take place claseetl-time
operation. To this effect, a reactive power promast scheme is proposed in this

chapter.

A two-step reactive power procurement scheme isgmted and discussed in
this chapter. The proposed novel scheme incorpgréte the first time, system
security as a selection criterion for the desireddaf contracted generators. Given
the competitive nature of electricity markets, fh@®curement model takes into
consideration offers of reactive power from germsat The proposed procedure
yields the selected set of generators and reaptiveer price components which
would form the basis for seasonal contracts betwkenISO and the selected

reactive power service providers.

4.2 The Proposed Reactive Power Procurement Scheme

The objective of the ISO is essentially to defimel grocure adequate long-term

The work presented in this chapter has been pudlighthelEEE Transactions on Power
System$65].
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reactive power supplies for the system. The progpgeecurement scheme would

work as follows (see Figure 3.2):

» The ISO calls for reactive power offers from thaateve power providers.
The structure of these offers should ideally refideir cost of providing

reactive power. This issue was discussed in det&ection 3.4.1.

+ Based on the received offers, the ISO carries pudugtion settlement.e.
solves an optimization model to maximize a sociedantage function

(SAPB subject to system constraints that include sysecurity.

» This procurement market settlemeng. the solution of the optimization
model, yields a set of contracted generators, disawe¢he price components
of reactive power. The contracted providers wilvén@ seasonal obligation

for reactive power provision, and may receive aalability payment.

4.2.1 Reactive Power Offers from Generators

Based on the offer structure defined in Section13.the long-term nature of the
proposed procurement market model, and the locafackeristics of reactive
power, reactive power prices can be determineagdoh of the components of the
reactive power offers. In case of traditional ofi@sed commodity markets, the two
pricing approaches usually adopted goay as bid(first price auction), where
selected participants are paid as per their resgebtd; oruniform price market
(second price auction), where all selected paditip are paid a uniform price,
which is the highest accepted offer. It has begued by economists that uniform
price markets provide an incentive to participaot®id their true costs and hence

such auctions promote competition.

Applying the uniform price to reactive power masketould be a natural

extension to the already existing real power auactieechanisms. However, given
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the localized nature of reactive power control, dhe issues of market power
associated with the limited number of providersaagiven location, it would be
more pertinent to disaggregate the uniform pricerezdctive power into zonal
components. This has been argued in [33], whereptiveer system is split into
different voltage control areas or zones basedlectreal distances or sensitivity
analyses. Such zonal uniform pricenechanism for reactive power markets would
reduce the impact of market power exercised byatemgaming generators, and

should hence restrict them only to their given zone

4.2.2 Marginal Benefits of Reactive Power Supply with Respect to
System Security

The idea of examining the marginal benefits of tieagower injection at a bus has
been proposed in [31], where the Lagrange multipli@ssociated with a loss-
minimization OPF model were used to represent theaginal benefits. However,
it has been widely recognized by ISOs that systeourity, and particularly the
impact of inadequate reactive power support onrggcare important issues to be
considered in system operation. In this contexteactive power procurement
model based on the marginal contributions of rgacfiower injection to system

security is proposed in this chapter.

As explained earlier in Section 2.4, system seguwdn be incorporated in the
reactive power procurement procedures by calcgjatie marginal benefits of
reactive power from generators with respect toesgssecurity. These marginal
benefits are represented by Lagrange multipliese@ated with a loadability (or
LF) maximization problem, subject to system secuctystraints. Thus, system
security can be introduced in the reactive pow@cprement market model by
solving the following OPF model based on [66]:
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max. LF (4.1)

st Py(L+LF+Kg)-Py L+LF)=YVVY, codg +3,-3) O (4.2
j

Qs ~Qu @+ LF) ==Y VV Y, sing +6,-3) : A i (4.3)
j
Qoo sQeg 1V, g
\/[ﬁf -(rJF - Vo forp. <P (4.4)
Q(r3n9ax _ ng Gg ng Gg ~ FGRg .
Wolaof = (R for Pay > Par,
Qey 2 QL : 4y Og (4.5)
\VALEAVAESVAL, O (4.6)
P (v,o)<R™ Oij (4.7)
P, +LF +K;) < PI™ i (4.8)
(Qog Q) ¥y, =0 g (4.9)
Qg —Qsq) Vg, =0 g (4.10)
Vy =V +Vge =V,  0g (4.11)
VgarVgr 2 0 (g (4.12)

Where, g denotes a generator bus. The following are theeinedriables to be
determined by the solution of th& maximization problem:
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LF:
Ka:

Qai:

oi.
Piji

Vga, ng

Loading factor.

Variable to model a distributed slack bus.
Reactive power generation at bhus p.u.
Voltage magnitude at buisin p.u.

Voltage angle at busin radians.

Power flow from bus to busj, in p.u.

Two auxiliary variables representing the changegeneratog bus

voltage due to reactive power limits.

The following are the model parameters which apai into the optimization

model:
Pei:
Poi:
Yi:
Oy
Qpi
Vig:

Active power generation at bysn p.u.

Active power demand at busn p.u.

Magnitude of thg entry of the admittance (Y) matrix, in p.u.
Angle of thaj entry of the admittance (Y) matrix, in radians.
Reactive power demand at bug p.u.

Terminal voltage of generatgr at which its capability curves are

calculated, in p.u. (assumed here to be 1.05 p.u.)

Rated armature current of generajoat which its capability curves

are calculated, in p.u.
Excitation voltage of generatgrin p.u.

Synchronous reactance of generatan p.u.
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Perg  Rated active power of generatignn p.u.

QGgmi”: Minimum reactive power limit of generatgyrin p.u.

V"™ Maximum allowable voltage at busn p.u.

V™™ Minimum allowable voltage at busin p.u.

P;™  Maximum allowable power flow from bugo busj, in p.u.
Pei"% Maximum active power generation at bu p.u.

Vyo! Generatorg terminal voltage corresponding to operating pdinin

Figure 2.2, in p.u.

In the above OPF model, (4.2) and (4.3) are thealhadtive and reactive
power flow equations, where the varialde is used to model a distributed slack
bus to be able to better represent the distributibeystem losses. The field and
armature winding heating limits are imposed by Y4Efuation (4.6) constrains all
bus voltage to be within appropriate limits, whi#e7) imposes transmission line
thermal limits, withP; representing the power flowing from buto busj. Finally,
(4.8) guarantees that generator active power dibgatvels will not be exceeded.

In order to account for the effect of reactive podimits on generator voltage
settings and properly model the generators’ volteggilators, constraints (4.9)-
(4.12) are added to the model. These constrairggrerthat all the generators will
be operating at their terminal voltage settingdinée by operating point 1 in
Figure 2.2, as long as the reactive power is wittddimits; in this case, the two
variablesvy, andvg, will be equal to zero to satisfy (4.9) and (4.10he reactive
power output of any of the generators hits its mmaxn limit, set by (4.4),
constraints (4.10) and (4.12) will forog, to have a positive value, therefore

reducing the voltage at this generator bus accgruir{4.11). Similarly, if the lower



Chapter-4 A Procurement Scheme for Reactive Poamicgs 76

limit of reactive power output for any generatoresachedyy, will have a positive
value, hence increasing the voltage at this geoehats. Note tha¥y, andvy, may
still have a zero value even if reactive power tgvdre reached; these variables are

used to simulate the loss of voltage control dui@nds.

The Lagrange multipliers that represent the matdiemefit/contribution of
each reactive power source with respect to sysemmrgy for the above model are
g Vg and 1. The Lagrange multiplieky is the dual of the nodal reactive power
balance constraint (4.3), denoting the sensitigitythe system securityLF) to a
change in reactive power demand at a generatoigbusis the dual of reactive
power constraint (4.4) of generatprindicating by how muchF will change for a
unit change in reactive power capability of thisigetor; andy is the dual of the
under-excitation constraint (4.5). Accordingly, aflthe three Lagrange multipliers
will have a zero value for any generator as longsaQg lies within the limits given
by (4.4) and (4.5); whereas, eithgror 14 will have a non-zero value for any
generator if itsQg reaches the upper or lower limits, respectivelgd ahe
correspondindg in this case will be equal in magnitude, but wiik opposite sign.
If Qg for any generator is within its limits, it will beapable of compensating for
any increase in reactive power demand at this gémebus without affectingF,
and hencely will be zero in this case. Notice that the signtloése multipliers
depends on the nature of the optimization problem #he way the associated
constraints are treated in the solution process.

The optimization model (4.1)-(4.12) is solved caoesing single line outage
contingency cases, wherein relevant system elenagtsripped one at a time to
determine the Lagrange multipliers associated whthworst contingency, as per
the N-1 contingency criterion. The worst contingens the one that yields the

minimum value oLF amongst all contingencies. It is important to Higyt the fact
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that other contingencies might exist, other thae thorst one, where some
generators’ reactive power outputs may have a migmficant effect on system
loadability, i.e. higher values of 44, vy and 14; however, according to NERC's
security criterion, operators are not required ¢b unless the worst contingency
conditions are violated. Hence, a contingency titas not violate security limits,
regardless of the positive effect th@t of a particular generator may have on
improving system security for that given operataogdition, is not relevant for the
purpose of improving system security from the Nehtingency criterion point of
view. It should also be highlighted, as explainedHer below, that this proposed
procurement model is solved for multiple operatimgnditions that are
representative of the given season of interest, lagdce a variety of worst
contingencies and associated sensitivities arentaki® account in the proposed

procurement process.

4.2.3 Maximization of Societal Advantage Function

Once the reactive power limits and the marginakfien(represented by y andu)

of each provider with respect to system securigydmtermined, and reactive power
offers are received, the I1SO is in a position torycaut a procurement market
settlement where its sole objective is to maxinaiZeocietal Advantage Function or
SAF The classical concept of social welfare from eroit theory is extended here
to formulate a novel reactive powS8AF which is based on the determination of
aggregate system benefits accrued from reactiveepearvices minus the expected
payment by the ISO. The proposB84Fis formulated on a zonal basis and can be

expressed as follows:
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SAE == 0, ~ D2 W, (CL‘,ug‘ —,012) (Qelg —QESS)SD

ghz

+§W29 (CL‘/‘Q‘ _'02z) (Qezg - EEQ)SD
g

(4.13)

+Z 319 +Vv3rg )((CL‘yg‘ _pzz) (Qesg - ggg)sn - O-5p3z (QGSg _QGAg)2 S)Z)
oz

Where,

QG 1g:
QGZg:
Qgag

Poz.

Pz

Loz

P3z

CL:

Under-excitation reactive power of a genergion p.u.
Over-excitation reactive power of a genergtan p.u.

Reactive power of a generatgroperating in the opportunity

region, in p.u.
Base MVA power (assumed here to be 100 MVA).
Availability price component for reactive powerzonez, in $/h.

Under-excitation price component for reactive powm zonez, in
$/Mvarh.

Over-excitation price component for reactive ppwezonez, in

$/Mvarh.

Lost opportunity price component for reactive gown zonez, in
$/Mvarh.

A cost parameter denoting the economical woftimareasing the
system loadability, in $/MWh.

Lagrange multiplier associated with the nodahctere power
balance equation (4.3) at bgisin MW/Mvar.
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Yg- Lagrange multiplier associated with the reacpesver capability

(4.4) of generatog, in MW/Mvar.

Ug: Lagrange multiplier associated with the lowexatéve power limit
(4.5) of generatog, in MW/Mvar.

QGbg'ead: Base leading reactive power of genergtdn p.u.
QGbg'ag: Base lagging reactive power of generatdn p.u.
Qcag Maximum reactive power limit of generatgrwithout reduction

in real power generation, in p.u.

Wig, Woq:  Binary variables associated with Regions | ahddfl reactive

power operation for generatgy respectively.

Wi, Warg:  Binary variables associated with armature andd fiemits of

reactive power generation for generajprespectively.

In (4.13), the subscrigg denotes a generator in the system, whHilefers to
the set of generators in zomeconsidering that the system is divided into \gdta
control zones. The three reactive power generatomponentc:, Qs2, andQgs
for a generatog correspond to the three regions of operationsnddfiearlier in
Section 2.3.1 and shown in Figure 2.1. Observe thg#.13), only reactive power
generation beyond the mandatory regiom, betweenQg,®*® and Qgp?9, is
considered for financial compensation for the getwes, as per the payment

structure shown in Figure 3.4.

