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ABSTRACT
The electric transmission grid is conventionally treated as a fixedaasbet
is operated around a single topology. Though several instances tohiegi
transmission lines for corrective mechanism, congestion manageamenmini-
mization of losses can be found in literature, the idea of co-oigntransmis-
sion with generation dispatch has not been widely investigated. Netoymology
optimization exploits the redundancies that are an integral p#re metwork to
allow for improvement in dispatch efficiency. Although, the concept disa

patchable network initially appears counterintuitive questioning tiseom of

switching transmission lines on a more regular basis, resuliebtin the pre
vious research on transmission switching with a Direct Currentm@p®fower
Flow (DCOPF) show significant cost reductions. This thesis onanktt@pology
optimization with ACOPF emphasizes the need for additional m@searthis
area. It examines the performance of network topology optimizatian ilter-
nating Current (AC) setting and its impact on various paramétersactive
power loss and voltages that are ignored in the DC setting. An AGtuielel,
with binary variables representing the status of transmisgies incorporated
into the formulation, is written in AMPL, a mathematical progmany language
and this optimization problem is solved using the solver KNITROORE is a
non-convex, nonlinear optimization problem, making it a very hard problem to
solve. The introduction of binary variables makes ACOPF a mixed einteg
nonlinear programming problem, further increasing the complexityeobptimi-
zation problem. An iterative method of opening each transmission linadadi



ally before choosing the best solution has been proposed as a purstigatixe
approach to studying the impact of transmission switching witltOoRE Eco-
nomic savings of up to 6% achieved using this approach indicate theigloté

this concept. In addition, a heuristic has been proposed to improve the aemput
tional efficiency of network topology optimization. This reseaatéo makes a
comparative analysis between transmission switching in a DiG@gsanhd switch-

ing in an AC setting. Results presented in this thesis indsogiicant economic
savings achieved by controlled topology optimization, thereby recanfrihe

need for further examination of this idea.
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CHAPTER 1: INTRODUCTION

1.10verview

At the time when Nikola Tesla dreamed of commercial ettty it was a
luxury that was affordable only by the rich. Over a hundredsyleser, in the pre-
sent scenario, electric energy is considered a necessigy than a luxury. Con-
tinuous research and a willingness to apply new techniques help imdagpi
with the demands on the electric grid. A reliable electric agwaides the indus-
trial and commercial development of a country. Consequently, therbeeasa
national push to create a smarter, more reliable and flexible elgattic

Traditionally, transmission lines are considered as statitsa3dee opera-
tor dispatches generation with an objective to minimize the getaération cost
while satisfying all the system constraints. Although transios switching is
used today for maintenance purposes and as a corrective mechanisamciet
of incorporating transmission switching in day to day dispatch opasator eco-
nomic benefit has not been examined to its maximum potential. Thibiptysef
varying optimal network topologies for different operating conditions riats
been vastly explored. It is known that the electric network hasibuddundan-
cies to ensure reliable operation. However, all of these reduedamay not be
required for every operating state. As the operating state gfrith&¢hanges, the
redundancies needed to ensure the reliability of system chamngallaMoreover,
these redundancies may cause the grid to deviate from operatim@@timal to-

pology. Therefore, it is beneficial to view transmission as a flexibkt asxe the



ability to switch transmission lines adds another layer of comtrokder to im-
prove system operations, reliability, and market efficiency.

This research strives to validate the concept of transmissiochgvg and
examine the impact of incorporating network topology control in therdating
Current Optimal Power Flow (ACOPF) problem. A comparative amalyetween
Direct Current (DC) and Alternating Current (AC) transnaesswitching is also
performed.
1.2Research Focus

The primary aim of this research is to evaluate the conceptofgorat-
ing topology optimization in a traditional OPF problem. The objeaiivine OPF
is to find a least cost generation dispatch solution while gatgsthe constraints
of the system. The ACOPF is a non-convex non-linear problemhudifficult
to solve using the present day commercial solvers. The statiamisanission line
in the network (in service or out of service) is represented impkienal power
flow problem with a binary variable making the ACOPF a Mixeedet Non
Linear Programming (MINLP) problem, a far more difficulbplem to solve. A
common approach taken to overcome this problem is to use the linesersezh
of the AC nonlinear constraints with a linear objective. This eseatLinear Pro-
gramming (LP) problem called the Direct Current Optimal Power FRGJQPF),
and when transmission switching is incorporated, the DCOPF becomesa
integer programming (MIP) problem. This research analyesféasibility of
transmission switching and the impact of switching on AC paemndike volt-

age, reactive power, and losses.



Furthermore, this research endeavors to study the impact of ketwvor
pology optimization on the deregulated energy market structure.eStihdive
been performed to answer questions pertaining to how a dispatchabteknatw
fects the Locational Marginal Prices (LMP), Generation RaeelLoad Payment,
and Congestion Rent. The changes in dispatch efficiency and sodaleneith
the incorporation of switching are examined.

In addition, a comparative analysis is performed betwee®@drans-
mission switching and AC transmission switching. The electit ig primarily
composed of transmission lines operating in the AC setting. TheeR1problem
formed by the ACOPF formulation with binary variables makasviery difficult
nonlinear non convex problem to solve. Operators today perform DCOPF with
unit commitment since unit commitment with AC is too difficdtdolve. Then,
the DC optimal solution is used as an initial solution to obtain arfied€ible so-
lution. However, it is important to examine the effects of traasion switching
on the AC transmission grid in terms of economic benefits, voltagstive
power, and losses. This makes a study of transmission switchingAG kevel a
necessity to understand the concept of network topology optimizatiothe
same time, the practical application of transmission switclsirgiirently limited
to the DC level making an understanding of the commonalitieddfedtences
between AC and DC switching imperative.

As a final part of the research, a heuristic has been propo$ed & net-
work topology that has significant economic saving within a reducedi@olut
time. This thesis concludes with a discussion on future research.
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1.3Summary of Chapters

A literature review of past research done on transmissiaclsng is pre-
sented in Chapter 2 of this thesis. The concept of transmissiomisgifroposed
for various reasons like corrective switching and congestion mareageamd the
various techniques adopted are listed. A thorough examination of reskareh
on co-optimization of transmission with generation dispatch on ael»él is also
performed in the literature review.

Chapter 3 gives an overview of generation and economic dispatch along
with the mathematical formulation of ACOPF. The linear approttonaof
ACOPF to DCOPF is discussed and a brief introduction to network topofmg
timization is provided.

Chapter 4 begins with an introduction to the research topic and rexplai
the motivations behind proposing the concept of the dispatchable netwheks. T
differences and similarities between transmission switchiigt@nsmission ex-
pansion are emphasized followed by a discussion on the difficult&slving an
MINLP. Modeling of ACOPF with transmission switching and theutes of stud-
ies performed on an IEEE 118 bus test case are presented. 8dteoefietwork
topology optimization with ACOPF on various AC parameters like voltage
losses are examined and the results of transmission switchnagais load lev-
els are also included.

As mentioned in the previous sections, there is a need to studylaghe re
tionship between DC and AC transmission switching. This remainprtimary
motivation for Chapter 5. A comparison of results obtained by trasgmis
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switching with both DCOPF and ACOPF performed on the sameasstis pre-
sented. The inferences that can be made from this comparispaoited out and
several conclusions leading to a better understanding of transmsssitwhing
have been made.

Chapter 6 proposes a heuristic to overcome the major setback of AC
transmission switching, i.e., the solution time. The results of thedtie are pre-
sented and the solution time and accuracy of the heuristic reseltsompared
against the original network topology optimization results obtainechaptér 4.
An attempt to address the general misconceptions of congestion onnaissams
line has also been made with the aid of a new heuristic.

A summary of the results and various conclusions to this thesisrare
sented in Chapter 7 followed by a discussion on the future reseasghepts in

the field of optimal transmission switching in Chapter 8.



CHAPTER 2: LITERATURE REVIEW
2.1Introduction

The aim of this research is to study the impacts of topology@atiion

on the ACOPF, compare the ACOPF topology optimization problem to the

DCOPF, and to examine potential solution techniques. A history and baokigr
on previous work done on transmission switching is presented in thisschapt
review of the origin of dispatchable networks and past reseaechiming trans-
mission switching on a DC level is provided. A list of contempoiagustry
practices related to switching of lines is also discussed.

2.2Legislative Mandates and National Directives

The increase in the importance of electric power calls fourgant im-
provement in the technology of the electric grid. Referenceefgys to a 50%
increase in electricity consumption by 2030, which increases ribgsstin an al-
ready overworked network. A smarter grid not only improves theaftiy of the
electric transmission and distribution systems but also enausesure and reli-
able power system. This research is in line with severabmadtidirectives ad-
dressing this need for a smarter and more flexible grid.

The United States Energy Policy ACT (EPACT) of 2005 callsair
vanced transmission technologies while the FERC order 890 encounages- t
provements in economic operations of transmission grid. This thesisetwdN
topology optimization with ACOPF” aims to address these nationatigslilt is
also in accordance with the Energy Independence and Securiti1&)( which
was passed by the United States Congress and approved by therRresDe-

6



cember 2007. Title XllI of EISA defines a smart grid and contintes
“...establish a federal policy to modernize the electric utility trassion and dis-
tribution system...”. The intention of this research is to harnesscontrol of

transmission assets by the dynamic optimization of the grid thed co-

optimization of transmission with generation, thereby encouragirsgnarter,

flexible, and more efficient electric network.

2.3Loss Minimization

There is a common misconception that when transmission lin¢akame
out of service, the losses in the system increase. However ciircpra cannot be
proven whether the losses increase or decrease as the total knetwe-
dispatched once the topology is reconfigured. There have been eyezed in
the literature stating the use of topology reconfiguration as a means foedoss
tion in the power network.

