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Abstract

The transmission of power across the GB transmissiystem, as operated by
National Grid, results in inevitable loss of eledt power. Operationally these
power losses cannot be eliminated, but they carethbeced by adjustment of the
system voltage profile. At present the minimisatadractive power losses relies
upon a lengthy manually based iterative adjustrpentess. Therefore the system
operator requires the development of advancednigdtion tools to cope with
the challenges faced over the next decade, suchchgving the stringent
greenhouse gas emission targets laid down by thgd#€rnment, while continue

to provide an economical, secure and efficientiserv

To meet these challenges the research presentdusirthesis has developed
optimisation techniques that can assist controtreeengineers by automatically
setting up voltage studies that are low loss and dost. The proposed voltage
optimisation techniques have been shown to prodobgtions that are secured
against 800 credible contingency cases. A prototgiiage optimisation tool has
been deployed, which required the developmentsarees of novel approaches to
extend the functionality of an existing optimisatiprogram. This research has
lead to the development of novel methods for hagdlimulti-objectives,
contradictory shunt switching configurations andlesiing all credible
contingencies. Studies indicate that a theoretlogs saving of 1.9% is
achievable, equivalent to an annual emissions gawfnapproximately 64,000

tonnes of carbon dioxide.

A novel security constrained mixed integer nondineptimisation technique has
also been developed. The proposed method has besm o be superior to
several conventional methods on a wide range oEl&tandard network models
and also on a range of large-scale GB network nsodéie proposed method
manages to further reduce active power losses &ul satisfies all security

constraints.
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Executive Summary

Introduction

Reactive power management is a key process ireth@ae and low loss operation
of the transmission network that will become evesrencrucial as Great Britain
(GB) adapts to meet the carbon emission targetdiavn by the Climate Change
Act of 2008. At present reactive control is undeeta by manually issuing
actions, which include the despatch of generatiotatget reactive power output
and the switching of reactive compensation plahts Tesearch is focussed on the
development of methods that will enable the aut@mnaif reactive power control
at the GB Electricity National Control Centre. Thechnology will enable an
improvement in the management of active transmmssasses, which is the
difference between energy from generators going thé transmission network

and demand taking energy out of the transmissistesy.

Security Constrained Optimal Reactive Power Flow

The development of a reactive despatch advice teguires the accurate
modelling, and the efficient determination of au@n, to the GB transmission
network Security Constrained Optimal Reactive Polew (SCORPF) problem.
The operational SCORPF problem can be formulatdadeageneral mathematical
problem of finding the optimal operational netwgslan of a power network,
while meeting all the relevant operational feagijpiand security requirements.
The SCORPF model needs to be sufficiently constthin order to ensure that
the solution meets the GB Security and Quality op@y Standards. These
standards place specific requirements on bus b#dage limits and voltage
changes following a single or double circuit cogéncy event, which means that
all credible contingency events should be includethe SCORPF model. The
SCORPF model also needs to specify the indeperdatitol variables for which
optimal values need to be determined. The SCORRRi@0 process securely
minimises an objective function, in most cases iththe total active transmission
losses. The SCORPF proceeds by initially solving thower flow and
contingency analysis, the problem is then linedriaeund the current operating

point and a compact LP solver is utilised to deteeran operating point that is
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slightly closer to the final solution. This processrepeated iteratively until a
termination criterion is satisfied, such as all ttohchanges are less than a

tolerance value.

Current Limitations of SCORPF technology

Practical implementation of SCORPF in an elecyyiciintrol centre is difficult to
achieve, because of the requirements on both thielfivag to adequately capture
all of the constraints and the SCORPF algorithriin a solution in a robust and
transparent manor. For example in the mid-1990sioNalt Grid, the GB
electricity transmission system operator, impleragnan operational SCORPF
tool called ACCORD. While initial user experiencé wsing ACCORD was
described as favourable, it was limited by the nemdf contingency cases that
could be included in the model. This was one of limtations that eventually
resulted in ACCORD being withdrawn from service. iWhhere is a wide range
of literature on small scale ORPF studies thelarged literature on the subject
of practical implementations of SCORPF, which ieated in the industrial use
of SCORPF tools.

One reason for the shortage of practical SCORPE tomaybe due to the sub-
optimal solution methods that are utilised to sdive mixed integer optimisation
problem involving large switchable shunt devicesanyl large scale SCORPF
approaches treat these shunt devices as continarigbles during the main
optimisation, and at the end of the final iterattbhey are rounded to their nearest
discrete value. This rounding potentially degradpsimality and increases the
risk of solution infeasibility. To the best of tlaithor's knowledge there is no
method presented in the literature that is ablertavide an accurate and rapid
solution to this large scale SCORPF problem. Tresae for this is that the
problem by its very nature is non-deterministic jNBmplete, which means that
it is almost certain that finding the global minimwvill be extremely challenging

to compute efficiently.

Xiv



Aims and Objectives

The long-term aim of the general research area aw&€rcome barriers preventing
the wide spread use of practical SCORPF basedgeokaheduling. The main
objective of the research, which is consistent whik aim, is to build confidence
among engineers in practical SCORPF technologggsctbuld be implemented in
a control centre environment to enable the implaatem of secure low loss
network solutions. By developing voltage schedulingethods that prove
themselves in the short-term, longer term imple@t@m objectives should
become achievable. The specific objectives of éisearch include the following:
« Investigate current state of the art SCORPF tedyyohnd identify limitations
preventing the wide spread use of SCORPF for mactoltage scheduling.
* Develop methods to address some of the most impolitaitations using
available software tools.
» Test and compare these methods to standard ektbisethods on a range of
test networks and realistic GB transmission netvpdakining studies.
* Implement these methods into a demonstration tadlis accessible to control
centre engineers. Feedback from engineers will heé@ obtained in order to

iteratively improve the method.

These objectives have been achieved by developgingrate well conditioned
optimisable GB transmission network models derifeasim offline network
studies. Similarly optimisation models derived framal-time state estimator
shapshots were also built. A highly customised SEPRrocedure, which applies
a commercial SCORPF program, was then used to stblgeoptimisation
problem. Various methods were developed that iategwith the program to:
improve the objective function reduction, improwe treatment of large discrete
shunt devices, improve the multi-objective optirtia reliability, select credible
contingency cases and remove contradictory swigchsolutions. Extensive
comparisons were then performed to evaluate theowement over the standard
SCORPF method. Finally a prototype SCORPF demdiwsirtool was deployed
at the GB Electricity National Control Centre.
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Contribution to Knowledge

Quantification of the potential of SCORPF for operdional loss minimisation
Offline SCORPF models of the GB transmission nekwmave been developed
that incorporate approximately 800 credible cordgimzy case events. Previous
SCORPF studies reported in the literature have hieeted by the fact that the
SCORPF problem was only secured against a smalbeuof contingency case
events. Solutions obtained by this research to G transmission network
SCORPF problem have demonstrated that a significadtiction in active
transmission losses is possible. A novel threeesta@ CORPF approach was
developed to enhance the SCORPF objective funecdnction. On average a
1.9% reduction in transmission losses was achieged this enhanced approach.
This is equivalent to an annualised reduction irbca dioxide emissions of
64,000 tonnes, the results have also indicatedtleatoltage stability margin can
improve as a result of applying SCORPF. Therefagmificant potential for
SCORPF technology exists to provide a more stamkddand lower loss

determination of the reactive dispatch than exgstiranual methods.

Mixed integer SCORPF method for improved loss reduion

A novel shunt rounding method has been developsdlte the large-scale mixed
integer SCORPF problem more effectively than therezu state of the art
SCORPF technology. Most SCORPF methods have bestedi because they
handle discrete shunt controls as continuous Vasain the main optimisation,
these variables are then rounded to their nearsstete step at the final iteration
causing sub-optimality. The current research hadremded this problem by
proposing several novel shunt rounding methods. rébabilistic method is
described, which fixes a subset of shunts to thearest discrete value during
each iteration of the SCORPF, with a probabilitytedmined by a shunts
continuous solution proximity to a discrete step. &daptive threshold method is
also described that works in a similar way, but fikeng decision depends on
whether or not a shunts continuous solution isiwifome threshold distance of a
discrete step. The current research then presedttailed comparison of both
methods with the standard rounding method. A widege of networks are
compared including the Ward Hale six bus test ngtwa selection of standard
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IEEE networks and a selection of large-scale GBsirassion networks with
security constraints. A comparison with the MINLRyatithm and KNITRO
algorithm, which are based on a branch and boupdoaph, was carried out on
the small-scale networks. The probabilistic methveas able to provide near
optimal solutions to the mixed integer optimisatmoblem. An enhanced version
of the probabilistic technique was also develope@ltow large-scale SCORPF
problems with around 800 contingency cases to bhedcfficiently. The results
from this enhanced technique consistently achidwe@r active losses than the
standard rounding technique; in addition it someirmanaged to resolve more

limit violations.

Constraint-based method for multi-objective optimisation

An SCORPF method has been developed to reduceageneeactive utilisation
and transmission losses simultaneously as an atteento existing multi-
objective methods. The standard multi-objectiverosation method that is often
applied is to build an objective that consistsioéarly weighted functions. One
drawback with this technique, which is describethm literature, is that the same
weightings applied under different network condiacan result in very different
objective function improvements. This phenomenoroliserved not only for
different power networks, but also for the samewneét under different
conditions. Practically this makes it difficult ecide appropriate weighting
values when using a linearly weighted objective ctiom, because of the
uncertainty in the final compromise between theeotiyes. The novel method
proposed by this research is based on the prinayplepplying additional
constraints to the reactive flow across generatmstormers. This technique is
demonstrated on a range of IEEE standard test nietwodels and on a selection
of large-scale security constrained GB transmissioetwork models. The
constraint-based technique had more consistentltsegshan the standard
weighting technique, for a fixed objective functitde-off parameter across a
range of varying network conditions. This consistehas made it the more
practical of the two approaches.
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Development of a prototype SCORPF control centre t

A prototype control centre voltage optimisation a@&siration tool that delivers

secure network plans with lower active transmissimses and generator reactive
utilisation has been developed by this project.rérmre very few examples of

practical SCORPF tools deployed in control centiescribed in the literature.

This is likely to be due to the significant chalies involved in developing on-

the-fly well conditioned models of the network ashetermining robust SCORPF

solutions. The prototype tool presented in thigaesh, which was made available
to engineers at the Electricity National Controh@e (ENCC), demonstrates that
it is possible for these tools to be useful in pc&c The development of this tool

required new SCORPF techniques to be developerdar ¢to handle the accurate
and robust optimisation of large-scale network dsgts that include a large
numbers of contingencies. This tool was evaluateBNCC engineers who were
then able to provide detailed feedback, which wentused to make further

improvements to the tool and to provide generadmanendations.

Corrective method for contradictory shunt switching

A novel shunt post processing method was develdpeimprove the final
SCORPF solution determined by the prototype comtalre voltage optimisation
tool. Initially when optimisable shunt capacitor dameactor controls were
modelled at different nodes that were electricaliyse within the model, the
SCORPF solution occasionally switched both types sbhtint into service
simultaneously. ENCC engineers made the observHiadrthis was not a realistic
solution that could be implemented in practice.nrg post-processing logic was
then applied to identify problem sites and stoeertbcessary information required
by a corrective step. The corrective step thenrdeted the optimal shunt
susceptance value required at each problem sides\aitched in shunt capacitors
or shunt reactors to achieve this susceptance \aduelosely as possible. This
method was able to deliver solutions that consikstdrad a more realistic shunt

switching configuration.
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Development of a real-time SCORPF modelling and sation process

A process has been developed that is able to fatean optimisable model of
the GB transmission network from a real-time powetwork state estimator
snapshot, and then perform SCORPF in a robust almble manor. Previous
literature has stated that the long term aim of BEB research should be the
development and implementation of a real-time ojs@tion tool that could run as
a contingency constrained closed-loop voltage sdkeed The process developed
by this project has been evaluated over a rangeetfork conditions, thereby
allowing the potential savings in active transnussiosses and generator reactive
utilisation to be quantified relative to the origimeal-time network snapshot. The
processes that have been developed have the pbtemtform an important
building block of a future ENCC real-time contr@ntre SCROPF tool.
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Chapter 1

Introduction

1.1 Overview

This section provides background information reteévao this thesis. An

explanation of transmission losses is included thedwvays in which these losses
can be reduced at different time horizons is reewwlhe overall objectives of
this research are presented within the contexh@easing renewable generation

connected to the 2020 transmission system [1].

1.2 Operating the GB Electricity Transmission System ir2020

Great Britain’s energy sector will face many chadles over the coming years as
it adapts to meet stringent climate change targétgh set a requirement for an
80% cut in green house gas emissions by 2050 &4dwacut by 2020 relative to
the 1990 level [2]. Since the power sector is tingls largest contributor to UK
carbon emissions, responsible for approximatelyhiad tof total emissions,
significant changes will need to be made to the imayhich the power system is
operated and controlled. More intermittent generatsuch as wind, and larger
nuclear power stations will make day to day operstimuch more complex. The
control engineer’'s job will therefore become mortiallt and they will need
sophisticated control solutions to help them makg Kecisions enabling the
future transmission network to be operated secuetyefficiently. National Grid
Control Engineers have a responsibility to perforoitage control switching
actions, which affect active transmission lossesctive generation costs and
system security [3]. The number of instructiond tha control centre will need to
issue to generators is likely to increase dramifi(icdhe transition from the
current power system to a 2020 power system weéldfore require improved
tools and processes to enable the real-time netsvodtage profile to be cost

effective, secure with lower active transmissiossks.



Figure 1-1. National Grid Electricity Control Centr e, the voltage switching takes place on the
desk directly in front of the transmission networkmap.

1.3 Environmental Impact of Active Transmission Losses

The transmission of electrical power between geaerand demand through a
power network results in inevitable active eleakipower losses. These losses
can be calculated as the difference between powar §enerators that is going
into the transmission system and demand taking pawe of the transmission
system. Operationally active losses cannot be eéited, but they can be partially
reduced by optimal design and operation of the aegwTlhe consumer eventually
has to pay for these power losses, which accountafound 2% of total
generation, and is equivalent annually to the gladtenergy consumption of the
City of London over a l@lay period [4]. Active transmission losses can be
classified into two groups: fixed losses and vdedbsses. Fixed losses, which
are sometimes referred to as iron losses, mairdyron transformers and other
inductive devices connected to the transmissiorterys Fixed losses arise
because the iron core of a transformer is subgeeintalternating magnetic field,
which dissipates some of this energy in the forneady currents and hysteresis
loss [5]. Variable losses, which are sometimesrrefeto as copper losses,
account for the majority of the electricity lost dhe transmission system.

Variable losses occur as a result of the joule ihgafrom the current flows



through resistive elements of the transmissionesystThe magnitude of the
variable losses in a transmission line or cabléesaguadratically with the current
flow [6].

National Grid has a requirement to estimate theveadlectrical power losses on
the GB transmission network for the year aheadderto be able to demonstrate
operational efficiency, as these losses have arcased financial cost that needs
to be met by the users of the network. In 2008t autturn cost of active

electrical power losses that occurred on the GBstrassion system was £327m
based on an energy loss of 5.96TWh valued at £53iMY}Y. The commercial

significance of achieving a reduction in lossetheyefore significant, for example
consider that optimisation techniques can achie2&aeduction in transmission
losses. This would be equivalent to an annual gnemying of £6.5m. It is

important to note that this would be an economat e@mvironmental benefit to the

UK power transmission industry as a whole.

Active transmission losses also have an assocetigdonmental impact. This
impact can be determined by considering the geperahix and the marginal
environmental impact of each type of generatorufedl-2 shows the anticipated
changes in the UK’s electricity generation mix U8026. It is important to notice
that the fossil fuel based generation still makpsatound three quarters of the
total generation mix in 2010. By combining this getion mix data with the
thermal energy conversion factors shown in Tablednd the plant efficiencies
shown in Table 1-2, the approximate environmemgdact of active transmission
losses due to the burning of fossil fuel can bemeined. The annual emissions
of carbon dioxide from gas, coal, and oil plantiégermined as 2.8 million tonnes
per annum. A reduction in active transmission Issseuld tend to reduce the
requirement on the marginal generator, a part-ldagmerator that is responding
to short-term fluctuations in demand. The flexiyilneeded for this role, together
with typical fuel prices, means that the marginaherator tends to be fossil fuel
based. Therefore a reduction in active transmisdamses is equivalent to

reducing the generation requirement from some lfessli based generators.
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Figure 1-2. Anticipated total UK Generation Capadiy from 2009 until 2026 [6].

CO2
Gas 206
Coal 346
Qil 281

Table 1-1. Thermal energy conversion factors. Unitare in grams / kWh [8].

Efficiency %
CCGT 45
Coal/gas 34
Coal/oil 34
Gas 36
Large Coal 35
Medium Coal 33
OCGT 31
Oil 35
Small Coal 31

Table 1-2. Electrical power plant efficiencies [9].
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1.4 Opportunities for GB Transmission Losses Reduction

There are a number of different approaches thatddoe implemented to reduce
active losses on the GB transmission system in npign timescales and
operational timescales. The research that willfresgnted in this thesis is focused
on reducing active transmission losses in operalibmescales. A variety of loss
minimisation methods are therefore reviewed in #astion, including methods
that can be applied in planning time scales, ireotd put the operational reactive

optimisation methods into context.

i. Active losses reduction in network expansion planning

Transmission Network Expansion Planning (TNEP) ibasic part of power

system planning, which determines where to place transmission lines and
equipment [10]. This problem can be formulated Isp a&onsider asset type, so
that an appropriate balance can be made for exapepleeen low loss equipment
and cost. Network power loss is often included masamortised cost over the
expected lifetime of the asset. Typically this kimfdplanning problem minimizes

the network construction and expected operatiotscogile meeting the imposed
technical and reliability constraints. This typepobblem is a complex large-scale
combinatorial optimisation problem. To solve threldem National Grid used a
tool called SCORPION that is described by Thomaal.ef11] and was used in
network planning timescales. These timescales ateide the scope of this
project, which focuses on operational tools witkimescales ranging from 13

weeks ahead of real-time down to real-time.

ii. Active losses reduction by locating generators close to demand centres
Alternating current (AC) technology has enabled tlevelopment of power
systems with generators located far away from dentamtres. This is because
transformers can be used to step up the voltags, lewich reduces current flow,
and hence reduces network losses. However, fwoliige levels, as the distance
between the generator and the demand centre iesré¢hs active transmission
losses also increases. Therefore building genaraioser to the demand centre

should generally reduce the transmission lossdgs [12



iii. Active losses reduction by optimal active power (MW) dispatch

The New Electricity Trading Arrangements (NETA) [1®troduced in 2001
significantly altered the structure of the eledtyianarket in the UK. The new
arrangements abolished the centrally regulated poéhvour of a more liberal
market based structure, with the majority of get@nabeing self dispatched
according to bilateral contractual agreements. Thramodity based market does
not manage to exactly balance the total demand thétotal generation because
of fluctuations in demand, generation and losse®rdier to achieve the required
balance between demand and generation, and obtsta@bke system frequency,
National Grid has to contract generation at varyingescales to meet the system
security and short-term energy balancing requirdsaeihe bilateral power
market is frozen at one hour before the 30 minetpdtch period, after this time
up to real time National Grid can dispatch genemtihrough the balancing
mechanism. It is important to note that approxityateree percent of the total
energy is dispatched through the balancing mechmaniis implies that there is
limited flexibility to alter the generation dispatto reduce transmission losses
through the balancing mechanism. Therefore, thasfad the research presented
in this thesis has not been on altering the opmratiactive power dispatch.

iv. Active losses reduction by optimal outage scheduling

National Grid’'s Transmission Requirements (TR) d&pant is responsible for
delivery of the system access requirement to theeléktricity network during the
current year timescale [13]. This involves acceptmd scheduling maintenance
and construction work on the transmission systeine. Manual optimisation team
continually update an outage database with infdonatuch as re-switching that

will be required during a particular week.

Chan, Lau and Ko [14] proposed a genetic algorittomimprove system
performance and reduce costs by optimally schegludimages. This optimised
schedule aims to improve system performance redutimancial costs. The
conclusion of this research stated that the geadgiarithm managed to provide a
capable, simple, and effective method for maintejnibutage schedules. It
therefore seems reasonable that this techniqued doel applied to optimally

schedule outages when an active transmission logsesnisation objective



function is being applied. Many of National Gricgguipment outage schedules
are implemented in studies before operational trales and these are revised as
real time approaches, which is the point in timevhich the study is intended to
represent. The timing of these outages is oftdmitfle due to security, demand,
and economic reasons. This research has not fatusseletermining optimal
outage schedules to minimise active transmissi@sel® due to the limited

flexibility for alternative solutions.

v. Active losses reduction by optimal reactive power (MVAr) dispatch

Chebbo and Irving [15] developed a fully couplediveereactive dispatch
(CARD) algorithm based on a linear programming spatual revised simplex
method. The purpose of this program was to miningseerator costs and
improve other system parameters within defined waims. Chebbo and Irving
considered a number of constraints, in order taensecurity, such as individual
circuit flows, generator reactive outputs, poweltpots and system voltage.
Chebbo, Irving and Dandachi [16] published resfiten CARD in a second
publication. These results were obtained using @M@ National Grid network
representing a reduced version of the transmisseiwork and considered just
one credible contingency case. However, the alwhit¢ ARD to scale up to larger

realistic power flow optimisation problems was neprven.