The constantC_ in (4.13) is a “loadability” cost parameter (inMAh)
denoting the economic worth of increasing the sydteadability which represents,
in this model, the expected worth of active powar the season of interest, and
hence can be defined by the ISO using historictd dad appropriate forecasting
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methods. In this thesi€, is assumed to be equal to 100 $/MWh, which ispca}
“high” price figure in the Ontario electricity magk

Observe thaBAF(4.13) is based on the notion of a “marginal segienefit”,
i.e. the economic worth of reactive power support webpect to system security.
For example)y denotes the change itF per Mvar change in reactive power
demand at a bug in zonez sincelLF is dimensionlessly is scaled by the total
system MW demand, resulting in MW/Mvar units. Herbe termC, [\q| represents
the hourly marginal benefit to the ISO in $/Mvawith respect to system security,
from a change in reactive power demand at gener&tisg in zonez. Similarly,
the marginal benefit with respect to system segtiritm a generator operating at its
armature or field current limit or at the limit @$ under-excitation mode are given
by Cilyg| andCy|ug| respectively. On the other hand, the four prieepgonentso,,
O, 22, andps represent the cost burden (total expected payorehEP) of the ISO
to provide reactive power support. Therefore, th@ppsed procurement algorithm

is based on the following OPF model:

max. SAF=)SAF, (4.14)
st. P, —P, :ZVVY codg, +9,-¢) Oi (4.15)
~Qy = Zvvj\(ij sinlg, +3, -3) Oi (4.16)

(VALEAVAEI VAL D (4.17)

\P”. (v,d)\ < P Oij (4.18)
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min lead
VVngGg s QGlg vangGbg

lead lag
ngQGbg < QGmg < ngQGbg

Og (4.19)
W, Qébg < Qozg < WogQsng
W+ W ) Qg < Qe = (W + Wy ) Qs
W, +W,, + W, + W, + W, =1 Og (4.20)
Qsy = Qo1g * Quzg + Quzg + Qamg Og (4.21)
W,m, < p, Oglz; Oz (4.22)
W,;m,, < 0,, OgOz; Oz (4.23)
W + W )y, < 0, OgOz; Oz (4.24)
(W, + W, + Wy + W, )y < o, Og0Z; Oz (4.25)

Where,

Qeeg Maximum allowable reactive power limit of gentenag with reduction

in real power generation, in p.u.
Qemg Mandatory reactive power of generagpin p.u.

Wmng Binary variable associated with mandatory re@&ctiower production
for generatoqg.

Mog:  Availability price offer for generatog for operating in the over-

excitation region, in $/h.

Mg  Cost of loss price offer for generatgrfor operating in the under-
excitation region, in $/Mvarh.
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mpg:  Cost of loss price offer for generatgrfor operating in the over-

excitation region, in $/Mvarh.

mgg:  Opportunity price offer for generatgrfor operating in the opportunity
region, in $/Mvath.

In this model, the three regions of reactive poweoduction (including
mandatory reactive power) identified from the gatars capability characteristic,
shown in Figure 2.1, are introduced in (4.19)-(4.2dhich guarantee that only one
of these three regions will be selected at a tiimeeach generator. Therefore, the
above model (4.14)-(4.25) is a non-convex MINLP peon because of the
presence of binary variables associated with thectiee power regions of
operation; this type of optimization problem regsiispecial solvers and/or solution
techniques. The approach used in this thesis feingpthis optimization problem is

discussed in detail in the following sub-section.

The constraints (4.22)-(4.25) ensure that the dsgloffered price for each of
the four components of reactive power determinesftiur reactive power price
components in each zone. According to (4.22)-(4.21ly the offers from
contracted generators for each region of reactoweep operation are considered
when determining the corresponding price compon®nt.the other hand, (4.25)
ensures that the zonal availability price comporfegy will have a non-zero value

if there is any contracted generator in that zone.

The solution of the above procurement model (4(44)5) yields the set of
contracted generators as well as the four zondbumiprice components. This
procurement procedure needs to be carried outiffareht casesq.g. light load,
heavy load, contingencies, etc.), in order to prigpepresent the various expected
system operating conditions for the season of éster
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After the zonal uniform price components are deieech for a variety of
system operating conditions, the ISO signs corgratth the selected generators in
which they receive an availability payment compdndrhe generator will also
receive a “usage” component, applicable in the-ties dispatch stage based on

the actual reactive power supplied.

4.2.4 Generator Reactive Power Classification Algorithm

The proposed procurement model (4.14)-(4.25) captimoth the technical,e.
transmission security constraints, and economical, marginal benefits and
payments, aspects of reactive power procurementieMer, from the optimization
point of view, this model represents a difficulttiopization problem. The proposed
model (4.14)-(4.25) would ideally require the prese of binary variables to select
only one out of the three reactive power operategjons, and the corresponding
price components, as per (4.22)-(4.25). One apprtasolve the proposed model
(4.14)-(4.25), then, is to formulate the problemaasexplicit non-convex MINLP
problem. However, the solution for this type of lpieam is very challenging because
of the presence of both the binary variables amdnitn-convexities of the model
itself [67], [68]. Solution techniques for this gmf problem may get trapped at
suboptimal solutions or even fail to yield a fedsipoint [69]. The number of
available solvers for MINLP problems is still rathemall, and according to [68],
most of these solvers require a substantial amoiucdmputational time for a small
case study and might not yield an optimal solufiena large case study within
many CPU hours. Moreover, most of the available MINsolvers (such as
DICOPT) have not been able to handle transmissapaaty constraints, which are
of great importance to represent system securiycH, solving (4.14)-(4.25) using
non-convex MINLP techniques is not the most appaderchoice, especially when

realistic sized power systems are considered.
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An iterative Generator Reactive Power Classification (GRP&gorithm is
proposed in this thesis to solve the proposed pemsent model (4.14)-(4.25). The
idea of the proposed GRPC is to re-formulate theblpm so that it becomes a
series of “standard” NLP sub-problems. The mairecidye is to choose only one
region of reactive power operation to satisfy tloditions associated with the
objective functionSAF in (4.13) and the constraints (4.22)-(4.25). Theppsed
GRPC algorithm is depicted in Figure 4.1 and Figug

The algorithm begins with initial allocations ofactive power to generators
(Qsg Obtained from an initial feasibility analysis tfe system¢.g. power flow
solutions from given dispatch schemes). The initiedion of reactive power
operation of each generator can be identified alegrto the values ofy and the
initial values ofQgg, as depicted in Figure 4.1.@g, is less than zero, the generator
is operating in Region I; hend®s, andQg3 for this generator will be zero, aQk;

will be a variable within its lower and upper lisitOn the other hand, @gq is

greater than zero and the valueygfs equal to zero, this implies that the generator

Is operating in Region II; henc®g1 and Qgs for this generator will be zero, and
Qs will be a variable within its lower and upper lisi Finally, Region Ill is

selected if a generator has a valuggiot equal to zero.

Once the new set @g, is obtained, an update of the solution is requfoed
each generator iQgq hits the limits in any region, as shown in Figdr&. For
example, if the reactive power of a genera@t@n Region Il hits its lower limit, the
problem is re-solved with this generator operatm&egion I, and the new optimal
value of SAFis calculated. If this value is higher than thd ohe, this generator is
now in Region [; otherwise, the generator remamsRegion Il. Similarly, if a
generator hits the upper limit of Region II, thée problem is re-solved with this
generator operating in Region Ill. Note that thelatphg process is applied to only

one generator at a time. The updating processpmsated for a certain number of
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iterations as shown in Figure 4.2. Observe thatup@ating process stops if no

change irSAFis achieved after a complete iteration.

The proposedGRPC algorithm avoids the need for binary variablesjsth
keeping the optimization problem as an NLP; hericean easily be applied to
realistic power systems while incorporating all ngBmission system security
constraints. The only issue is its dependence erchivice of the initial set dg
values and the order of the generators. This & afsissue with other non-convex
MINLP solution approaches which are wmonhcerned with finding a global

Input initial values of O,

U2 = U3¢ =0 »
Ocrg™" < Oc1g < Qg

ng = QG3g =0
I
OGe ¢ < Qg < Qcag

Qg =0 =10

Oae < Oi3g < Oig

-

Y
Obtain initial generators
classification

&

Figure 4.1 Identifying the region @,
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5

Solve OPF (4.14)-(4.25) to obtain initial
Oang” (n= 1,2, 3) and SAF’

v

Set OptSAF = SAF®
and iteration counter i =1

Q(i]g = Q<;3g =0

lag
Qi ™ < Qa2g < Qcag

Oc2g = Qg3 = 0 s
min el
Qcpg™ < Qai1g < Qag

Ocig = Qa2 = 0
OGag < Oase < Qg

Qg = Qasg = 0
Oang ¢ < QG2¢ < OGag

Y
A A

Solve OPF (4.14)-(4.25) to obtain a new set
of Qang’ (n=1, 2, 3) and SAF'

Keep the value

SAF>OptSAF
r of QGH:.,"-I

Update the value to Q(?ngi
and set OptSAF = SAF'

v

YES | Obtain the final optimal
value of Qg and SAF

A

i=i+1

NO . _ max YES

Figure 4.2 Updating the solution to (4.14)—(4.25).
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optimum but with obtaining a practical feasible utmin that meets typical 1ISO
requirements. With regard to the choice of initia@hditions, in this work, the ISO's
“best practice” approach has been used as thalimdilution point, wherein the
initial values ofQg are readily obtained from a power flow solutios@sated with
the values ofPg obtained from the active power dispatch procedss Tnitial

solution point significantly improves the convergerand speed of the algorithm.

With regard to the order of generators, it is expeéchat the updating process
will be affected by this order, and hence a ranawoder of generators was adopted
in this thesis. Almost the same set of contragjederators and zonal reactive
power prices were obtained in each case, but ardifft number of iterations were
required for convergence. However, this cannot beetplized, as the order in
which the generators are updated might affect thal fsolution for other test
systems. This is to be expected, as the optimizgtimblem is non-convex, and
thus only local optimal solutions can be guarantp#l]. Note that the issue of
obtaining local optima when solving non-convex Nbtimization problems
applies to most practical optimization models irwpo systems€.g. the ac-OPF
problem); the same argument applies to the optimoizamodel (4.1)-(4.12).
Finally, it is important to highlight the fact thdbhe proposed reactive power
procurement model is to be carried out off-ine andch ahead of real-time
operation, and hence the computational burden isanmajor issue in this case,

regardless of the system size.

4.3 Implementation and Test Results

In this section the complete reactive power protie@ model described in Section
4.2 is implemented and the details of the solugimotedure are also discussed. The

simulations are carried out using the CIGRE 324as$ system (Figure 4.3) [71],
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since this allows for direct comparisons with tlesuits available in the literature.
The test system has 20 generators and a total deaid®,940 MW. The system is
split into three zones or voltage control areasegsrted in [33]. Without any loss
of generality, the power flow limits are considerénl be dependent on the
transmission voltage levels; thus, limits of 2000Wor the 400 kV lines, 350 MW

for 220 kV lines, and 250 MW for 130 kV lines aresamed. Generators are
assumed to be eligible for financial compensatiorali of the three regions of

operations defined in Section 2.3.&, Qsp®® andQg,2? in Figure 2.1 are assumed
to be equal to zero for all generators without Bnsg of generality; this is in line

with the IESQO’s approach for compensating reagioeer service providers. The
proposed optimization models, which are essentillf? problems, are modeled in
GAMS and solved using the MINOS solver [72].

4.3.1 Determining the Marginal Benefits of Reactive Power Services

As explained in Section 4.2.2, the marginal besedit reactive power from each
generator with respect to system security are septed by the three Lagrange
multipliers 4, y, andu obtained by solving theF-maximization model (4.1)-(4.12).
A feasible solution, representing operating poinbrl the PV-curve, shown in

Figure 2.2, is an input to the model; this inifg@int can be determined by the ISO

based on classical economic dispatch procedureg gsiasonal demand forecast.