Reference [2] introduces a current injection based switching maekiel
is treated as an optimization problem to demonstrate the atflgyitching to
minimize losses. This concept is further explored by [3] and\Hich describe a
piece-wise linear approximation to find the relation between real poweslassl
line flows. A linear MIP is used to demonstrate the decreakxsses. It is to be
noted that this optimization problem has an objective to minimizedoas op-
posed to maximizing social welfare, which should be the true gohkadftimi-
zation problem.

This research also focuses on studying the impact of tranemmssitch-
ing on losses in the system and this is done by co-optimizingpimdogy with

v



generation, thereby studying the effect of losses with tremsgon switching
while simultaneously ensuring maximized social welfare. Asilitbe shown in
the results of the following chapters, the misconception that lossemse when
transmission lines are switched will also be addressed.
2.4A Corrective Mechanism

Past research proposes transmission switching as a cormaeohanism
to overcome network constraint violations like line overloads and eliagia-
tions. Reference [5] developed an algorithm for switching rankatsitnission
lines to alleviate system overloads in 1986. Reference [6] propdsesaapro-
gramming based optimization problem to relieve the system of wablescondi-
tions. A ranking methodology that places branch switching operaticorsién of

their effectiveness to provide corrective actions is devised inptper. These

researches assume the generation dispatch to be fixed while topology optimizatio

is applied. This assumption takes away from the benefit of co-antignihe net-
work with generation, thereby creating a more efficient grid.

Reference [7] presents a search mechanism comiihgecurity analy-
sis and optimal power flow. A heuristic that utilizes transrmisswitching as a
corrective mechanism for contingencies is presented. Howénemethod does
not generate the optimal solution due to the complexity of the @gatifon prob-
lem and works with a candidate set of switching actions. Refer@] proposes a
control strategy for short time stabilization using switchaapcepts. Though
their simulations demonstrate the use of transmission switchingfsovement
of transient response of a system, this method relies on control strategyhathe
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an optimization method. Reference [9] presents a practical ineplation of the
Corrective Switching Algorithm (CSA) for overload relief. $hmethod is again
based on a searching algorithm and a set of pre-selected atandids list. Also,
generation is re-dispatched after the switching action insteadsimultaneous
optimization of generation and transmission profiles.

Reference [10] is a review paper on the various switching tgaeésiand
practices available for helping with voltage violations and lineloads. It also
addresses the practical issues with the application of corregtitehing and dif-
ferentiates between the various methods that have been suggestdohgethes
concept. Reference [11] puts forward an algorithm to find the leasthang ac-
tion to alleviate line overloads and voltage violations caused kbgrsyfults.
This technique is based on fast decoupled power flow and has a liteit&tibn
count for generating solutions faster. Reference [12] gives aledernd flow
study for base case and contingency cases using correctivhisgimethods.
The technique proposed is based on constraint programming and a tde sea
method formulation.
2.5Congestion Management Tool

It has generally been assumed that taking transmission lines senvice
increases the congestion in the system. This misconception baspbaven
wrong in this research. It cannot be assumed that congestion on tloeknigtw
creases or decreases, just as it cannot be assumed thatmasséscrease with
the switching of transmission lines. Network topology optimizatiooma|for a
system re-dispatch, which makes it impossible to state theciropacongestion.

9



The concept of transmission switching as a tool for congestiongearsnt has
been investigated by [13]. The proposed technique is based on both distezmi
and genetic algorithms to reconfigure the system so as tmmm@congestion in
the network. Reference [14] devises a topology re-dispatch camyestinage-
ment methodology. The expectation of increased congestion in the systém due
high renewable penetration has been stated as the motivation fimptloeement

in congestion management techniques.

2.6 Evolution of Network Topology Optimization

The concept of dispatchable networks was first introduced in [15]. Furthe
research on the feasibility of network topology optimization wasdacted in
[16]. A mixed integer linear programming optimization problem Veamulated
to find the optimal generation dispatch when transmission linessiat co-
optimized with generation. An extension to this work is found in [17] where
transmission switching with DCOPF was analyzed. The various taspethis
research are summarized in detail in the following section. addit simulations
to test the practicality of transmission switching and the varamnsputational
issues have been addressed in [18].

Thus, the concept of transmission switching has come to light imtrece
years and extensive research in this area is necessary pietaynevaluate its
potential and address any concerns related to network topology optimization.
2.7 Optimal Transmission Switching with DCOPF

The progression of dispatchable networks has been discussed invihe pre
ous section. Extensive work on the co-optimization of network topolody wi

10



generation dispatch in a DCOPF model has been done in [17]. The iofpact
transmission switching on nodal prices, generation revenue and rahtpdga
ment, and congestion rents is studied. Reference [19] examined the co-
optimization of generation unit commitment with transmission systgth N-1
reliable DCOPF model. It was demonstrated that a systerncaraply with N-1
standards within the assumptions of the model, in spite of havinéeeedif opti-

mal unit commitment solution due to transmission switching.

One question that has yet to be answered is whether N-1 rejighititbe
achieved when co-optimizing the topology with generation based on an ACOP
framework. Due to the computational complexities of the MINLP &mtray net-
work topology optimization using ACOPF, checking for reliabilitytioé system
on an AC level can be performed similar to the unit commitrpesiblem. Unit
commitment is performed on DCOPF and the solution is fixed to firdiGafea-
sible power flow. Similar to this, ax-1 reliable solution is found for DCOPF and
the solution is fixed before solving for an AC feasible solutiono@imizing the
system for reliability with network topology optimization makesurit extremely
difficult problem for the present day commercial solvers to solweveyver, pre-
vious academic research and industrial practices referencled abbve sections
demonstrate the utilization of transmission switching for comeatiechanisms
and congestion management, thereby improving reliability of the netWwbheke-
fore, such previous research suggests that network topology opimizah be

formulated in such a way so as to not violdté reliability standards.
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Reference [20] continues on to propose a concept called Just-in-time
transmission to further ensure the reliability of a systennvwbpology optimiza-
tion is applied. Reference [21] addresses the concerns that samsnswitching
might lead to revenue inadequacy. The structure and principles thetirtieat
market system is based on has been developed in tandem with trenevgy
markets have been operating for the past decade. With new tecksolbgre is
a need to review these principles. However, this paper on revenue ad#igsac
trates that the concept of dispatchable networks can be modifedximize so-
cial welfare while warranting revenue adequacy, if desired.

All previous work presented in this chapter justifies the need for additional
exhaustive research to be done in the field of network topology optiomz This
provides the necessary motivation for the current research on tsar@mswitch-
ing with ACOPF. This work attempts to put the idea of harneseagontrol of a
transmission system in perspective and explores the potential ogyaadiaddi-
tional layer of control to the electric grid in order to furthiee steps taken to-

wards creating the much anticipated smart grid.
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CHAPTER 3: GENERATION DISPATCH AND OPTIMAL POWER FLOW

3.1Generation Dispatch
The electric industry is comprised of four major components: Génerat

Transmission, Distribution, and the Load. The traditional operatidmeaftid has
the operator dispatching the generation at minimum generation costetothe
load while keeping the remaining assets fixed. Modern technolagreso create
flexibility in all components of the grid, resulting in a smadad more efficient
electric network. Capturing the flexibility in load, e.g., modelingdeferrable
load, would create a more flexible and smarter grid. Harnedsenfieiibility in
the network topology e.g., FACTS devices and transmission, would further add an
additional layer of control on the transmission side.

3.2 Economic Dispatch

Economic dispatch is an optimization problem that finds the minimum
generation cost for generation dispatch in order to meet lodteasystem while
adhering to the minimum and maximum generator capacity constraigtnone
of the network flow constraints are taken into consideration thisascalled un-
constrained economic dispatch. It sets a lower bound on the optimal fiower
problem. Economic dispatch is a sub problem of unit commitment. Unit ¢emm
ment models a generator's ON or OFF status, its minimum axdmam capac-
ity, ramp rates, up and down time constraints, no-load and startupsostdl as

its available reserve.
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3.3 Optimal Power Flow

The majority of the transmission grid operates based on an #i@gse
The ACOPF problem represents the transmission of power from thiegbaen-
eration to the load through the transmission lines at the optimalajen cost.
These flows on the transmission lines are governed by Kirchhlaffi's and
ACOPF takes into consideration these laws in the form of constraints.

The ACOPF formulation is shown below:

Minimize:chgPg (3.1)
subject to:
-S& < (Pam + Qum?) < S&, VK (3.2)
-S& < (Pam’+ Q) < SE, VK (3.3)
Vit Gic Vi Griie- ViV Gk COOrr-Or)+ Bi SIN(Brr-6r))-Piamn=0, Pk (3.4)
Vo2 Gy V" G-V Vi Gk COL6r-Orm) + B SiN(On-Orm))-Prnni= 0, Pk (3.5)
Qumnt Vi Bict Vi Bt ViV Gk Sin(Orn-0)-Bi co0r-61)) =0, vk (3.6)
Qe Vo2 Bict Vi ?Brict ViV G SiN(Or-01m)-Bi COLn-0rm)) =0, bk (3.7)
g B o PO @2
R Qe @9
Prin < Py < Prax, 0 (3.10)
Qmin £ Qy < Qmax, Y0 (3.11)
Orex S On-Om < Orpens VK (3.12)
Vinin < Vi < Vinax, PN (3.13)
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The objective of the ACOPF problem is to maximize the totabkoel-
fare. However, with the assumption that load is perfectly ineJastnimizing the
total generation cost is the same as maximizing the totalswelfare. Hence,
the objective (3.1) is to minimize the total generation cost wiehel generator
cost curve is assumed to be linear or approximated by piecewise linear west cur
Constraint (3.2) and (3.3) represent the capacity constraints oratise tr
mission linek in both directions. The power flows on the transmission lines are
considered in both the directions to calculate the losses involved in transmission.
Equation (3.4) represents the real power flow on transmissiok firoen
nodem to noden. Constraint (3.5) represents the real power flow onKkifrem
noden to nodem. Similarly, (3.6) and (3.7) reflect the reactive power flow on line
k in both the directions. The term&y andBnk in the above constraints represent
the shunt conductance and susceptance respectively, at dfuthe transmission
line k and the term&,x andByk represent the shunt conductance and susceptance
respectively, at bus of the transmission linke
Constraints (3.8) and (3.9) are the node balance or power balance equa
tions, which characterize the law of conservation of energy. The Inmidace
equations specify that the power flow into a bus must equal theollbwf the
bus. The absolute value of the sum of line flows in both the direcepnesents
the line flow loss and is considered as a withdrawal. The load cqtismnon a
bus is also considered as a withdrawal whereas the sum oageneés an injec-

tion at the bus. Hence, the node balance equation (3.8) ensures tlostltheat
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power injected into a bus equals the real power withdrawal abtisatnd (3.9)
applies to the reactive power conservation at a particular bus.