Dandachi [17] showed that in principle reactive aggment on the National Grid
transmission system could be improved by utilissrgecurity constrained reactive
optimal power flow (SCORPF) that is based on a axhpormulation - rather
than the sparse formulation approach that was use@ARD. Dandachi
recognised the need for the development of a fasthematically rigorous
optimisation tool that could satisfy all securigguirements, while maximising
dynamic reactive reserves. The tool proposed bydBelm significantly reduced
the time taken to set-up a voltage profile whentrrcentre engineers were
starting a new network study, but was limited bg tact that it only considered a
small subset of the total number of credible cadircy cases. This tool was
utilised by Bennett [18] and Bansal et al. [13]nhinimise active transmission
losses on several pre-BETTA (British Electricityadimg and Transmission

Arrangements) network models. BETTA came into farcépril 2005 with the



implication that National Grid became System Opmerator the Scottish
transmission network in addition to the England &vales networks [13], hence
Bennett and Bansal did not include optimisable tottransmission network

controls in their respective optimisation studies.

The research presented in this thesis builds upisnetrlier work by developing
and evaluating novel techniques for active transimislosses reduction on a wide
variety of post-BETTA networks considering a largeimber of credible

contingencies, Macfie et al. [19, 20]. Significamprovements in the quality and
accuracy of the network data have also been ma@ORPF algorithmic

techniques have been enhanced to better reflectigaarequirements, such as
handling discrete devices more effectively [21].CBRPF therefore provides a
viable route forward for this research to minimissactive costs and active

transmission losses.

1.5 Research Objectives

The long-term aim of the general research area aw&€rcome barriers preventing
the wide spread use of practical SCORPF basedgeokaeheduling tools both in
the UK and worldwide. In order to handle the insieg workload associated with
operating a transmission system with a large ptapoof intermittent generation

it is anticipated that more advanced control certels will be needed to

automate the voltage scheduling process. The @sgaesented in this thesis
addresses this need by providing novel technighes will enable practical

SCORPF tools to be implemented in a robust ancctefee fashion in order to

obtain secure cost effective low loss solutions A, 20, 22, 23].

SCORPF voltage scheduling techniques will needet@ioven in the short-term
in order to realise a long-term implementation. réfi@e the main focus of this
research has been on developing techniques to deraten the potential for
practical secure operational active transmissigsde reduction and reactive cost

reduction. A prototype SCORPF tool was then madailave to control



engineers, so that feedback could be obtained amfidence could be
established.

1.6 Contributions to Knowledge

This thesis presents three major contributions nowkedge supported by a
selection of minor contributions to knowledge. Mpstwer system optimisation
techniques handle discrete shunt controls by trgdliem as continuous variables
in the main optimisation procedure, these varialales then rounded to their
nearest discrete step at the final iteration. A benof recent publications have
stated that this technique is not adequate, bedadsgrades optimality and can
create infeasible solutions [24, 25, 26, 27]. Bmgstechniques that are not based
on rounding tend to scale inefficiently, because timixed integer non-
deterministic polynomial (NP) problem becomes wdifficult to solve [28]. This
thesis presents several novel shunt capacitor lamat seactor discrete switching
SCORPF techniques, which are based on a speciatiseding approach. One of
the techniques, which was tested on a varietyasfdzrd test networks, was able
to provide near optimal solutions to the mixed gateoptimisation problem. In
Macfie et al [21] the technique is demonstrated on a numbenadified IEEE
standard networks and on practical large-scalestngsion networks. These
results are presented in chapter 5 along with teegmtation of an enhancement
to the technique.

A popular technique that is utilised when perforghimulti-objective optimisation

on power networks is to build an objective that sists of linearly weighted
objective functions [29]. One of the drawbacks wiliis technique, which is
described in the literature [30], is that the samegghtings applied under different
conditions can result in very different objectiven€tion improvements. This
phenomenon is observed not only for different ponetworks, but also for the
same network under different conditions. Practycallis makes it difficult to

decide appropriate weighting values when usingnaalily weighted objective
function, because of the uncertainty in the finampromise between the

objectives. This thesis describes an alterativarteeie for solving the practical



multi-objective problem involving a simultaneousluetion in active transmission
losses and reduction in payments to generatorsrdactive utilisation. The
proposed technique is based on the principle ofyapp additional specially
constructed constraints to the reactive flow acrgsserator transformers. In
chapter 6 we demonstrate this technique succegsiollan IEEE standard test
network and on a selection of large-scale secuygstrained National Grid

networks.

A prototype voltage optimisation tool that is secwagainst a large number of
credible AC contingency conditions has also beeveldped as result of the
research presented in this thesis. The prototyple wdhich was made available to
engineers at the Electricity National Control CenENCC), provides planning
recommendations to the ENCC engineers to minimigectives such as active
transmission losses and reactive utilisation cdsts.development of this tool has
required new techniques to be developed in ordehnatodle the accurate and
robust optimisation of large-scale network modbké include a large numbers of
contingencies. Feedback from ENCC engineers whiuatea the tool is reported
in chapter 7 of this thesis.

1.7 Background to the Engineering Doctorate Scheme

The Engineering Doctorate (EngD) is a four yeaeaesh degree available at
Brunel University that has a strong industrial bgd1]. Unlike the traditional
PhD, which often has a more theoretical focus BhgD offers the researcher the
chance to design and research practical technigueslve an existing industry
led research problem. The vast majority of theardeis carried out within the
sponsor’'s organisation and therefore the researgaies industrial experience.
The research outcomes from an EngD need to beast lbe same level as the
PhD e.g. the candidate must make a ‘contributiokrnimwledge’. In addition the
EngD candidate must follow a program of profesdiatevelopment courses,

which are designed to prepare the candidate famdurstrial career.
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This EngD project was supported by National Grid #me majority of the work
was conducted at the ENCC (Electricity National ain Centre) near

Wokingham in Berkshire.

1.8 Organisation of Thesis

Chapter 1: Introduction

This section provides background information reteévao this thesis. An
explanation of transmission losses is included thedwvays in which these losses
can be reduced at different time horizons is reewlhe overall objectives of
this research are presented within the contexh@easing renewable generation

connected to the 2020 transmission system.

Chapter 2: Security Constrained Optimal Reactive Pwer Flow Overview

This chapter provides the background theory of SEBRnecessary for
understand the remaining thesis. Key power sysiameapts are introduced such
as reactive power and voltage control. A generievggosystem optimisation
approach is described, which is followed by a detaidescription of the
optimisation techniques that underpin the reseprelented in the remainder of
the thesis. These details include general explamatf the Newton-Raphson

power flow method, the contingency analysis, thedrisation and the LP solver.

Chapter 3: GB Transmission Technical, Environmentaland Commercial
Background

This chapter introduces pertinent legal, econortachnical and environmental
information relevant the operation of the GB traission network. Firstly a
technical description of active transmission lossegresented. This is followed
by descriptive presentations about the meterinqaaiive transmission losses,
charging for active transmission losses, the babgnservices incentive scheme
and the reactive market. National Grid’s operatiopeactice and existing
operational tools relevant to this research areflgridescribed including an
overview of the available operational SCORPF todlsdescription of several

international SCORPF based voltage control prasticse also included with
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specific case studies focussed on the Spanish,iudelgnd New Brunswick
transmission networks. Finally the known SCORPHtétions are summarised,
these limitations are categorised into general tétiins and limitations

specifically with real-time SCORPF.

Chapter 4: Practical SCORPF applied to Large-ScaleGB Transmission
Network Models

This chapter begins by reviewing relevant secugtggndards that National Grid is
required to maintain and then describes the SCOB#fulation and the standard
optimisation process. The process of building aiteet and accurate optimisable
model of the GB transmission network is explainadluding the process of
remedying modelling errors. A variety of SCORPFutes are then presented
including sensitivity and boundary flow investigats, which were obtained using
the active transmission losses minimisation obyectiFinally a multi-stage
optimisation technique is introduced, which imprevee feasibility and increases

the losses reduction of the optimised solution.

Chapter 5: Mixed Integer SCORPF Technique for LosRkeduction

This chapter proposes several novel mixed integghniques that can be readily
incorporated into an existing SCORPF program twestiie optimisation problem

more effectively than existing techniques can ahidhe chapter begins with
detailed descriptions of several novel shunt roogdiechniques, which are
demonstrated to produce SCORPF solutions that laver active losses. The

shunt rounding techniques are compared over a rahg&EE standard test

network models and large-scale GB transmissions/ar&t models. Extensive

results are then presented including details aftgwis times and the sensitivity to
run-time parameters. Finally an enhancement tcsthmt rounding technique is
described, which is able to solve the full SCORP&bfem in a reasonable time
on a large-scale GB transmission network modelsewdnisuring that the solution

is secure against 800 contingency cases.

Chapter 6: Constraint Based Multi-Objective Optimisation
This chapter describes techniques for modelling aptimising the reactive

dispatch problem in a security constrained muljeotive formulation. A novel
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technigue and a standard technique are compareatldeess this operational
multi-objective problem of determining the apprepei dispatch of reactive
controls to reduce active transmission losses andlt®neously reduce generator
reactive utilisation. These techniques are invagstig using four standard IEEE

network models and 26 large-scale practical netwaokiels.

Chapter 7: Development and Evaluation of a Prototyp SCORPF Control
Centre Tool

A prototype SCORPF tool developed by this projeat given ENCC engineers
direct access to a fully automated optimisatiorcess, allowing them to become
engaged and build confidence in reactive powemapétion technology. Firstly,
the development and structure of this tool is presgkin the chapter. This chapter
then shows how feedback was used to develop antagdzersion of the
prototype SCORPF tool to address the requirementisecoENCC engineers that
were evaluating it. The updated version of the todluded a novel contradictory
shunt switching logic, which was implemented a®latgn post-processing step
to avoid capacitors and reactors being switchedt ithe same site. The updated
version of the tool also included various extrastoaint limits to improve the
practical acceptability of the solution. The chagteishes with a description of
how a real-time optimisable SCORPF model was d@eeldrom state estimator
data. Multi-objective optimisation results deriviedm these models are presented
thereby demonstrating the potential for utilisif@GRPF during real-time system

operation.

Chapter 8: Conclusions and Future Work

This chapter highlights the main contributionsioé tesearch work, to knowledge
and to the industry, in the context of the climakange targets and anticipated
future operational challenges. Each of these maomtributions is then
summarised in greater detail and pertinent results conclusions are described.
Finally potential future SCORPF research areasls®issed that would directly
build upon the work that is presented in this thesi
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Chapter 2

Security Constrained Optimal Reactive Power

Flow

2.1 Introduction

Security Constrained Optimal Reactive Power FIo@@RPF) techniques offer
an important route for improving operational vokagpntrol practices, which still
rely on a manual process. The manual process bhgetp the target voltage
profile can be time consuming and can result inta@ptimal solution. Therefore
it is recognised that the development of a fastherattically rigorous tool is
required [17]. Experience gained over the pastyfgdars has shown that the
linear programming (LP) approach can offer a rotaust efficient solution over
alternative approaches [32]. Alsac et al. [32] destiated that a compact LP
based SCORPF algorithm could also be used effégtivesolve the active losses

minimisation problem.

Section 2.1 will introduce the subject of transnussvoltage control, which
begins with a detailed explanation of the reacppesver concept. This section
continues with details of the reactive device calntnodelling used to develop the

representation of the National Grid Transmissiost&y in SCORPF problems.

Section 2.3 will introduce established SCORPF taples that have been
developed by Stott and Hobson [33], Stott and Al84¢ and Alsac et al. [32].
These techniques are exploited in the remainingish® solve the large-scale
SCORPF voltage control optimisation problem onNla¢gional Grid Transmission
System. This section begins with a high level owof the SCORPF method
utilised in the thesis. The remaining parts of g@stion summarise the details of
the SCORPF method based on available literature.er@/happropriate
comparisons with alternative algorithmic methods presented and discussed.
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Finally an explanation of the method used to inoocafe contingency case
constraints into the optimisation will be provided.

2.2 Reactive Power and Voltage Control
2.2.1 Introduction to reactive power

Reactive power flow on the transmission systemnsimaportant concept that
needs to be reviewed in order to understand howndggation can be applied

successfully to solve the GB voltage optimisatioobem.
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Figure 2-1. Instantaneous electrical power flow vesus time flowing across a point on a
network under different reactive power flow conditions. (a) only real power flow, (b)
mixture of real and reactive power flow, (c) only eactive power flow.
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Electrical power flow is the rate of flow of enerzgnsmitted across a given point
on a network. In alternating current (AC) circuisergy is stored temporally in
inductive and capacitive elements, which resultshim periodic reversal of the
direction of power flow. The portion of power flomemaining after being
averaged over one complete AC waveform is thepeaker, which can be used to
do work, for example to overcome friction in a motor heat an element.
Conversely the portion of energy that is temporatiyred on the network in the
form of an electric or magnetic field, due to intlue and capacitive network
elements is known as the reactive power. Reactoweep flows are required to
support the transfer of real power over a netwérletter understanding of the
physical nature of reactive power can be gaineddmnsidering the instantaneous
power flow across a point on a network, which Megi by the product of voltage
and current at an instant in time. Figure 2-1 tHates the instantaneous power
flow versus time flowing across a point on a netwonder three reactive power
flow conditions. The concept presented by box g¢ajhat only real power flow
exists. In box (c) only reactive power flow exisssich that the portion of power
flow remaining after being averaged over a comphefewaveform is zero. This
means that no real power is transferred, as aliggrnie temporarily stored in the
form of electric or magnetic fields before beinguraed to the source. In box (b)
there is a mixture of real and reactive power fldle conceptual understanding
of reactive power can be further enhanced by cenisig the phase angle between
the voltage and current in the three different adges. In box (a) the current is in
phase with the voltage, which means that only peater is transmitted, because
the instantaneous power can never flow in the ssvelirection. In box (c) the
current is 90 degrees out of phase with the voltge therefore only reactive
power is transmitted [35].

2.2.2 Voltage control device models

The following sections review the voltage contraldelling of the GB Electricity
Transmission Network [36]. Consider Ohms Law fotransmission line with

impendence, a current of, sending end voltagé; and receiving end voltagé:
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V,-1Z =V, (2-1)

V; is the voltage that is being regulated by the mbrdevice. Two methods of
controlling the receiving end voltage can be deteech from equation 2-1.

1) Increase or decrease the sending end voltagaectease or decrease the
receiving end voltage

2) Increase or decrease the voltage drop acrogsatiemission line to decrease or
increase the receiving end voltage, this can be dynadjusting the current flow.
This method is known as Power Factor Correction.

2.2.3 Generator excitation control modelling

The excitation circuits in generators can be use@gulate voltage at the sending
end [35]. Generators are connected to the NatiGnal transmission network by
a transformer, as shown in Figure 2-2. The primvainding is at the low voltage
side of the transformer and is connected to themgor terminal. The secondary
winding is at the high voltage side of the transfer and is transmission
connected. The tap changer is always on the hijageside of the transformers
due to the extremely high currents that flow onlteside.

— | — High
:E —=  Voltage
—4—° Winding
= Low —_— E
=V Voltage —fi—
= Winding E; —~e 19
e @.
— Y — Tap Changer
e —
I T —="
A —
-
AVE L Setpoint

Figure 2-2. Generator with an automatic voltage reglator (AVR) connected to the
transmission network by a two winding transformer.

To increase the HV voltage the tap changer mustwered from the top tap 19
to the bottom tap 1. Initially when the tap is loe@ there is limited change in the
voltage on the HV side, because the HV side ac@naglmost infinite bus bar.
The voltage on the LV side will however fall. Thalfin the LV side voltage is
detected by the generator's automatic voltage e#gul(AVR), which responds

by increasing the rotor field current which has éfiect of increasing the voltage
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at the generator terminals. The lagging reactivegs@utput from the generator is
therefore increased, which will lead to an increas¢he HV side voltage. To
lower the HV voltage the tap is raised and the abprocess works in reverse,

such that the lagging reactive power output froemgbnerator is reduced.

Most generator AVR schemes on the GB transmissiemvark maintain the
voltage at the LV bus at a fixed target of 1pu. R utilises a proportional,

integral, derivative closed loop control systenmiaintain this voltage target.

The generator transformer is often modelled asageltregulating for the intact
network case, which means that the tapping is aaffionto maintain the HV

voltage target. The HV voltage is regulated by ttemsformer, while the LV

voltage continues to be regulated by the genesatAWR scheme. In practice
generator transformers do not perform automatipitep Instead the generator
transformer tap is raised or lowered in responseetwtive power flow target

instructions manually issued from the ENCC. Itossidered acceptable to model
generator transformers with automatic tapping unskelady state conditions
because there is time for all instructions to bsuésl. Under contingency
conditions generator transformers are modelledxasl tap to reflect the fact that
there is no automatic tapping and not enough ton@anually issue instructions

to change the reactive power target.

2.2.4 Transformer modelling

Transformers can be used to adjust the voltagerdifice between the sending and
receiving ends of a transmission line [37]. Consaléransformer that consists of
two windings, primary and secondary that are wooné magnetic former. The
secondary winding will have various connectiong artap changer, as shown in
Figure 2-3. The relationship between the voltagerent and number of turns is
given in the following equation®/; andN; are normally fixedN, can be varied
to modify the voltagéd/,.

ViN, =V,N,
1N, = 15N, (2-2)
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Figure 2-3. Transformer tap changer

2.2.5 Shunt capacitor and shunt reactor modelling

Shunt capacitors and shunt reactors are modell@doagding a discrete quantity
of reactive power at a voltage of one per unit. Wiige voltage changes the
guantity of reactive power generated or absorbetl ke different. Shunt
compensation equipment can be installed onto tieank anywhere that may
require additional voltage support and can be $wicinto and out of service as
required, with the reactive power injection fromshaunt connected device equal to
BV [35]. The switching in of a shunt capacitor willetiefore become less
effective as the voltage drops at a location on rieewvork. This can pose a
problem for ENCC engineers who need to switch $tant capacitor to recover a
sagging voltage. Reactive power control is theeefextremely important in the
maintenance of a satisfactory system wide voltagéle.

Shunt Capacitor

A phasor representation is given in Figure 2-4 shgwhe effect of transmission
line impedance on the receiving end voltage redatoy sending end voltage. The
receiving end voltage is lower than the sending ealfage because of this
impedance. Figure 2-4 also shows the effect ofctinjg a capacitive currerit,
which combines witH to give a current of at the receiving end. The voltage
drop is then reduced froiZ to I'Z. Notice that after switching in the capacitor the
angle between and Vs reduces, which corresponds to a power factor cltise

unity. This technique is known as power factor ection.
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L

Figure 2-4. Capacitive VAr Injection

Shunt Reactor

The effect of inductive VAr injection can be undersd by considering the

reverse of the situation illustrated in Figure ZFie inductive current is injected
from the shunt reactor and has the effect of reduthe receiving end voltage.
This is useful when the voltage needs to be suppdesuch as during the night

when the demand is low.

2.2.6 Static VAr compensator (SVC) modelling

Thyristor controlled Static VAr Compensators (SVQggre developed in the
1970s to act as compensation for arc furnacesg tthegces are one of the earliest
types of Flexible AC Transmission System (FACTS)toallers [36]. The typical
shunt connected SVC consists of thyristor contdolleactors and thyristor
switched capacitors. The full continuous rangehaf 8VC can be accessed by
coordinating the switching of the discrete capachitock and the continuous
reactor controls. Figure 2-5 is a diagrammatic esentation of a typical SVC

connected to the GB transmission network.
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Figure 2-5. SVC with thyristor switched capacitorsand thyristor controlled reactors. [36]
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Figure 2-6. V-1 characteristic of an SVC. [36]

The SVC is usually operated in a voltage regulatimgde, which adjusts its
susceptance to maintain the local transmission gr&twoltage to a voltage set-
point value. The SVC can also operate in a conshWiAr mode, which
maintains a fixed value of susceptance under stssatg conditions. The V-I
characteristic of an SVC operating in voltage ragng mode is shown in Figure
2-6, which indicates that the voltage is maintait@dvithin a band around the
voltage set point until the maximum inductive catrer maximum capacitive
current is reached. The control slope is intendedhat the voltage support duty
is shared between SVCs and generators at diff@@nts in the network [38]. A
slope of 4% is usually applied to give approximatdle same response as a
generator. The slope provides many merits suchieagption of banging between

reactive power limits, load sharing between voltaggulation devices and
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reduction of the SVC rating. Figure 2-6 shows thatside the operating range,
the SVC becomes a fixed capacitor or a fixed reacto

National Grid operates several SVCs in constant MWode during normal
operation. However under contingency conditionssé¢h&VCs switch back to
voltage regulation mode in order to ensure systcardy and stability.

2.3  Security Constrained Optimal Reactive Power Flow

2.3.1 General approach

This section describes a high level overview of wakings of the SCORPF
algorithm that is utilised by this research. Sewi@.3.2 to 2.3.9 provide details
and references corresponding to each stage of @@RHF method described in

this section.