The solution of thd.F-maximization model yields the operating condit@nthe
nose of the PV-curve.e. the point of voltage collapse. The model is faslved at
normal operating conditions without considering atgntingencies. Table 4.1
shows the initial operating point and the finaludimn, as well as the associated
values of the three Lagrange multipliers, andu. The value of the loading factor
(LF) in this case is 0.12 p.u., indicating a possihlgease of 12% in the system
loadability.
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LT o Zone c T o O

-, T — | — s b —

Figure 4.3 CIGRE 32-bus system split into threeezon

In Table 4.1, the values d@f y, andu are zero for any generator when @s
lays within the limits (4.4) and (4.5). On the atland,y has a non-zero value for
seven generators whose reactive power reach iterufmit; none of these

generators are located in Zome
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Table 4.1 Solution of theF-maximization model (4.1)-(4.12) without continggnc

Input: operating point

Solution: voltage collapse point in Figure 2.2

1in Figure 2.2
zone|  Bus Lagrange multipliers
Pe (MW) | V(p.u) | Qs (MW) | V (p.u.)
A Y H

4072 1391.6 1.025 453 1.025 0 0 0
4071 470 1.03 68.9 1.03 0 0 0
4011 461 1.05 29.6 1.05 0 0 0

a 4012 626.4 1.044 -103.5 1.044 0 0 0
1013 492 0.931 -33.9 0.931 0 0 0
1012 752 0.926 73.8 0.926 0 0 0
1014 400 0.957 112.8 0.957 0 0 0
4021 282 1.1 102.4 1.094 -0.853 0.853 C
4031 329 0.996 1194 0.984 -0.787 0.787 (
4042 658 0.983 238.8 0.959 -1.0Y6 1.0[6 (

b 4041 282 0.956 102.4 0.956 -0.431 0.4B1 (
2032 799 0.912 100.4 0.917 0 0 0
1022 235 0.952 85.3 0.926 -0.729 0. 729 @
1021 478.8 1.017 144.7 1.017 0 0 0
4062 564 0.954 131.6 0.954 0 0 0
4063 1128 0.943 202.6 0.943 0 0 0
4051 658 0.922 238.8 0.872 -1.811 1.811 (

¢ 4047 800 0.947 287.4 0.947 0 0 0
1043 188 0.937 68.2 0.81§ -2.503 2.503 (
1042 376 0.9 33.2 0.9 0 0 0
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Observe tha for all of the seven generators has a positive, siglicating an
increase inLF for any increase in the reactive power capabiiftythe generator.
The corresponding value aéfin this case will be equal in magnitude but witle t
opposite sign, indicating a decreaselLid with any increase in reactive power
demand at this generator bus. Since none of thergtms is operating at its lower
limit of reactive power, the value @fis zero for all of the 20 generators. It can also
be seen that there is no longer any control over \mitages when a generator
reaches its reactive power limits,e. these voltages are lower than their

corresponding initial values.

The LF-maximization model (4.1)-(4.12) is solved for difént contingencies
following the N-1 contingency criterion, with onemsmission line being taken out
at a time and the model is solved to find the gpoadingLF value. The values of
LF for the five most critical contingencies are ithaded in Figure 4.4. The minimal
value ofLF results when the transmission line connecting Bus381 and 4032 is
taken out. Hence, this contingency is referredsttha “worst contingency”, and the
associated Lagrange multipliers in this case remteshe marginal benefits of
reactive power from each generator with respetihéosystem security at the worst
contingency.

The solution of thelLF-maximization model (4.1)-(4.12) without the
transmission line connecting Buses 4031 and 4i082at the worst contingency, is
given in Table 4.2. The initial operating point tiee same as that for the no-
contingency case; however, the solution and hemee dssociated Lagrange
multipliers are different in this case, since tlosvpr flow in the system changes as
a result of the contingency. Generators at Bus@4,40031, 4041, 1022, and 1043
are still operating at the upper limits of theiacgve power but with a different
impact on system security, represented by the salfirgand4 at the corresponding
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bus, compared to that associated with normal operatondition without

contingencies (Table 4.1). Two generators, 4042 407, are now required to
produce zero reactive power, which is their lowsnritt hence,ux has a non-zero
value at these two buses, denoting the sensitfityF to the change in the lower

limit of reactive power for these generators.

0.1
0.09
0.08;
0.0
0.067
0.051
0.04

daa

0.03
0.014
4021.4032 4031.4032 4041.4044 4042.4044 4045.4062

Out-of-Service Line

LF (p.u.)

\\\\I\\\

Figure 4.4LF values for the most critical contingencies.

A comparison between the magnitudes /Jfassociated with thelLF-
maximization model without contingencies and at twerst contingency is
illustrated in Figure 4.5. It can be seen from thart that the magnitude éfhas
increased at Generator buses 4031 and 404laslaakthe voltage drop at these
buses following the contingency. This is becauseitipact of reactive power from

these generators on system loadability is fogher with this drop in the voltage

92
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Table 4.2 Solution of theF-maximization model (4.1)-(4.12) at the worst

contingency.

Input: operating

_ o Solution: voltage collapse point in Figure 2.2
point 1 in Figure 2.2
zone Bus Lagrange multipliers
Pe (MW) | V(p.u) | Qs (MW) |V (p.u.)
A Y U

4072 1391.6 1.025 407.1 1.02b 0 0 0
4071 470 1.03 54.5 1.03 0 0 0
4011 461 1.05 239 1.05 0 0 0

a 4012 626.4 1.044 -117.7 1.044 0 0 0
1013 492 0.931 -41 0.931 0 0 0
1012 752 0.926 52.6 0.926 0 0 0
1014 400 0.957 112.6 0.95Y 0 0 0
4021 282 11 102.4 11 -0.033 0.083 0
4031 329 0.996 119.4 0.929 -0.903 0.903 (
4042 658 0.983 0 1.004 -1.404 0 1. 4p4

b 4041 282 0.956 102.4 0.894 -1.310 1.310
2032 799 0.912 168.9 0.912 0 0 0
1022 235 0.952 85.3 0.926 -0.5%8 0.3558 @
1021 478.8 1.017 130.8 1.01f 0 0 0
4062 564 0.954 167.6 0.954 0 0 0
4063 1128 0.943 175.9 0.943 0 0 0
4051 658 0.922 167.9 0.922 0 0 0

¢ 4047 800 0.947 0 0.953 -1.714 0 1.7/4
1043 188 0.937 68.2 0.911 -1.862 1.862 q
1042 376 0.9 -23.3 0.9 0 0 0
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levels. On the other hand, the impact of reactwegr from the generators at buses
4021, 1022, and 1043, represented by the magnitdide at these buses, has
decreased due to the increase in the voltage lateteese buses following the
contingency. The value affor the generator at Bus 4051 has been reduceerto z
since it is no longer required to operate at itsreactive power capacity under the
new conditions associated with the contingencyaAssult of the contingency and
the associated changes in the power flow througtimusystem, the two generators
at Buses 4042 and 4047 have reached their minimeactive power limits
following the increase in the voltage levelstetse two buses; hendean this case
will be accompanied by, and noty, and its magnitude represents the impact of

reactive power from these two generators on theesytoadability.

3] O No Contingencyl Worst Contingenc;l

2.5

2-

A (MW/Mvar) 1 5

1

0.51

4021 4031 4042 4041 4051 4047 1022 1043

Generator Bus

Figure 4.5 Comparison between the valug af no contingency and at the worst

contingency.
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4.3.2 Determining the Optimal Set of Contracted Generator

Once the reactive power marginal benefits have kbleggrmined, the next step is to
obtain the optimal set of reactive power providessng the GRPC algorithm
proposed in Section 4.2.4 to maximi@AF The initial regions of reactive power
operation are first identified using initial valuesQgg together with the value af,

as depicted in the flow chart given in Figure 4lhis initial classification of the
generators into three operating regions is thed tsesolve the OPF model (4.14)-
(4.25) to obtain the first solution set, whichhem updated following the algorithm
depicted in Figure 4.2. The updating process yiglésfinal solution that includes
the required set of generators to be contractedefactive power service provision

and the zonal uniform reactive power price comptsen

The reactive power procurement market model is @xaenconsidering the

following two cases:

« Case I: Unstressed condition, with seasonal “lowdad and no
contingencies. The Lagrange multipliéis yg, andug shown in Table 4.1

are used here.

» Case Il: Stressed condition, with increased loaith wespect to Case | and
considering contingencies. The Lagrange multipliggs yq, and uq are
calculated for the worst contingency, as explaime&ection 4.2.2, in this

case.

For brevity of presentation, only two “extreme’ating cases are considered
here to demonstrate the different procurement ptdtained from the proposed
optimization model. However, in practicanultiple unstressed and stressed

conditions should be studied by the ISO to arriveit® own set (or sets) of
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contracted generators. The ISO should then debaied on its policies, directives,
and market structure whether to contract the usaleset of generators determined
from all scenarios, only those associated withvibest contingencies, or only those
associated with peak load conditions.

Casel

A typical low demand scenario is considered in tfase, providing the ISO with a
condition where generators are expected to be tipgran under-excited mode.

Applying the reactive power procurement proced@rgslained in Section 4.2, the
initial value obtained foBAFwas 1,766 $/h. The solution was then improvedgusin
the GRPC algorithm depicted in Figure 4.2, where tywdates were required in the
first iteration, increasing the value 8AFto 1,969 $/h. This value remained the
same for several iterations, indicating that tkishie best local solution that could

be reached.

The final solution depicted in Table 4.3 providdse tlist of generators
contracted by the ISO, and the zone-wise uniforactree power price components
for this case of low demand. As it can be obserfitden generators are required
for reactive power service provisions in this caGenerators with the negative
values ofQg are operating in Region | (eight of the fifteentims case), which
represents the under-excited mode of operation.eNoh the generators are
contracted to operate in Region Ill, and hence maifidoe contracted to receive the
opportunity payment component. For the other tipmeee components, the highest
reactive power offer from contracted generatorshiwita zone is selected as the
zonal uniform price. For example, in Zoaenly two generators, 4012 and 1012,
are contracted to operate in Region I; and heneeuttder-excitation priceo) is
0.59 $/Mvarh, which is the higher of the two genersi offered prices for this
component, as shown in Table 4.3.
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Table 4.3 Final solution for unstressed conditioage ).
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Price offers from each generatg

=

Zonal uniform

Zone| Bus Qe prices
My m m ms Po| Pr| P2| P
4072 0.58 0.57 0.57 0.21 238.3
4071 0.70 0.84 0.84 0.38 NC
4011 0.78 0.74 0.74 0.29 310.6
R3[|~ |o
a 4012 0.61 0.57 0.57] 0.21 160 S 2| S| 2
1013 0.40 0.40 0.40| 0.18 89.3
1012 0.59 0.59 0.59| 0.35 -80
1014 0.86 0.88 0.88) 0.50 NC
4021 0.80 0.91 0.91| 0.31 -30
4031 | 0.92 | 0.90 0.90 | 0.36 -40
4042 0.68 0.69 0.69 0.28 NC
b 4041 0.51 0.56 0.56 | 0.24 -200 8 > 8 >
o|loc|o| £
2032 0.87 0.86 0.86 0.29 168.9
1022 0.75 0.68 0.68 | 0.23 -25
1021 0.54 0.55 0.55 0.20 135.1
4062 0.85 0.93 0.93 0.38 NC
4063 0.73 0.66 0.66| 0.39 54.4
C 4051 0.85 0.81 0.81] 0.26 24| v | @ | S|
4047 | 062 | 060 060 028 NC|S|S |S|“
1043 | 0.48 | 0.49 0.49 | 0.20 -20
1042 0.58 0.53 0.53] 0.24 -40
Total Marginal Benefit with respect to system séaguyiTMB) 4,914 $/h
Total Expected Payment by the ISO (TEP) 2,945 $/h
Objective FunctionSAF(SAF= TMB — TEP) 1,969 $/h

NC = Not Contracted
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Casell

There will be instances when the power system iavihe stressed due to
contingencies and/or high demand conditions. Ireiotd ensure a secure operation
of the system in this case, reactive power promsichould be determined

considering worst case scenarios, such as thepcasented and discussed here.

In Section 4.3.1, the values of the three Lagramggtipliers g, yg, andug
obtained by solving the OPF (4.1)-(4.12) for thersta@ontingency were reported
(Table 4.2). These values are then used to solgeQRF model (4.14)-(4.25),
obtaining an initial value oBAF of 23,486 $/h The solution was then updated
using the GRPC algorithm, with four updates in fingt iteration increasing the
value of SAFto 39,984 $/h. In the second iteration, three mgodates for the
solution took place improving the value ®\Fto 55,403 $/h. This value remained
the same for several iterations indicating that fodher improvements were

possible and the best local solution was reached.