Constraints (3.10) and (3.11) reflect the real and reactive genecation
pacity on the generator respectively. It is to be noted thaisthidinear represen-
tation of the generator’s actual restriction on its real anctiveapower governed
by itsP-Q curve. Since unit commitment on an AC level is a very hard problem to
solve, it is assumed that the generators are online and the minialiporver
generation capacity on every generator is assumed to be dhaegh this is not
necessarily true in a practical test case.

Equation (3.12) restricts the angle difference between any twes lmos-
nected by a transmission line. If the angle difference between the biigesigh
it may lead to a system collapse; hence, it is imperativetitbaangle difference
be constrained.

Constraint (3.13) sets limits on the voltage at each bus. This aohsira
important to ensure voltage stability on the system as both ovege@tal under
voltage have serious repercussions on the stability of the system.

It is seen from the above formulation that ACOPF is a nonlineacoion
vex optimization problem and some of the constraints have trigonortexins.
This makes ACOPF a very difficult problem to solve. To dedh wits difficulty,
certain assumptions are made to linearize the AC power flow protrieating a

linear programming problem called the DCOPF.
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3.4 DCOPF

The non-convexity of the constraints in an AC power flow problem makes
it a very hard problem to solve and some of the present day NLmhewmal
solvers cannot handle the complexity of an ACOPF. Consequently, Isapera
proximations are made to linearize the ACOPF, which result in the DCOPF.

In a DCOPF, the reactive power component is ignored and the resistanc
is assumed to be such thgt< x, or basically assumed be zero. This assump-
tion makes the DC model lossless and eliminates the needpi@seating the
line flow in both directions. Hence, the line flow variablBgy, and Py in the
line flow rating, power flow constraints, and the node balance equa{®23;
(3.9), are replaced by a single line flow variaBle

In addition, the voltage magnitudes are assumed to be 1.0 p.u. Generally,
the voltage at a bus is very close to 1.0 p.u and such an assumiptioatek the
non-linearity caused by the product of voltage variables with other variables in the
constraints (3.4)-(3.7). Furthermore, the angle difference betamgmwo buses
connected by a transmission line is assumed to be small. Thim@sm: can be
used to simplify the trigonometric terms in (3.4)-(3.7). The snmrajleaapproxi-
mation in trigonometry states that the cosine of a small anglgproximated as 1
and the sine of a small angle is the angle itself (in radians).

Upon application of these assumptions, the linear DCOPF formulation is
as shown below:

Minimize: Y’ cgPq (3.14)
¢}
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subject to:

-Pimax < Pk < Pimax, PK (3.15)
Px-Bi(0n-0m)=0, Pk (3.16)
P R0kt o P01 G0
Prin <Py <Prax, 0 (3.18)
B < OO < Oy U (3.19)

It is seen from the above formulation that the DCOPF is arlipea
gramming problem, which is easier and faster to solve. Also, tl@PxCby itself
is a difficult problem to solve and the addition of a unit commitnpeablem
would make it an even harder problem to solve. For these reasoes) $ystra-
tors run a DCOPF with unit commitment to find the optimal generalispatch.
After an optimal solution in the DC is obtained, this optimal solusarsed as an
initial solution to run an ACOPF and a local optimal solution to tEORF is
found. If a local optimum is not reached within a set time frameA@ feasible
solution generated by the solver is used.

However, DCOPF is an approximation to the ACOPF and, hence, does not
represent the actual electric system. Several paramigterseactive power,
losses, etc., are neglected in the DC model and remedies such as proxyahmits
been proposed in the literature to deal with these shortcomings of DCOPF.

DCOPF can also be formulated using Power Transfer DistributiciofSa
(PTDFs) to represent the network flow constraints. However, PBBd-depend-

ent on the network topology and need to be recalculated for everyechatm
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pology. This increases the computational complexity of the DCORforieto-
pology optimization problem. Furthermore, PTDF calculations do not take pa
rameters such as reactive power, losses and voltage into cotisidefar this
reason, formulating transmission switching with ACOPF model uBim@Fs
might result in inaccuracies in addition to increasing the contplef the opti-
mization problem itself. Hence, the above proposed formulationsisae for
DCOPF and ACOPF transmission switching computation throughout this thesis.
3.5Network Topology Optimization

Previous work on DC transmission switching can be found in the litera-
ture. This research extends upon DC network topology optimization aisdt@im
validate the concept of dispatchable networks from an AC point wf Vikis the-
sis proceeds to show that co-optimizing the network along withrggme can
lead to substantial economic savings. Details such as the frgoofeperforming
transmission switching in practice: real time, day ahead orhiypritansient sta-

bility, and market impacts of transmission switching are examined.
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CHAPTER 4: NETWORK TOPOLOGY OPTIMIZATION WITH ACOPF
4.1 Overview of Network Topology Optimization

The electric grid is built with redundancies in order to accountdatin-
gencies and ensure reliable operations. While redundancies assargder reli-
ability, not all the transmission lines are needed at everatpgrstate. The state
of the system changes with variations in load and generatince $ie optimal
network topology configuration changes with the operating state, thefuse
static network topology is inefficient. Therefore, co-optimizthg network to-
pology with generation guarantees a solution that is either betteotlz least as
good as the previous optimal solution since network topology optimization creates
a superset of feasible solutions.

It is shown in further chapters that incorporating transmissiottisivg in
the traditional OPF leads to significant savings in generatiet 8ection 4.2 dis-
tinguishes between transmission planning and transmission switchatgpnSe3
discusses the unavailability of commercial solvers to solve fifieudti MINLP
problems like ACOPF with transmission switching and the acti@kentto over-
come these solver issues in this research. The modeling of ry karéable to
represent the switching on and off of transmission lines invaonets explained
in Section 4.4. Sections 4.5 and 4.6 present and analyze the results of transmission
switching when incorporated with ACOPF modeled in an IEEE 118 busyest
tem. The effect of transmission switching on varying load leigetiscussed and
the results are presented in Section 4.7. The remaining sectionsegk@ impact
of dispatchable networks on losses and voltage.
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4.2 Transmission Planning

It is important to understand the differences between short texmonke
topology optimization and transmission planning. It may be assumed tiratbpt
transmission switching is only beneficial with a poorly plannesvordt. Trans-
mission planning is a long term optimization problem that endeavdimsdi@an
optimal topology for the electric grid over a large period of tinfee &valuation
criterion is based on either reliability or economics. Howevacesthe load and
generation of the network change from period to period, not all tranemlsges
may be required at all periods of operation. While transmission plamatpng
term problem that seeks to find the best line over multiple periodsagtans-
mission switching determines the optimal network configuration fparéicular
operating state. As such, the optimal network topology in the long ruhnoéde
the same as the optimal topology for specific operating statesefbre, the
flexibility of the network topology should be considered in the sleon tin order
to improve system operations and reliability.
4.3 Commercial solvers for MINLP

ACOPF is a very difficult nonlinear non-convex problem with trigoneme
ric functions in its constraints. It is a very hard problem to salva is highly
time consuming. Incorporating transmission switching in ACOPF ingoiwed-
eling of a binary variable, which makes the transmissiorickimg ACOPF a
MINLP problem, an even more complex problem to be solved. Modern day
solvers are largely capable of handling mixed integer linear gmoging prob-
lems. There are commercial solvers that can handle some aofothheonvex
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nonlinear problem but do not always guarantee a good solution. However, thes
solvers do not have the capability to deal with a MINLP problem. THawail-
ability of solvers that can deal with the complexity of nekwopology optimiza-

tion on a large scale in an AC setting makes the concept of transmissidmrsyvitc
very difficult.

A brute force method of solving the ACOPF while each of thesinis-
sion lines is switched out individually is applied to an IEEE 118 bugrsyand
the results are presented in the following chapters. This camefeimeration
method is proposed as an investigative methodology to analyze AGrketw
pology optimization as opposed to being suggested as a solution teclmnlopie t
used for practical application of transmission switching. Thidhatkts primarily
employed as a means to run comparative analysis between A€inisgion
switching and DC switching transmission switching, as discusst following
chapters. This method makes the MINLP into a nonlinear programmuidgepr,
thus overcoming the solver issue as well. This technique, howevehehdsaw-
back of a high solution time. A heuristic has been proposed in thelatgters to
reduce the computational time. The results obtained from this exteasstarch
method are also used as a measure against the efficiency of the heuristic.

4.4 Modeling of Transmission Switching

Transmission switching is represented in an ACOPF by a biraaigble
Z indicating the line is in service or out of servicez#1, it represents the line is
closed and in servicek=0 indicates that the line is open and out of service. This
binary variable ensures that line flow constraints and line flovabl®s are zero
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for the corresponding opened line in the ACOPF formulation. The ne@PXC

formulation reflecting the state of the transmission line is defined below.