SCOPE, a commercial optimisation program produgeNdxant in the USA, has
been utilised to perform the calculations presemddlis thesis [39]. SCOPE was
chosen because the program includes a powerfuliren@nd robust SCORPF
algorithm that has been developed over the lagteads. The SCORPF algorithm
is based on a compact primal dual LP solver. Adamymber of credible
contingency cases are considered within the SCO®RP&nsure that the final
solution is secure for a large number of user @eficontingency cases. Each
contingency case is derived from the intact netwoith one or more network

components flagged as outaged.
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Figure 2-7. SLP based SCORPF processes. Modifiedin Alsac et al. [32].

Figure 2-7 shows a flow diagram indicating the step the main SCORPF
approach utilised in this thesis. Initially a powkw solution is obtained for the
intact network and each contingency case usingtalbde power flow algorithm
such as the Newton Raphson Power Flow or Decoupteder Flow, which will
be described in sections 2.3.2 to 2.3.4. The pdieer is deemed to have been
solved when all bus mismatches are within the regutolerance and all local

controls are satisfied [32].

The SCORPF method needs to start from a converg@drflow solution in both
the intact network case and in contingency casé®e ihdependent control
variable limits within the optimisation should alygabe initially satisfied, but
some dependent variables may be violated. Violatame monitored at each stage
of the optimisation and the most violated consteaare enforced within the LP

process, which is based on a Simplex method [40].
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The power flow equations and objective are linearigsing the method explained
in section 2.3.7. The LP method described in sec®@.8 forms a sub-problem

that needs to be solved within the overall SCORREhD shown in Figure 2-7.

The solution from the LP method will ensure thathalrd constraints have been
satisfied, but there is no requirement to satisfy eonvergence tolerances. The
solution from the LP method is a set of intact reetwcontrol updates [32].

The updated control variables are then insertexthnd AC power flow equations,

which are re-solved using the selected power floethmd. The solution is

obtained when the changes to the control variabltesless than the defined
tolerance, the power flow equations are satisfiad all hard constraints are
satisfied. If at least one of these criteria hasheen satisfied then the power flow
and objectives are re-linearised at the new opwragbioint and the process is
repeated. If the solution to the SCORPF problemeapp infeasible then each
constraint causing a bottleneck is allowed to bex@woft. This means that the
constraint is allowed to violate its limit and anp#ty function is added to the

objective function with a magnitude dependent @namount of violation [32].

Including contingency constraints is fundamental achieving a secure
optimisation solution. The contingency case lishsidered by the optimisation
within this research was large typically around &@3es. Therefore the total
number of individual constraints considered in aO®RPF can reach millions
because each case can include thousands of extstraiats. In practice it has
been noted that very few of these constraints bedoimding during the solution

process, which is a feature that makes SCORPFsifeaolution technique.

Full contingency analysis must be performed be&iegting the main SCORPF
method and a partial contingency analysis is aéstopmed for a select number of
cases at each SCORPF iteration of Figure 2-7 [Bdhtingency cases that have a
violation or are close to having a violation areret in a critical contingency list
that is updated periodically. This list is regwadpdated by adding or removing
critical contingency cases based on the resulta &xdull contingency power flow
across all cases - for example the list could laatgd at every tenth iteration of

the main SCORPF. By selecting a small subset oflibgn contingency case
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constraints from all contingency case constraimsexecution time of the overall
SCORPF is reduced substantially. This is becausasi#e of the LP optimisation
problem that needs to be solved at each iterat®rsubstantially reduced

compared to any approach that includes constrtiatsare not being violated.

2.3.2 Power flow

The power flow solution process involves calculgtihe values of dependent
variables on a power system, which is being opdrateler balanced three-phase
steady-state conditions. Once these quantities haen determined real and
reactive power flows, as well as active losses, lsancomputed. Solving the
power flow problem will be critical in analysingnderstanding, and optimising

National Grid’s transmission network.

A one-line diagram is commonly used to represep@lanced three phase power
system, as it simplifies the illustration of thesem while preserving necessary
information for network analysis [41]. These diagsagenerally include the
generators, transformers, loads and other thresepbguipment that make up the
network. This equipment is connected to busbargclwlact as nodes in the
calculation, and these busbars are connected tamoteer by transmission lines.
The input data to the power flow problem will tygily include transmission line
data, bus data and transformer data. The per-ysi¢® is used to represent the
impedances, voltages, currents, real power flowsraactive power flows when

solving power flow problems [37].

Each busk) on the network has four variable associated with
* Voltage magnitud&/x
* Phase anglé
* Net real power Psupplied to the bu$=Psk-Pox (G=generator,
D=demand)
» Net reactive power supplied to the b@&=Qck-QLk

Each bus on the network can be categorised intaobtigee types depending on
the variables that are known [37]:
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» Slack bus. The slack bus can be defined as a dmgl®r a distribution of
busbars. Consider the case of a single slack baiswhl take up the
‘slack’ if the generated real and reactive poweeslaot balance the real
and reactive power that is absorbed by the loadpaneer losses of the
network. TheVy and & are the known parameter, so the power flow
algorithm calculates the values Bf andQk. By convention the slack bus
is usually defined to have a voltage angle of z&éhe slack bus is usually
labelled as bus one and can also act as a refelmmcdor the entire
network. [42].

* Load bus (PQ bus). Constari®g and Qx are specified in the input data.
The power flow algorithm will computé and

» Voltage controlled bus (PV bus). ConstaRtsandVy are specified in the
input data. The power flow algorithm will determin@c and o
Generators, shunt capacitors, and static VAr systeam be connected to
this bus. Limits on reactive power generation carsjpecified in the input
data. If a reactive power limit become binding dgrithe power flow

solution process then the bus will revert to a RQ. b

In order to perform power flow the bus admittancatnx Yy,smust be specified
Each element ofYy,s has the formG +jB, conductance plus imaginary
susceptance. This matrix represents the transmidgie and transformer data.
The matrix can be built up using the following stiee]37]:

Diagonal elementsyy= sum of all admittances connected at bus k.

Off diagonal elementsy,; = -(sum of admittances connected between busbars k
and i)

For each row of the admittance matrix at most dalyr elements are typically
non zero. The sparsity of this matrix is importdat efficient storage and

computation when solving the power flow problem][33
The non-linear power flow equations are at the thedr the power flow

computation. These equations describe the realr@active power supplied at

each bus. The power flow computation attempts keesthese equations typically
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using an iterative procedure. To obtain the pov@w fequations we must start
from the equation that describes the complex pamyected at a node [43].

S =R +iQ VI, (2-3)

Where& is the complex power injected at ndde
Pk is the active power injection

Qx is the reactive power injection

Vk is the complex voltage

Ik is the complex current injection

The injected currenty is given by the following expression. WheYg is the

admittance of the brandttoi.

I = iYk|V| (2-4)

Substituting equation 2-4 into equation 2-3 givesfbllowing:

N
B+ JQ VD YoV (2-5)

i=1

The polar form of the voltages is given below.
Vi =Mle™ v =Mle”?
Substituting these into equation 2-5 and expandings the following expression

for power flow:
P, +jQ, :|\/k|i§::|\/i|(Gki — B e
Expand the complex exponential term:
R+ 10, = M2 MG, - 8, eose ~a) + isin@ ~2)

Finally separate the real and imaginary componeatsesponding to the active

and reactive power flows at each node:
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R :|Vk|i|vi|(eki cos@, —9) + Bysin(, _d)) (2-6)

Q= |V|<|ZN:|Vi|(Gki sin(d, —96,) - B,; cos@, - JI))

i=1
Vk andV; are the nodal voltage magnitudes at nddasdi respectively.d andd
are the nodal voltage phase angles at nka@esli. These equations are non-linear

and the solution is reached iteratively.

2.3.3 Newton-Raphson power flow

The most popular procedures used to solve the abquations are based on
Newton-Raphson or Gauss Seidel algorithms [41]. Thewton-Raphson
algorithm will be briefly explored here, as it fesds faster quadratic convergence.
Solving the power flow equations can be likeneddtving for X in Y=f(X). This
can be solved folX by iteratively evaluating the following, where ra the

iteration number:

X(m+1) = X (m) + I m)(Y - f (X (m))) (2-7)

df (X)
J is known as the Jacobian and each element is giyd(m) :(W)
¥=X(m)

The vectorsX, Y andf(X) are explicitly shown below for each bus. The wgdta
and angle at the slack bus is already known, aacetbre the slack bus is not

included in the following vectors:

9,

0,
X=| "
V2 Angles and voltages that need to be solved.
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f(X)=

Qu |

P9 ]

PN (x)
Q,(x)

| Qu (X) ]

Real and reactive powers at each bus.

Calculated real and reactive powers.

Equation 2-7 is solved for each bus multiple tintksing the power flow

computation. At each iteration a Jacobian matriedseto be formed, and is

composed of partial derivatives from the power flegquations. The Jacobian

matrix is formed from four blocks.

P, oP, 0P, oP, |
39, 35, o, oV,
9P, P, P, 9P,
93 5. ov. T av
J= 2 N 2 N 2.8
0, 9, 9Q,  0Q, -8
2, 35, oV, oV,
0Q, 0Q, 09Q, 0Qy
a0, 35, o, T oV |

The Newton-Raphson procedure is iterative. Initialhe x(m=0) vector is

populated with values oB=¢ and V=1.0pu at each iteration this vector is

updated. The following steps are performed at é&acétion:

» Computation of the mismatch vector, which is a eecdf the differences

between the known powers injected at each bus dmed powers
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determined from the power flow equation. The misthas therefore the
value ofY-f(X)in equation 2-7.
* The Jacobian matrix is calculated using equati@n 2-
e This Jacobian matrix is then inverted and multgbliey the mismatch
vector to find thedX values.
 Finally newX values are computed usi¥gm+1) = X(m) + AX(m) .
This procedure is repeated until convergence ofpiher mismatch vector is
obtained or the maximum number of allowed iteragias reached. Newton
Raphson normally requires only four or five iteva8 to converge. The whole

process is illustrated diagrammatically in Figur8.2

The bus voltages and angles contained inXhector describe the state of the
system once power flow convergence has been achi€@ee can then apply
equation 2-6 to determine the real and reactivegpdiows injected at each bus,

the branch power flows and the total active losses.

Read network data and set initial
voltage conditions.

i

—>| Calculate active and reactive power
flow using the power flow equations

|

AN
AN
~Calculate power\\\ yes
< mismatches > > StOp

e
\{a\uesqo\eranceﬁ/

Build Jacobian Matrix

A

Solve J'(y-f(x))

A

Update nodal voltages and angles

"

Has maximum number of iterations i, Stop

been reached?

no

Figure 2-8. Flow diagram of the Newton-Raphson algghm. [41]
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2.3.4 Decoupled power flow

The Newton Raphson power flow algorithm is a robusiver flow algorithm,
however the Jacobian matrix must be recalculatedexty iteration. When a large
number of power flow problems need to be solved thieis useful to make
simplifications in order to reduce convergence t[d#.

* It can be shown that real power transfer has ademsitivity to voltage
magnitude and therefore we can neglect the interatietweerP, andV;
such that the components in the upper right geanil the Jacobian
become zero.

» Similarly the reactive power has a low sensitivity power angle and
therefore we can neglect the interaction betw@gmand g4 such that the
components in the lower left quartile of the Jaaalkdhbecome zero.

The resulting Jacobian then has the form:

_ai aPZ 0 0 |
% o
oP, L .
L
3=| 99 N 2-9
o . o % 0 &)
av, YA
o .. o % 9
i av, v, |

Updates tad,andVy, are given by the following iterates:

foP 1™
o(m+1) =J(m) + _E} AP (2-10)
cvimal Q]
V(m+1) —V(m)+_W:| AQ (2'11)

Equation 2-10 and Equation 2-11 can be solvedtitets. The main advantage of
decoupled power flow over Newton Raphson power flevthat the computer
time spent factorising matrices is significantlydueed. This reduction in
computing time is important when solving a largenber of contingency power

flow problems.
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2.3.5 SCORPF generalised problem

The operational SCORPF problem can be formulatdadeageneral mathematical
problem of finding the near to real-time optimaleagtional plan for a power
system[45,46], while meeting operational feaswWpind security requirements.
The SCORPF general formulation can be stated a<iB}7

Minimise f(U°, x°) (2-12)

U is a vector of the control variables akds a vector of dependent variables.
The superscript O indicates that the variable seferthe pre-contingency power
system.

The SCORPF is bound by equality and inequality tamgs. The equality

constraints are given by the pre and post conticygggower flow equations,

where superscript refers to the’th contingency case:
g°(U°.X°)=0 c=0,1...n (2-13

The equipment and operating limits are given byftlewing inequalities. Hard

constraints on controls are represented by:

Upin SU°<Ufax ¢=0,1...n @-14)

Inequality constraints on variables are represebyed
(U, x°)<0  c=0,1..n (2-15)

2.3.6 Attributes classifying power system SCORPF problems

SCORPF methods can be characterised by five atsjd9].
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* Modelling. This refers to the physical problem. §lmcludes modelling
the data and the way in which state variables aterchined.

* Formulation. This is the presentation of the mathtral model to the
optimisation algorithm.

* Algorithm. This is the mathematical optimisatioriv&s, which solves the
mathematic model presented by the formulation stage

* Constraint Handling. The algorithm needs a method handling
constraints that become binding.

* Implementation. This focuses on the software aspedtthe overall

implementation.

2.3.6.1 SCORPF system modelling

Accurate network modelling is crucial for achievirgiable optimisation results.
This is perhaps the single most demanding areantets to be addressed in order
to be able to obtain meaningful SCORPF solutionsthi|® GB transmission

network voltage optimisation problem.

The system model modelling needs to consider thewong data issues [19]:

» Accuracy of topology and line/transformer impedance

* Intact network case and contingency models.

* Controls. Need to consider limits and if the cohti® continuous or
discrete.

* Constraint limits. Choice of hard or soft penaltigsiits. Different
constraint limit sets need to be specified for base contingency cases.

» Transformer tap ranges need to be accurate. Alsa ne consider if
transformer is acting as a local voltage control.

* Area and zone controls and constraints.

» Cost models. For example reactive power paymenget@rators need to
be modelled at the commercial boundary.

* Dynamic reactive reserve needs to be applied tergéors and SVCs.

In addition, the choice of algorithm used to deteerthe dependent variables in

the power flow needs to be considered. The maiarigns that are used in this
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thesis are the Newton Raphson Power Flow and Déedupower Flow

algorithms, which were introduced in sections 2&hd 2.3.4.

2.3.6.2 SCORPF formulation

The optimisation problem can be modelled as congposelecomposed [49]. The
composed formulation considers the entire problemne complete mathematical
formulation, which contains all controls and coastts. The generalised

composed SCORPF problem was shown mathematicadlgation 2.3.5.

The decomposed formulation breaks down the probleta multiple sub-
problems. These are solved separately and intelrseatively. A common
decomposition method is to formulate the optim@atproblem separately in
terms ofU andX variables, which were defined in section 2.3.5¢ @ecomposed
problem has reduced dimensionality and can usimlgolved more quickly. Il
conditioning can sometimes occur when decompogiegoptimisation problem,

which tends to lead to reduced robustness.

2.3.6.3 OPF algorithm

The techniques described in this section have biged to solve OPF problems
and are relatively mature [43, 49, 50, 51]. Thelyrafuire that the network

optimisation problem is appropriately modelled aiodmulated. This section

presents a comparison of the popular mathematdiniques that can also be
used to solve the full SCORPF problem.

Linear programming (LP) techniques — The nonlin@&F problem needs to be
linearised in order to convert it to a linear opsation problem [48]. LP based
techniques are fast and reliable. These featurd® @ suitable for applications
where reliability and speed are important. The 8ssive Linear Programming
technique determines an approximate solution baliising the full OPF

problem, which is then solved to determine an uptiathe operating point using
a predictor — corrector approach [52]. A more dethiexplanation of the LP

based approach adopted in this thesis is desdribsettion 2.3.8.
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Interior point method — Karmarkar [53] proposed etmod for solving large-scale
power system optimisation problems, which can sotliese problems in
polynomial time. The solution is based on a seoieprojective transformations
and optimisations, which create a series of poihéd should converge on the
optimum. The method is called interior point beeaws$ the path through the
feasible region during the solution process. Anontgnt feature of the interior

point method is that the number of iterations isdependent on problem size.

Gradient techniques — The principle of the gradieshnique is to express the
gradient of the objective function as a functioniralependent variables [54]. A
progression direction is then defined based on gn&lient. The optimum is

reached when the gradient of the objective fundtias been reduced to zero.

Quadratic Programming (QP) techniques — The suiwee& technique works in
a similar way to LP using a predicator-correctoprapch. The optimisation
problem, which could be highly non-linear and namadratic, is approximated
using quadratic functions. The current operatingnipos updated and the
predicator-corrector approach is iterated untih@ygence is achieved [49].

2.3.6.4 Constraint handling

Three techniques are briefly described for constrhandling within the OPF
techniques described above. The simplest appraachaindling constraints is to
convert violated inequality constraints to an egualonstraint. If the inequality is

no longer violated then the constraint should kedrfrom its limit.

The Lagrange Multiplier Method [49]. — The constied minimisation problem is
converted to the problem of finding the minimumtioé unconstrained Lagrange

function given below:

LU,X,A)=fU,X)-4.9U,X)-1" .h{U, X) (2-16)

g(U,X) represents the binding equality constraiatel h(U,X) represents the

binding inequality constraintsi and 2’ represent the Lagrange multipliers
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associated with the equality and inequality comstsarespectively. Finding the
solution of equation 2-16 therefore represents anomstrained optimisation

problem.

Penalty Function Method [55] — This method also vasts the constrained

minimisation problem to an unconstrained minims@f the augment function:
FU.X)= U, X)+> w.a;U,X)* (2-17)

w; are the weightings on the penalty functiopjsaa function representing the
violation of each binding constraint, api the number of the binding constraint.

Simplex-Based Methods [40] — These methods arsedilin LP, QP and gradient
techniques. A tableau, which contains the coeffiisieof the linearised equality
and inequality constraints, is maintained. There different versions of the

Simplex method, but in general they operate inftlewing way. At any stage

during the optimisation process variables can edfion limits (basic) or they are
floating (non-basic), the solution to the non-basariables is determined by
solving a basis matrix. This matrix contains therent active constraints in the
tableau and is updated at each iteration. Wheroptienisation process needs to
enforce a new limit, the relevant inequality is eertied to an equality constraint.
This means that the constraint becomes active tancbefficient enters the basis

matrix in exchange for a previously enforced caastrthat is freed.

2.3.6.5 Implementation

The practical implementation of an OPF control ceembol will need to deal with

the issue of execution efficiency and user intexfak selection of implementation
issues are described in this section some of wiithbe returned to in chapter 7
[49]. Many concepts relevant to the OPF are ilats in Figure 2-9; the most
important concepts relating to this research haenhunderlined.

Sparsity/compact: Sparsity plays a major role im éfficiency of power system
analysis tools. OPF methods can benefit from apglyechniques that make use

of sparsity in formulation and algorithmic stagékere have been two streams of
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development of OPF tools. One which maintains $fyans the formulation of

constraints, Chebbo and Irving [15], and anotheat thpplies a compact
formulation of constraints, Stott and Hobson [3Btactical experience would
suggest that the compact formulation normally ssal a more efficient solution
process because only a relatively small percentdgthe constraints become
binding during the solution process. This means the benefit associated with
utilising sparsity does not exceed the benefit gaforing the vast majority of

constraints.

Piece-wise/Singe-shot: To improve the accuracyhef ©PF final solution the
problem can be solved using successive approximsatipdated iteratively during
the solution process. An alternative to this isatve the OPF problem in a single

stage, which is only viable if the problem formidatis accurate [49].

Usability: Most commercial and third party OPF pagks available today suffer
from weak user and data interfaces. These factax® himited the use and
application of OPF methods in practice within theustry. This is an area that
will need to be addressed in order to realise mactools that are useful to
planning and control engineers [49].

Formulation

Decomposed
Composed

Modeling

L4 | L E NP
ine Dependence Cost-Curve etwork Modelin
P rbiscretc—; Controls =1Ng.

Sparse/Non-sparse

Single/Piece-wise
Standard/Custom
Usability
Implementation

Lagrange

Quadratic

Optimization
Constraint Handling Algorithm

Figure 2-9. Classification of OPF concepts, the ingutant concepts for this research have
been underlined. Adapted from [49].

2.3.7 Linearised modelling

The nodal power flow equations were given in equafl-6. These equations can

be reformulated as branch power flow equations @}t represent the flow
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between the ends of each branch with series adwét® + jB, and shunt
susceptance3; *" + jB; " and GS" + jB*" at each end of the branch. The
transformer tap has rati® phase shifter angle and refers to the side of the
transformer. Whema=1 andP=0 the equations represent the power flow across a

transmission line.

P, =-aV,V,.(G cosf + Bsing) +G .a* V,?