The final solution for Case Il is given in Tabld dwhere twelve generators are
contracted for reactive power service provisiomrfof these (generators shown in
bold) are expected to operate in Region Ill. Howewas none of these four
generators are located in Zomeno generators in this zone are contracted tavece
an opportunity payment component. Observe alscitihee of these four generators
are located in Zonk, where the worst contingency took place.

Comparing the results of Case | and Case I, theviing can be observed:

« As the system is stressed, the reactive power negents from generators
also increase resulting in more generators operaitn Region Il (4

generators in Case Il versus none in Case ).

* The final value of the objective functi®\Fin the stressed case is much
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Table 4.4 Final solution for stressed conditiong€H).

99

Price offers from each generatqr Zonal .uniform
Zone| Bus Qe prices
Mo m m ms Po| P | P| Ps
4072 0.58 0.57 0.57] 0.21  233.9
4071 0.70 0.84 0.84] 0.38 NC
4011 0.78 0.74 0.74| 0.29 -77.3
[ee] < N~
a | 4012 | 061| 057| 057] 021 NC|5 |5 |R |8
1013 0.40 0.40 0.40| 0.18 NC
1012 0.59 0.59 0.59| 0.3% NC
1014 0.86 0.88 0.88) 0.50 NC
4021 0.80 0.91 0.91] 0.31 -30
4031 0.92 0.90 0.90, 0.3 1911
4042 0.68 0.69 0.69] 0.28 NC
b 4041 0.51 0.56 0.56/ 0.24 163.8 8_ 5 °o’- &
o o o o
2032 0.87 0.86 0.86] 0.20 104.5
1022 0.75 0.68 0.68) 0.283 136.5
1021 0.54 0.55 0.55| 0.20 1515
4062 0.85 0.93 0.93] 0.38 NC
4063 0.73 0.66 0.66] 0.39 2112
c 4051 0.85 0.81 0.81) 0.26 1824 8 ® o‘_of Q
4047 0.62 0.60 0.60] 0.28 NC| @ | @ |2 |°
1043 0.48 0.49 0.49)] 0.20 109.2
1042 0.58 0.53 0.53] 0.24 -0.1
Total Marginal Benefit with respect to system séaguyiTMB) 58,709 $/h
Total Expected Payment by the ISO (TEP) 3,306 $/h
Objective FunctionSAF(SAF= TMB — TEP) 55,403 $/h

NC = Not Contracted
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higher than the unstressed case. To explain tobiscenthatSAF has two

components, namely the Total Marginal Benefit (TMBiXth respect to

system security, and the Total Expected PaymenP)T&y the I1SO. It can
be seen from Tables 4.3 and 4.4 that the TEP omeased by 361 $/h,
while the TMB increased significantly from944 $/h to 58,709 $/h. The
TMB “jump” is due to the fact that the benefit teetsystem from reactive
power support is much more significant when theesyss heavily stressed.
The more the system is stressed, the higher iseisl for reactive power

support to maintain system security.

* For the two cases considered, no generator logatédnea is expected to
receive an opportunity payment, since none of #reegators from this zone
is contracted to operate in Region lll. This wapexted, since the values of
the Lagrange multipliersly, y4, and ug obtained from the LF
maximization analysis for both Cases | and k& afl zeros for all
generators in this zone (Tables 4.1 and 4.2). iHiigates that the reactive
power from generators in this zone does not hawe edfect on system
security, and hence the procurement model doesseeit much reactive

power from these units.

* From an optimization point of view, both models dalkie same number of
variables and equations, as indicated by the caatiputll statistics depicted
in Table 4.5. Observe that Case Il requires abeotdnd a half times the
CPU time of Case | to arrive at the solution, sitioe SAFmaximization
model (4.14)-(4.25) is solved sixteen times for ldtder compared to only
eight times for the former. This is to be expectasl,more generators are
pushed to operate in Regions Il and Il in Caseuk to the higher loading

conditions, as illustrated on Tables 4.3 and 4efice more solution updates
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are required in this case.

Table 4.5SAFmaximization model (4.14)-(4.25) statistics.

Case | Case ll
Unstressed Stressed
condition condition
No. of variables 10,323 10,323
No. of equations 11,950 11,950
No. of SAF-
maximization 8 16
models solved
Total solution
(CPU) time (sec) 14.35 35.56

4.3.3 Comparison of Zonal Uniform Pricing with System-Wide Uniform
Pricing

In order to emphasize the advantages of the zamé&drm pricing scheme over a

system-wide uniform price, the two cases discusselier are solved considering a

uniform price for the four reactive price comporsnte. the whole system is

treated as a single zone. The resulting priceshitwo case studies are shown in

Table 4.6.

Comparing the results in Table 4.6 with those olgtdiearlier in Tables 4.3
and 4.4, it can be observed that there is a remtuati the value of th8 AFfor both
cases when a system-wide uniform reactive poweingrischeme is adopted.g.
the SAFwith zonal uniform pricing is 1,969 $/h in Casevhile it is 1,649 $/h with

system-wide uniform pricing). In Case Il, this retlan is not very significant, as
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the value ofQg in both pricing approaches remains the same, amntehthe
marginal benefit component i8AF which is high in Case I, does not change.
However, the expected payments, which are functminprice components, are
affected; thus, the TEP for the uniform price ajgtocompared to the zonal price
approach increases 11% for the unstressed cask7éndor the stressed case. This
shows that using a zonal pricing mechanism not oetiuces the risk of market

power, but it also reduces the payment burden enSD.

Table 4.6 Results for a system-wide uniform priaimgchanism.

Price component Case | Case Il
Availability Price 0.92 0.92
Under-excitation Price 0.91 0.91
Over-excitation Price 0.86 0.90
Opportunity Price 0 0.36
SAF 1,649 $/h 54,849 $/h
TEP 3,265 $/h 3,860 $/h

4.4 Summary

In this chapter, a novel seasonal procurement seHemreactive power ancillary
services is proposed and discussed. The procuresukeme is based on a two-step
optimization process. The first step consists @éaeining the marginal benefits of
reactive power with respect to system security,cvtare then used in the second
step to maximize a reactive power societal advantagction, considering offers

from service providers. Reactive power is procufi@in generators on a zonal
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basis. The solution of the proposed procurementeingi@lds the optimal set of
contracted generators in each zone and the comdspmp zonal reactive power
price components that would form the basis of @mttral agreements for seasonal

reactive power provision.

A computationally efficientGRPC algorithm is developed to solve the
proposed reactive power procurement model. Theqgseg algorithm avoids the
need for binary variables, thus keeping the opttnin problem as an NLP; hence,
it can easily be applied to realistic power systewmlsile incorporating all

transmission system security constraints.

The CIGRE 32-bus system is used as a sample systemhemonstrate the
feasibility of the proposed procurement scheme d&mel proposed solution
technique. Two extreme case studies, representisigassed and stressed operating
conditions, are considered. The results show haetirgee power requirements from
generators increase under stressed operating morgjitesulting in four generators
operating in the opportunity region compared toenanthe unstressed condition.
The results also demonstrate that the benefit aftree power support is much
more significant to the system when it is heavilyessed, illustrating the
importance of reactive power in maintaining a secoperation of the power
system. A comparison between a zonal reactive pgwieing approach and a
system-wide uniform pricing approach is carried; o results of this comparison

show how zonal pricing can reduce the payment buotethe 1SO.

The next chapter discusses the development oftiveapower dispatch
procedures, based on the reactive power marketeframk proposed in Chapter 3
and the optimally procured set of reactive powertiaets, and their corresponding
price components, obtained from the proposed pemsent model presented in this

chapter.



Chapter 5

Redefining the Reactive Power Dispatch Problem*

5.1 Introduction

In Chapter 4, an optimal reactive power servicecprement scheme is presented,
which represents the first level of the two-setiéatframework for reactive power
ancillary service provision proposed earlier in @iea 3. The solution of the long-
term procurement model yields a set of contractederators and four reactive
power price components, namely the availabilitydem and over-excitation, and
opportunity components. The second level of theppsed framework, which
determines the reactive power dispatch levels @al*time”, is the main focus of

the research work presented in this chapter.

A novel reactive power dispatch framework is praggbs this chapter, which
redefines the problem to suit the ISO requiremémtthe context of competitive
electricity markets. The proposed model seeks toimize the total payments
associated with reactive power dispatched fromiserproviders. To adhere to
existing FERC regulations [1], only reactive powsrmpport from generators is
considered as an ancillary service eligible foafioial compensation in the work

presented in this thesis.

Preliminarily findings of this chapter have beerbished in theproceedings of the 2007
IEEE-PES General Meeting Tampa, Florida [73], and the complete work pri#ed has
been submitted to tHEEE Transactions on Power Systemé].

104
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5.2 The Proposed Reactive Power Dispatch Model

Based on the proposed reactive power dispatch scliepicted in Figure 3.3, the
ISO should be able to execute an optimal dispategrpm to arrive at the required
amount of reactive power in the real-time operatgiage. A reactive power
dispatch model is proposed here, taking into adcdoth the economic and
technical issues associated with service provision® competitive electricity

market.

The proposed model seeks to minimize the followafgective functiond,

which represents the total payments associatedrestttive power dispatch:

J =3,+3,+,
pOQ +W29p29 (QGZQ - (I?gg)sn _V\égplg (QG:Lg - ggg)sn
‘]1 = Z +'029 (\N3fg +\N3rg )(QGSg - (I?EQ)SD (51)

+ 0'51039 (V\/g,fg +V\/3rg )(Qegg - QGA)2 S:f
J, = Z(IOBlpBli St Ps: P So)

J;= IOMC(PL - PLO)SD

Where,
Qcig Under-excitation reactive power of genergian p.u.
Qcag Over-excitation reactive power of generagoin p.u.
Qcsg Reactive power of generatgroperating in the opportunity region,

in p.u.

S Base MVA power (assumed here to be 100 MVA).
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Pog:

Ps2.
Pgai:
Pgai’
Pvc:
P.:

PLO:

lead.

QGbgea-
lag.
Qobg™%:

QGAg:

ng, \NZg:

Availability price component for reactive power fgeneratog, in
$/h.

Under-excitation price component for reactive podor generator
g, in $/Mvarh.

Over-excitation price component for reactive poWee generatog,
in $/Mvarh.

Lost opportunity price component for reactive govior generator
g, in $/Mvarh.

Price of upward balance servidas in $MWh.
Price of downward balance servi¢gs in $/MWh.
Upward balance service at by p.u.
Downward balance service at bus p.u.
Energy market clearing price, in $/MWh.

Total system losses, in p.u.

Pre-determined total system losses from energsket clearing, in
p.u.

Base leading reactive power of genergtdn p.u.
Base lagging reactive power of genergtan p.u.

Maximum reactive power limit of generatpmwithout reduction in

real power generation, in p.u.

Binary variables associated with Regions | dnaf reactive power

operation for generata@; respectively.



Chapter-5 Redefining the Reactive Power Dispataibiem 107

Wi, Whig: Binary variables associated with armature andd figmits on

reactive power generation for generajprespectively.

These payments can be divided into the followirrgelmain categories:

* PaymentJ; is associated with reactive power provided frommegators.
This component is a function of the predeterminetep components
associated with each region of operatipn £ 0, andps), as explained in
Section 3.4.3. Accordingly, payment componentsdatermined foQg,
Qc2, andQg3 corresponding to the operation of the generatdregion |,

I, or lll, respectively, plus an availability paynt.

» Payment);, is associated with the energy balance serviceishaguired to
compensate for rescheduling of real power,the effect of reactive power
dispatch on real power dispatch. This componenit appear only when
some generators are required to supply reactiveepowRegion lll, where
they need to reduce their real power generatiarder to meet the system
reactive power requirement. Consequently, thera reeed to reschedule
their real power £Pg), and a balance servic®g] is required at certain
buses to compensate for real power deviations faineady dispatched
values Pgg). The energy balance services from available plerg might
be an upward or downward servides. Pg; and Pg,, respectively; the
corresponding pricepg; and pg; are assumed to be known in advance

from an energy balance market [75].

» Payment/creditl; is associated with the change in the total sydteses
due to reactive power dispatch and the reschedutihgeal power

generation. This component is positive (paymentenithe total losses
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calculated from the proposed reactive power dispatiution P) are
higher than the losses from real power market rigadispatch o). If
the proposed reactive power dispatch model yieldet losses thaR,,, a
loss credit (negative value) is in effect. The eatif the payment or credit
can be calculated by multiplying this differend& ¢ P.,) by the market

clearing price fmc).