Minimize:chgPg (4.1)
subject to:

-2¢SE< (Pam™+ Qum’) <% SE, VK 4.2)
-2 SE < (Prom + Qi) <2 SE, vk (4.3)
Zc (Vie Gt Vi Grri- ViV Gk COLBryi-01)+ By SiN(Brr-6r))-Prern) = 0, VK (4.4)

Z (V?Giet V2 G- Vo Vi G COHOr-0m) + Bi SiN(0n-61m))-Piam) = 0, bk (4.5)

Ze (Qun VirZBict Vin?Brrict ViV G SiN(Orm-0r)-Bi COLOrn-61)))= 0, bk (4.6)

Zc (Quanit Vi Bict ViZBrict Vi Vin( Gy SiN(0n-0im)-Bk c00r-6m)))= 0, k (4.7)

;k((ﬁ Piom)+ n’.()zk Pkmgg-%Pg+ Pan=0, bh (4.8)
%«%“ anm)tk%’.gzk ka%-%Qw Quan=0, vh (4.9)
Prrin < Pg < Prax, ¥ (4.10)
Qnmin < Qg < Qmax, 9 (4.11)
~Orvex < On-Om < O, VK (4.12)
Vinin < Vi < Viray, PN (4.13)
z.€{0,1}, vk (4.14)

The constraints (3.2) and (3.3) are modified to (4.2) and (4.3) with the ad-
dition of the binary variable to represent the status of each transmission line.
When the line is in serviceg, = 1 and (4.2) and (4.3) are similar to (3.2) and (3.3).
When the transmission line is opgrr 0, this makes the minimum and maximum

branch rating capacities equal to zero, which forces the poweifiothie corre-
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sponding branch to zero. Similarly, Equations (3.4)-(3.7) are modified.4)- (
(4.7) by the incorporation of transmission switching. Multiplying rise&l and re-
active power balance Equations (4.4)-(4.7) veitforces these equations to zero,
in case of an open transmission line and retains the power balpumattogas, in
the case of a transmission line in service. As can be smartlie above formula-
tion, this is a MINLP with the incorporation of the binary variatle
The complexity of solving a MINLP has been explained in Section 4.3.
Another formulation of transmission switching, which makes the binamable
into a continuous variable, is shown below. Equation (4.14) in the above formula-
tion is substituted with (4.15) and (4.16).
0=<z<1, vk (4.15)
z(1-z) = 0, vk (4.16)
Equation (4.15) makeg a continuous variable allowing any value be-
tween 0 and 1 to be assignedztovhereas (4.16) ensures that the value a$
either 0 or 1 only. This formulation makes transmission switchimgrdinear
programming problem. However, each of thevalues produce their own local
optimal solutions based on Equation (4.16) and the optimization program termi
nates when the first feasible solution is obtained. This drawback, in addition to the
non-convex nature of the problem combined with the hard constraints of ACOPF
retains the complexity of the formulation and makes it a vdficdt problem,
which still cannot be solved by current available solvers. In akthis, the ini-
tial formulation of network topology optimization with ACOPF is henceforth used

in all computations.
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4.5 |IEEE 118 Bus Test System

The ACOPF with network topology optimization formulation shown in
Section 4.3 is written in AMPL, a mathematical modeling languAgeonlinear
optimization solver, KNITRO was used for the ACOPF with trassimn switch-
ing. The data for the 118 bus system was obtained from [22] anthedifed to
meet the AC requirements. The test system is comprised of 118 Bdsgenera-
tors and 186 transmission lines. The total real power capaditg aést system is
6806.2 MW and the reactive power capacity is 7029 MVAr with thé detamand
on the system at 4519 MW.

The transmission lines’ capacities and generator cost infaimagave
been obtained from [17]. The largest generator has a maximum tgapa805.2
MW and the smallest generator has a maximum capacity of 100 TM&/mini-
mum capacity of all the generators is assumed to be 0 MWdiasommitment is
not considered in the AC formulation.

4.6 Results and Analysis

The original ACOPF without transmission switching was solved Mi-K
TRO and the total generation cost was found to be at 2986.59 $/h. Theopntire
timization problem was solved in 18.09 s. Due to the complexity of aLMIN
problem and the unavailability of solvers, the optimal line to be opesneh
transmission switching is incorporated in ACOPF is found using a foute
method. The optimization problem is solved repeatedly by opening bpredie
vidual transmission line in the system and the transmissionnaiewhen out of
service, results in the least generation cost is selectéaeasptimal line to be
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opened. This technique of testing every line inrnévork is not conducive fc
practical application of transmission itching due to its computational ini-
ciency. For this reason, this method only servearagvestigative approach
determine the effect of network topology optimiratin the AC settinc

The optimal line to be oped for the IEEE 118 bus test systéound by
this method was line ., shown in Fig.4.1with the total generation cost
2925.82 $/h. For a better understanding, the result expressed in terms of
savings in cost from the original formulation to @EBF with switching. In thi
case a tal of 2.03% economic savings were achieved byntakine 32 out o

service.
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One—line Diagram of IEEE 118-bus Test System

Fig.4.1 One line diagram of IEEE 118 bus test systgth line 32 ope
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The following Table 4.1 shows the percentage savings in total gemerat
cost for the IEEE 118 bus test system with a load of 4519 MW against the number
of lines opened and the computational time for each of the optimization problems.

Table 4.1 Transmission switching results for IEEE 118 bus case

Number of lines | % savings in total generat
Time to solve (h)
open tion cost
1 2.03 1.2
2 3.75 1.87
3 4.3 11.03

Fig.4.2 is a graphical representation of the economic savinge afystem
with transmission switching. It is to be observed that with the opexfitite sin-
gle best line, there is a 2% savings in generation cost. Thibegsavings in cost
increase as more lines are opened, the percentage of savingsdobyaopening
two lines is not as high as that obtained by opening the firstalimae. This
method has the disadvantage of a very long computational time. AB@®@ena-
ble 4.1, it takes over an hour to find the single best line to be openleel 118
bus test case. A heuristic is suggested in the later chaptevercome this high
computational time. Another drawback of this method is that the oftyoélthe
solutions cannot be guaranteed. When more than one line is to be opened, this
technique finds the next best line to be opened given that the bagjléne cho-
sen in the first iteration remains open during the rest ofténations. However, it
is possible that there exists another combination of lines to be offetexbuld

give a better or at least as good as the solution that is obtayntéas method.
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Nevertheless, the solution obtained by this method still yieldsfisgmi eco-

nomic savings.

=—00 savings

Savings in generation cost (%)

0 . .
0 1 2 3

Number of lines opened

Fig.4.2 Graph showing economic savings against number of lines open for
IEEE 118 test system.

4.7 Effect on Varying Loads

A light coming on or a fan turning off, such everyday activitasse a
varying load profile. This fact leads to a discussion on the effectinsmission
switching on varying loads. Moreover, references to the implememtatitrans-
mission switching at lightly loaded levels to overcome voltageatimis can be
found in the literature. References [23] and [24] indicate procedarswitch
transmission circuits, as a part of contemporary industry peactechandle volt-
age violations.

Two types of load variations are considered for the 118 bus testrsyst
described in Section 4.4. Firstly, a set of random variatiotisedbad are consid-

ered and network topology optimization is performed on them.
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Four different load levels including the original 4519 MW are taken and
the results are presented in Table 4.2. As mentioned in the sadtan, the time
to solve for the above optimization problems is high and increasbs asimber
of lines to be opened increases. It is also concluded that theoepisttern in the
time to solve as the load increases. This is mainly becauke difference in op-
erating conditions of the various loads and it need not necesbarifgister to

solve for a lower load level than a higher load level.

Table 4.2 Results of switching at varying load levels for 118 bus test case
Load Level (MW)
4017 4242 4519 4957
MW MW MW MW
Total cost without switching 3912.3
1458.87 | 1735.77 2986.59
($/h) 9
Solution time (min) 0.475 0.202 0.302 0.215
% savings in cost with switching
3.73 3.54 2.03 1.89
(1 line open)
Branch number of the openeg
32 32 32 102
line(s)
Solution time (min) 53.9 53.69 72.23 105.p2
% savings in cost with switching
4.19 4.43 3.78 3.43
(2 lines open)
Branch number of the opened 32,
32, 102 32,5 32, 124
line(s) 102
Solution time (min) 88.8 76.8 112.2 98.4
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The branch numbers of the lines to be opened are also presented in Table
4.2. It is observed that all the load levels except 4957 MW hav&Z2rne com-
mon to be opened for one transmission line to be opened. However, when 2 |
are to be opened, line 32 is common for all the load levels. Thisliss&s the
possibility of having a candidate set of lines that can be openéer different
load levels for any given system. Having a set of candidags lio study the im-
pact of transmission switching, instead of performing the entirenaition
process to find the single most optimal line, reduces the computatioral
greatly and helps overcome the high solution time factor mentioned earlier.

In addition to Table 4.2, a graphical representation of the % savipgs-is
sented below for a better understanding of the effect of trasiemiswitching on
different load levels. It is seen from Fig.4.3 that as the ll®ael increases there is

a consistent decrease in the percentage savings when thensosgleptimal line

is opened.

5 -
= 45 -
S
= 4 -
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O 35 - _ _
£ =—9% savings with 1
a3 line open
c
= 25- % savings with 2
n ) lines open

1.5

4017 4242 4519 4957
Load Level (MW)

Fig.4.3 Graph representing the percentage savings when 1 and arénes
opened.
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When 2 transmission lines are switched in the network, there @bno
served trend in the percentage savings. This may be attributbeé farevious
statement made in Section 4.5 regarding the possibility of findbejtar solution
when more than one line is switched. The above process is repetitea new
set of load levels calculated as a percentage of the doadabf 4519 MW. The
load levels considered are 80%, 90% 100%, 105% and 110% of the gsteai s
load. The results of network topology optimization run on the above load levels
are tabulated in Table 4.3 and show that the computational timewestio be

high.