2-18
Q, =-aV.V,.(Gsind-Bcosd) - B .az V.’ (2:19)
P, =—aV,V,.(G cosf - Bsiné) + G, V,’

Q. = aV,V,.(Gsind + B cosf) - B, V,?

where
6=Aa-K+P  (@is the phase angle difference between the entigdfranch)
G +]B =G +GiSh + j(B+ BiSh)

G +jB, =G+G ™+ j(B+B™)

The linearised constrains that are applied withim dptimisation are based upon

the following linearised version of the power fleguations. These are:

AP, = Gsind—-Bcosh).(AS, — A, +AP) — G cosf + Bsinb).(AV, IV, + Aala+ AV, IV,)
+2G,.a° V2 (AV, IV, +Aal a)

AQ, =- G cosd + Bsin).(AJ, - AJ, +AP) — G .sind + Bsing).(AV, /V. +Aala+AV, /V,)
-2B .2’V (Av, IV, +hal a)

AR, = (G.sin@+ Bcosh).(Ao, — A, +AP) - G cosfd - Bsind).(AV, IV, +Aala+ AV, IV,)
+2G, V. (AV, 1V, )

AR, = G cosf - Bsing).(AS, — A9, + AP) + (G .sind + Bcosh).(AV, 1V, +Aala+ AV, IV,)

- 2B, VZ(AV, /V,) (2-19)
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Equality Constraints

The equality constraints included in the optimizathave the form [52]:

AF = J.AE (2-20)

J is conveniently the same Jacobian that is useddarstandard Newton Raphson
algorithm. 4E contains thedd and 4V variables.4F contains the mismatch in
active and reactive powers at each node. To aatyradflect the power system
problem the equality constraints should also tate account controllable shunt
susceptance, phase shifter andfeggenerator voltage targets, SVC voltage set-

points and transformer tap positions.

Inequality Constraints

The inequality constraints on all linearised vaesbneed to be formulated in
terms of the control variables when using a compachulation. Therefore the
formulation of the linearised inequality constraimin control variables is straight
forward and is given by:

h,, —hU,X)<AU <h_,, —hU, X) (2-21)
U, hmin» hmax @andh are vectors of the independent control variakiles minimum
limits, the maximum limits and the correspondinduea at the current operating
point respectively. The linearised inequality coaisits on other variables are
formulated using the following equation:

h,. —hU,X)<[dX/dU]AU <h_ -hU, X) (2-22)

X'is a vector of the dependent variables. Notetti@timits on the linearised form
are the original values shifted by the variabldsi@at the current operating point.
The derivativedX/dU relates the sensitivity of the constrained dependariable

to the control variable changes.

Other inequality constraints considered within dpgimisation include the MVAr
branch flow, voltage change and MVAr reserve onegators. The LP used in
this research was a compact formulation and thexedth inequality and equality

constraints needed to be specified in terms o€timérol variables only.
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Objective Function

This research focussed on solving the active pdesses minimisation problem
involving reactive power controls, while fixing ae power controls. The active
transmission losses objective function is giverj38}:
N
Losse§; = > G, (V> +V - 2V\V,Cost, ) (2-23)
L=1
L is a line with conductand® connecting thé" node to thé&™ node, and\, is the
total number of lines on the network. This objeetifunction is non-separable,

which means that it cannot be incorporated dirdatly the LP problem.

Alsac et al. [32] presented an optimisation methiogt can be used to solve
problems involving non-separable objective fundiosuch as the active
transmission losses. LP-based methods are bettgrteatito solve optimisation
problems that are highly separable. In order todlethe non-separable active
transmission losses minimisation objective functathin the LP it is necessary
to perform an approximation. This approximationaishieved by building a
separable objective function in terms of the cdntrariables at the current
operating point. In other words the non-linear obje-function hypersurface at
the current operating point is approximated by ragésmt hyperplane in a space

with each axis representing a control variable.

The change in active losses is related to contrabble changes by:

)
AP =(‘ﬂj AU (2-24)
U

The sensitivitieslP /dU in the equation above can be obtained from agesslty
factor calculation. Fon controls the linear approximation of the activesies

objective becomes:

z=1

.
Losses Objective= Z[ R J AU,

(2-25)
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It is necessary to perform this linear approximatid the active losses objective
at each iteration of the SCORPF solution method rwiperforming loss

minimisation. The approximation is only valid overseall region, which is

achieved by placing limits on the control changBse rest of the power flow
optimisation problem is linearised in the usual wayd solved by the LP.
Assuming that the control changes are small endlgh the solution to the LP
should have lower active losses. Alsac et. al. [82)eloped a successful
approach based on this method that dynamicallyesdtie control change region

based on the success of the previous iteratiogdaicing the losses.

2.3.8 Linear programming method

The overall efficiency of the SCORPF is governed thg computational
efficiency of the linear programming central sthpttis discussed in this section.
Stott and Marinho [40] describe a simplex basednhé&thod applied to a real
power optimisation problem. This technique is sumsear here, as the technique
is exploited within the remainder of this reseafthe LP constraint enforcement
process begins from an optimal solution determimdgbn all constraints are
ignored. The solution to the LP will always be @ing vertex of the constraint set
in the hyperspace with axis corresponding to therobvariables. This is because
the LP method restricts itself to considering tbaver system operating states that
are at some vertex. Each iteration of the LP mokesoperating point from one
vertex to the next until the solution is reachete basis matrix equation shown
below describes the power systems operating st&&ch iteration of the LM is
the basis matrix andU is a vector of the optimisable control variabl€ke first
row of the basis matrix relates to the power baaeguality in terms of only the

controls, the othem-1 rows correspond to constraints that are on a bgtimit.

L =[B]. AU (2-26)

The above equation can be arranged so that-thaon-sparse constraints appear
in rows two ton. The superscripts andl, in equation 2-27 below, relate to the
free (basic) controls and the limiting (non-bas@)ntrols respectively. The

reduced basis is expanded as:
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1 (2-27)
L | O 1 AU

L" is zero and corresponds to the power balance iggeahstraint and.® is a
vector corresponding to the upper/lower limits an4basic controlsB" and B'
multiply the basic and non-basic controls respetyicorresponding to the overall
power flow equality. The unity matrix in the low&HS of the basis matrix

multiplies the non-basic controls.

The LP iteration begins with the basis equation, cwhdefines the current
operating state of the power system. A set of \eolaonstraints are chosen from
the linearised constraints to be enforced by intcony them into the basis
equation. To do this an existing binding constrainthe basis equation needs to
be removed, which means that it is freed and relaXéis exchange moves the
system to a new operating point. The choice overclwhiiolated constraints
should enter the basis is arbitrary; however aableétmethod needs to be chosen
to decide which binding constraint in the basisutthdoe removed. This decision
is performed by first identifying those constraittiat are eligible to be removed.
A constraint is eligible if when it is freed it becoff from its previous binding
limit. A “ratio test” is then used to decide whiclfithe eligible constraints when

removed will minimise the increase in the objecfwection.

The eligibility test

To determine the constraints in the basis matrik dha eligible to be removed, it
IS necessary to determine the sensitivity betwhenrtcoming constraint and each
binding constraint presently in the basis matrixe Blensitivity of thé'th binding

constraint in the basis is given 5y[40].
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S = (The amount by which the violating constraint viiél corrected by entering
its constraint into the basis matrix) / (The amobwptwhich constraink will

change when freed)

If the incoming and constraitkt are both on their upper or lower limit aBgdis
positive then the constraint is eligible. If thenstraints are on opposite limits and
S is negative then the constraint is eligible. Othee constraink is not eligible

to be removed from the basis. If, once all constsahave been tested, there are
no eligible constraints then the optimisation peoblis deemed infeasible. This is
because there are no constraints that can be relmfoem the basis without

immediately causing a violation.

The ratio test

The ratio test provides a method for choosing the ehgible constraint to
remove that causes the least increase in the wdltlee objective function. The
k'th binding constraint to be removed has the smailakie of the ratiod/S¢

where/ is the incremental cost of the constraint [40].

Determining the value of the controls at each ftenaof the LP

The lower part of the basis matrix shown in equafle®d7 corresponds to non-
basic controls, and can be easily solved. The top @& the basis matrix
corresponds to controls that are basic, and is whffreult to solve. To determine

the values of the basic controls we multiply o finst row of equation 2-27 and

rearrange.
L>=B'AU " +B'AU' (2-28)
AU =B " -B'au') (2-29)

Updating the basis and summary of LP steps

At each iteration of the LP a constraint that igha basis matrix will be replaced
by a constraint that requires enforcement. The baaisix is always reordered to
preserve the structure indicated in equation 2-27.
In general the LP proceeds by the following steps:

1) ComputeSvalues.
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2) Determine eligible binding constraints.

3) Compute the incremental cost of each of the cubgrdting constraints.
4) Apply the ratio test to determine which one constrshould be freed.
5) Update and re-order the basis equation with thelrieding constraint.
6) Determine the value of the basic control variableag equation 2-29.

7) Check if there are more violations and if necessapgat from step 1.

The iterative LP method terminates when all constraiolations have been
removed or when the optimisation problem is deermédasible. The next
sections explain how this LP algorithm is embeddedhe overall security

constrained optimisation process, which is itsetitaer iterative process.

2.3.9 Decomposed approach to solving SCORPF

The equations given in section 2.3.5 formulate threegalised SCORPF problem.
The standard approach for solving the SCORPF prolilesmnbeen to apply a
Decomposed Approach [34]. First a solution is fouadthe base case master
problem. The SCORPF is then augmented by a smalbeuof individual post-

contingency inequality constraints, which have berpressed in a reduced form
in terms of the base case control variables usamgetperturbation linearised
sensitivity analysis. A compact version of the Deposed Approach is used in
this research, as it has been shown historicallyet@successful at solving large-

scale security constrained problems.

As shown in Figure 2-7 an AC power flow calculatienperformed prior to
solving the main LP problem. The power flow calcatis performed for the
intact network and each contingency that is onctittecal contingency list. Each
post-contingency constraint to be included in tpé&moisation is then linearised
about the relevant, X variables using a similar method to that desctilre
section 2.3.7 for base case constraints. Thesénanettansformed into a function
of base case control variablg8 using the relation:

Uk=AU®
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A is a sparse square matrix that describes the mespof the controls to the
contingency caseJ*=U° for most controls with the exception of active powe

generation.

24  Summary

This chapter described the modelling that can bd tseepresent reactive power
control devices in the SCORPF problem. The SCORPHRadalescribed by Stott
and Hobson [33], Stott and Alsac [34] and Alsa@le32] was also presented.
SCORPF based techniques will be important for utaperational voltage control
management, because this is currently a time coimgumanual process. This
chapter has introduced the fundamental principleS©@ORPF, which will be
important for chapters 4 to 7 of this thesis, beeailnese chapters will assess the
potential for SCORPF based techniques for practicgllementation on the
National Grid Transmission System.
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Chapter 3

GB Transmission Network Technical,

Environmental and Commercial Background

3.1 Introduction

This research aims to develop Security Constrainadr@l Reactive Power Flow
(SCORPF) techniques to assist control centre aparat the dispatch of a secure,
economical and low loss system voltage profiletf GB transmission system.
To enable this it is first of all important to rewiethe main environmental,
technical and commercial drivers relating to actikensmission losses. In the
previous chapter we introduced the concept of neagtower, which is a concept
directly related to the voltage optimisation pragetherefore this chapter now
reviews the commercial background to reactive pomigr specific regard to the

GB transmission system.

In order to research, develop and build a prototygéage optimisation tool it is
important to review relevant National Grid optintisa tools including those that
have been decommissioned. Pertinent SCORPF alguocithmodelling and
usability issues will be highlighted, emphasisingwhthe prototype voltage
optimisation tool should build upon the succespraivious tools and avoid any
short comings that were highlighted. A review oftiNiaal Grid’s offline power
system analysis suite and integrated energy maregesystem is also presented
within this chapter, as it is these systems whighvioltage optimisation tool will

need to interface with.

This chapter presents the historical developmenthef SCORPF methodology
and critically discusses practical implementatioh®©RPF in Spain, Belgium and
Canada that are discussed in the literature. A watee of literature on the
subject of ORPF is available, but there is reldyivitle literature on SCORPF
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specifically. We note that practical large-scale ORPF studies have been
performed in Belgium and in the UK, but the pubdidiresults were limited in the
sense that they only considered a small numbeetVarks and a relatively low

number of contingency cases.

3.2 Active Power Losses on the GB Transmission Network
3.2.1 Technical background

As discussed in chapter 1 transmission losses eatidssified into two groups,
variable losses and fixed losses [57]. Transmiskisses on the GB transmission
system can also occur due to non-technical losBes.variable losses is also
known as load losses, series losses, transpotedelasses, or copper losses.
These losses mainly arise due to the resistanaetbktcurrent flowing through a
line. Equation 3-1 shows how the variable active @oWsses to a first order
approximation is proportional to the square of @lsve power flow, because the
voltage of a power system does not tend to degigtaficantly from its nominal
value and the active power flow is usually gredlbem the reactive power flow
[57]. Eddy current in the core of transformers ghtiangles to the main current
flow also form a component of the variable actiegvpr losses.

2 2 2
VariableAdiveLosses IRMSZRz( S J R= P*+Q ).Rz R ~PP=kpP?  (3-1)

VRMS VRM82 VRMS
The operational variable transmission losses caedigced by minimising branch
current flow, which could be achieved by runningudstation as solid instead of
split. It can also be reduced by using higher @t balancing three phase loads
and dispatching generation closer to demand ce}itPgs

The fixed losses is also known as shunt lossesorlasses. Transformers fixed
losses is present whenever a transformer is emekgiBhese losses have two
components, the first results from taking the cm®ugh successive cycles of
magnetisation leading to hysteresis, and the sepesuts from eddy currents in
the core [5].
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The corona of overhead lines can give rise to fikes$es [58]. Corona losses
occur because the electrical field around a comducan cause a partial
breakdown of the air and therefore cause the ptamtuof ions that carry energy
away from the transmission line. This phenomenodeigsendent on the voltage
level, the ambient atmospheric conditions surroogdhe transmission line, the
frequency and waveform of the supply, the configaraof the conductors, the

height from the ground and the type of conductat ik used.

Other components of fixed losses include dieledtgses, radiation, induction,
open-circuit losses and losses caused by the cantinoperation of power system

measuring control systems.

Fixed losses have a weak dependence on the powmer flThese losses are
proportional to the square of the voltage on thevaek, and therefore to a first
order approximation can be regarded as constasujrasg the voltage profile of
the system is fairly constant. In the case of asfi@mer’'s fixed losses this
guadratic relationship with voltage can be undedtdy modelling the
transformer with a finite conductance and suscegtaifhe real and reactive
power losses associated with these characteragticshown below [37]:
P=GV},q (3-2)
Q= BVRZMS
The third type of losses is known as the non-teciisses. These losses include
power that is stolen at any point on the high \g@t&ransmission network. Other
losses that belong in this category include megeramrors, and unmetered

substation supplies [5].

This project is concerned with proposing reactivéinoisation techniques for
securely reducing the operational fixed and vaedtdnsmission losses that occur
on the GB transmission network. Table 3-1 shows thatactive transmission
losses, as a percentage of demand, occurring o@Bh&ransmission network is

forecast to increase between 2012 and 2015. Pdhifincrease is due to the
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connection of renewable generation in Scotlandciwhwvill increase the north-
south power flow [6]. Interestingly there is a shralduction in active losses in
the period from 2010 to 2012, which is due to tlemmissioning of new

generation in the south that will reduce the ntatiouth flow.

2009/10 2010/11 | 2011/12 | 2012/13 | 2013/14 | 2014/15

Transmission
Heating Losses
excluding GSP 760 912.5 884.3 930.2 915.8 1090.1

Transformers

MW)

Fixed Losses

MW)

GSP Transformer
Heating Losses 103.2 108.4 112.7 118.8 121.2 129.3
Mw)
Generator
Transformer
Heating Losses
MW)

Total Losses 1239.6 1407.9 1381.2 1462.4 1452.2 1639.2

ACS Peak
Demand (MW)
excluding Losses 58145.6 58774 59512.1 60194.4 60637.2 61129.9

and Station

Demand

Total Losses as
percentage of 2.1 2.4 2.3 2.4 2.4 2.7
Demand
Table 3-1. Active Power Losses at Peak Demand [6]

273 276 276 276 282 284

103.4 111 108.2 137.4 133.2 135.8

3.2.2 Environmental context

A reduction in active losses on the GB transmissieiwork translates into a
reduction in the marginal generation, which is ligifassil fuel based. In general
the coal power industry, which makes up 36% of Wh&s generation mix [6],
produces a significant fraction of the UK’s acidify and greenhouse gas
emissions [59]. Power station emissions of sulptiokide and nitrogen oxides
account for the biggest share of the UK’s acidifygmissions. These emissions
can cause acidic precipitation that leads to irsgdasoil acidity damaging aquatic
life, crops, plants, buildings and other manmadecsires. Sulphur dioxide
emissions are now falling due to the Large CombusRlant Directive (LCPD)
that places tighter controls on coal burning, enages the use of low sulphur
coal, and the use of abatement equipment [60].
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So far we have considered the environmental beoglitss minimisation in terms
of the reduction in emissions from power stationsird) electricity generation.
Emissions can also occur at all points during tfeedycle of a power station and
all points during the life cycle of the fuel thatbheing burnt. For example during
coal mining methane, which is a green house gasl|aased. Therefore the whole
life cycle of a power station and the fuel thalbéng burnt needs to be considered

when determining the full benefit of loss minimisat

It is useful to define a ‘carbon footprint’ for dageneration technology, which is
an environmental impact measure in units of grah®® equivalent per kilowatt
hour of generation (gC@q/kWh) [61]. It is important to note that ‘equieat’
means that all greenhouse gases are included wiwurgting for the global
warming effects of each kWh. All electricity gen@ra systems have a carbon
footprint when considering the environmental impauft the construction,
operation, and de-commissioning phases. A usefuhodeto assess relative
environmental performance is to rank generatiohrielogies in the order of their
respective carbon footprint sizes. A carbon fooipdan be calculated using a
‘cradle-to-grave’ approach which considers the iotga the environment from
all phases of its life. It accounts for inputs andputs to the environment [62].
This method is based on the accredited 1ISO 14000 std.

The second column of Table 3-2 shows the carbon fiobtpf the major fuel
types listed in the first column. These carbon faints have been determined by
using the cradle-to-grave approach described abidwe.third column shows the
fuels percentage contribution to the generation amd the fourth column shows
the calculated total losses carbon footprint ovee entire year, which is
determined by multiplying the total losses in 2®@0B¥ the carbon footprint and
the corresponding generation mix. The tatatbon footprintof losses over the
year is therefore equivalent to 3.4 million toné€O,. This value will be useful
in later chapters when determining the environmesévings resulting from

active losses optimisation.
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Fuel Approgogta rbon Generation | Carbon Footprint
Print . of losses in
(gCOzeqrkwhy | Mx (%) 2008/9
(kT CO2eq/kWh)
Nuclear 5 13 3.9
Wind 5 3 0.9
Hydro 20 3 3.6
Gas 500 35 1050
oil 650 4 156
Coal 1000 36 2160
Other - 1.2 -

Table 3-2. Carbon footprint of different fuel types Data is sourced from Parliament Office of
Science and Technology [61] and BERR [63].

The World Resources Institute’s Greenhouse Gas RegoProtocol [64],

recommends that greenhouse gas emissions aree@porthree ‘Scopes’. Scope
1 are direct emissions from sources owned or chhetkrby the company, Scope 2
are indirect emissions from sources such as thessonis associated with the
purchase of electricity and Scope 3 include othéiréct emissions. National Grid
has classified transmission losses as Scope 3ienssdue to the limited control
the company has over these emissions [65]. The megsbehind this is that the
company has no control over generation fuel typd hmited control over

generator location, which are factors that strongifluence the level of

transmission losses. The magnitude of transmississek that occur on the
network is also influenced by the voltage profiteg voltage profile is the

magnitude of the voltages measured at cardinalarasiicross the network. The
research presented in this thesis makes use cfethgtivity of the losses to the
network’s voltage profile, thereby allowing the @otial for secure optimisation

techniques to be implemented into practice.

3.2.3 Active transmission losses charging

The Central Data Collection Agency (Elexon) collectetered data from
generators and demand [5]. There will always be anmmaich between total
metered generation and total metered demand oyegigen half hour settlement
period, this difference is equal to the active ésssAll energy needs to be
accounted for, so the cost of active transmiserds needs to be allocated to the
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liable parties. Active transmission losses is ated to each Balancing
Mechanism (BM) unit, a BM unit could for example & individual generator. A
collection of one or more BM units are known as adlimg Unit. Over a
Settlement Period if the Trading Unit is a net ex@oiwof electricity then the
Trading Unit is termed as a delivering Trading Utfithe Trading Unit is a net
importer of electricity over a Settlement Periodrtlthe Trading Unit is termed as
an offtaking Trading Unit. Within the BM for eachtdement period active
transmission losses is defined as the differendevdsn the absolute metered

volumes of all delivering Trading Units and offtagifirading Units [66].

TransmissinLosses » QM; +> QM; (3-3)

QM; is the BM Unit Metered Volume for a BM Uriiin settlement periofi

Z is the sum over all BM Units that are part of deting Trading Units (has +ve

value).

Z is the sum over all BM Units that are part of akihg Trading Units (has —ve

value).