The proposed reactive power dispatch model is thenulated as follows:

max.J (5.2)
st. Py, —AP, +P, —P,, — P, —z\/,vj Y, codg, +3, -3) DO (5.3)
~Qu = ZVVY sin(g, +0, -4 O (5.4)

(VAL AVAESVALS Oi (5.5)

P (v,5)|<R™ Oi, | (5.6)

min lead
QGg = QGlg SW QGbg

Qlead < QGmg Qlag

o Og (5.7)
2gQGbg < QGZg _WZQQGAQ
3fg 3rg )QGAg < QGSg < 3fg 3rg )QGBg

W, + W + W + Wy + W, =1 Cg (5.8)

Qoy = Qo1g * Qozg + Qaag + Qamg Cg (5.9)
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2 2
V. E V2
Px =W tg —fg _ Q + tg
0 3“’\/{ Xo j [ X, (5.10)

+W3rg \/(Vtg I ag)2 - Qég + (Vvlg +W29 )PGOG

Poog ~ Foxg = AR5 (5.11)
AR, < ¢ Py (5.12)
Pas < P (5.13)
Pozi < Posr (5.14)
D Qs =K, D> Qupg Og02Z,0z (5.15)
g g
R =05) (G, (V2 +VZ -2V, cods, - 9)) (5.16)
ij
Where,
J. Total payment associated with the reactive padigpatch in $/h.
Pcoi: Market clearing pre-determined active power disp at bug, in
p.u.
APg;: Reduction in active power at busglue to increase in reactive power
beyond heating limits, in p.u.
Ppi: Active power demand at busan p.u.
Vi: Voltage magnitude at buisin p.u.

di: Voltage angle at busin radians.
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Yi:
Oy
Qai:
Qoi:
v,
(Wil
Pij:

P" max

QGngn:

QGBg:

Qcmg

Magnitude of thg entry of the admittance (Y) matrix, in p.u.
Angle of theij entry of the admittance (Y) matrix, in radians.
Reactive power generation at bum p.u.

Reactive power demand at bus p.u.

Minimum allowable voltage at busn p.u.

Maximum allowable voltage at bysn p.u.

Power flow from busto busgj, in p.u.

Maximum allowable power flow from buigo busj, in p.u.
Minimum reactive power limit of generatgyrin p.u.

Maximum allowable reactive power limit of geawr g with

reduction in real power generation, in p.u.
Mandatory reactive power of generagpm p.u.

Binary variable associated with mandatory re®cti power

production for generatay.

Terminal voltage of generatgr at which its capability curves are

calculated, in p.u. (assumed here to be 1.05 p.u.)

Rated armature current of generagaait which its capability curves

are calculated, in p.u.

Excitation voltage of generatgrin p.u.
Synchronous reactance of genergtan p.u.
New active power dispatch for generagpm p.u.

Maximum allowed level of active power reductainbusi.
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Pei™™  Maximum upward balance service at bus p.u.

Pe2"™  Maximum downward balance service at buis p.u.

Z The set of generators in zone
Kz A fractional cap on reactive power usage in zone
Gj: Conductance of the line connecting busasdj, in p.u.

In the above model, equations (5.3) and (5.4}l@ective and reactive power
balance equations; observe that the nodal activeeepoequation (5.3) is
appropriately modified to includedPgs, Ps; and Pgy. System security limits,
including bus voltage limits and line flow limitgre given by (5.5) and (5.6),
respectively. The three regions of reactive powedpction identified from the
generator’s capability curves (Figure 2.1) are gibg the constraints in (5.7). It is
to be noted that the constraints (5.7)-(5.9) guaeathat of the three regioi%:,
Qc2, andQgg3, only one is selected at a time for each generator

The effect of reactive power dispatch on real posigpatch is included in the
model by calculating the required reduction in rpalver dispatch/APg) using
(5.10)-(5.12). Observe th&Ps will have a non-zero value only if the generasor i
operating in Region lllj.e. if the generator reaches its field limRda < Pggr) or
armature limit Pca > PgR); otherwise Psx in (5.10) will be equal t®c, and hence,
according to (5.11\Pg will be zero. In order to minimize the effect aral power
dispatch, a “cap” on the reduction in real powemposedge.g.between 5 to 15%,

as per constraint (5.12).

The 1SO will require some balancing mechanism tongensate for the
reschedule in real power and for changes in sykieses as a result of the reactive

power dispatch. In this work, it is assumed thathsa market mechanisme.
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upward and downward balance services, is alreagjaice as an ancillary service.
This is typically the case in most markets, andstban be used by the ISO within
the proposed reactive power dispatch frameworkn lon the maximum upward

and downward balance service available at eaclemy$tus is imposed by the

constraints (5.13) and (5.14), respectively.

Based on typical voltage control approaches, camss (5.15) are included to
ensure sufficient reactive power reserves withuoléage control zone. The amount
of reactive power reserves in zomeas given by (1 K_); for exampleK,; = 0.9
corresponds to a 90% cap on utilization and dispafcavailable reactive power
capacity, implying a 10% reactive power reservthanzone. Observe that the value
of Qga instead ofQgg Was used to define the zonal reactive power reserorder
to be more conservative, since the extra reactoveep coming from a possible real
power re-dispatch is unknown at the start of ttspalich process. Finally, the total

system losseB, in (5.1) are calculated using (5.16).

It is important to highlight the fact that the posed payment functiahgiven
in (5.1) is of a generic nature, and it can be riedlito fit other payment schemes
adopted by system operators. For example, it wastiomeed earlier that both the
IESO in Ontario and the 1ISO New England compenseejenerators operating at
the opportunity region by directly paying them atlopportunity component at the
market clearing price. To consider such casesolijective function can be readily

modified as follows to represent such a paymenthaigism:

7 :z Pog tWae 054 (QGZg - ggg)sn ~W0y (QGlg ‘Q'SES)SD
9 +102g 3fg +Vv3rg )(Qng - ggg)so (517)
+szCAPGgSD +Z(p51PBliSo +:052P52i So)

9 i
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Observe that the quadratic opportunity cost ternfsid) has been replaced by a
direct payment for rescheduled poweicAPs in (5.17). Furthermore, loss
payments/credits are not included, since this tscoorently a common practice in

“standard” reactive power dispatch approaches.

The proposed dispatch model (5.2)-(5.16) capturath bhe technical and
economic aspects of reactive power dispatch. Howyénaen the optimization point
of view, this model represents a difficult problesimce it is essentially an MINLP
problem, due to the presence of binary variablegsiired to properly select only
one out of the three regions of reactive power a@n in the model. To address
this issue, the proposed GRR@orithm discussed earlier in Section 4.2.4 i® als

used here to solve this optimization problem.
The solution of the proposed dispatch model yighdsfollowing:
* The required reactive power support from each ggoer

* The amount of real power to be rescheduled in otdeneet the system

reactive power requirements.

* The amount of energy balance services needed tpesate for the change

in real power resulting from the reactive powepdish.

* The total payment of the ISO to the service prosde

5.3 Implementation and Results

The proposed reactive power dispatch model (5.26]5is tested on the CIGRE
32-bus system (Figure 4.3), and the associatedtseame presented and discussed
in this section. The optimization models, which @easformed into NLP problems

as previously discussed in Section 4.2.4, are neddiel GAMS and solved using
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the MINOS solver. The same power flow limits usedSection 4.3, are also used
here. To simplify the analysis, all generators again assumed to be eligible for

lead

payments in all of the three regions of operatwhjch implies thatQgp, = and
Qcp® in Figure 2.1 are equal to zero for all generat&isally, a 30% reactive

power reserve is assumed for each zoael, = 0.7 for all three zones.

For brevity of presentation, only two different espting scenarios are
presented and discussed here to illustrate thenmeahce, validity, and robustness
of the proposed reactive power dispatch model. fireescenario is a base loading
condition, whereas the second is a “stressed” tipgraondition in which the
system loading level is increased by 10% with respe base load and with one
generating unit out of service. For each of thesmnarios, the following cases are
studied:

e« Case | (“standard” reactive power dispatchln this case, common ISO-
practices are applied, where the real power digpattim energy market
clearing is used to solve an ac-power flow to daeiee the required
reactive power dispatch. In most cases, operas@gdheir own experience
to “tune” the ac-power flow until a feasible anatgee solution is achieved
that does not violate voltage and line flow limitéence, this approach is
simulated here to obtain a “standard” reactive podispatch, and the
associated payments are then calculated basedeoprdposed payment
functionJ; in (5.1).

» Case Il (proposed reactive power dispatch):this case, the real power
dispatch from energy market clearing, together hth set of contracted
generators and the four reactive power price compin from a
procurement stage, are used to solve the propesetive power dispatch

model (5.2)-(5.16). The solution of this model sitaneously yields the
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required reactive power dispatch and the assocfgthent components.
In order to demonstrate the generality of the pseplodispatch model, the
results are compared for two objectives, one whth functionJ given in
(5.1), denoted here by Case Il.a, and the secotidthe more “realistic”
objectiveJ* given in (5.17), denoted here by Case Il.b.

* Case lll (“ideal” reactive power dispatch)This case simulates an ideal
scenario in which a security constrained ac-OPRjmizing the total real
power cost, is used to simultaneously disp&andQ. This would be an
ideal solution because it achieves the least-adstisn; however, such an
approach is not currently used by ISOs in practisecause of the
complexity associated with solving a coupled, lasgale, non-convex
NLP model every few minutes. Furthermore, possduegerse effects on
market prices associated with the simultaneous atiibp of real and
reactive power within a competitive market envir@amn could be a
significant problem [28]. Once the reactive powespdtch is obtained for
this ideal scenario, the associated reactive p@e@gment is calculated

based on the proposédin (2).

In the above cases, the four reactive power maoceponents, defined earlier in
Section 3.4.3, are assumed to be available fronptheurement stage. These price
components, as well as the set of contracted gemsraare obtained here by
solving the proposed reactive power procurement angd.14)-(4.25) at high
loading conditions and ignoring contingencies. Eheslues are different from the
ones shown in Tables 4.3 and 4.4; however, thetheyontracted generators and
the associated price components are obtained havieearing on the proposed
dispatch procedures, and they could actually commmfany appropriate
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procurement process. The set of contracted gemsratm the four reactive power
price components are given in Table 5.1, and asenmasd to remain unchanged for
all test cases. A market clearing prjggc = 100 $/MWh is assumed, which is a
typical “high” price figure in the Ontario electiig market. The prices of energy
balance servicegs: = 110 $/MWh ands, = 90 $/MWh are assumed to be pre-
determined from a given energy balance auctionchviian be assumed to be

typical values, since these are usually aroundéihee ofpyc [76].

Table 5.1 Contracted generators and the associetlve power prices.

. Contracted Zonal Reactive Power Prices
one
Generators O o 0 05
4072
a S I R - S
1013 S S S <
1012
4021
4031
& > & %
b 2032 p pt p i
1022
1021
4063
4051 To) ™ — ©
c © ] © N
1043 © © © ©
1042

NC = Not Contracted
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It should be noted that reactive power limits foe t'standard” reactive power
dispatch Case | and the “ideal” reactive power alicip Case 11l do not include the
opportunity region of operation. This is due to flaet that in the “traditional”
reactive power dispatch approaches, which bothesd cases represent, generators
are typically modeled using fixed reactive powenits (Qgr in Figure 2.1). The
redefined reactive power dispatch proposed hekeas€ Il), on the other hand, is
based on the concept of operating a generatoeiopportunity region in return for
adequate financial compensation. This allows fdemated reactive power support
from generators, which is important for power sysetoday, since they are

operating closer to their limits in more stressedditions.

5.3.1 Base Loading Condition

The solution of the three case studies under bas@irlg conditions is given in

Table 5.2. A set of 13 generators out of 20 ararass to be contracted for reactive
power provision (Table 5.1). Generators with negaf)s values are operating in

the under-excitation region (Region I); no genas@re operating in Region IlI.

For the purpose of the simulations presented hbeereal power market clearing
and dispatch, which is required to initiate the gm®ed reactive power dispatch
procedure, is obtained using a “standard” dc-OPHehd his model minimizes the

cost of energy production, subject to system sBcuonstraints. Transmission
losses are modeled as a function of generator fslgifors and real power injections
[77].