Table 4.3 Results of switching for loads as a % of the actual load level

Load Level (MW)
80 % 90 % 100 % 105% | 110%
(3615.2) | (4067.1)| (4519) | (4744.95)| (4970)
Total cost without
o 1267.64| 1847.3§ 2986.59 4146.13 552/7.9
switching ($/h)
Solution time (min) 0.083 0.108 0.302 0.223 0.206
% cost savings with
switching (1 line 6.01 3.15 2.03 2.15 1.27
open)
Branch number of
) 123 125 32 32 32
the opened line
Solution time (min) 25.17 51.51 72.23 149.19 9169
% cost savings with
switching (2 lines 9.12 4.45 3.78 2.70 1.51
open)
Branch numbers of
] 37,123 | 135,125 32,124 32, 52 32,47
the opened lines
Solution time (min) 69.6 88.2 112.2 850.2 996
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Once again it is observed that most of the load levels have a cosimron
gle best line to be opened, i.e., line number 32. Some of the parallel lines, like line
123 and 124, may also be considered in the candidate list of lines terlog
some of the load levels. It is seen from the graph in Fig.4.4hbgiercentage of
savings decreases with an increase in load similar to ticergage savings ob-
served with the previous set of randomly varying load levels. Thi®oeaeempha-
sizes the influence of transmission on varying loads and highlighte f the

advantages of network topology optimization.
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Fig.4.4 Graph showing cost savings against load levels in percentages.
4.8Losses

Previous sections of this chapter emphasized the economic sawngs o
tained by transmission switching and its performance under valgaugcondi-
tions. In the previous work of DC approximation of transmission switching, losses
are neglected. This section proceeds to explain the impachefrtission switch-

ing on the losses in a system. It is a general assumptiotiénatis an increase in
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system losses when a transmission line is taken out of servictheQcontrary,
literature review of chapter 2 indicates that the concept of tdisplale networks
is used for minimization of losses in a system, dispellingati®/e assumption.
Nonetheless, it is not true that every line, when taken out witearesults in re-
duced losses. It is not possible to predict whether the lossasetwark increase
or decrease when a line is taken out of service. The flows @beatric network

are governed by Kirchhoff's laws. When a transmission line iked off, this

creates an entirely new optimization problem with a new operatate, which in
turn leads to a new power flow profile. This is demonstratethbyesults pre-
sented in this chapter.

The real power losses in the IEEE 118 bus test system have dleen c
lated before and after switching and the results are shown lielavioad level
of 4519 MW. It is seen from Fig.4.5 that the real power loss efdistem in-
creases as more lines are opened. The economic savings of &me sysease as
number of lines opened increases although the losses also increass/eH it
cannot be said conclusively that the losses always increase wimenis taken
out of service. The graph shown in Fig.4.6 illustrates the posgibildecrease in
losses with transmission switching and generation redispatch. T$eslos an
IEEE 118 bus test system with a load level of 4017 MW areepla@painst the

number of lines opened.
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Fig.4.6 Graph showing real power losses and percentage savingst aga
number of lines open in a 4017 MW 118 bus system.

It can be seen that when the single most optimal line is opensds Ids-
crease by 2%. The losses in the system further decreaaeoliyer 1% with 2
lines open. When 3 transmission lines are switched, losses increase above the total
real power loss without switching. Even though the losses decratabyiand

increase later on, the percentage savings in cost increaski\stvith an increase
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in the number of lines opened. This example demonstrates that thenécsav-
ings due to transmission switching are not dependent on system losses alone.
4.9Voltage

Previous research on transmission switching with DCOPF worksthath
assumption that the voltage magnitude is 1.0 p.u. This research aexpldoe
the impacts of transmission switching on voltage without this assompthere
are instances in the literature, as mentioned in Chapter 2, wieemncept of
switching lines is used to overcome voltage magnitude violations. ésemnch
further explores the impact of transmission switching on voltage in a system.

It is very important that the voltages in a system are witieir specified
limits. Voltage magnitude violations can cause serious damage &ystem and
might lead to voltage instability and in some cases resulaseatling outages.
Over voltages can cause equipment damage and trip transmission elements. Under
voltages cause the stalling of generating units and equipment nielfun€or
these reasons, it is essential to study the impact of trasismiswitching on volt-
age of the system.

The graphs shown in Fig.4.7 and Fig.4.8 depict the voltage magnitude pro-
file of the IEEE 118 bus test system with load levels of 4519 MW4&_d MW
respectively. The voltage magnitude limits are set at 94% to 1QG%n be ob-
served from the below graphs that the voltage magnitude profileeo$yistem
with switching follows closely with that of the voltage magnitpdefile without
switching and the two profiles closely overlap each other to the fha@inthey are
relatively indistinguishable.
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In Fig 4.8, it is seen that there is an improvement in voltage toagni
with switching at some of the buses. This is in line with @search on switching
of lines to improve on voltage presented in the literature review of Chapter 2.

The voltage magnitude of a system is closely related teaistive power.
Changes in reactive power profile affect the voltage magnitudieecfystem as
well. A decrease in reactive power results in voltage magnitumje aird forces
the current to increase in order to maintain constant power. Thigrinneeds
more reactive power leading to a voltage collapse. Reactive powiewoltage
form two components of the power system that support reliabititiyglt of this,
studying the impact of transmission switching on voltage magnitudecessary
to understand network topology optimization’s effect on reliabilityhef system
as well.
4.10Summary

Dispatchable network topology in addition to deployment of generation
assets has been explored in this chapter. The concept of network yopolingi-
zation has been introduced and the distinction between transmissiomglandi
transmission switching has been clarified. The results of trasgmi switching
along with ACOPF have been presented. Savings in cost of a total td 8%
have been achieved. The losses in the system before and aftenissams
switching have been recorded and it can be concluded that the chalogses
does not alone determine the economic savings of the systesndifficult to
predict whether the losses increase or decrease with ttehisygioff of a particu-
lar line but it has been proven that there could be significant sawirtgtal gen-
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eration cost irrespective of this change in losses. Finallyintpact of transmis-
sion switching on the voltage magnitude profile of the systemal/zed and the
importance of voltage magnitude and reactive power control fomsystiebility
has been discussed.

This chapter provides insight into the unexplored potential of the concept
of transmission switching and brings to light the improvement in thilkpeffi-
ciency that can be achieved through the implementation of this meied.
though the brute force method suggested above is not practically and computa
tionally feasible for real world application today, the possibiitymprovements
in computational abilities and availability of commercial solvirs this very
problem makes network topology optimization a viable solution for futupéein
mentation. Application of heuristics and genetic algorithms to aehaegood, if

not the optimal, solution very fast has been discussed in Chapter 6.
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CHAPTER 5: COMPARISONS BETWEEN DC AND AC TRANSMISSION
SWITCHING
5.10verview of DC Optimal Transmission Switching

Which is better: AC or DC? This is a question that was faisted in the
late 1800s and continues to be a much investigated area of modern gswer s
tems. While Thomas Edison argued that DC was safer and sitopleark with,
Nikola Tesla countered by arguing and proving that AC is cheapkeasier to
transmit. Each of these forms of power has its own pros and odnsegther of
them can be completely replaced by the other.

Today, the electric grid is primarily AC in nature except dofew high
voltage DC transmission lines. A linearized approximation of th©RE called
DCOPF is used for computation of the optimal power flow, for #ie f sim-
plicity and ease of calculation. DCOPF is much faster and cotignaby effi-
cient. For these reasons, the industry uses LP solvers to find thealbgdlution
for DCOPF and feeds in the DC optimal result as an initial isolab the ACOPF
in order to generate an AC feasible solution. This method of opgréte grid,
however, does not guarantee the accuracy of the DCOPF solutionalldwieng
for all the approximations that are made. In turn, this |éadsother debate on
which is more important: accuracy or computational efficiency.

Incorporating network topology optimization along with generation dis-
patch involves binary variables and makes the ACOPF, which is wleedifi-
cult non-convex optimization problem, an even harder problem to solvedty cre
ing a mixed-integer nonlinear program. As a result, approximatetiee idea of
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transmission switching with ACOPF may be necessary to mmgaié this concept.
For this reason, this chapter concentrates on making an associati@emn&C
and DC transmission switching. The accuracy of DC transmisaitching and
the computational efficiency of AC topology optimization are Wwttd against
their counterparts in an effort to answer the above debate.
5.2Network Topology Optimization with DCOPF

The objective of the DC optimization problem is to minimize thel tota
generation cost. The formulation of DCOPF, along with this objeasvehown
in Equations (3.14)-(3.19). A binary varialdgs incorporated in this formulation
to account for transmission switching similar to the ACOPF witivosk topol-
ogy optimization formulation. When=0, it is indicative of the specific transmis-
sion linek being out of service armgl=1 represents the transmission line is in ser-

vice. The modeling of DCOPF with transmission switching is preseimt this

section.

Minimize:chgPg (5.1)
subject to:

-Z Pimax < Pk < 2 Pimax, VK (5.2)
Bk (On-6m) - Px+ (1- z) M =0, vk (5.3)
Bk (On-6m) - P« - (1- z) M <0, bk (5.4)
gk(rli')( _vkz(-,rg k+vg(zn) Po~ Pan=0, 71 (5:5)
Prin < Py < P, V0 (5.6)
Brrex < On-Om < O, VN (5.7)
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z€{0,1}, vk (5.8)

The line flow capacity constraint (3.15) is modified to (5.2) téteptfthe
state of the transmission line. The binary variablerces the line flow to 0 when
the transmission line is out of service and retains the origapalaity limits when
the line is in service. Constraint (3.16) is replaced by (5.3) angt(behsure that
the constraints reflect a line being out of service wie@. This is done by intro-
ducing a new variabl# chosen to be large enough to make sure that (5.3) and
(5.4) are not binding in the case where the transmission line is ogen e
line is in servicez=1 enforcing the two constraints to equality resulting in (3.16).
A similar model for formulation of DCOPF with transmission sWwihg was pro-
posed in [17].