To account for active transmission losses each BM'dJmetered volume needs
to be adjusted. This can be achieved by multiplyimg metered reading by a
Transmission Loss MultiplierTLM). This multiplier has two components, a
Transmission Loss FactofMI(F) and an adjustment factor that depends on

whether the BM Unit is an offtaking Trading Unitadelivering Trading Unit.

At present theTLFs are all set to zero. These factors maybe useceirfiutiure to
vary the weighting on the transmission losses cabteated to individual BM
Units depending on its geographic location. TheeefeachTLM is identical for
all BM Units that are offtaking Trading Units; simily eachTLM is identical for
all BM Units that are delivering Trading Units. Thaléwing equations define
the TLM:

TLM; =1+TLF +TLMOJ-+ for all BM Units that are part of delivering Traditnits.

TLM; =1+TLF +TLMO; for all BM Units that are part of offtaking Tradingnits.

TheTLMO are given in equation 3-4.
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In each settlement period a proportion of the trassion losses cost is allocated
to each of the BM Units depending on whether @& @elivering Trading Unit or
an offtaking Trading Unit. The Balancing and Settlam€ode (BSC) defines a
parameten that is used to determine the valueSbMO’; andTLMO;. a is the
allocation of transmission losses to delivering TwgdUnits. For example if
a=0.5 the transmission losses is allocated equally betwelivering Trading
Units and offtaking Trading Units. In practice=0.45 is used so that the
delivering Trading Units are allocated slightly lesisthe losses cost than the
offtaking Trading Units. This allocation is used toceunt for the fact that
generators pay for losses that occur in their Wigltage transformers, because
they have their energy metered on the high voltsige of their transformer.
Conversely the offtaking Trading Units are allocageslightly higher proportion
of the transmission losses (0.55) because they tiare energy metered on the

low voltage side of their transformer.

With eachTLF set to zero, and=0.45, the equations describing ti&éMO"; and
TLMO; are:

[iQMu +Z_:QMUJ (iQMu +2QMuJ
- TLMO] = 055 .
2.QM, >.QM,

(3-4)

TLMO] =-045

Notice that the numerator is actually the losses.dny given settlement period
the expected value diLM for a delivering Trading Unit would be less tharep
while for an offtaking Trading Unit it would be grer than one.

In every settlement period there are just two \aloetheTLM calculated by the
Settlement Administration Agent corresponding tdiveeing and offtaking
Trading Units. TheTLM can then be used to scale each BM Unit's Metered

Volumes.
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The cost associated with the active transmissiege® is therefore picked up by
the users of the transmission system e.g. gensrata suppliers. These costs are

ultimately passed onto the electricity consumer.

3.2.4 Balancing Services Incentive Scheme

The New Electricity Trading Arrangements (NETA)troduced in March 2001,
replaced the Pool based system [76]. These arrargsndecentralize the sale of
electricity with most electricity being sold thrdugndividual bilateral contracts
and through organised markets that have balanadirapgements to deal with
real-time fluctuations in supply and demand. ThéaBeing Mechanism (BM) is
the tool used by National Grid to balance the sy@pld demand of electricity
close to real time. The BM costs money to operatd &lational Grid is
incentivised to reduce these costs [13].

In 2009/10 National Grid and Ofgem agreed a Balan&ervices and Incentive
Scheme (BSIS). Within this 12 month scheme Natio@ad is set a target
operating cost, known as the Incentivised Balan€logts (IBC). If National Grid
manages to keep the annual balancing costs belwBth target value then they
are allowed to keep a proportion of the differerid@s proportion is known as the
‘upside sharing factor’. On the other hand if NatibGrid’s costs exceed the IBC
target value then they are penalised, as they tuapay a proportion of the excess
costs. This proportion is known as the ‘downsidaristy factor’. The IBC is a
summation of several components, one of which eslab active transmission

losses. A simplified formula describing the IBGown below [13]:

IBC= CSOBM+ BSCC+ TLIC — NIA (3-5)
. CSOBM Daily System Operator Balancing Mechanism CashvF|
. BSCC Balancing Services Contract Costs.
. NIA: Net imbalance Adjustment.
. TLIC: Transmission Loss Adjustment. See below.

The active transmission losses adjustmentI€) is a component of the

incentivised balancing costs, which is given byftiiwing equations:
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TLIC = TLRP*(TL — TLT-0.2TWh) when TL -TLT > 0.2 TWh

TLIC = TLRP*(TL — TLT+0.2TWh) when TL -TLT < 0.2 TWh
TLIC=0 when |TL -TLT| < 0.2 TWh
TLRP = £55/MWh in 2009/10 [67]

The Transmission Losses Targét.() is currently calculated at the beginning of

each year and is then updated every three months.

3.3 GB Transmission Network Operational Voltage Control
3.3.1 Reactive balance

In this section we will consider operational vokagontrol issues from the
perspective of the GB transmission network operaidre reactive balance
concept is important to the overall voltage constohtegy, which must maintain a
balance between MVArs that are generated and M\flas are absorbed by the
system. Generation of MVArs can be achieved thrailghswitching of shunts,
by issuing instructions to generators and by chrapghe settings of SVCs /
synchronous compensators. The capacitance and tamibec connected to the
transmission system can also be exploited by ENG@@neers to improve the
voltage control. A lightly loaded line will oftencaas a capacitive network
element that will inject MVArs, while a heavily Idad line will act as an
inductive network element that will absorb MVArshdl formula below is the

reactive balance equality [68].

Generated MVAR+ System gain_ BV + Shunt_capacitors BV? =

Demand MVAR+ System reactive_losses |*X + Shunt_reactors_|%X
(3-6)

3.3.2 Reactive market

The Grid Code, which National Grid and users of tlagsmission system must
comply with, describes the requirement on genesatprovide a reactive power

capability. At any given MW output, a generaton dze requested to absorb or
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produce reactive power to help manage the systettageo profile. The
requirement specifies that each generator musbleet@ operate at a power factor
within the limits of 0.85 lagging and 0.95 leadiagits terminals [69]. National
Grid ensures that reactive power is provided totrtiee constantly varying needs
of the system and ensures that reserves are adetpameet any credible
contingency. In the reactive market each commeremity providing reactive
power support is paid at an agreed amount baseth@wrolume of reactive
support that is provided. Each Balancing Mechani@M) unit defines a
commercial entity, and typically consists of seVegenerators capable of

providing reactive power support to the network.

Assuming all BM units are paid at the default prittee total reactive utilisation

payment is:

Paymenf£] = Qvolum@MVArH * pricg£ / MVArh] = * price (3-7)

znllagi - anleadi
i=1 i=1

n is the total number of generators comprising tihé whit, lead is the metered
leading reactive energy in units of MVArlag is the metered lagging reactive
energy in units of MVArhprice is the default utilisation payment in units of
£/MVArh, and Qvolumedefines the total reactive volume from the group of
generator units in units of MVArh. The default @ridor generator reactive
utilisation in the summer of 2010 was £2.47 per MNA70]. In 2009/10 most
generators were paid at this price, so the assampiat was made is acceptable
in most cases. It is important to note that Equaie7 defines the objective
function that needs to be minimised in a reactv&x optimisation problem.

National Grid is incentivised under the incentivcheme described in section
3.2.4 to minimise spend on the reactive paymentgeoerators. The BSCC
component in Equation 3-5 includes these reactayements. Annually National
Grid and Ofgem agree a reactive costs target asqgbathe overall incentive

scheme.
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3.3.3 Security and Quality of Supply Standard

National Grid holds the sole licence to operate tfsmission network in
England, Wales, and Scotland, and therefore ha&s@onsibility to maintain an
efficient, economical and co-ordinated GB TransmissSystem [6]. The
operational planning process involves preparatibletailed operational plans
from around 13 weeks ahead of real time, and irdudanual optimisation of the
network’s voltage profile taking into account allapned outages due to the
maintenance and construction work that is happeamthe transmission system.
This process ensures that the GB National Elettridgransmission System
Security and Quality of Supply Standard (SQSS) irequents are satisfied
economically in the network plans [3]. One of thejon deliverables is a secured
day-ahead peak demand network study, which isabtwesfof this research. These
studies are adjusted for each day to take accduwitamges in predicted demand,
generation and outage pattern. A hand over docursgméepared and delivered to
the ENCC, which includes network plans, outagesiv@aconstraints on MW
flows, and post-fault actions to be taken in therg\of contingencies. While the
emphasis of the day-ahead deliverable is on aptweer management there is an
SQSS requirement to secure voltage, which means$ tbactive power
management is considered. The SQSS also includpdatery requirements
relating to generation margin, frequency contraltage condition and thermal
overload conditions [3]. These requirements mustdrefully considered within
this research, as reactive controls are manipulayetthe optimisation algorithm.
It is essential to ensure that available dynamactiee reserves are maintained on
SVCs and generators in order to secure the poktdgstem voltages in the event
of the most onerous credible fault. The steadyestaitage condition must be
secured both pre and post fault, as shown in Figutebelow. This figure shows
the SQSS voltage requirements at customer and ustoroer connected buses.
Customer buses include grid supply points to tkeuoltage network. The steady
state voltage limit information is also indicatedeach voltage level, the network
must be secured so that it can meet these stanidaroisth the intact network and
in the case of an unexpected outage. At customeremions the voltage must not
change more than the regulated limits shown irethent of either a single circuit
(SC) or double circuit (DC) outage. Distribution tiWerk Operators (DNOS) in
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England and Wales connect at 132kV, these netwitidts feed down to lower

voltage levels.

Customer (‘onnection

No

Step Change [|Steady State| [Step Change| [Steady State
sc DC
No 400KV +5%, /-10% ||T-6% | +6%/-12% [400kV [ +5%/-10%
Spec- 175KV +H-10% +-6% | +6%/-12% |275kV | +/-10%
ification 132KV o 10% +/-6% +6%/-12% |132kV +/- 10%
<132kV | +- 6% +-6% | +6%/-12% |<132kV [ +/- 6%

Figure 3-1. Acceptable voltage conditions on the GBYV transmission system. SC=Single
circuit outage, DC=Double circuit outage [3].
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Figure 3-2. Levels of voltage control across the HYfansmission network.

3.3.4 Offline network voltage planning

The Transmission Requirements (TR) OptimisationnTgaepares secure and
economical outage plans from the thirteen week-@hstage for eventual
handover to the Delivery Team at the three weele@tstage. The Optimisation
Team continually update a database of outages imfitlnmation such as the re-

switching required during a particular week. The TRtimisation Team also

58



perform powerflow studies to simulate credible cog¢ncies that could occur on

the system. [13]

The Delivery Team then produce a day-ahead studyeéxh weekday and
weekend day. These day-ahead studies are deterfoinadsingle cardinal point
in demand. The ENCC Transmission Analysis Engif@&E) modifies these

day-ahead studies to secure for other cardinakpduring the day.

Throughout the entire production process the reactlispatch in the offline
network plans may be modified to obtain a securkage profile. The power
system engineer will consider the following factomfien setting up a good
voltage profile:
» Utilisation of reactive power from shunt capacit@isd reactors before
using generator reactive power.
 Keep reactive generation close to float (zero MVéutput) where
possible.
» Avoid circulating MVArs.
* Maintain adequate reactive reserve and response.
* Remove voltage limit violations in base and corgimgy cases.
* Remove voltage change violations in contingencgsas
» If necessary request additional generators to geowioltage support in

order to secure the voltage.

The process of finding a good voltage profile isnanually repetitive process.
First the planner will run an AC power flow, theyllwthen check the voltage
conditions by reading the output log, and perfoeactive switching as necessary
to move towards a more desirable voltage profileis Wwill be repeated several
times, as the system does not usually behave hneBmally the planning
engineer will obtain a network voltage profile thetsecure against a wide range

of credible contingency cases.
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3.3.5 Real-time transmission network voltage switching

The offline TAE planning studies, which are desijjte be secure at a cardinal
point in time, are used to generate target voltpg#iles. The transmission
dispatch engineer (TDE) dynamically switches re@ctequipment and issues
MVAr instructions to generators in order to enssystem security and adequate
MVAr reserves, while using the target voltage peofas a guide [71]. The
reactive switching decisions will be heavily infheed by the anticipated changes
in future demand. Each of the offline TAE studiedl wwave been securely
configured at a snap-shot in time, and provideniormation to the TDE on how
to evolve the network from one moment to the néttis highlights the key
difference between off-line snapshot studies the¢ aecure for a given

generation/demand/outage pattern, and the realsystem that is dynamic.

To support the voltage during the morning demarak-pp, which is typically
between the hours of 5:30AM and 9AM, reactors Ve switched out and
capacitors will be switched in. When possible gatas will be ordered to move
to zero reactive power output or where necessay Will be ordered to produce
reactive power in order to maintain system voltageurity pre and post fault.
During the evening demand drop off a reverse of dfve procedure is

implemented with reactors being switched in andacaprs being switched out.

3.3.6 ELLA power analysis tools

ELLA is a platform that gives users access to @eanf power system analysis
tools and allows for the management of network {i&2g Typically the full GB
transmission network model can be manipulated frathin ELLA, this model
includes data for the transmission network andspaftthe low voltage DNO
network.

The tools that are available from within ELLA indiet AC and DC power flow
analysis programs, a fault level analysis prograchastability analysis program.
The most relevant tool to this research is the AQvgr flow program, which
solves the power flow in the base case and comtimygeases using the Newton-

Raphson method described in section 2.2.3. Thigp8wer flow program uses a
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single phase representation of the transmissiowanktand models the power
flow under balanced conditions. The impedance patars of the circuit elements
are modelled as positive phase sequence valuesA K Icurrently used at all
timescales within National Grid from long term phémy down to control centre

time scales to assess system voltage security.

ELLA network data is stored and passed betweeresigective tools in the form
of ASCII text using a node and branch level mo&ebring the network data in
this form makes it very convenient to read and mnadpumodify. A significant

disadvantage is that any important changes to theemsuch as the correction of

erroneous line data, needs to be made to eacle afidividual network data files.

3.3.7 Offline Transmission Analysis Tool (OLTA)

National Grid acquired a corporate license for DIGINT's PowerFactory
analysis software in 2006 [73], the National Gridrsion of PowerFactory is
known as OLTA, which is an abbreviation for Off-keiffransmission Analysis.
When OLTA “goes live” it will directly replace ELLA

The need for an ELLA replacement has arisen duéhé¢oage of the current
software and the need for accurate wind farm modgllELLA was originally
developed in FORTRAN during the 1980s [72]. At pr@swind farms are
represented by an unregulated bus within the ELLAdeh this can lead to
inaccuracies in the power flow solution. The adaget of OLTA is that the
program includes an accurate representation of vamds, a detailed switch level
substation model and a more familiar Windows irsteef OLTA also introduces a
single database concept that stores the transmissbwnvork model using an
object orientated database approach, this imprdeés organisation and avoids
the user having to convert data from one programntther [74]. One important
feature of OLTA is that it allows the data admirasbr to release baseline models
that users can use as a starting point for them prwojects. At a later point in
time, an updated version of the baseline modeltban be released by the data
administrator allowing each user to merge in thdatgs into their own project.

This database approach represents a significanmbirament over the ASCII text
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approach that was used is ELLA, as it is more Hexand allows global network
changes to be rolled out across all users morélgga@LTA can be executed in a
stand-alone mode or in a multi-user mode. At Natidbrid the vast majority of
users will use the program in the multi-user mddeTA data will be stored on a
central Oracle database, which will be accessibleders with the appropriate
access rights. When network data is requestedity plarties OLTA allows data
to be exported in a variety of popular data formatsuding CIM (IEC 61970-
301), which is being used increasingly for stand#dl data exchange. Although
CIM standards are still being developed, Powerkgctapports CIM import and
export [74].

It is anticipated that offline optimisation will ed to be performed from within
the OLTA environment, which will either need to Ican internal OLTA
optimisation routine or interface with an exterrgtimisation program. At
present there are no SCORPF functions availabéenally within OLTA. OLTA
does however include the following optimisation emftjve functions that are
solved using a linear program and can include ngeticy case constraints [74]:

* Minimisation of generation fuel costs

* Minimisation of tap deviations pre and post fault

* Minimisation of generation fuel costs + tap dewias

* Minimisation of generation dispatch change.

OLTA also includes the following optimisation objiee functions that are solved
using a non-linear program using the interior pondthod, but the user cannot
include contingency case constraints:

* Transmission loss minimisation

* Maximisation of profit

* Minimisation of generation fuel costs

* Minimisation of load shedding
The transmission losses minimisation objective he tost relevant to this

research, but because contingency case constraameot be included the

usefulness of this function is significantly reddcé second limitation of using
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OLTA for this research is that National Grid doed aurrently own a licence to
use OLTA's reactive OPF functions. These limitati@ombined with the fact that
OLTA hasn't been fully productionised means that fbcus of this project has
been to demonstrate SCORPF technologies interfagiingELLA.

3.3.8 Integrated Energy Management System (IEMS)

The Integrated Energy Management System (IEMShascentral control centre
system to monitor, control and optimise the trassions system and connected
generation [18]. The monitoring and control funosaare known as a supervisory
control and data acquisition (SCADA). The IEMS inks displays showing the
current state of the network such as the line staamer, busbar, circuit breaker
and isolator statuses. Periodically at ten minutervals the Power Network
Analysis (PNA) tool, which runs on the IEMS, perfar contingency analysis and
generates a system snapshot file in the IEEE conforamat. Warning alarms are
then issued notifying the operator to limit viotats in the base case or
contingency cases, who then has the opportunitake corrective actions. The
IEMS, which is a customised application provided®lg, has recently finished
undergoing major upgrade works including a newtfemmd. At present the IEMS
does not support the CIM power data standard, beitet are plans to enable
support for this format in the future. This will@k for increased interoperability
with existing and future control room systems, sumh the new Market
Management System that is replacing the existigrigang Mechanism system.

3.4 GB Transmission Network Operational SCORPF
3.4.1 National Grid operational optimisation tools

There is currently a shortage of operational rgactiptimisation tools deployed
in practice within National Grid operations. As icated in the introduction the
anticipated 2020 power network will be more chaijieg to operate due to larger
swings in system power flow, there is thereforeeachto perform research and
development to develop techniques for deployinguecpower system
optimisation tools into practice [1]. This sectioll review National Grid’s past

and present active and reactive optimisation tadsere appropriate explanation
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will be given to the reasons why these tools weitbdvawn from service, so that

future optimisation tools can avoid the same issues

3.4.2 SCOPE - Power system analysis and optimisation

SCOPE is an SCORPF program that has formed thes lidsiall reactive

optimisation tools that have been available atEN€C. SCOPE has been used

because it is one of the few commercially availabl@s that can solve the full

SCORPF problem. SCOPE provides a flexible macrgdage that allows highly

customised optimisation routines to be programnad] also allows a wide

number of objective functions, constraints and satto be defined [39].

Relevant objective functions available in this s@aite include:

Loss minimisation
Reactive cost minimisation
Remedial control action by minimum control action

Remedial control action by minimum control shift

Relevant constraints include:

Control limits

MVAr branch flow limits.
Voltage limits.

Voltage change limits.

Generator MVAr reserves.

Relevant controls include:

Generator voltage targets.
SVC voltage set-points.
Discrete shunt capacitors.

Discrete shunt reactors.

This research utilises the SCOPE program becauthe déatures and flexibility it

offers. The SCOPE program also provides the mostunmand robust SCORPF

algorithms available, and could therefore form liasis of a practical SCORPF

control centre tool.
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3.4.3 ACCORD - AC security constrained optimal reactive dspatch control
centre tool

The ENCC temporarily implemented a secure reaatpmisation tool called
ACCORD (A Contingency Constrained Optimal Reactive DispatfH)].
ACCORD was designed to provide contingency secwitisns and was
implemented at National Grid during the mid-1998everal objective functions
were available including a control action minimisatobjective. ACCORD was
only able to secure against 20 contingency cadesrefore the Reactive
Management Engineer (RME) was expected to selecta®es out of all the
possible cases, which could be more than 1000r Atiavergence was achieved
the solution was transferred to the IEMS displagt aoted as a voltage target for
the TDE. Information was also shown to the TDHaating the required reactive

reserve on generators and SVCs needed to ensuriaplbsecurity.

The ACCORD process confirmed the understanding thas important to
maintain adequate reactive reserves within defgredips. The program reduced
the time consuming work needed to set-up the veltagfile. Experience with
the ACCORD optimisation solutions showed that thaltage profile was
considerably more robust than the solutions thaldcbe produced using other
methods. The robustness was evident in the redposdfault voltage step and

high post fault voltage profile [71].

One problem with ACCORD was that it could not detae infeasible problem
without running through the entire optimisation gess. If the optimisation
problem was infeasible, the optimisation would tanthe maximum number of
iterations, which could take up to 20 minutes. AGIDnormally took between 3
and 20 minutes to run. The operator was requiredhteck and understand all

convergence messages to identify an infeasiblel@mobarly on.
Although initial operator experience using ACCORDasw favourable the

following limitations meant that ACCORD was evertyawithdrawn from

service [71]:
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* ACCORD did not optimise discrete controls such apacitors or
reactors. For many studies the shunts need to twmisgble in order to
achieve the required secure voltage profile.