It can be seen from the results in Table 5.2 ith&ase |, when reactive power
is dispatched using an ac-power flow (AC-PF), a MW reduction in the real
power of the slack bus (4011) takes place to adqarsthe lower losses. Note also
that the samé’s dispatch (obtained from dc-OPF) applies to botlseCH.a and

Case Il.b. None of the generators are operatingegion Il for these sub-cases,
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and henceAPg is zero for all the generators. However, due @ fidct that real

power generation levels are kept constant and tiser® slack bus in Case I, a

downward balance service of 7.1 MW is required exiggator Bus 1021 for Case

Il.a to account for the reduction in the total systlosses. The difference @g

between these two sub-cases is due to the differ@ngayment structure of the two

objective functions. Finally, observe the signifitdg different P and Qg values

obtained from the security constrained ac-OPF amroin Case |Ill, which

minimizes the total real power generation costs.

Table 5.2 Solution of the three cases under baskrig condition.

Case | Case Case lll

AC-PF Proposed dispatch model AC-OPF
BUS Il.a Il.b

Ps Qe Ps Qo
(MW) | (Mvar) Ps Qc Pe Qs (MW) | (Mvar)
(MW) | (Mvar) | (MW) | (Mvar)

4072 | 1380.6 484 1380.6 179.3 1380.6  179. 1590.6 4.539
4011 | 900-5.7 -100 900 -89.2 900 -77.5 539.8 -100
4021 270 2.4 270 -30 270 -30 270 -30
4031 315 -23.1 315 -40 315 -40 315 -40
4063 | 1035.4| 103.4f 1035.4 92.4 1035.4 97 1080 2106.
4051 630 97.4 630 83.6 630 90.7 630 92,9
2032 760 168.9 760 10.9 760 15 765 2313
1013| 2755 -50 275.5 0 275.5 -50 383|9 -50
1012 720 57.4 720 0 720 275.¢ 72( 70
1022 225 -25 225 0 225 0 225 -25
1021 350 51.7| 350-7.1 0 350 0 430)2 8414
1043 180 69.2 180 55 180 63.9 18( 65|1
1042 360 -37.4 360 -40 360 -38.4 36( -38.8
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Observe in Table 5.2 that there are significanted#hces in reactive power
dispatch using the proposed approach (Case Il) kggpect to more “traditional”
techniques (Cases | and lll). This is a notablengkaarising from the proposed
philosophy of reactive power dispatch, which isagib paradigm shift.

The reactive power payment, the balance paymedtitee total system losses
for all cases are given in Table 5.3. Observe that reactive power payment
resulting from the proposed dispatch model (Cajeislithe lowest, since the
objective function is to minimize reactive powerypeents. It is also to be noted
that this base-load scenario does not induce aagtive power dispatch of
generators in the opportunity region, and theretbie difference in opportunity
payment components between Cases ll.a and Il.lotisclearly brought out. A
stressed operating condition is considered in @ Bection to demonstrate this

issue.

Table 5.3 Losses and payment components for tke ttases under base loading condition.

Case II: Proposed
Case | dispatch model Case Il
AC-PF AC-OPF
Il.a Il.b
Losses (MW) 433.5 432.2 439.2 424 4
Q-Payment ($/h) 1,900 1,570 1,780 1,92
Balance-Payment
($/h) 515 640 0 0

The balance payment shown in Table 5.3 and assdcvwith Case ll.a is due
to the downward balance service required at gemeftus 1021, illustrated in

Table 5.2, which arises from the need to accountife change in system losses



Chapter-5 Redefining the Reactive Power DispatabRm 120

associated with the corresponding reactive powsgadch. This balance-payment is
lower in Case |, where a 5.7 MW reduction in thesks is accounted for by
Generator 4011 (slack bus). Note that Case lidgi¢he lowest value of the system
losses, since botRs and Qg are simultaneously dispatched using an ac-OPF. On
the other hand, the system losses in Case Il.lpaer than those in Case Il.b, since
for the former the objective functiod explicitly includes a loss-payment

component.

5.3.2 Stressed Operating Condition

Table 5.4 depicts the dispatch results obtainedHerstressed system conditions.
Observe in this case that the reactive power rements have significantly
increased for all the studied cases. In Case leszheduling in real power
generation of three generators is needed to aclaideasible power flow solution;
in this case the 9 MW (1.25%) reductionHg from Generator 1022 is picked up by
Generator 4072, and an additional 9.7 MW is sudpbg the slack bus 4011 to
account for the increase in system losses assdciatth the reactive power

dispatch.

In Cases ll.a and Il.b, Generator 1012 is dispatahethe opportunity region
(shown in bold), and consequently a 11.7 MW (1.6386luction in its real power
output is necessary to maintain reactive power iggiog within its field limits.
This rescheduling in real power is compensated royi@vard balance service of
11.4 MW in Case ll.a and 12.1 MW in Case Il.b, bathload Bus 1041. The
difference between the MW reduction and the bala®gice is accounted for by
the change in the total system losses. In Case¢hBle is no rescheduling of real

power generation, sind&; andQg are simultaneously dispatched.
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Table 5.4 Solution for the three cases under sidessndition.
BUS Case | Ca;e I Case lll
AC-PF Proposed dispatch model AC-OPF
P % Il.a Il.b P %
(MW) | (Mvar) Po Qe Ps Qs | (MW) | (Mvar)
(MW) (Mvar) (MW) (Mvar)

4072 | 2310.3+9 303.5 2310.3 3193 2310{3 297.4 22[7AN22.3
4011| 900+9.7 -100 900 -100 900 -32|5 804.1  -100
4021 270 -30 270 -30 270 -30 270 -30
4031 315 -40 315 0 315 0 315 1288
4063 1080 152.7 1080 156.8 1080 159.1 1080 163.6
4051 630 247.9 630 98.5 630 95.6 630 122.8
2032 765 175.6 765 201.1 765 179.9 765 212.5
1013 350.1 236.7, 350.1 76.9 350.1 45(7  481.9 -50
1012 720-9 349 720-11.7 367 | 720-11.7 | 367 720 348.7
1022 0 0 0 0 0 0 0 0
1021 3914 88 3914 156.5 391.4 157.8 540 213.6
1043 180 87.2 180 87.2 180 87.2 180 87.
1042 360 16.3 360 0 360 0 36( -7.8
ol o 0 11.4 0 12.1 0 0 0

The reactive power and balance payments, as wéfieatotal system losses for

all cases, are given in Table 5.5. Observe thaloivest reactive power payment is

achieved in Case ll.a, with the payment being $icamtly different from that in

Case Il.b because of the difference in the oppdstypayment component in the

respective objective functions. Note that the badapayment component is present

in Cases | and Il due to the required rescheduhngeal power generation. The

difference in the balance-payment for Cases Il@ lab can be attributed to the
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slight difference in the total system losses asdedi with the reactive power

dispatch.

It is interesting to note that for the stressedtey conditions, the proposed
dispatch of Case Il.a reduces system losses witert to the ac-OPF dispatch of
Case lll. This is attributed here to the fact ttet proposed dispatch model has the
possibility to extend the reactive power limitsagenerator’'s opportunity region,
while an ac-OPF based reactive power dispatch onstthese to fixed rated

limits.

Table 5.5 Losses and payment components for tee ttases under stressed condition.

Case II: Proposed
Case | dispatch model Case lll
AC-PF AC-OPF
a b
Losses (MW) 567.5 557.4 558.2 575
Q-Payment ($/h) 2,420 2,190 3,340 2,510
Balance-Payment
($/h) 2,060 1,250 1,330 0

Comparing the reactive power dispatch results afeQaa for the two system
conditions, it is observed that for base load (€ahR), 4 generators are operating
in the under-excitation region and 4 are not ddped for reactive power support,
while none are required to operate in Region Ih.t@e other hand, from

Table 5.4, a significant increase is observed in reactivevgrooutput from

generators under a stressed operating conditionexgected, since only two
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generators are operating in the under-excitatigiore while Generator 1012 is
operating in Region lll. The total amount of reaetpower injected into the system
has increased from 220 Mvar at base loading candib 1333 Mvar under stressed

operating condition.

5.4 Summary

In this chapter, a novel paradigm for reactive podispatch in the context of
deregulation is proposed. The classical reactivevepodispatch problem is
redefinedfrom the perspective of an ISO’s operating in cetfitye electricity

markets. The new reactive power dispatch modelrpurates the ISO’s composite
payment burden associated with the provision ottrea power support, while
considering all operating aspects pertinent torapmiitive environment. The model
seeks to minimize the total payment by the ISOetactive power providers, while

ensuring a secure and reliable operation of theepewstem.

One important contribution of the model is thatcdnsiders the effect of
reactive power on real power by “internalizing” tb@culation of the reduction in
real power output of a generator due to an incréasts reactive power supply.
Furthermore, in order to ensure that reschedulinga power because of reactive
power supply requirements from generators is keépa aminimum, a payment

component for balance services is included in thjeative function.

Simulation studies are carried out considering tifferent loading scenarios.
Furthermore, three cases are considered repregedifferent approaches for
reactive power dispatch. Thus, in addition to the@ppsed reactive power dispatch
model, two other approaches are studied: Firsttaadard approach adopted by
most system operators for dispatching reactive pasmpport from generators is

used; this approach is based on solving an ac-ptieverusing real power dispatch
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from energy market clearing. The second approadmisdeal scenario in which
both real and reactive power are simultaneouslpaiched by solving a security

constrained ac-OPF that minimizes the total realgraost.

From the analysis of results obtained from thedhcase studies, it is shown
that the proposed reactive power dispatch yields litwest reactive power
payments among all cases considered. It is alseroéd that the proposed reactive

power dispatch approach yields better overall tegbhbn current dispatch practices.



Chapter 6

Conclusions

6.1 Summary and Conclusions

This thesis focuses on the management and pridingaxtive power ancillary
services in the context of liberalized electricitparkets. In Chapter 1, a
comprehensive review of reactive power managemedtpaicing is carried out.
The review includes some of the existing utilityagtices worldwide as well as
various approaches reported in the technical tileeafor reactive power cost
allocation, pricing, and provision. Subsequenthg tesearch work proposed in this

thesis is presented, highlighting its main objezdiv

In Chapter 2, the different types of ancillagnaces according to FERC and
NERC definitions are presented and elaborated. yerwiew of reactive power
management in different electric utilities arouhe tworld is discussed thereafter.
This chapter also introduces the different regiofsreactive power operation
determined from the capability curve of a synchimgenerator, and introduces
the different cost components associated with eaglon. The impact of reactive
power on system security is also discussed, and ctiepter concludes by
emphasizing on the importance of incorporatingesyssecurity within the reactive

power provision procedures.

In Chapter 3, the various issues associated thtlexisting utility practices for
reactive power management and payment mechanisndisoussed. Appropriate

policy solutions are then proposed in order to eahian efficient service provision

125
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for reactive power ensuring a secure and reliableration of the power system.

The proposed policy solutions include the following

Decoupling of active and reactive power provisiam®rder to isolate the

effect of price volatility of energy market on réae power prices.

Examining reactive power management on a zonas psreduce the effect
of some generators’ trying to exercise market powgrconfining any
possible market inefficiencies within a specifimepand thus protect other

market participants in the system.

The development of an appropriate reactive powemeat function that
comprises four price components, correspondinghto three regions of
reactive power operating (under-excitation, overiation, and opportunity

regions), in addition to an availability component.

Proper consideration and representation of theckefté reactive power

dispatch on real power dispatch, and hence systenrity.

Based on these policy solutions, a novel hieraethieactive power management

framework is proposed and discussed in this chaptes proposed framework is

based on the separation of reactive power managemtntwo distinct time-

frames,i.e. a reactive power procurement stage carried ot s@asonal basis, and

a reactive power dispatch stage that determineadtual reactive power generation

levels close to real-time.