The IEEE 118 bus test system with a load level of 4519 MW dedanbe
Section 4.6 is used to perform the DCOPF study. The code isnwinttdaMPL
and the solver used is GUROBI, a MIP solver. The below constrainti¢5i$)
cluded in the code to impose a restriction on the number of optimalttines

switched off, which is to be specified by the user before the code is run in AMPL.

> (1-2)=C, ¥ (5.9)

5.3Results of DC Transmission Switching

DCOPF of the original network without switching yields a toederation
cost of 2135.14 $/h within in a solution time of 0.047 s. When transmission
switching is applied to find the single best line to be opene@+&.in (5.9), the

total cost of generation is found to be 1974.31 $/h within a duration of 1.13 s. The
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most optimal line to be switched off is found to be at line number 4@3/ialds
total economic savings of 7.5 %. The graph in Fig.5.1 depicts tranemissi
switching in DCOPF for the IEEE 118 bus test system.
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Savings in total generation cost
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_Fig.5.1 Results of IEEE 118 bus case DCOPF with transmissionhswit

ing.

It is observed from the above graph that the savings increase liyradua
the number of lines opened increase. The solution time for switohinges also
increases as well with the number of lines opened. This indidetaadrease in
complexity of finding the optimal solution as the number of transmidsien to
be opened increases.

The need to examine the impact of optimal transmission switabing
varying load levels is explained in Section 4.8 and the concept steelvhere in
the DC setting. The graph in Fig.5.2 shows the effect of trassmiswitching at
varying load levels of 4017 MW, 4242 MW, 4519 MW and 4957 MW. It can be

concluded from the graph that no pattern can be attested to the ppecEntangs
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in cost as the load increases. This is another exemplar toigsttiat the out-
come of the optimization problem is largely dependent on the coityptdxthe
system at any particular operating state and the optimal @olabianges with

every change in the operating conditions of the network.
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3 8- ——9% savings for 1
£ 6 transmission line
0
o open
s 4 —-% savings for 2
05 transmission lines

open
O T T T 1

4017 4242 4519 4957
Load level (MW)

Fig.5.2 Network topology optimization with DCOPF at varying |dext
els.

Table 5.1 lists the optimal transmission lines that are to be d@reach
load level. Though there is no recognizable pattern in the linesthahosen to
be opened among the different load levels, it is to be observedhénatare cer-
tain lines that are repeatedly chosen as the optimal solutiondstr hthe load
levels, e.g., Line 123. This reiterates the possibility of haairsgt of candidate
lines from which a good solution for network topology optimization can be

achieved, which is important in order to achieve faster solution times.
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Table 5.1 Transmission lines to switch @+l and 2, varying load levels

Load level Single best line to be Best two transmission
(MW) openedC=1 lines to be opened=2
4017 102 102 and 3
4242 52 50 and 37
4519 123 123 and 125
4957 123 37 and 123

It is also to be noted that for the load level of 4242 MW, thelesibgst
line to be opened is line 52 whereas the combination of 37 and 50 is tineropti
solution for switching of two transmission elements. This exanghés back to
the statement made in the previous chapter regarding the aptiafdahe AC so-
lution generated by a brute force method. When a complete enumeratioodm
is applied to find the best two lines to be opened in an ACOPF inréveps
chapter, the single best line solution is found first and that $éiferced to be
open throughout the other iterations where the process is repeaitadl tteef sec-
ond line to be switched. This technique excludes the possibility ofm®ination
of lines, like 37 and 50 in the above test case, that are diffemntthre single
best line solution of 52 shown above, to yield a better solution. Howewveas; tra
mission switching with DCOPF ensures that the optimal combinatidines is

chosen, demonstrating the computational efficiency of DC trangmissvitch-

ing.
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5.4 Comparison between AC and DC Switching

A detailed analysis of the results of network topology optinopatvith
ACOPF was presented in Chapter 4. The motivation of this secttorhighlight
the significant results of AC transmission switching in congoexiwith DC
transmission switching. Fig.5.3 is a representation of the DC anaf@mission
switching solution times and % savings obtained from the IEEE 118busys-

tem with a real power load of 4519 MW.
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- 6000 - L 12 %J.
~ i >
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= o =#—Time to solve
1000 1 "2 2 ACOPF ()
0 ¢ * 0 a %savings in DC
0 1 2

L =>=0psavings in AC
Number of transmission lines opened

Fig.5.3 Comparison between AC and DC transmission switching for the
IEEE 118 bus test system with load at 4519 MW.

The AC solution time is in hours and is quite high in comparison with the
DC solution time. This reconfirms the computational efficiencyp@IOPF with
transmission switching. This is a major advantage of DC apprdiwimas the
high solution times of ACOPF make it impractical for real Wwaapplications.
Given these complexities in ACOPF, an alternative approximatethad similar
to that of solving unit commitment problem in DCOPF can be devVigettie im-

plementation of network topology optimization as well. Therefdns, compari-
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son of AC and DC transmission switching is essential to edtablielationship
between the two models.

The graph in Fig.5.3 also plots the economic savings obtained in both AC
and DC transmission switching optimizations. There is a wide dhigpmatween
the savings obtained in both the settings, bringing forth the questionurbegc
The savings obtained in the DC approximation do not necessaril\seeprie
actual savings that can be obtained by transmission switchimga®y, the sav-
ings shown in AC setting are not necessarily optimal due to theororexities
that are present in the ACOPF, which make it extremely difficuprove global
optimality. However, this research has demonstrated the potentiabwbrk to-
pology optimization. While solving network topology optimization with the
ACOPF problem is currently too difficult on a large-scale whe available
commercial software today, there is still the potentialntplement network to-
pology optimization through the use of the DCOPF, similar to whaddne today
for unit commitment. Hence, there is a need for further researgiot only im-
proving solution techniques for network topology optimization but also on dealing
with the inaccuracies of the DCOPF transmission switching problem.

This research examines the performance of the DC optimalsolatian
AC setting, to investigate how the inaccuracies from the DC@BBlem may
affect network topology optimization. The optimal solution of the DC@®Pkhe
IEEE 118 bus test system at load level of 4519 MW was line 123 vei#tviags
of 7.5 %. This solution is used as a starting point for ACOPF trasgmiswitch-
ing and the savings obtained using this approach are examined.bdéedraob-
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served that the total cost of generation for this ACOPF switchaolgtion is
higher than the dispatch cost of the original topology, which indidatgsthe
lines that are optimal in the DCOPF framework need not nedgdsarthe best
solutions in ACOPF and may even have a higher dispatch cost thamtidl to-
pology as indicated by this instance.

All feasible transmission lines with savings of above 2% inDKOPF
were taken as a candidate set for ACOPF with transmissitchgvg and their
performances were recorded as shown in Table 5.2. While thesrgstitible 5.2
show that many lines that are beneficial in the DCOPF probtemat beneficial
in the ACOPF problem, this anecdotal evidence should not be assumed to produce
a generic result. Further testing is needed to see ifasimabults are found for
other test cases. Furthermore, it is always hard to have oefingsults when
solving an ACOPF problem due to its non-convexities as it isitpesthat the
true global optimal solution is much better than what is being pezbdnit the
non-linear solver is simply not able to find it before it converges to a locahalpti
solution.

It is seen that lines that have significant savings in th©@BEdo not nec-
essarily produce the same results in the ACOPF. It is to leel tlo&t two of the
lines, 116 and 185 that have over 2 % economic savings in the DCOP#igare i
sible in the ACOPF. The ACOPF solution with line 32 open resaleconomic
savings of over 2 % but yields only a 0.9 % savings when opened DCOEF.
It is also observed that some of the lines that produced segmifgavings when
switched in the DCOPF model have an increase in the total generast when
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switched in the ACOPF model, e.g., line 131 has a 7% savings wheheuvih
the DCOPF model whereas the same line causes over 2% incregs®eration
cost when switched in the ACOPF model. The possibility of a DCQ#imal
solution being infeasible in ACOPF is also to be considered.

Table 5.2 Comparison of ACOPF performance with DC initial solutions

% savings with % savings with
Line number

DCOPF ACOPF
116 2.27 infeasible
122 2.11 -2.14
123 7.53 -37.35
124 3.72 0.59
125 5.5 -20.54
128 5.81 -12.28
130 6.03 0.22
131 7.39 -2.72
132 5.57 0.9
135 6.08 -0.78
136 4.92 -0.7
137 2.62 -0.37
150 2.60 0.63
156 2.73 0.27
185 2.19 infeasible
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Similar to the testing of DC switching solution with ACOPF topology
timization, Table 5.3 demonstrates the performance of AC switcdohgions
with 1% or more economic savings, with DCOPF topology optimizaltios.ob-
served that lines 5 and 11 that have around 1% savings when switched in the
ACOPF model cause an increase in the dispatch solution wherheavitc the
DC model. Another interesting result seen in the performance adoh@ions is
that line 32, the best line for topology optimization with ACOPF, hag anl
0.89% savings in the DC model where it has shown the potential foR%veav-
ings in the ACOPF model. These results demonstrate the inna@oregiand the
uncertainty of establishing a pattern between the AC and DC formulations.