» ACCORD was limited to considering only 20 continggicases at a time.
A final contingency analysis was performed aftex thain optimisation,
which would flag up issues to the engineer. Therexey then needed to
manually secure the remaining contingencies.

* ACCORD did not include reactive cost information.

» Setting up and using ACCORD was complex and reduaraigh level of
specialised expertise to really understand it.

« ACCORD was seen as an opague tool, basically « lidag that could
not be understood.

» ACCORD sometimes experienced convergence problems.

* ACCORD did not model changing demand levels asas \& snapshot
optimisation. The solution may be secure at thegdes point, but not
two hours later.

* Transmission losses minimisation was not an optichkCCORD

Lee [71] stated that ACCORD was based solely omoging offline study data,

which was often not representative of the realesystThe report stated that ‘The
long term aim must be to develop the algorithm fsat it can run on-line in

conjunction with the PNA as effectively a continggnconstrained voltage
scheduler’.

The research presented in this thesis will attetopddress some of the above
issues with ACCORD that lead to the tool being dittwn from service. In later
chapters novel techniques will be proposed foredhg practical transmission

losses minimisation and reactive cost minimisation.
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3.4.4 COLDSTART — AC security constrained optimal reactive dispatch
planning tool

Coldstart was designed to be used at the beginmiirthe operational planning
process from 13 weeks ahead of real time to set opw secure voltage profile
for a transmission network model that had beengdesi to represent a particular
time and date [75]. Coldstart was meant to redneenumber of man hours by
removing the iterative work needed to achieve aepiable voltage profile. The
operation of Coldstart is indicated by the flow giem in Figure 3-3. The
following processes occur when the Coldstart pnogisacalled by the user:
1) A list of shunts in service is requested from tiser.
2) The ELLA network data is converted into SCOPEad@armat with all
shunts modelled as in service.
3) SCOPE performs an initial load flow, and conéingy analysis.
4) SCOPE then performs reactive optimisation with gelected objective.
5) Reactive controls are adjusted using a lineagg@mming (LP) technique
to secure the network using a minimum control dkithnique.

6) The network data is then converted back into Abletwork data.

Interface
ELLA Coldstart
| | Front =/ Input ) Converged |
- |Analysis Applications| | /K Data/-} ! Powertiow |
’ | Back _ [Output), | Scope |
Data Files < < ‘ Data/-‘< Optlmlsatloni

Figure 3-3. Coldstart Input, Output and Operation.

The loss minimisation projects performed by Benfie#] and Bansal et al. [13]

utilised Coldstart as the sole interface to SCORte research presented in this
thesis only utilised the core conversion procesSalfistart in the first stage of the
optimisation. Additional modelling steps are nowluded, as well as a highly

customised optimisation step. This alternative apgih was required because
conversion, modelling and optimisation issues lgéadinaccurate data and
erroneous optimisation results. Analysis of thedStrt optimisation process has

revealed that it was not robust enough to cope avithde variety of different test
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networks and long solution times occasionally oczdlir Non-convergence and

final solution infeasibility was also noted to bepeoblem. Rigorous analysis,

testing and examination of Coldstart, and its sewade, revealed the following

modelling issues:

The initial shunt switching configuration in the EA and Coldstart data
did not agree.

The ELLA and Coldstart network gain data valuesrditiagree.

The Coldstart network local voltage controls causedflicts, because
each shunt was flagged as controlling the same.node

Discretization of controls caused final solutionlations.

Array size limitations meant that Coldstart coutnt be used to optimise
the full GB network and the number of contingencihat could be
included was limited.

Large differences in the ELLA power flow and Cobtstpower flow were
discovered, which was found to be due to data sssue

The ELLA and Coldstart network data initial generatoltage targets did
not agree.

The ELLA and Coldstart network data initial SVC tagle set-points did
not agree.

The ELLA and Coldstart network data initial transfi@r tap ranges were
different.

A minimum line impedance was assumed by COLDSTARich lead to
significant differences in the reactive power floggults.

Coldstart tried to use ineffective controls to remwiolations during the
optimisation process.

Coldstart did not interface with the equipment getaatabase, so it could

not automatically identify out of service shunts.

The research presented in this thesis addressettak above issues in order to

ensure that the network model is accurate and sarenoptimisation reliability.

These issues needed to be addressed because etigapoptimisation tool needs

to be robust and reliable against a wide varietgifdérent network test cases.
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Informal interviews with experienced ENCC engineengealed that the Coldstart
optimisation tool managed to achieve good resualteeims of rapidly creating a
reasonable voltage profile. However they also dt#tat a significant amount of
time needed to be spent reviewing and correctiegahtimised network study,

which may have been due to the issues highligméka bullet points above.

3.4.5 DISPATCH — Active generation scheduling advice algghm

The British Electricity Trading and Transmission r@rgement requires
generators to self dispatch active power rathar teacentrally dispatched by the
System Operator [76]. Bilateral trading betweeneggators and suppliers stops at
gate closure, which is one hour before the stathefhalf-hour interval in which
delivery will occur. After gate closure an activewer Balancing Mechanism is
managed by National Grid to ensure that supplydaerdand can be continuously
matched in real time. The active power dispatciiopered through the Balancing
Mechanism makes up only three percent of the malgy disptach on average.
An advisory tool called DISPATCH produces advicewimng the merit order of
generators that can be purchased on or off witbausing constraint violations.
DISPATCH uses an optimisation that is based on a WwRich optimises
participating generators within generator groupst@int limits. The values of the
group constraint limits are periodically updateithgshe calculated power flows
from the Power Network Analyser (PNA). This actp@wver optimisation tool has
been successfully deployed and is regularly usedhi® dispatch of real power.
DISPATCH is being replaced with a secure DC OPKFggnbalancing tool, which
will run in real time and model the full networkpdawill form part of the new
market management system. The DC OPF tool will lde & run in either a
preventative mode whereby the solution is securettie intact network and
contingency cases, or it can run in a correctivalenwhereby the solution is
secure in the intact network case with post-faciioas determined to secure each

contingency case.
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3.5 International Optimal Voltage Control Experiences
3.5.1 Spanish transmission network

Ramos et al. [77] applied an ORPF technique to $panish transmission
network, which typically contains 775 buses, 12@@nbhes and 180 generators.
Ramos et al. minimised active transmission lossesadjusting the following
controls: generator voltage targets, transformgas tand switchable shunts.
Inequality constraints were placed on the bus gekacontrols, generator reactive
power output, and transformer flows to limit overading. Equality constraint
variables were also applied to the optimisatiorrepresent the physical power

flow.

Ramos et al. developed the optimisation problenmgusi primal-dual interior
point technique. A non-linear optimisation probleras formulated and an
appropriate starting point was determined. Nondineptimisation was used
because it was able to achieve a bigger improvemethte objective than LP. A
variety of results are presented in the paper diotylosses vs. iteration number,
power mismatch vs. iteration number, losses vsrobwariable type and load
voltage throughout the network. Ramos et al. olexban active loss reductions of

around 3% on the Spanish transmission network.

The study was comprehensive and demonstrated tR&FQan be successfully
applied to improve the reactive dispatch of a peatt power network.

Contingency case constraint limits were not inctugrethe proposed optimisation
method, which was one of the main shortcomings lE tinvestigation

significantly limiting the potential for practicamplementation. Also there were
no results showing the proposed techniques robsstoeer a range of network
test cases with the same optimisation parametdesefore the robustness of the
technique was not proven. In addition to thesetma@cconcerns Ramos et al. did

not explain if any attempt had been made to cdgréeindle device discreteness.
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3.5.2 Belgium transmission network

Karoui et al. [78] describes the Integrated Powgst&n Optimizer (IPSO)
software, which uses the KNITRO algorithm, to solgoltage control problem
on the Belgium transmission network. This netwarksists of 2351 busbars and
4587 branches. Controls and constraints were \etyas to those described in
section 3.5.1. The objective function of the opsation was minimum control

shift away from defined control target values.

The main advantage of the technique utilised bydlri and Jottrand was that
their method was security constrained and therefamesidered the selected
contingency cases. Crisciu and Jottrand also pemp@s method for handling
discrete devices. All devices were treated as paatis in the first stage of the
optimisation. A second stage of optimisation wantherformed with every shunt
device frozen at a discrete step after which comtiis transformer tap controls
were frozen to their nearest discrete value. Adthind final stage of optimisation

was then performed with only the continuous costrol

The obvious disadvantage with the results presebye@risciu and Jottrand is
that there method was only tested on a single mktwest case with a small
number of contingencies. This raises the same isdusmbustness that was
discussed in the previous section. Any practicaDBEF technique needs to be
extremely robust against a wide range of test caseker different network
conditions and network configurations. Crisciu anbttrand have not
demonstrated their SCORPF method with other oljedtinctions such as active

transmission losses minimisation and reactive apgtamisation.

3.5.3 New Brunswick transmission network

Salamat Sharif et al. [79] describe an optimal tieagower flow technique that
is designed to optimise real-time system snapshdise active losses
minimisation objective was demonstrated to achiewe average saving in
transmission losses worth approximately $1.1m @ New Brunswick power
network in Canada. This saving in transmissiondessas also accompanied by

an improvement in the voltage profile such thatdewiolations were present in
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the optimised solution. The investigation randorsdfected a sample of hourly
demand points across 1995 such that the optimmsagsult was statistically
significant across the entire year. Controls andstraints were very similar to
those described in section 3.5.1. The results ptedeby Salamat Sharif et al.
show that the average active power losses savilgedafrom around 6% to 12%.
Salamat Sharif et al. note that the voltage praBlgenerally increased by the

optimisation and that the adjustment of the contesiables needs to be practical.

The work performed by Salamat Sharif et al. denratsst the value of using
ORPF to reduce power losses. However there araaegsues that limit the
practicality of their proposed technique. The fisgue is that contingency case
constraint limits were not considered in their opsation. Salamat Sharif et al.
note that the inclusion of other constraints mayehsubstantially reduced the loss
savings that they achieved. The second issue isthieatreatment of discrete
variables is not explicitly described in the papexrstly Salamat Sharif et al. used
optimisation results from only eleven networks spracross the year to derive a
mean average power losses reduction. However, dabethat a well selected
spread of optimised case studies are presenteavasifable as it shows that the
optimisation technique is robust against a rangenetfvork conditions. This
differs with the other investigations by Bansahkt[13], Bennett [18], Ramos et
al. [77] and Karoui et al. [78], who only presentgatimisation results on a single

practical network or a small number of practicaiwaeks.

3.6 Development of SCORPF for Control Centre Use

Extensive literature on the subject of OPF datiagkbto the 1960s is available
[80]. Rapid development of the subject took platdhe 1970s leading to OPF
techniques that utilise an LP based approach deedlby Stott et al. [33, 40] and
in the early 1980s using techniques developed wndrand Sterling [81]. The
late 1980s saw the development of a full SCORPFpeamtntechnique [34, 32].
The Combined Active and Reactive Dispatch algorit@ARD), which was

developed in the mid 1990s by Chebbo and Irving [lIf5], was described in
chapter 1. The 1990s also saw the first controtreemplementation of these

techniques in practical tools, which consideredrals number of contingencies

72



[17]. The last fifteen years has seen the developroemany other optimisation
approaches based on non-linear programming andstie@pproaches. Over time
LP based optimisation approaches have been pravba fast and robust, which
are important characteristics when solving largdescpractical security-
constrained power system optimisation problems.[BR]based approaches have
several other advantages including an ability t@ldqy determine if a problem is
infeasible and to handle large numbers of powetesysoperating limits. The
main disadvantage of the LP technique is thatnio&find the global optimum

solution to non-convex power system optimisatioobfgms.

There is limited literature describing the actuapiementation of SCORPF for
aiding power system planning and operation. Issuitis SCORPF still remain

that need to be resolved before it can be usedhittipe, some of these issues will
be described in section 3.7. This section providesritique of the SCORPF
studies that have been performed on the GB trassmissystem to reduce

operational active power losses.

Bennett [18] conducted studies using Coldstart,civhs based on the SCOPE
program, to investigate the minimisation of actiteansmission losses,
minimisation of reactive transmission losses ancdhimmsation of generator
reactive costs. Similar controls and constraintsevapecified to those described
in section 3.5.1. Bennett used a voltage range@d + 1.04 for the 275 kV and
400 kV voltage levels. The SCORPF study carriedoguBennett only considered
England and Wales and was secure against the 3 wamtingency cases. Table
3-3 shows two sets of results from Bennett [13bl&a8-3(a) shows optimisation
results performed using an offline network thatepresentative of I7October
2004 at mid-day. Table 3-3 (b) shows results thatrapresentative of a time
corresponding to the 2004 winter peak demand. Mealllof the optimisation
results presented by Bennett show that the optiraisdnad the expected effect.
However in the 2004 winter peak case, the reactos minimisation objective
appears to have had a counter intuitive effectabge it has actually increased the
value of the reactive costs. This result is an agraeince the initial study was

feasible, as it had been manually secured. A plessd#ason for this discrepancy
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could be due to an inadequacy in the reactive cosisnisation objective that is
described in chapter 6.

(a)
Study: Thursday Week 38 2004
Demand: 44219 MW, 19101 MVAr
MVAr Cost Transmission Total Cost
Case E/hr) Loss Cost (E/hr)
(E/hr)
Base 14 104 19 371 33475
Active Losses 19 186 19 307 38 493
Reactive Losses 18 552 19 221 37773
Reactive Costs 13 094 19 328 32422

(b)

Study: Winter Peak 2004
Demand: 59700 MW, 20173 MVAr

Transmission

MVAr Cost Total Cost
Case &/hr) Loss Cost (&/hr)
(E/hr)
Base 22 105 29 003 51 108
Active Losses 23 662 28 832 52 494
Reactive Losses 26 763 28 595 55 358
Reactive Costs 22 429 28 745 51174

Table 3-3. Bennett [18] results obtained from diffeent objective functions.

Bennett concluded from all four sets of resultd tha active losses minimisation
objective reduced active transmission losses betwe@8% and 1.3%, but
increased reactive costs by at best 1080% of dhesimission loss savings. The
reactive losses minimisation objective reducedvadiiansmission losses between
0.2% and 1.4%, but increased reactive cost by sit €80% of the transmission
loss savings. The reactive costs minimisation dhbjec reduced active
transmission losses by between -0.4% and 1.3%gdaackased reactive costs by
up to 20%. Bennett therefore concluded that thetinga costs minimisation
objective was the most economical objective, butediothat the solutions

utilisation of dynamic reactive plant was impraatic
Bansal [13] also performed SCORPF studies usingF¥c®ansal repeated some

of Bennett's work using the single 1 Dctober 2004 mid-day case, but expanded

on the work by including 293 contingency cases.
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Both investigations, by Bennett and by Bansal, rdeteed that the reactive costs
minimisation objective performed best overall. Nyaall the results in both
studies showed that this objective reduced theafdsansmission losses, and also
achieved the lowest overall costs. There was homwaveubstantial differences
between Bennett and Bansal's active losses mintrorsaesults. As discussed
above Bennett showed that this objective reducedtist of transmission losses,
but increased generator reactive power costs by tevetimes the savings made.
In contrast Bansal showed that this objective caelduce active transmission
losses and reactive power costs simultaneously.s@asuggests that this
difference could be due to differences in the gatoerreactive power costs.
Bennett assumed fixed reactive cost data, whilesBlamonsidered varying
reactive device cost data. This explanation dodsappear to fully explain the
discrepancy as most generators were paid at theultlebte for reactive power
generation or absorption [82]. An alternative erplon is that the observed
discrepancy in their results was caused by difiegernn their usage of Coldstart
and SCOPE.

Bennett and Bansal's results indicate that SCOR&3- dignificant potential to
securely reduce active transmission losses andiveamsts. However their work
has revealed that the SCORPF technique must betrabd constraints must be
included in the problem to ensure that it is reiglie.g. constraints on the amount
of dynamic MVAr reserve. Bennett has suggested thaher work should
include an investigation into multi-objective SCOR#at uses a combination of

the reactive costs and active transmission lodsiestives.

Another limitation of Bennett and Bansal's work tisat it only investigated

optimisation of the England and Wales controls a@odsidered at most 293
contingency cases. ENCC Engineers routinely consideund 800 contingency
cases — it is therefore important to include allhefse cases in the optimisation to

ensure system security.

Bennett and Bansal did not investigate the undeglysCORPF algorithm or
tackle data modelling issues that may adverselgcafthe optimisation. The

optimisation method utilised by Bennett and Bassdlered from all of the issues
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affecting Coldstart listed in section 3.4.4. Thesue represents a significant
limitation, as the underlying network model can dyacial in ensuring a well
conditioned problem such that the SCORPF proceshsist and the final
solution is realistic [34]. Previous SCORPF todl&National Grid have applied a
final stage of discrete variable rounding, thisadived setting each discrete
variable to its nearest physical value, howeves tiMas found to degrade

optimality and produce final solution infeasibility

3.7 Challenges to SCORPF

This section provides a brief overview of the chiafjes described in the literature
that are faced by SCORPF technologies. To enab@R¥E technology to be of
practical use in a control centre environment tHesgations must be addressed.
Section 3.7.1 examines the general limitations wehkisting SCORPF
technologies, while section 3.7.2 examines spedifigtations for solving the
real-time SCORPF problem. Chapters 4 to 7 provtergial solutions to some
of these limitations by presenting novel technasdiacked up by comprehensive

work confirming the improvement.

3.7.1 SCORPF technology limitations

Discrete devices
The SCORPF problem is discrete in nature. Mosttieg<sSCORPF tools treat all

controls as continuous and then round each discogteol to the nearest discrete
value. This procedure can sometimes be acceptaide the discrete step size is
small, which is often the case for a transformgr ta phase-shifter angle.
However for large shunt capacitors and reactors tound off can create
violations and significant sub-optimality. Many et publications [24, 25, 26,
27] have argued that the discrete shunt switchiraplpm essentially remains
unsolved in a reasonable time on a complex largeegmwer system. Macfie et
al. [21] proposes a novel shunt rounding technidbat can be readily
implemented to extend existing SCORPF software a®inonstrates an

improvement on the solution obtained using stantkskniques.
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Multi-objective weighting factors

The standard technique used to solve the multietibe power system
optimisation problem is to form a weighted sum cormabon of the individual

objectives [29, 83]. This technique can only fildpwints on the Pareto Curve
when the Pareto Curve is convex. Secondly it has beequently observed that
an even distribution of weights fails to produceeaen distribution from all parts
of the Pareto Curve [30]. The large-scale SCORRiblpm is non-linear and
therefore both of these phenomena are possibleseTpédfalls would make a
multi-objective optimisation control centre toolrahable since it is impossible to
know the correct weights needed to generate pewtsly on a Pareto Curve

without actually knowing the shape of the Paretov€in advance.

Contingency handling

Recent research has argued that reactive powemniptashould not only consider
the base case power flow problem, but also comicgease power flow [84],
which leads onto a practical requirement for SCORR®y practical SCORPF
operation tool needs to consider all credible ca@ncies in order to achieve the
same level of security as a manually secured n&twidowever, there is a
shortage of technical literature on the subjectSGRIORPF considering a large

number of contingencies.

It is also important to note that a robust methan &electing credible
contingencies on large-scale networks needs tcebset in order to ensure that
the optimisation does not produce either an aidific expensive solution due to

being over-secured or an impractical solution aduleeing under-secured.

Data modelling

The network data and parameters that form an SCORRBKork model can be
either static such as topology information or vagyisuch as demand level.
Credible contingencies need to be selected to enthat the network is fully
secure, and realistic constraint limits need t@pelied. Poor data can lead to ill
conditioning and problems converging, thereforeoadydata model is crucial to
ensuring the accuracy and usefulness of the rgh]ltPapalexopoulos [86] states

that ‘Embedding the OPF solver in these models fermidable task placing
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onerous requirements in system modelling, data Imapdand methodology

development’.

Ease of use and comprehensibility

One common experience among control engineersud@aan SCORPF solver is
that they cannot understand how a solution is edriat, the SCORPF is acting
like a ‘black box’. This was one of the problemstwiACCORD [17]. The

SCORPF tool therefore needs to be relatively traresy, as well as simple to use

and flexible.

Non-convergence

Non-convergence due to the infeasibility of the BB problem is common.
Clear diagnostics, soft constraints and correctetiod) of the SCORPF problem
are required to understand and avoid the non-cgewee problem [87]. Rapidly
achieving convergence, identifying the causes ofcanvergence, reliability and
robustness are essential to ensure the successyopractical SCORPF tool.
These features are the main advantages of an Le®l logsimisation method, such
as the one that was described in chapter 2, ovepeting methods such as the
non-linear programming method. Ultimately SCORPFsmunprove until the

process is unconditionally robust.