In Chapter 4, a novel reactive power procuremestiesie is proposed

representing the first level of the integrated feavork. The scheme incorporates,

for the first time, power system security as acé@a criterion in the procurement

of reactive power services. This is achieved byhgisihe concept of marginal
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benefits of reactive power from a generator witlspext to system security,
represented by Lagrange multipliers associated witloadability maximization
model. These marginal benefits are then used tomizx a reactive powesocietal
advantage functionconsidering offers from service providelise. generators.
Reactive power is procured from generators on aldeasis, with the system being
split into zones or voltage control areas using dbecept of electrical distances.
The optimal reactive power procurement model isresblusing a novel GRPC
algorithm, which alleviates the need for binaryiables. The GRPC algorithm
solves the procurement problem using an iteratpating procedure, in which a
sequence of NLP sub-problems is solved until tret pessible solution is achieved.
The proposed GRPC algorithm, from the computatiovialwpoint, makes it
possible to apply the proposed reactive power pesuoant model to realistic power
systems, while incorporating all transmission sigguronstraints. The proposed
reactive power procurement model is implementedtastid on the CIGRE 32-bus
system, and two case studies are considered, espireg stressed and unstressed
operating conditions. The solution of the propopeacurement model yields the
optimal set of contracted generators in each zawk the corresponding zonal
reactive power prices for all the four price comgats introduced in Chapter 3;
these would form the basis of contractual agreesnntseasonal reactive power

provision.

In Chapter 5, the classical reactive power digpg@ioblem is redefined from
the perspective of an ISO operating in competiglectricity markets. A novel
reactive power dispatch scheme is proposed, whaegkssto minimize the total
payments by the ISO to reactive power providerslevensuring a secure and
reliable operation of the power system. The progossactive power dispatch
scheme considers the effect of reactive power ahpewer by calculating, within

the optimization model, the required reductionealrpower output of a generator
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due to an increase in its reactive power supplyis Teduction in real power

generation is compensated by using upwards and wamis balance services. A
payment component for these balance serviceslisded in the proposed objective
function, in order to ensure that reschedulingeat power is kept at a minimum.
Two different operating scenarios are considereithénCIGRE 32-bus system, and
three cases are studied for each scenario, repirggetifferent approaches to
reactive power dispatch. In addition to the proposactive power dispatch model,
a “standard” approach adopted by most system aper&br dispatching reactive

power support from generators is used, as wellsagguan ideal scenario in which
both real and reactive power are simultaneouslpaiched by solving a security
constrained ac-OPF that minimizes the total reagvocost. The findings of this

chapter demonstrate the effectiveness of the peapwosactive power dispatch,
which yields the lowest reactive power payments laeiter overall results among

all cases considered.

6.2 Main Contributions of the Research

The following are the main contributions of theeash work presented in this

thesis:

1. A comprehensive overview for reactive power angllaservices
management and pricing is presented, discussinfgreiit mechanisms
adopted by several utilities around the world, asllwas proposed

approaches reported in the technical literature.

2. This thesis presents a detailed analysis of theegssassociated with reactive
power service provision in competitive electricityarkets, and prescribes
corresponding policy solutions for them, which ardéine with the common

operating practices of electric utilities in NoAmerica. The analysis yields
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a comprehensive and general framework for reagimweer management

and pricing in these markets.

3. Based on current practices for reactive power gioni by various system
operators in competitive electricity markets, a elomtegrated framework
based on a two-settlement model approach is prdpfusereactive power
ancillary service management. The proposed framewoorks at two
hierarchical levels and in different time horizontkge first level is the
procurement model which works in a seasonal timgzbn, while the
second level is the dispatch model which works B0aminutes to 1 hour
window. The framework is generic in nature andesigned to fit into any
electricity market structure, be it a bilateral want market or a pool

market.

4. System security is incorporated in reactive powecprement procedures,
based on indices representing the marginal beoéfieactive power from
each generator with respect to system securitythEunore, appropriate
transmission security constraints are representetha model to ensure a

secure procurement of reactive power support.

5. A novel reactive power dispatch model is proposeduit the requirements
of system operators in deregulated market. The migjective of this model
is to dispatch reactive power from already conedgiroviders at least cost,
while satisfying transmission security constraimisd considering zonal

reactive power reserves.

6. An important aspect of the new dispatch model & thconsiders the effect
of reactive power on real power by internalizing tbalculation of the
reduction in real power output of a generator doieah increase in its

reactive power supply. Furthermore, in order tauemshat this rescheduling
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of real power is kept at a minimum, a payment comegnd for balance

services is included in the objective function.

7. A novel Generator Reactive Power Classification (GRPC) alhpm is
proposed in this thesis to solve the MINLP modedsoaiated with the
optimal reactive power procurement and dispatctblpros. TheGRPC
algorithm treats the optimization problem as iteeatNLP sub-problems,
alleviating the need for binary variables assodateith the different
possible regions of reactive power operation fahegenerator. This is a
significant improvement from previously inefficiemiathematical models
and methods that treat the reactive power procumemeoblem as an
MINLP problem.

6.3 Scope for Future Research

Based on the research work reported in this thasisre research may be pursued

in the following directions:

1. Apply the proposed reactive power procurement aisgatich models to

actual power systems.

2. Examine the possibility of expanding the definitiah reactive power
ancillary service providers to include other resegr such as capacitor
banks and FACTS devices. This is in line with FER@cent
recommendations to consider and recognize reagioxger from these

sources as ancillary services that are eligibldifancial compensation.
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3.

Improve the performance of the proposed GRPC dlguarby looking at the
optimal order of generators and starting pointti@hivalue of reactive

power), in order to arrive at the best possibletsmh.

Study the issue of reactive power providers’ tryiagexercise market power

and indulging in gaming.

Investigate the contribution of DG resources toctiga power ancillary
service provision, their optimal pricing, grid caution agreements, and

technical requirements.

Examine reactive power provision and pricing praide from the
generators’ viewpoint, as service providers. Ineottvords, build optimal
bidding strategies for the competitive generatorgparticipate in reactive

power markets.



Appendix A
CIGRE 32-Bus System

The CIGRE 32-bus test system [71], shown in Figre has been used in this
thesis to implement and test both the proposedtiveapower procurement and
dispatch models. The system encompasses a totandeof 10,940 MW and has
20 generators, 9 shunt capacitors, and 2 induddus 4011 is selected as the slack
bus. The data for generator buses is provided ibleT&.1, including the
generators’ limits, and the demand and voltagel laveeach of the 20 generator
buses. The demand at load buses, together witmsta@led shunt capacitors and
voltage levels, are given in Table A.2. The data foe transmission lines
connecting system buses is given in Table A.3.
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Table A.1 Generator buses.
BUS P P Q™ Po Qo Qsh Vievel Xs
(MW) | (MW) | (Mvar) | (MW) | (Mvar) | (Mvar) | (KV) (p.u.)
4072 4500 0 -300 2000 500 0 400 1.5
4071 500 0 -50 300 100 -400 400 0.8
4011 1000 0 -100 0 0 0 400 1.2
4012 800 0 -160 0 0 -100 400 1.1
4021 300 0 -30 0 0 0 400 0.7
4031 350 0 -40 0 0 0 400 0.7
4042 700 0 0 0 0 0 400 1
4041 300 0 -200 0 0 200 400 0.7
4062 600 0 0 0 0 0 400 0.9
4063 1200 0 0 0 0 0 400 1.2
4051 700 0 0 0 0 100 400 1
4047 1200 0 0 0 0 0 400 1.2
2032 850 0 -80 200 50 0 220 1.1
1013 600 0 -50 100 40 0 130 0.9
1012 800 0 -80 300 100 0 130 1.1
1014 700 0 -100 0 0 0 130 1
1022 250 0 -25 280 95 50 130 0.7
1021 600 0 -160 0 0 0 130 0.9
1043 200 0 -20 230 100 150 130 0.6
1042 400 0 -40 300 80 0 130 0.8




Appendix-A CIGRE 32-Bus System

Table A.2 Load buses.

Bus I:)D QD QSh VLeveI
(MW) (Mvar) | (Mvar) (KV)
4022 0 0 0 400
4032 0 0 0 400
4043 0 0 200 400
4044 0 0 0 400
4045 0 0 0 400
4046 0 0 100 400
4061 0 0 0 400
2031 100 30 0 220
1011 200 80 130
1041 600 200 200 130
1044 800 300 200 130
1045 700 250 200 130
42 400 125.67 0 130
41 540 128.8 0 130
62 300 80.02 0 130
63 590 256.19 0 130
51 800 253.22 0 130
47 100 45.19 0 130
43 900 238.83 0 130
46 700 193.72 0 130
61 500 112.31 0 130

135



Appendix-A CIGRE 32-Bus System 136

Table A.3 Transmission lines.

Line ResistancelY) | Reactancet) | Charging (p.u.)
4011.4012 1.6 12.8 0.4
4011.4021 9.6 96 3.58
4011.4022 6.4 64 2.39
4011.4071 8 72 2.79
4012.4022 6.4 56 2.09
4012.4071 8 80 2.98
4021.4032 6.4 64 2.39
4021.4042 16 96 5.97
4031.4022 3.2 32 1.2
4031.4032 1.6 16 0.6
4031.4041 4.8 32 2.39
4042.4032 16 64 3.98
4032.4044 9.6 80 4.77
4041.4044 4.8 48 1.79
4041.4061 9.6 72 2.59
4042.4043 3.2 24 0.99
4042.4044 3.2 32 1.19
4043.4044 1.6 16 0.6
4043.4046 1.6 16 0.6
4043.4047 3.2 32 1.19
4044.4045 1.6 16 0.6
4045.4051 3.2 32 1.2
4045.4062 17.6 128 4.77
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Table A.3 — Continued from previous page.

Line Resistancet}) | Reactance§) | Charging (p.u.)
4046.4047 1.6 24 0.99
4061.4062 24 24 0.9
4062.4063 24 24 0.9
4071.4072 24 24 3
2031.2032 2.9 21.78 0.05
1011.1013 0.85 5.9 0.13
1012.1014 1.2 7.6 0.17
1013.1014 0.59 4.23 0.1
1021.1022 2.54 16.9 0.29
1041.1043 0.85 5.07 0.12
1041.1045 1.27 10.14 0.24
1042.1044 3.21 23.66 0.57
1042.1045 8.45 50.7 1.13
1043.1044 0.85 6.76 0.15




[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Bibliography

FERC Order No0.888, “Promotion of wholesale compmtitthrough open
access non-discriminatory transmission services phoylic utilities and
recovery of stranded costs by public utilities &r@hsmitting utilities,” Issued
April 1996.

FERC Staff Report, “Principles for efficient andliable reactive power

supply and consumption,” Issued Feb. 2005.

FERC Order No0.2003, “Standardization of generatoterconnection
agreements and procedures,” Issued Aug. 2003.

US-Canada Power System Outage Task Force, “Fipalrtr@n the August
14, 2003 blackout in the United States and Canadauses and

recommendations,” Issued April 2004.

North American Electric Reliability Council (NERC)YDperating Policy 10-
on Interconnected Operation Services”, Draft-3&ued Feb. 2000.

New York Independent System Operator Ancillary 8&% Manual, Issued
March 2008.

PJM Interconnection LLC, “PJM open access trandomsgariff,” Sixth

revised, vol. 1, Issued March 2008.

California Independent System Operator Corporati@mcillary services
requirement protocol,” FERC electricity tariff, Bir replacement, vol. 2,
October 2000.

The Independent Electricity Market Operator (IES@Jarket rules for the
Ontario electricity market,” March 2007.

138



Bibliography 139

[10] National Electricity Market Management Company, i@u to ancillary
services in the National Electricity Market,” Issu&ug. 2001.

[11] J. Zhong and K. Bhattacharya, “Reactive power mamet in deregulated
power systems- A review,Proceedings of the IEEE Power Engineering
Society Winter Meetingol. 2, pp. 1287-1292, Jan. 2002.

[12] National Grid Electricity Transmission (NGET), “Ti@onnection and Use of
System Code (CUSC) - Schedule 3,” v1.4, Issued Na®@7. Online at:
http://www.nationalgrid.com/NR/rdonlyres/513F95AA&BC-468E-BE70-
2FA25FA5CFBO0/21627/Sch3v14.pdf

[13] M. A. El-Kady, B. D. Bell, V. F. Carvalho, R. C. Bthett, H. H. Happ, and
D. R. Vierath, “Assessment of real-time optimal tage control,”IEEE
Trans. Power Systvol. 1, pp. 98-107, May 1986.

[14] K. R. C. Mamandur, and R. D. Chenoweth, “Optimahtcol of reactive
power flow for improvements in voltage profiles afat real power loss
minimization,” IEEE Trans. Power Apparatus and Systemsl. 100, pp.
3185-3194, July 1981.