Table 5.3 Comparison of DCOPF performance with AC initial solutions

% savings with % savings with
Line Number
ACOPF DCOPF
S 1.27 -0.84
11 1 -0.63
32 2.04 0.89

5.5Conclusion

This chapter explores the possibility of generating a candidatefse
transmission lines to be switched in an ACOPF based on the DGP#al so-
lution obtained. However, it has been established in Section 5.4 thatishan

ambiguity in the performance of this candidate set in ACORFE t&nsmission
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switching. This result emphasis the idea stated throughout this tihes any
change in the operating state of the system results in gpaewr flow thereby
creating new operating conditions. Dissimilarities as wettasurring points of
ACOPF and DCOPF network topology optimization have been stated. hecan
concluded that no standard pattern can be established between thel XC a
formulations of OPF with transmission switching. This calls fothier research
on heuristic techniques that overcome the primary disadvantages ahdAOC
namely high solution time and accuracy of system representaspeatesely,

and are discussed in the following chapter.

50



CHAPTER 6: HEURISTICS FOR PRACTICAL APPLICATION
6.1 Introduction to Heuristic Techniques

The solution techniques used in previous chapters were meant to study the
problem of network topology optimization and to allow for a compazainaly-
sis of the DCOPF versus the ACOPF network topology optimization. @aus
complete enumeration/brute force technique as was the casepireWzus chap-
ters will not work for real-world applications. Therefore, thera iseed for solu-
tion techniques that can provide good solutions in a reasonable amoime of t
This chapter develops a heuristic based solution technique for therkebmol-
ogy optimization problem.

Heuristic techniques are used as a means of generating satsfau-
tions at a faster rate than an exhaustive search or other zgitoni techniques.
As it has been pointed in the previous chapters, the solution timmdarg the
single best line to be opened is over an hour when using afbraéeapproach.
The optimality of the solution also cannot be proven. The complexityegbrob-
lem only increases with application to a larger real world paystem. In light
of this, use of heuristic techniques exhibit the potential of malciipplication of
network topology optimization with respect to the problems of computatbna
ficiency. A heuristic provides the solution to the complex non convexjneanl
optimization problem within half the actual time. These methods dguasantee
optimality; however, normal optimization techniques that can guaaggmal-

ity take too long to solve and are unlikely to find the optimal smiutvithin the
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timeframe to solve the problem. Thus, the motive is to find goodbfeasolu-
tions fast, which is fulfilled by using a heuristic.
6.2 Evolutionary and Genetic Algorithms

The possibility of implementing evolutionary algorithms to help fand
good solution in a short period of time is to be explored to make netoook
ogy optimization viable for practical application. It has been shawprevious
chapters that the solution time to find the single best lile topened in a system
is quite long and increases with the number of lines to be opené®, @snplex-
ity of the system increases.

Evolutionary algorithms are search methods employed in optimzatio
problems to obtain solutions through the application of natural evolutiorcry te
niques. The principles of survival of the fittest and natural 8efeare applied to
the available pool of solutions and a candidate set of superior fessibt®ns is
obtained. An evolutionary algorithm is different from other optimizatiech-
niques in this aspect that the search yields a candidate sgtitbddrss as opposed
to a single best solution. The solution can be chosen from this s#tindiss and
the availability of a candidate set keeps the possibilitynafifig a better solution
in a different location at a later time active.

Genetic algorithms are a class of heuristics that belonigetsuperset of
evolutionary algorithms. Genetic algorithms are commonly proposedshes
for optimization problems and they make use of the natural evolutiqmerg-
ples of selection, mutation, and crossover to generate a population afrsotot
choose from. These heuristics are generally faster than dengplemeration and
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provide a wide array of possible solutions as opposed to finding lomllgest so-
lution. On the other hand, the solution obtained with the heuristic $"“bely in
comparison with other possible solutions from the candidate setsamptitnality
cannot be established. Nonetheless, the application of these searojues to
network topology optimization may help improve the computationaliefioy
while generating a good solution in a faster time than the coenpleimeration
technique [25]. The application of heuristics to network topology optiraizas
examined in the later sections of this chapter.

6.3 Application of Fuller's Heuristic to AC Systems

The idea for the heuristic used in this chapter is based on tiregee de-
scribed in [26]. It describes a heuristic that repeatedly n@SEF by opening up
lines based on a ranking system. The same ranking systegdignube proposed
heuristic. However, the concept of ranking lines is now performed oAG@PF
solution of the initial heuristic. Fig.6.1 is a flow chart of the reiar explaining
the step by step procedure of this proposed technique.

ACOPEF is solved for the original network topology and the linethén
network are ranked in the order of lowest to highest based on #mdirR; as
shown in Equation (6.1), wheteMPy, is the Locational Marginal Price (LMP) at
the “from” busm andLMP,, is LMP at “to” busn.

Ri=(LMP-LMP )Py, VK (6.1)
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Fig.6.1 Flowchart of the heuristic with ACOPF

The highest ranking line is opened and the ACOPF is solved agas. Thi
objective is compared with the objective of the original netwopology objec-
tive and if there is an improvement in cost, the line that is opsngibsen as the
best line to be opened and is forced to remain open for the rést ibdérations. If
the objective of the ACOPF with the highest ranking line openedyteehithan

the original topology’s objective, the current line is switcheckba service, the
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second highest ranked line is opened and the procedure is repedtatingito

the next line of the list until an improvement is achieved in theatibg. If a sec-
ond line is to be opened, this line is forced to remain open and thénebeare

ranked again with the new line flows based on (6.1) and the entitessras re-
peated until the next best line to be opened is discovered. Althoughethiedn
does not guarantee the optimal solution, it is shown in the follogeotons that
a good feasible solution is achieved with significant reductiortheansolution

time.

6.4 Results

The heuristic described in Section 6.2 was coded in AMPL and the
ACOPF was solved using KNITRO. The heuristic is tested onowsioad levels
and the results are compared with the results obtained in Chaptigr6i2 is a
graph representing the heuristic results against the variodi$elogls for one line
open. It can be seen that the savings obtained by the heuristid) flesagr than
the economic savings obtained by the complete enumeration methestll aig-
nificant. However, there is a huge improvement in the solution witfethe use
of the heuristic.

Where it took just under an hour to find a solution with savings of 3.5 %
for a 4242 MW load system for the iterative ACOPF method, it takBs27 sec-
onds to get significant savings of 1.8% for the same systemthathpplication
of the heuristic. The reduction in savings is a tradeoff withstilation time in
this case. However, it can be seen from the graph that thessdutien of 1.89%
savings is achieved by opening line 102 in both cases for a load of A85%it¥

55



an enormous difference in the solution time. The improvement in solutieng
also obvious from Fig.6.3 where it took over an hour for the iteratiteadeo
find a solution at all load levels but took only minutes for the hearistfind a

solution. Also, the economic savings achieved in both cases are tdosach

other as the number of lines opened increases.
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The possibility of achieving better savings with the heuristic than the itera
tive method is also to be considered given that the optimality oftéhative
method’s solution is unproven. This was seen from the results obtaynledth
methods for the load level of 4242 MW when opening 3 lines. The hiewen-
erated a solution with 4.71% savings as opposed to 4.68% for solution without the

heuristic.
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Fig. 6.4 Heuristic performance for load as % of 4519 MW for 1 line open

The above graph in Fig.6.4 depicts the performance of the heuristic
against the iterative method for loads as a percentage of thé laetlidevel of
4519 MW with 1 line open. It can be concluded for this set that theicos are
similar for most load levels and close to each other in the o#fsex. Once again,
the solution time of the heuristic is far shorter than the ierabethod and is
demonstrated most effectively by the example of opening 2 linelDfYo of the
actual load level. Where it took 14.2 hours for the iterative methoddaafisolu-

tion of lines 32 and 52 with savings of 2.69%, the heuristic took only 1.07 hours
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to find a solution of lines 32 and 37 with 2.39% savings. These resul@dem
strate the computational improvement achieved by performance bethestic.
Thus, the heuristic produces good feasible solutions with vast improvements
solution time, emphasizing the potential benefits of network topologynizati
tion while handling the challenges of transmission switching.

This heuristic may seem to be contrary to the common assumption as
what lines are the best to switch out of service. It isméssumed that lines that
are fully loaded or capacity constrained are good candidatewifch#sg actions.
Another potential measurement is to use the LMP differencssdtne line times
the line’s flow and then to rank the lines from highest to lowestdas this
value, which is the opposite of the ranking mechanism used in the above heuristic.

The following discussion analyzes the results of a heuristikirrg the
lines based on (6.1) from highest to lowest. An attempt hasrbede to show
that it is not always true that switching of fully loaded lireeconomically bene-
ficial to the system. The results below show the comparison diMhdinds of
heuristics for both types of varying load levels.

As can be seen from the graphs in Fig.6.5 and Fig.6.6, there is no conclu-
sion to be drawn that one heuristic is better than the other. Itesveldisfrom the
random patterns of the graph that there is no standard substanti@ndifen ei-
ther the economic savings or the solution time for the heuridtteere the
Fuller's heuristic of ranking lines from the lowest to higleestms to do better in
case of Fig.6.5, the new heuristic suggested to order the lines fgbeshio low-
est appears to be more efficient in the second graph, Fig.6.6. Tlasnit be
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established that taking the most constrained transmission linef @atrvice re-

sults in better savings.
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6.5 Conclusion

Considering the computational inefficiency of the previously proposed ex-
haustive search method of network topology optimization with ACOPRJréshe
tic based on Fuller's DC heuristic has been proposed to study theigdotént
practical implementation of this concept from the computational pbiview. A
comparison between the exhaustive search method and Fuller’'s basristide
to portray the enormous improvements in solution time made by theéstieeur
method. This development in solution time overshadows the lesser bstgstil
nificant economic savings achieved by the heuristic method. Ak aliscussion,
the general fallacy of the assumption that primarily fully &xhiines are the pre-
ferred lines to be taken out of service has been dispelled withetheof another
heuristic. Thus, this chapter forms the basis for the possibilipyaaftical imple-
mentation of the concept of topology optimization and encourages fetearch
towards the development of new heuristics, e.g., genetic dlgitin order to

fulfill this goal.
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CHAPTER 7: CONCLUSIONS

Previous research on transmission switching emphasized the befefits
transmission switching for alleviating line overloads and to help wottage and
other constraint violations. The techniques and ad-hoc procedures adopied in ¢
rent industry practices are described in Chapter 2. However,pghedees do not
consider the possibility of co-optimizing the network along with geioeralis-
patch to create a superior and more efficient electric ghd.idea of a dispatch-
able network and its effects on the grid in combination with the OFCIGHR been
explored by [15] and [17]. This research further examines thet effdransmis-
sion switching on the network and studies the impact of switching &omAC
perspective. It is of utmost importance to study the AC paramétat are ap-
proximated in the DCOPF and their behavior with network topology of#trorz
with ACOPF, considering that the electric grid is primarily AC in nature.