Local minima

The mathematical solution to the large-scale SCOR®BBlem is challenging due
to the large number of constraints that need tacdrsidered in the problem.
Based on the required objectives, controls andtainss the SCORPF problem
can be formulated with discrete, continuous, naedr and non-differentiable
equations. Finding the global solution to this peaiocan be an NP-hard problem,
which means that any solution found in a reasontiile will almost always be at

a local minimum. In practice finding a solution tha cheaper than the best
manual solution is good enough — it is more impurtdnat the optimisation

solution is feasible. [84]
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Equivalent network models

The network power flow models can include some regllesystems represented
as a reduced equivalent. These power flow equitakeme used to reduce the size
of the network or to model the unobserved systéh®CORPF is performed on a
model that includes reduced equivalents, using thensmission losses
minimisation objective, then inaccuracies can oclfuthe losses in the equivalent
are small then a large portion of the power flowyrbe redirected through the
equivalent. Some equivalent branches have a negatsistance, which would
cause large inaccuracies in the SCORPF resulthdf lbsses and inequality
constraints on the equivalents do not need to bsidered by the SCORPF then

they should not cause a problem in the optimisg88h

3.7.2 Real-time specific SCORPF technology limitations

Number of control changes

The solution from most SCORPF algorithms consiéis et of suggested control
actions specified for all of the optimisable cohtvariables. Such a solution
would not be practical for any realistic implemeima of real-time SCORPF,
because it is not feasible to implement more th&wacontrol actions at a time.
This problem arises due to the limitation on thetoa engineer’s time and device
depreciation costs that result from excessive &witg It is not possible to simply
select the most effective control actions from wegi set, because all control

changes need to be considered to ensure solutisibiigy. [89]

A possible solution is to include a cost in theealive function proportional to
the control change [89]. Depending on the magnitoidéhe assigned costs, the
effect would be to reduce the number of controlngjes suggested by the
optimisation. It is unclear how the magnitude ofleaost should be assigned in
order to limit the number of control changes effasdy. Since this is a multi-
objective optimisation with a linearly weighted ebjive function it will suffer
from the same drawbacks described in section 3.7.1.
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Uncertainty in data model

Real-time SCORPF is affected by the accuracy ofnleéering data that it uses,
which can introduce an element of uncertainty ihi® optimisation. These issues
are often overlooked in the SCORPF literature;dftee consideration needs to
be given for methods to cope with this uncertairty.the manual reactive
dispatch process engineering judgement is ofted tsaletermine those meter
readings that are reliable and those meter readimgisshould be ignored. El-
Hawary and Mbamalu [90] presented a stochastic odetth performing OPF for
active power dispatch. The uncertainty in eachaldei was modelled using a
normal distribution around the variables value.sTi@chnique has also been used

more recently by Kimball and Clements [91].

The real-time SCORPF should use the state estinf@y solution values rather
than the raw metered values. This is because thedbiEon values are considered
to be more reliable than the raw meter reading eslias the SE calculation
process takes into account the following infornvatio

* The network topology.

e Meter readings.

* The uncertainty in each meter reading.

» The physical power flow constraints.

SCORPEF algorithm speed
The SCORPF algorithm can never run too quickly tipalarly in real-time

applications. In order to successfully meet theeotbhallenges listed in this
section it is inevitable that existing SCORPF textbgy will take a significant
amount of time to determine an effective solutidherefore improvements in
performance will need to be made, however the SGOBtBcess is always going
to take a finite amount of time to arrive at a $ol. Past experience with
optimisation tools in practical use at Nationald3nas suggested that a maximum

execution time of ten minutes is reasonable.
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Time linked SCORPF
Extensive literature exists on the ORPF static sstagt problem, but only limited

literature exists on ORPF problems that considertittne-domain aspects of the
problem [92, 93, 94, 95]. In other words most ORRIlies determine an optimal
solution that is only valid for a specific geneoatiand demand condition. It is
possible that the optimised feasible solution foe @et of network conditions is
not optimal or/and feasible for another set of mekvconditions. Taylor et al.

[95] has suggested that a time linked ORPF apprahculd be used, which
solves the ORPF problem at specific points in tagydlemand cycle. Bie et al.
[96] split the daily demand cycle into time intelsjawithin each time interval

discrete variables were held constant; it was asduthat continuous variables
could be modified throughout the time period. Theet interval was then split
into sub-intervals in which the continuous variabigere held constant. Future
work now needs to be performed to apply dynamicstramts to the full

SCORPF problem in order to ensure that the soluigsomalid at the present

network condition and at anticipated future netwookditions.

Study mode, closed loop mode and the user interface

Real-time SCORPF programs can be implemented hered study mode or a
closed loop mode. In study mode SCORPF periodicgitjates a list of suggested
control changes that will minimise an objective dtion such as costs or active
transmission losses. The study mode relies on @oetrgineers to implement all

the suggestions, however due to time constraints mhay not always be

achievable. It is desirable to minimise the numbércontrol changes when

operating in study mode, which was an issue destrah the beginning of section
3.7.2. ltis also important to have a clear ustarface that gives control engineer
enough flexibility to setup the optimisation, whilemaining simple and robust.
The output from the tool must be in a meaningfuhfahat the engineers can

readily implement.

In closed loop mode the control changes determithgd SCORPF are
implemented automatically onto the power systemis TlWwould require an
interface directly with the IEMS. Papalexopoulo$][8ndicates that a major

problem with closed loop SCORPF is the integratiotih other online functions
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that are executed with different periodicities, lsugs economic dispatch and
contingency analysis. These interface concernsgahath the system modelling,
data handling and methodology requirements willdneebe addressed before a
robust and reliable close loop SCORPF can be imghéed as a control centre
system. Only after solving these problems, and aftenitial evaluation period in
a study mode, will control engineers gain trustha real-time SCORPF tool to

confidently allow it to run in an unattended closeop mode.

3.8 Summary

This chapter has presented the commercial, envieatsh and technical

background information that is relevant to the afienal losses minimisation
optimisation of the GB transmission network. A deth description of

operational active transmission losses has beesempied, which included

information on how customer metering is adjusteddoount for losses and how
National Grid is incentivised to minimise operaaboosts. Chapters 4 to 7 of this
thesis will focus on the development of SCORPF goahd techniques for
minimising operational transmission losses and theacosts by adjusting the
voltage profile of the transmission system. A fiumderstanding of existing
operational reactive power control practices hanbestablished in this chapter,
which will form a fundamental base of knowledgeatalito developing SCORPF
techniques relevant to the industry. Finally thisagter presented a literature
review describing the current limitations of SCORE#Rd the issues affecting
previous practical implementations of the technglag the UK and in other

countries.
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Chapter 4

Practical SCORPF applied to Large-Scale GB

Transmission Network Models

4.1 Introduction

National Grid has a commitment to maintain a sakcure and economical
electricity transmission network in England, Walasd Scotland, which is
established under the terms of its Transmissiorerise agreement [97]. At
present the dispatch of available reactive contelschieved by a manually
intensive adjustment process. Previous studies Baoe/n that optimisation of
the network settings may offer several operatidrealefits. Studies by Dandachi
[17], Bennett [18] and Bansal et al. [13] demortstlahow optimisation
techniques can be applied successfully to solveolgnos involving the GB
transmission network to reduce operational costss Thapter presents results
from recent SCORPF research [19, 20, 22, 23] thaid® upon the findings
previously presented in the literature. The rasafid analysis presented in this
chapter quantify the benefit that can be achievednfsolving the SCORPF
problem when one is considering the full Englandal&¥ and Scotland
transmission network model secured against 800ilde=dontingency cases to
reduce operational active transmission losses. optimised studies complied
with the Security and Quality of Supply Standar8Q8§S) [3], which set out the
minimum requirements for the secure planning ancratwn of the GB
transmission system. These standards include itiefin of acceptable voltage
conditions during normal operation and following-® contingencies, where the

D refers to the loss of a double circuit.
This chapter begins by reviewing the relevant ggcwtandards that National

Grid is required to maintain and then describes SORPF formulation and

optimisation processes that were utilised in tesearch. The remaining sections
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of this chapter present detailed SCORPF resultsimmdd using the active
transmission losses minimisation objective. Finallg practical significance of

these results will be established.

4.2 Operational Procedure and Security Standards

The Transmission Requirements (TR) department atiohsl Grid takes
responsibility for planning the secure operationtltd network. This planning
process involves the preparation of detailed operak plans from around 13
weeks ahead of real-time, and includes the manealire adjustment of the
network’s voltage profile taking into account allapned outages due to
maintenance and construction work on the transonssystem [13]. Secure day-
ahead peak demand low-loss network studies arameépy TR. These studies
are then transferred to the control centre whegsdlstudies are fine tuned by the
Transmission Analysis Engineer (TAE) for each dhis involves the adjustment
of demand, generation and the outage pattern tchmthe expected situation at
real time. Within the ENCC, National Grid basestdrget voltage profile on the
voltage profile in the plans produced by the TAHnaHy the Transmission
Dispatch Engineers (TDE) manually issues contr@fructions to achieve a
secure and economical voltage profile. It is emvied by the author that
SCORPF process could be designed to improve edtiesé operational planning

and dispatch stages such that the maximum besefdhieved.

As system operator, National Grid must comply wtth Transmission Licence

requirements [97], one of which is to meet the S@&®Bdards [3]. Within this

research reactive controls are adjusted using a®@RFE algorithm that is

constrained by the regulatory voltage requiremepeified in the SQSS. It is
essential to ensure that available dynamic reaa@gerves are maintained on
SVCs and generators in order to secure the poktdgstem voltages in the event
of the most onerous credible fault. The steadtestaltage condition must be
secured both pre and post fault as summarised garé&i4-1. At customer

connections, the voltage must not change by mane the indicated limits in the

event of either a single circuit (SC) or doublegit (DC) outage.
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Annually the industry regulator, which is the O#iof Gas and Electricity
Markets (Ofgem), and National Grid agree an insentcheme that aims to
encourage the cost effective operation of the netwach that overall Balancing
Service costs are minimised. The scheme that wasrided in section 3.2.4
includes a transmission losses cost and generaactive utilisation cost
component [13]. Since the precise details of tbhlseme will vary from year to
year it is impossible to determine the magnitudehef incentive scheme profit
that might be achieved from implementing an SCORRI€ess in practice. It is
usual practice for National Grid to quote the raduction in Balancing Service
costs rather than the net incentive scheme profass when assessing the benefit

of implementing an improvement in its operationaqgpice.

Customer Connection |

Step Change

Steady State| Step Change| [Steady State

s8C DC
No 400KV +5% /10% ||T-0% | +6%/-12% |400kV | +5%/-10%
Spec- 275KV +- 10% +-6% | +6%/-12% |275kV | +-10%
ification 132kV +/-10% +-6% | +6%/-12% |132kV | +-10%
<132kV +- 6% +-6% | +6%/-12% |<132kV | +/- 6%

Figure 4-1. Acceptable steady state voltage and vaye step change conditions on the GB
transmission system [3].

4.3 SCORPF Formulation
4.3.1 Objective function, constraint equations and contrbvariables

The research described in this chapter utilises atteve transmission losses
minimisation objective function, whose value isagivby the following formula
[52]:

Losseg; = ZL:Gik (V* +Vl - 2VV,Cosdy ) (4-2)

L=1
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L is a line with conductand® connecting théth node to theéth node, and is
the total number of lines on the network!/ and @ refer to the nodal voltage

magnitude and angle.

In SCORPF the generalised scalar objective to mgans given by:

flu°,x°) (4-1)
U is a set of the control variables aidis a set of dependent variables. The
superscriptO indicates that the variable refers to the preiogenhcy power

system.

The OPF is bound by equality and inequality comstsa[17]: The equality
constraints are given by the pre and post conticyggrower flow equations,

where superscript ¢ refers to ttigh contingency case:

gC(UC’XC):O c=0,1...n (4-3)

Equipment control limits are represented by thdoWihg hard inequality

constraints:

U l\c/uN <U°<U I\CAAX (4'4)

Hard/soft constraints on voltage limits and voltaganges limits are represented
by:
Xl\(jIIN < XC S xl\(;IAX (4'5)

Other hard/soft constraints such as reactive redenits can be represented by:

he(u®,x°)<0 c=0,1...n (4-6)

The modelled intact network case and contingen®e aonstraints within the
SCORPF included:

. Control limits (e.g. generators and SVCs).

. Bus voltage limits.

. Voltage change limits.

. Generator MVAr reserves — relaxed for contingecases.
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When contingencies are included in the optimisattbe resulting reactive
generation pattern should by definition have adeqhdVAr reserves, this will
ensure that the post contingency voltage profiesure. The inclusion of a large
number of contingencies should imply widespread MVéserves, which would
make the need to define reserve constraints redandd]. MVAr reserve
constraints are however included for the followragsons:

. To prevent voltages from being pushed to thaiit§.

. To allow for error in the network data.

The modelled control variables within the SCORRSHuded:

. Continuously variable high voltage side generatitage targets.

. Continuously variable Static VAR Compensator (§VGltage set-points.
. Discrete shunt capacitors on/off

. Discrete shunt reactors on/off.

The voltage target at the high voltage side of egeherator transformer was
maintained by tapping the corresponding generatorstormer, which affected

the amount of reactive power output required frdva attached generator. High
voltage busbar controls were only flagged as optie if they met a special
custom designed criteria, which was based on the sluthe attached reactive
capability. The voltage control was flagged asmible only if its total reactive

capability was amongst the 50 voltage controls hih largest attached reactive
capability.

This issue required consideration because the smiwf voltage target controls
with inadequate reactive generation was found tese€aSCORPF convergence
problems [21].

4.3.2 Contingency case constraints

Each contingency case that was included in the SEFORdded thousands of
constraints to the problem. Typically the SCORPHsatered around 800
contingency cases and therefore the total numb8C&RPF constraints ran into
the low millions [34]. The contingency list includlecredible cases that were

reflective of the England, Wales and Scottish tmraission network in order to
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ensure that the post-BETTA (British Electricity @nag and Transmission
Arrangements) operational requirements were satisfihe studies carried out by
Bansal et al. [13] and Bennett [18] only considetieel pre-BETTA operational
requirements, which did not include operational staaints for the Scottish
transmission network, and therefore used a shooteingency list. National Grid
Planning Engineers have a pre-defined list of @iedcontingency cases, and
therefore the same list was used to define theildeedontingency cases in the
SCORPF research performed within this project. ttbgencies had been chosen
on the basis of engineering experience and judgenetating to specific voltage
issues that can occur in a locality. Each contiogewas modelled so that it
represented the state of the system at a time mtdsast three minutes after a
fault had occurred on the system, when all autaadiion was assumed to have
already taken place. To encode each contingenppropriate protection
schedules were consulted and limitations of thé&neffmodel were considered.
Typically each single circuit contingency was reggreted by multiple elements in
the model up to the relevant circuit breaker. Thatingency power flow was
modelled in a steady-state condition where loadsevessumed to be voltage
independent and transformers were allowed to ey tap position.

4.3.3 Optimisation process

The SCORPF process, which is based on a Sequkeimigdr Programming (SLP)
technique, is shown in Figure 4-2 [34, 40]. Thetfstage of the SCORPF process
involved achieving a converged Newton-Raphson A@eoflow on the intact
network and on each of the contingency case newwvoilk contingency power
flow only automatic controls were allowed to moveridg a fault condition,
which meant fixing the post-fault generator transfer tap positions. In the
research presented in this chapter all credibletimgencies, as selected by
National Grid Planning Engineers, were modellechinitthe SCORPF process.
The research presented here thereby extends olweSCORPF research using
GB transmission network models that only consideaedgmaller number of
contingency cases [17].

The central algorithm of the SCORPF is an LP withtool variables formulated

in a compact form, as explained in section 2.2e dptimisation warm starts from
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a sub-optimal but feasible point. The optimisatmocess tends to make large
control changes during the first few iterations,ickhcan cause constraints to
become violated. The LP process then enforce thiedating constraints and
updates the optimisable control dispatch in ordenbve the operating point back

to feasibility.

The SCORPF process maintains a list of criticaltiogency cases i.e. those
cases with binding or near-binding constraint Ignit This list is updated at
intervals during the SCORPF process by runningiegancy analysis to identify
the critical contingency cases that should be ado@d removed from the critical
contingency list [32]. At each iteration of the GSRPF the central LP algorithm
tries to enforce all binding constraints that arespnt in the intact network and
each of the critical contingency case networks. e TBCORPF process is
pronounced converged when the optimised controlamants are within a user-

defined tolerance and all constraint violationsenbeen alleviated.

Solve AC Power
Flow

.

Linearise OFF
Constraints

)

Linearise cost
curves

}

Monitor
congtraints select

most violated LE Iteration

|

LP based process
to enforce
selected limits

|
Figure 4-2. SCORPF process. Sourced from [32].

OPF Iteration

4.4 Offline SCORPF

4.4.1 Model formulation

This section presents results that were acquiredjweeekday and weekend day-

ahead offline network studies representative of rievork during the year of
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2007. Each of these studies had been manually seiiirby TR engineers to
represent a snapshot in time corresponding to i damand peak occurring

around mid-day. The investigation to determine plmeential for SCORPF to

reduce costs and losses proceeded in a seriearadtiges. The initial stage of the
investigation proceeded by selecting transmissemvork studies representative
of network conditions over an even distributiordal/s across the year.

The second stage of the investigation involved libgpieg an accurate method to
formulate each SCORPF model, so that it correeyesented the corresponding
offline model. This involved ensuring that the aohtmodels for generators,
transformers, lines, busbars, SVCs, shunt capacigiunt reactors, loads and
network gain were accurate such that the NewtoraBap power flow solution
results from the SCORPF engine agreed with Nati@radl’'s in-house power
analysis software that is called ELLA. Power floaludion results needed to be
aligned for the intact network case and for eachhef modelled contingency
cases. Discrepancies between the results were ssadreusing the original
procedure that is presented in Figure 4-3. Thiscgutare consisted of the
following steps:

1. Use the best available SCORPF formulation methaddate an SCORPF
model from the corresponding offline ELLA study.

2. Run power flow using the SCORPF engine on the SGORBdel that
was formulated in the previous step and also rumepdlow using ELLA
on the original ELLA offline study.

3. ldentify any disagreements between the two sepowker flow results. For
example there could be a difference in the totaVadosses. If there is no
disagreement then stop.

4. Trace through the SCORPF model and ELLA model émtifly the source
of the disagreement. For example this could invobenparing the
reactive power flow across lines and then detemginwhere the
difference gets bigger.

5. From these results try to identify the root caulsthe disagreement.

6. Make manual corrections to the SCORPF model. § tluesn’t improve

the agreement go back to step 3.
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7. Create an update to the SCORPF formulation prosesthat the problem
is corrected at all locations on the network.

8. Repeat this procedure from step 1.

Start

AN

Develop SC-ORPF
formulation method

Run Newton-Raphson
Power Flow in ELLA and
In SCOPE

Adjust formulation
strategy

Are disagreements
in the power flow
solutions within an
acceptable tolerance?

e N
/

Figure 4-3. Process for achieving agreement betweéme ELLA and SCORPF power flow
solutions.

The third stage of the investigation involved addappropriate optimisation data
to the SCORPF model. This involved determining dladjging appropriate

optimisable generator voltage target controls. Tligge also included
incorporating optimisable shunt capacitor and shwatctor controls into the
optimisation. This involved recognising the shuantrols that were available in
the baseline data and flagging them as optimis&gbtbey were eligible for

switching. A number of shunts were included asdixdocks of susceptance in

order to model the equivalent network gain fromltve voltage network.

The voltage limit on busbars was defined to a steshdhat was stricter than that
shown in Figure 4-1 [3]. A stricter standard waguieed in order for the SCORPF
solutions to be consistent with existing operatigmactice. Different standards

were applied pre and post fault. The voltage ramgere defined as:

91



125kV to 139kV - for the 132kV pre-fault and pdatit network.

261KkV to 289kV - for the 275kV pre-fault and pdatit network.

390kV to 416kV - for the 400kV pre-fault networkgte that a maximum upper
limit of 440kV was applied post-fault.

It is National Grid practice to apply a pre-fault6kV upper limit, as opposed to a
420kV upper limit, in order to account for an asedml% uncertainty in the

metering.

The size of the voltage change at each busbar batthe intact network case and
each modelled contingency case was also constrainedthin the requirements
defined in the SQSS [3], see Figure 4-1.

The fourth stage of the investigation was the SCPR$tIf. This stage included
evaluation of the network losses, generator reaatitlisation volume, reactive
gain and violations at the beginning and at the einthe SCORPF. The active
losses were calculated as the sum of the activeedosn each branch in the
network, given by equation 4-2. The generator reaattilisation volume was
calculated by summing the absolute value of thectinea output from each
generator. The reactive gain was calculated by snmthe shunt gaiBV* minus
the series reactive lossé®X across all network components. The number of
voltage violations was determined by summing th@loer of busbars in the intact
network and each contingency case that had a obatside the defined limit.
The presents of voltage change, transformer teggrve and reactive generator
limit violations was also detected and recorded SICRORPF problem was solved
using the SCOPE engine [39] version 12.0. The ®wluprocess is shown in
Figure 4-2.