[15] J. Qiu and S.M. Shahidehpour, “A New approach fonimizing power
losses and improving voltage profildEEE Trans. Power Systvol. 2, pp.
287-295, May 1987.

[16] N. Deeb, and S. M. Shahidehpour, “Linear reactigesgr optimization in a
large power network using the decomposition appgrddEEE Trans. Power
Syst, vol. 5, pp. 428-438, May 1990.

[17] V. Ajjarapu, P. L. Lau, and S. Battula, “An optimaactive power planning
strategy against voltage collapséEEE Trans. Power Sysvol. 9, pp. 906-
917, May 1994.



Bibliography 140

[18] A. Berizzi, P. Bresesti, P. Marannino, G. P. Griip@nd M. Montagna,
“System-area operating margin assessment and geenhancement against
voltage collapse,JEEE Trans. Power Syswol. 11 pp. 1451-1462, Aug.
1996.

[19] C. T. Su and C. T. Lin, “Fuzzy-based voltage/remcpower scheduling for
voltage security improvement and loss reductidBEE Trans. Power Del.
vol. 16, pp. 319-323, April 2001.

[20] N. Grudini, “Reactive power optimization using sessive quadratic
programming method,IEEE Trans. Power Systvol. 13, pp. 1219-1225,
Nov. 1998.

[21] J.B. Gil, T. G. S. Roman, J. J. A. Rios, P. S.tMafReactive power pricing:
a conceptual framework for remuneration and chargirocedures”)]EEE
Trans. Power Systpp. 483-489, May 2000.

[22] J. W. Lamont and J. Fu, “Cost analysis of reacpesver support,”IEEE
Trans. Power Systvol. 14, pp. 890-898, Aug. 1999.

[23] E. Luiz da Silva, J. J. Hedgecock, J. C. O. Mediod J. C. Ferreira da Luz,
“Practical cost-based approach for the voltagellangiservice,”IEEE Trans.
Power Syst.vol. 16, pp. 806-812, Nov. 2001.

[24] G. Gross, S. Tao, E. Bompard and G. Chicco, “Unhlathdeactive support
service: key characteristics and dominant cost corept,” IEEE Trans.
Power Syst.vol. 17, pp. 283-289, May 2002.

[25] M. C. Caramanis, R. E. Bohn, and F. C. Schweppgot'Sricing of
electricity: practice and theorylEEE Trans. Power Apparatus and Systems
vol. 101, pp. 3234-3245, Sept. 1982.



Bibliography 141

[26] M. L. Baughman, and S. N. Siddiqi, “Real time pmigiof reactive power:
Theory and case study result$ZEE Trans. Power Systpp. 23-29, Feb.
1991.

[27] F. Alvarado, R. Broehm, L. D. Kirsch, and A. PanyitRetail pricing of
reactive power serviceProceedings of the EPRI Conference on Innovative

Approaches to Electricity Pricind-a Jolla, California, March 1996.

[28] S. Hao and A. Papalexopoulos, “Reactive power mpgi@and management,”
IEEE Trans. Power Syswol. 12, pp. 95-104, Feb. 1997.

[29] S. Hao, “A reactive power management proposalrioramission operators,”
IEEE Trans. Power Systol. 18, pp. 1374-1381, Nov. 2003.

[30] V.L. Paucar and M.J. Rider, “Reactive power pricingleregulated electrical
markets using a methodology based on the theorynafginal costs,”
Proceedings of the IEEE Large Engineering SystemsféCence on Power
Engineering pp. 7-11, July 2001.

[31] K. Bhattacharya and J. Zhong, “Reactive power aaraillary service, |IEEE
Trans. Power Systvol. 16, pp. 294-300, May 2001.

[32] J. Zzhong and K. Bhattacharya, “Toward a competitivarket for reactive
power,” IEEE Trans. Power Systwol. 17, pp. 1206-1215, Nov. 2002.

[33] J. Zhong, E. Nobile, A. Bose and K. Bhattacharyacalized reactive power
markets using the concept of voltage control atd&&£E Trans. Power Syst.
vol. 19, pp. 1555-1561, Aug. 2004.

[34] B. Allaz, “Oligopoly, uncertainty and strategic vaard transactions fhternal

Journal of Industrial Organizatianvol. 10, pp. 297-308, 1992.

[35] IEEE-CIGRE Joint Task Force on Stability Terms abDdfinitions (P.
Kundur, J. Paserba, V. Ajjarapu, G. Andersson, Asd3 C. Caiizares, N.



Bibliography 142

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Hatziargyriou, D. Hill, A. Stankovic, C. Taylor, Man Cutsem, V. Vittal),
“Definition and classification of power system stéfp” IEEE Trans. Power
Syst, vol. 19, pp. 1387-1401, Aug. 2004.

K. Bhattacharya, M. H. J. Bollen, and J. E. Daal@geration of restructured

power systemsluwer Academic Publishers, 2001.

The European Commission, “Opening up to choice: Simgle electricity
market,” 1999.

National Electricity Market Management Company (#ala), “An
introduction to Australia’s National Electricity Meet,” 1998.

NZIER, New Zealand, “Market design report: Initsibck-take paper, report
to the Electricity Commission,” Aug. 2005. Availabdnline at:
http://www.electricitycommission.govt.nz/pdfs/opdetolesale/market-
design/Initial-Stocktake.pdf.

US Energy Information Administration, “The restruighg of the electric

power industry: A capsule of issues and events)” 2800.

FERC Order N0.889, “Open access same-time infoonaystem (formerly,

real-time information networks) and standards oftad,” Issued April 1996.

FERC Order No0.2000, “Regional transmission orgdiona,” Issued Dec.
1999.

H. Zareipour, C. Canizares, and K. Bhattachary&ge“®peration of Ontario's
competitive electricity market: overview, experieac and lessons,|EEE
Trans. Power Systvol. 22, pp. 1782-1793, Nov. 2007.

The Independent Electricity Market Operator (IES@n overview of the
IESO-administered markets,” Online at:

http://www.ieso.ca/imoweb/mktOverview/mktOverviegpa




Bibliography 143

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

The Electricity Restructuring Act, Issued in Dec002, Online at:
http://www.elaws.gov.on.ca/DBLaws/Source/StatutaglisEh/2004/S04023
e.htm#TOC

NERC Interconnected Operations Services Workingu@r@OSWG) Report,
“Defining interconnected operations services undpen access,” Issued
March 1997.

National Grid Electricity Transmission (NGET) plc‘The Grid Code, Issue
3, Revision 26,” Issued April 2008.

NERC, “White Paper- Draft of the proposed standéuaisinterconnected

Operations Services”, ISO Task Force, June 1999.

E. Fitzgerald, C. Kingsley Jr. and S. D. Umdakgctric machineryMcGraw-
Hill, 1992.

NERC, “Transmission transfer capability,” IssuedyM#®95.

NERC, “Available transfer capability definitions caimetermination,” Issued
June 1996.

WECC, “Voltage stability criteria, undervoltage tbahedding strategy, and
reactive power reserve monitoring methodology,” WEReactive Power

Reserve Work Group, Tech. Rep., May 1998. Onlinatgt://www.wecc.biz

H. Chen, C. A. Caiiizares, and A. Singh, “Web-basstlrity costs analysis
in electricity markets,IEEE Trans. Power Systvol. 20, pp. 659-667, May
2005.

C. A. Caiiizares, editor, “Voltage stability assessmconcepts, practices and
tools,” IEEE-PES Power Systems Stability Subcommittee &@gadblication
SP101PSS, Aug. 2002.



Bibliography 144

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

W. D. Rosehart, C. A. Cafiizares and V. Quintanayltivbbjective optimal
power flows to evaluate voltage security costs awer networks,"I[EEE
Trans. Power Systvol. 18, pp. 578-587, May 2003.

F. Milano, C. A. Cafizares and M. Ivernizzi, "Muttbjective optimization
for pricing system security in electricity mark&tlEEEE Trans. Power Syst.
vol. 18, pp. 596-604, May 2003.

F. Milano, C. A. Cailizares, and A. J. Conejo, “Sknig/-based Security-
constrained OPF market clearing modéEEE Trans. Power Systvol. 20,
No. 4, pp. 2051-2060, Nov. 2005.

I. EI-Samahy, K. Bhattacharya, and C. A. Cafiizat@sunified framework
for reactive power management in deregulated &td@gtr markets,”
Proceedings of the IEEE-PES Power Systems Conferand Exposition
(PSCE) pp. 901-907, Atlanta, Oct. 2006.

ISO New England, Section II- Open Access Transmwisdiariff, “Schedule
2- Reactive supply and voltage control from quedifireactive resources
service,” Dec. 2006.

F. M. Schere)ndustrial market structure and economic performgrkand

McNally and Company, 1970.

A. F. Rahimi, and A. Y. Sheffrin, “Effective markemonitoring in
deregulated electricity marketdZEE Trans. Power Sysipp. 486-493, May
2003.

A. El-Keib and X. Ma, “Calculating short-run margincosts of active and

reactive power production|EEE Trans. Power Sygpp. 559-565, May 1997.



Bibliography 145

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

P. Lagonotte, J. C. Sabonnariere, J.Y. Leost, an&.JPaul: "Structural
analysis of the electrical system: applicationhte secondary voltage control
in France"|EEE Trans. on Power Sysvol. 4, pp. 479- 486, May 1989.

C. A. Cafizaresand S. K. M. Kodsi, “Power system security in marke
clearing and dispatch mechanismByoceedings of the IEEE-PES General

Meeting 2006Invited paper, Montreal, 6 pages, June 2006.

I. EI-Samahy, K. Bhattacharya, C. A. Caiiizares,Mjos, and J. Pan, “A
procurement market model for reactive power sesvicensidering system
security,”IEEE Trans. Power Systol. 23, pp. 137-149, Feb. 2008.

W. Rosehatt C. Roman, and A. Schellenberg, “Optimal power flauth
complementarity constraints|EEE Trans. Power Systvol. 20, No. 2, pp.
813-822, May 2005.

. E. Grossmann, “Review of nonlinear mixed-integend disjunctive
programming techniquesQ@ptimization and Engineeringol. 3, Issue 3, pp.
227-252, Sep 2002.

X. Lin, C. A. Floudas, J. Kallrath, “Global soluti@pproach for a nonconvex
MINLP problem in product portfolio optimization,Journal of Global
Optimization vol. 32, Issue 3, pp. 417-431, July 2005.

J. M. Zamorat, and |. E. Grossmann, “A global MINLdptimization
algorithm for the synthesis of heat exchanger neksvavith no stream splits,”
Computers and Chemical. Engineering|. 22, No. 3, pp. 367-384, 1998.

D. P. Bertsekas\onlinear programmingAthena Scientific, 1999.

L. A. Tuan, “Interruptible load as ancillary ser@iin deregulated electricity
markets,” Ph.D. Thesis, Chalmers University of Teaitbgy, Sweden, 2004.



Bibliography 146

[72]

[73]

[74]

[75]

[76]

[77]

GAMS Release 2.50, “A user’'s guide,” GAMS Developt€orporation,
1999.

I. EI-Samahy, C. A. Cafizares, K. Bhattacharya, andPan, “An optimal
reactive power dispatch model for deregulated Bt markets,”
Proceedings of the IEEE Power Engineering Sociegndgal Meeting
Tampa, Florida, pp. 1-7, June 2007.

I. EI-Samahy, K. Bhattacharya, C. A. Cafizares, &ndan, “Re-defining the
reactive power dispatch problem in the context ompetitive electricity

markets,”|EEE Trans. Power Syst2 pages, submitted.

R. El-Shatshat, and K. Bhattacharya, “Locationalaiiee service auction
market for transmission congestion managemdgg’ Proceedings - Gener.
Tranm. Distrib.vol. 153, No. 5, pp. 576-583, Sept. 2006.

Svenska Kraftnat, “The Swedish electricity marketl dhe role of Svenska
Kraftnat,” Published Jan. 2007. Online at:

http://www.svk.se/upload/4184/Engwebb.pdf

F. Li, J. Pan, and H. Chao, “Marginal loss calaolain competitive electrical
energy markets,” Proceedings of the 2004 IEEE tatieonal Conference on
Electric Utility Deregulation, Restructuring andwer Technologies (DRPT),
vol. 1, pp. 205-209, April 2004.