The results from Chapter 4 confirm the thought that implementirggdan
ditional layer of flexibility to the transmission system not omhproves utiliza-
tion of resources but also provides significant economic savings tottiegen-
eration cost. The statement that, when a transmission line is dakef service
the generation is re-dispatched thereby changing the network #od creating
new system conditions, has been proven. Economic savings of up to 6% have
been achieved by switching only 3 transmission lines. The possiuilitygher
savings is also to be considered by acknowledging that optimalityot be es-

tablished and so there might be a better solution yielding higkergsafor the
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specific optimization problem. It is also to be noted that the abev¢iomed sav-
ings were achieved by switching of only a few lines.

In any power system, the load is frequently changing and these shange
the loading level affect the flows on the transmission lines.ugh,st is impor-
tant to understand the performance of transmission switchivariaus load lev-
els. This has been pursued in Chapter 4 and though the switchulty o not
have an established pattern, they indicate the possibility diliskiag a candi-
date set of switchable transmission lines. Also, in most dasepercentage of
economic savings gradually decreases as the load level irgredseh seems
contrary to what would be expected. Such a counter-intuitive resatifrens the
motive to develop systematic approaches to manage the grid daectomplex-
ity. Furthermore, the results show that the concept of transmissvitching is
not detrimental to the voltage and reactive power of the systahetpoint that
network topology optimization is not feasible. In addition, the impaatoStnis-
sion switching on losses does not inhibit network topology optimization dtmm
taining a more economically efficient dispatch solution.

In Chapter 5, a comparison between the DCOPF results and theFACOP
results for transmission switching has been made. The simesaaimd differences
between the two optimization problems are discussed. Though theosdiaie
for DC transmission switching is less and the savings shownraegeg the
amount of savings shown might not be the actual savings thdtecabtained
considering that there are a lot of assumptions with the DC retwtso, these
results pertain to a particular network and, thus, these reshdtdd not be as-
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sumed to be generic. Hence, it is essential to understand therisasiland dif-
ferences between AC and DC switching and this knowledge can be used to get the
DC network topology optimization model to be as close to the AC nasdpbs-

sible.

The addition of a binary variable representing the status of thertisns
sion lines in the system made the ACOPF problem a MINLP. ffhetgre of this
MINLP with non-convex constraints is too complex to be handled by aymah
solvers to date. Furthermore, exhaustive search techniques cannotdbenuse
large-scale systems due to their long solution time. For this puradseuristic
that generates good feasible solutions in a short period of tisnieclea proposed.
This heuristic is based on a priority list that ranks the tngson lines in accor-
dance to the LMP difference between the source and sink busestlienkse
flow. It has also been observed that the heuristic’s performarsmara cases has
been as good as the exhaustive search method but with a huge impravetment
computational efficiency. This heuristic throws light on the possibility of the- pra

tical implementation of this concept.

This research indicates that the treatment of transmissioneete as
static assets is not always the most efficient way of tipgrthe national electric
grid. The redundancies built in to the network to account for contonggare not
necessary at every stage of operation. The results presenkesl imesis demon-
strate that not all the transmission lines present in the newemeeded at every
hour of operation. For this reason, the concept of network topology ipatiom

is to be considered for creating a smarter and more efficient grid.
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CHAPTER 8: FUTURE RESEARCH

8.10verview

This thesis answers the call for further research in makingelgric
network smarter, flexible and more efficient. In addition to studeslucted on
transmission switching with ACOPF, this research also pointsrtswaotential
future research topics in this area. The barriers to the cooiceptwork topology
optimization are discussed in this chapter and the need for futearch will be
pointed out.
8.2 Transient Stability

Any disturbance in the network of a power system results imarediate
change in power flow and angular differences. If the disturbanieegs, it may
cause the machines to fall out of sync causing an instabilibeisystem referred
to as transient instability. When transmission lines are takewfosgrvice, the
switching action acts as a disturbance on the system and theritatability of
the system may be affected. Hence, it is important to shelgftect of switching
on the stability of the system to ensure that network topology @atiion helps
create an efficient and reliable power grid. There have beenas@v&tances in
the literature, see [27] as well as industry practices [28]utilize the concept of
transmission switching without cause for transient stability amscd hese refer-
ences provide the basis that switching actions do not alway® ¢raasient sta-
bility issues. Nevertheless, further studies are to be conductidsiarea to es-

tablish the impact of network topology optimization on transient stability.
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8.3 Protective Devices/Relays

Relay settings are used to provide protection to the power sysjamst
faults. They send signals to the circuit breakers to open up @r @llise accord-
ingly in order to isolate the fault. These settings are pggpmmed based on pre-
vious experience and by taking possible scenarios into consideratiargieen
network topology. However, the concept of network topology optimization
changes the grid each time a line is taken out of service. Prwikave to be
made to take this action into account while programming relaypgstfi ransmis-
sion lines are taken out of service for maintenance or for ¢cimeections even
today and procedures to deal with these situations are aireathce. Future re-
search accounting for the idea of topology change on a more regsiardnd its
associated impact on relay settings is to be performed.
8.4 Circuit Breakers

Transmission switching requires the operation of circuit breaers
more regular basis. The increased use of circuit breakerdeadyto increased
maintenance requirements and more wear and tear on the brddlesrsost of
replacing the breakers and the effect that switching would have @rcut
breaker is to be further studied. However, with the promise of suladtant-
nomic savings with transmission switching, the costs of replagragit breakers
or improving the monitoring system of breaker status along with dérgquainte-

nance are likely to be inconsequential in comparison.
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8.5 Reliability

The N-1 reliability of the transmission network with DCOP&nhgmission
switching has been studied in [19] and it was shown that transmisgihiag
ensures N-1 reliability subject to the assumptions of the model tiee model is
based on a DCOPF. While network topology optimization with ACOPHskf i
is a difficult MINLP and cannot be handled by current day comrmalesailvers,
the integration of a scenario based contingency analysis istdMNLP further
complicates the optimization problem. One way to handle this compliexib
perform contingency analysis on an AC level similar to unit coment. Unit
commitment is performed with DCOPF and an AC feasible power fiaw a
fixed unit commitment solution is obtained. Similarly, an optimalitsoh to the
optimization problem can be obtained first and contingency analysibecper-
formed to obtain an AC feasible power flow that is N-1 reliablather research
is needed to determine the various approaches to ensure relmafiitpetwork
topology optimization given the complexity of this problem. With tleatl sthe
current practices that utilize topology control provide the basige¢hability can
be ensured with network topology optimization.
8.6 Heuristic Techniques

One of the major challenges of network topology optimizatiohascom-
putational complexity of this technique. It is essential to be tblgenerate a
good feasible solution to the optimization problem within a given tiramé.
Hence, improvements in the solution times of DC as well asra@smission
switching are necessary. Although the complexity of solving th¢LId ACOPF
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with transmission switching inhibits practical implementatiothed technique on
an ACOPF level, network topology optimization can be implementectah
world scenarios similar to a unit commitment problem that seslbbbn a DCOPF
and implemented in AC. There is an urgent need for heuristicsdhasolve this
optimization problem in a short period of time while still gatieg good feasible
solutions.

Genetic algorithms that generate candidate lines using theptesof
natural selection and mutation can find a good feasible solutiorstegiping cri-
teria that limit the solution time to a desired minimum. THesgistics overcome
the computational difficulties involved with network topology optimizationl a
act as substitutes for the commercial software capable ohgoan MINLP of
this complexity. Though a heuristic has been proposed in Chapter 6istlaene
ple scope for further improvement in performance. Hence, futueanas utiliz-
ing these principles of genetic algorithms to provide better soltéamiques for

network topology optimization should be considered.
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APPENDIX A

NOMENCLATURE
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Sets

g: Set of all generators

g(n): Set of all generators located at lous

k: Set containing all transmission lines

k(n,.):Set of transmission lines withas the “to” bus
k(.,n): Set of transmission lines withas the “from” bus

n: Set of all buses

Variables

Py Real power generated by genergdocated at bus
Pxmn: Real power flow on lin& from busmto busn

Pxnm: Real power flow on liné& from busn to busm

Qq: Reactive power generated by genergtlrcated at bua
Qkmn- Reactive power flow on linkfrom busmto busn
Qknm: Reactive power flow on linkfrom busn to busm

V. Voltage magnitude at bus

Vm: Voltage magnitude at bus

zy: status of transmission element (O for line out of service, 1 for line ircegrvi
On: Voltage angle at bus

Om: Voltage angle at bum

Parameters

Bk: Series susceptance of transmissionkine



Bmk Bnk: Shunt susceptance of transmission kia¢ busm andn respectively
Cy: Generation cost of generatpr

Gy: Series conductance of transmission kne

Gmk, Gnk: Shunt conductance of transmission ke busm andn respectively
Pyn: Real power demand at bas

Pxmax Maximum capacity rating of transmission like

Pmin, Pmax Real power generation limits on generaor

Qun: Reactive power demand at bus

Qmin, Qmax Reactive power generation limits on genergtor

S«: MVA rating of the transmission linke

Vmin, Vmax Minimum and maximum ratings of bus voltage

Bmax Maximum voltage angle difference