4.4.2 Initial SCORPF results

Figure 4-4 shows results obtained with the invesig method described in
section 4.4.1 using the active transmission logeagsmisation objective. The
results were obtained from 12 offline network sasdspaced at monthly intervals

representative of different Tuesdays across the ge2007. Tuesday was chosen
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because it tends to exhibit the largest demand gstoall of the weekdays.
SCORPF managed to achieve a consistent reductiactive losses on each of
the networks that were tested, the average reduetas 1.35%. The reduction in
active losses is accompanied by an increase iméheork gain, which occurs
because the optimisation is reducing the activeessby raising the voltage
profile. Interestingly these results also show #natduction in generator reactive
utilisation occurred when applying the active traission losses minimisation
objective. A possible explanation for this is tti@ initial network is sub-optimal
in terms of both the active losses and the generaactive utilisation, thus
allowing the active transmission losses minimisatiabjective to produce a

reduction in generator reactive utilisation.
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Figure 4-4. SCORPF results showing a comparison afttive losses, reactive gain and
reactive utilisation during 2007.

4.4.3 Boundary flow results

Constraint boundaries on the transmission netwasle bbeen defined by National
Grid as limits on the power flow from one area twther area of the network
arising from thermal, voltage or stability issué€8][ Figure 4-5 shows some of
the major constraint boundaries on the Nationatl Gransmission System. The
investigation presented in section 4.4.2 has bedended to consider these

constraint boundary flows.
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Figure 4-6. Boundary flows with an overlay of SCORP results for the 12 networks

presented in Figure 4-4.

Figure 4-6 shows the flow across constraint bouedafor the 12 networks
spaced at monthly intervals. The results seemdicate a correlation between the
Midlands-South Transfer and the active losses em#twork. This is consistent
with expectation, because it is well known thatgéarnorth to south flow
corresponds to increasing active losses. Thesdtga$u not reveal a correlation

between the boundary flow and the amount of adtigses reduction achieved by

the SCORPF.
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4.4.4 Sensitivity of active losses reduction to the numb@ef shunt switching
actions

Figure 4-7 shows how the level of active lossesicadn is correlated with the
number of shunt capacitors and shunt reactorshina flipped position during
the optimisation. The slope and intercept of a-fieine through the data points
has been determined using linear regression. Thgqured value of the best-fit
line is shown in the figure. This R-squared valoeresponds to the total square
error between each data point and the best-fit ire R-squared value of one
would correspond to a perfect correlation with inbehaviour, while zero would

correspond to no correlation.
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Figure 4-7. SCORPF reduction in active losses againhthe number of shunt status flips.

Figure 4-7 indicates that there is some correlatetween the active losses
reduction and the number of shunt status flips tawrrelation has an R-squared
value of 0.53. This relationship confirms the operal voltage control
philosophy that an appropriate shunt switching igumétion is important for
achieving an optimal voltage profile. The averagduction in losses shown in
Figure 4-7 is different to the average reductiotosses shown in Figure 4-4 since

different network data was included in the invessiign.

95



4.4.5 Sensitivity of generator reactive utilisation to ative losses reduction

Figure 4-8 shows the results of Figure 4-4 re-ptbtb show how the active losses
reduction correlates with the generator reactivésation reduction. These results
indicate a correlation between the intentional eetage reduction in losses and
the un-intentional percentage reduction in genenagactive utilisation, with an
R-squared value of 0.63. Therefore when SCORPKesuted using the active
transmission losses minimisation objective thereussially a corresponding
reduction in generator reactive utilisation in #asudy cases. The —ve values in
Figure 4-8 indicate that occasionally the lossesimmsation objective can cause

the total reactive utilisation to increase.
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Figure 4-8. SCORPF reduction in reactive utilisation versus the reduction in active losses.

4.4.6 Voltage limit range results

Figure 4-9 shows SCORPF results derived from alesingtwork study that is
representative of a Tuesday in engineering weekob2807. The figure indicates
how the absolute value of the optimised activedsssry as the constraint limit
range on the 400kV voltage is expanded. The voltagstraint limit range for the
left most point on the figure has a range of 0.9IBland the voltage constraint

limit range for the right most point has a rang®®&0-1.05.

Figure 4-9 reveals that the active losses mininaeabbjective value gets smaller
as the constraint range is expanded. This wouldekgected because the

optimisation has a greater amount of freedom agahstraint range is expanded
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and can therefore find lower loss solutions. Siweeare raising the upper limit on
the 400kV voltage constraint range it seems reddernhat the optimisation is
finding solutions that have a higher voltage anerdfore by Ohm’s law incur

lower losses. The figure also shows results fron©OBEF when all controls are
assumed continuous, and results from SCORPF whsoretie controls are
rounded to their nearest discrete value. Both eéteesults appear to have a
similar relationship with the voltage constrainbga. It is also important to note
that the continuous SCORPF result has generallyagehto achieve lower loss
solutions. It therefore appears that the proces®ufiding causes the optimised
solution to become more costly. A novel techniquiélve presented in Chapter 5
to reduce the sub-optimality when discrete contaotsincluded in the SCORPF.
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Figure 4-9. SCORPF active losses reduction resulgainst an expanding 400kV voltage
constraint range.

4.4.7 Variation in the SCORPF losses reduction result athe number of
optimisable shunt controls is reduced

Figure 4-10 shows how the final optimised valughw# active losses vary as the
number of optimisable shunt controls is reducednfraé0 to 0. The losses
reduction generally deteriorates as the numberptinisable shunt controls is
reduced. This relationship is to be expected bec#us degrees of freedom that
the optimisation has available to achieve an imgneent in the objective function
gradually reduces as the number of optimisable tsbomtrols is reduced. When
260 shunt controls are included in the SCORPF ékalts indicate that there is a
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significant difference between the SCORPF restuih wounding and the SCORPF
result where all controls are assumed continuoh$s fesult demonstrates that

rounding the discrete controls may introduce sutiragdity into the solution.
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Figure 4-10. Variation in the optimised active losss as the number of optimisable shunt
controls is reduced from 260 to 0.

4.5 SCORPF Multi-Stage Optimisation
4.5.1 Introduction to multi-stage optimisation

Analysis of the SCORPF solutions previously rembrbyy Macfie et al. [23]
revealed that voltages at some busbars were out&le designed constraint
limits. The reason for these limit violations wiasind to be due to the rounding
of the discrete control variables. These discrveteables were being assumed
continuous during the main SCORPF process and anthe end of the final
iteration were they rounded to their nearest discxa@lue. For example a 60
MVAr shunt capacitor that had a continuous SCOR#&Iti®N of 29.22MVAr
would be set out of service upon rounding. Roundinitis case could cause sub-
optimality. The discretization was also found tas®athe system operating point
to move outside of the feasible region resultingvoitage violations. It is
sometimes possible that the discretization proo@sg produce a solution with a
smaller objective function value than the globatimpl value, but will not be
feasible. Alsac et al. [32] revealed that the S@BRptimisation problem maybe

sensitive to the starting point. To investigatethbohe discretization sub-
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optimality and starting point sensitivity four défent SCORPF approaches have
been described and compared in this section.

4.5.2 Multi-stage approach

Four different SCORPF approaches are describedwbelthe first three
approaches provide solutions that can be physiaalhfemented on the network,
while the fourth approach is non-physical and isluded for comparison

purposes.

One stage optimisation — A single pass of SCORRE®rmed. All controls are
assumed continuous within the optimisation. At #red of the optimisation
discretization takes place for discrete controld anfinal power flow is then
performed. The final solution may include violasodue to the discretization

process.

Two stage optimisation — Two passes of SCORPFenfenmed. The first pass is
equivalent to the ‘One stage optimisation’ and sleeond pass is an SCORPF
with only continuous controls with all discrete tais remaining fixed. The
second pass should usually be able to secure etblamits created by the

discretization.

Three stage optimisation — This novel approachuthes three optimisation
passes. The first stage is an initial pass of -base only OPF that ignores
contingency constraints. It is this first staget tteands to increase the amount of
losses reduction achieved by the overall process, improves the starting point
for the remainder of the optimisation. The ‘Two ggaoptimisation’ is then
performed that executes the optimisation with @htools (both discrete and
continuous) assuming all controls can be treateccadinuous, all credible
contingency case constraints are now included. diserete controls in the
solution are then rounded to their nearest disoralge and continuous controls
are then used to remove any remaining violatiorte final solution from the

three stage optimisation tends to have lower austigusually violation free.
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Continuous — A single pass of SCORPF with all aastassumed continuous.
The final solution should be fully secured. Thé&son from this is not physical,

since the discrete control limits will not necedgdre honoured.

4.5.3 Methodology

Five offline GB network studies that had been prepgay TR are considered in
this section. Four 2008 day-ahead peak of the dayies were selected from
examples used in the annual seven year statemanhfan additional summer
1B night network was also chosen. This night tinedwork was based on an
ENCC Transmission Analysis Engineer’'s (TAE) stutiatthad been set-up to
represent a snapshot in time representative olothest point in demand. Table

4-1 presents parameters describing the five netwvitvét were investigated in this

section.
No. of
optim sed No. of No. of
vol t age di screte No. of inequal ity
Demand |Nunber control control i ndi vi dual reserve
Nane of network (M of buses |buses vari abl es generators constraints

Typical Winter

6023

3586

87

269

284

250

Winter Maximum

59287

3587

92

270

300

264

Summer Minimum

42234

3457

72

263

219

204

213

42929
24824

3465
3526

73
65

263
267

223
183

Typical Summer
Summer 1B Night

171

Table 4-1. Parameters describing networks that werevestigated in this section.

SCORPF was performed on the five networks studi€gable 4-1 using each of

the approaches that were described in section.AlGactive transmission losses
minimisation objective function was utilised in segeinvestigations with the same
controls and constraints described in section 4Bnag reduction in active losses
as well as the number of final voltage violationsthe optimised solution was

recorded. In addition the number of contingencyesablat became critical during
the SCORPF was also recorded. A critical contingetase is one in which at

least one of its constraints needed to be enfonitkuin the LP at any stage during
the SCORPF.

Analysis was carried out on both the initial uniopsed and the final optimised
network studies to quantify how the SCORPF affectettage stability. This
analysis was performed in order to ensure that3B®©RPF process was not

compromising the voltage stability margin of théwark.
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4.5.4 SCORPF results obtained with the multi-stage approeh

Figure 4-11 presents results showing that the mduantage of utilising a two or
three stage SCORPF approach over a one stage appsdhat all voltage limits
are secured for. In four out of five of the cadwes three stage SCORPF process
managed to achieve the biggest loss reduction phyaical solution. Therefore
these results indicate that the use of a prelingif@RPF stage can provide an
additional reduction in the active losses. In thgidal winter case, the 3 stage
SCORPF approach achieved the worst improvemetieifosses compared to the
other approaches that were investigated, this mause the intact network
initialisation stage may have caused additionaltingency case constraints to

become binding.

Generally the continuous SCORPF solution managduhd the lowest value of
active losses, but the solution was non-physicahbgse some discrete controls

were set to values that could not implemented actore.

The results shown in Figure 4-12 and Table 4-2 shwve detailed SCORPF
results from the two stage SCORPF technique. Thesalts indicate that
significant loss reduction has been achieved withnaultaneous increase in the
lagging reactive reserve on generators. This sdenmave been achieved as a
consequence of the active losses minimisation thgcwhich is generally
increasing the networks voltage profile such the network gain is supplying
reactive power to balance the reactive demandleB shows two values in the
critical contingencies column indicating the numbg&contingencies that became
binding during the first stage and second stagthefoptimisation. There was
only one case that had more than one critical ngeticy. This suggests that the
active losses minimisation objective applied tosth@roduction network studies
usually encounters a very small number of bindingtingencies when warm
starting from an initially secure point. This factse important in ensuring that the
SCORPF computation time remains short. Typically 8CORPF took around

three minutes to complete.
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I I I O continuous SC-ORPF
Initial losses = 284.32MW @ 3 stage SC-ORPF
. One stage voltage violations = 3
Summer 1B Night

9 Critical contingencies = 1 02 stage SC-ORPF
‘ B 1 stage SC-ORPF

\

Initial losses = 853.89MW
Typical summer One stage voltage violations = 28

Critical contingencies = 0

Initial losses = 826.28MW
One stage voltage violations = 2
Max critical contingencies = 48

Summer minimum

Initial losses = 1360.05MW
One stage voltage violations = 1

Winter maximum Max critical contingencies = 0

One stage voltage violations = 55
Max critical contingencies = 1

Initial losses = 1304.41MW

Typical winter

0 05 1 15 2 25 3
Loss Reduction %

Figure 4-11. Active losses reduction for the fiveegtworks shown in Table 4-1.

B Summer 1B

O Typical Summer
O Summer Minimum
O Typical Winter

0O Winter Maximum

Loss Reduction %

Lagging Q-reserve -;I—‘
increase %

Voltage Profile
Increase %

0 2 4 6 8 10 12 14 16

% voltage profile increase, % Q-reserve increase, % loss reduction

Figure 4-12. An alternative presentation of the twstage SCORPF results.
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Gener at or Total shunt
con?ilr: Iecna::li es Hvlf' de Shunts switched MVAR Reachta'tr:/ee \Ec:)l@ume
9 voltage SWi t ched g
changes

Winter 0,0 88 0 0 1

maximum

Typical 01 83 27 1721 17.1

winter

Summer 481 71 4 160 10.2

minimum

Typical R

o 0,1 72 1 15 13.5
Summer 1B 1,1 68 0 0 4.8

Table 4-2. Solution details for the Figure 4-12 rasts, the critical contingencies column is

explained in the text above.

4.5.5 Voltage stability margin results

Figure 4-13 shows results from a voltage stabditalysis assessment that was

performed on the winter maximum network listed iable 4-1. These results

show how the average voltages on the 275kV and\M@isbars vary as demand

is scaled up in value. From Figure 4-13 it carséen that a system wide blackout

of the optimised network would occur at a greatmdnd multiple than on the

initial network. These results increase confidetizd the voltage security of the

optimised networks is at least as good as thelm@twork.

(pu)

0.995

0.99

0.985

Average 400kV and 275kV Voltages

—s—Optimised Network

— 4 Initial Network

1.2 1.3

14 1.5

Demand Multiplier

Figure 4-13. Voltage stability of winter maximum néwork before and after SCORPF.
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4.5.6 Three stage SCORPF applied to 24 offline network stlies

The results shown in Figure 4-14 verify that thee¢hstage SCORPF approach
consistently managed to reduce the active transmistsses in all of the
manually optimised network studies produced by TiRjieeers. From these
results the average reduction in active transmsfigses with the three stage
approach was 1.9%, this represents an improvenventtioe one stage approach’s
losses reduction result presented in section 4Bh2. active losses reduction
achieved using the three stage approach is eqoivétereducing the annual
carbon dioxide emissions from generators by apprately 64,000 tonnes. This
losses reduction value is more accurate than tbeiqusly reported value by

Macfie et al. [19] since additional network studiesre included in this study.

While most SCORPF studies in Figure 4-14 showeeduation in generator
reactive utilisation, there were several studiest tthowed generator reactive
utilisation increasing. An increase in generagactive utilisation would not be
acceptable in practice, because the extra genaedotive utilisation cost would
be greater than the transmission losses saving theeurrent incentive scheme
arrangements. This issue can be resolved by agpépitra constraints to prevent

undesirable increases in generator reactive utdisa- this will be discussed in
Chapter 6.
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14000
ﬁ\ = Initial MW losses
1 \ ..
1800 (Y —=a— Optimised MW losses | 12000
. A - -« - Initial Q-Utilisation A
\
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-~ w u x s & // \ / c
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S /\l/ ] =
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1000 ¥ 4000 g
\/'\,/\/\ *J/ &
800 <5 2000
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Week Number

Figure 4-14. Initial offline network study resultsand corresponding SCORPF results
obtained using the three staged technique.

104



4.6 Summary

This chapter described the modelling process usdorinulate the offline GB
transmission network SCORPF problem, which includedexplanation of the
controls and constraints included in the formulatid method of validating and
incrementally improving the modelling technique vadso presented. One stage
SCORPF results were then presented in order to nemade the potential for
these techniques to reduce active losses. The SEQGRRtions were secure
against all of the credible single and double d¢ircutages that are routinely
considered by ENCC engineers. The sensitivity & 8CORPF active losses
result to changes in the constraint limits and neindd optimisable shunt control

variables was also quantified.

This chapter introduced a multi-stage SCORPF teglanthat could be used as
the basis of a tool to help reduce operationavadtiansmission losses in offline
network plans. An issue with the standard one séggpeoach was that it rounded
discrete controls to their nearest physical valu¢ha end of the optimisation
process causing sub-optimality or infeasibility.nAulti-stage approach was able
to resolve the infeasibility by appropriately mayicontinuous controls while
keeping discrete controls fixed. A novel three stagas also presented, this
approach was evaluated on a range of networks aarthged to improve the

overall losses reduction.

SCORPF results were presented for a range of efflietwork studies that had
been manually prepared by ENCC engineers to validdie multi-stage

techniques. These optimisation results have detraded that SCORPF can
achieve a significant active losses reduction iditaeh to a substantial reactive
volume reduction on average. The average losskgtien using the three stage
approach was 1.9%, which is equivalent to an amsedlreduction in carbon

dioxide emissions of 64,000 tonnes. The optimisaatso appeared to increase

the voltage stability margin of the network.
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The results that have been presented in this chapiee demonstrated that on
occasion it is possible for the reactive generatfidisation to increase when
performing SCORPF with the transmission lossesmisation objective. Chapter
6 will present several alternative multi-objectegproaches that can help resolve

this issue.

These results have also revealed that the rourafidgscrete variables may have
been producing sub-optimality in the final solutibiat was not resolved with any
of the multi-stage techniques. Chapter 5 proposmgeral alternative shunt
rounding techniques that were able to find improgetutions compared to the
standard technique when solving problems that dedua large number of

discrete optimisable shunt controls.

The main focus of Chapter 4 has been to demongtratesecure losses reduction
can be achieved using SC-ORPF techniques on pahdtige scale network
models. A novel multi-stage technique was also ggrel. The main focus of
Chapter 5 is significantly different as it will ppose and evaluate several novel
shunt rounding techniques.
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Chapter 5

Mixed Integer SCORPF Technique for Loss

Reduction

5.1 Introduction

As Great Britain’s (GB) electricity transmissiontwerk operator, National Grid
has a responsibility to securely operate the higllage transmission network in
England, Wales and Scotland. Macfie et al. dematestr in 2009 [19] that
operational active losses reduction was achievableffline GB transmission
network plans. These studies utilised the actiamsamission losses reduction
objective and were based on the SCORPF techniguevis described in chapter
4. The author noted that large numbers of discsbtent devices were being
treated as continuous control variables in the rmogitimisation [84], which were
rounded to their nearest discrete step at the fieghtion. This rounding was
found to degrade optimality and potentially creatdeasibilities. The GB
transmission network includes around 270 shunt atga and shunt reactors,
which provide an important source of reactive powet does not need to be
procured from the market as the equipment is owaredi operated by National
Grid. It is therefore important that shunt capacaad shunt reactor controls are
included in the optimisation problem. This chagtesposes and presents results
from several techniques that can easily be incatpdrinto an existing SCORPF
program to solve the discrete switching problem emeifectively than existing
techniques will allow. The chapter begins with deth descriptions of several
novel shunt rounding techniques that are later destnated to produce SCORPF
solutions that have lower active losses. The shoonding techniques are
compared over a range of IEEE standard test netmadiels and large-scale GB
transmissions network models. Extensive resultpeesented including details of
solutions times and the sensitivity to various paeters. Finally an enhancement
to the shunt rounding technique will be describdeat tan solve the full SCORPF
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problem in a reasonable time on large-scale GBsitnagsion network models,
while ensuring that the solution is secure agad0étcontingency cases.

5.2 Limitations of Existing MINLP Techniques

Liu, Papalexopoulos and Tinney describe two tealesgfor solving the mixed
integer non-linear programming (MINLP) problem ange-scale power networks
[99]. The first technique executes ORPF and theasfiall discrete controls to
their nearest physical value. The second techregeeutes the first technique and
then solves the optimisation problem again with yorbntinuous control
variables. The final solution from these techniqoesy not be optimal or secure
because of the discretization process. For instédrtbe continuous optimisation
solution required 52% of a 60 MVAr capacitor, thepacitor will be switched in
by both techniques. This may then create a voltagkation that cannot be
resolved with the available continuous controlse Timal solution would not be

secure, which would limit its practical relevance.

Most commercially available ORPF programs are $tdsed on the rounding
techniques described above. Recent studies by Katoal. [24] and Ramos,
Exposito and Quintana [77], which modelled areathefEuropean transmission
network, used a rounding technique. Ramos, Exp@sitb Quintana utilised the
rounding technique when the discrete step size shant was small and a

heuristic technique when the step size was bigger.

The operational shunt switching problem is analegtmuthe optimal capacitor
placement problem. The optimal capacitor placerpeniblem is widely regarded
in the literature to be non-deterministic (NP) cdetg — this means that it is
almost certain that finding the global minimum canbe computed efficiently
[28]. The computational complexity of combinationapproaches increases
exponentially with the number of discrete contratiables and therefore becomes
intractable for large-scale power systems. Theeetdnas been suggested that it is

more efficient to obtain a near optimal solution.
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Combinational search optimisation techniques slgenetic [14], tabu-search
[49], particle swarm [49] and simulated annealidg][can be used to solve the
MINLP ORPF problem. However there are several s@associated with using
these techniques. Firstly these techniques argotymomial and do not therefore
sale up well for large-scale power system probleht®y are computationally
rigorous techniques, which have a computation tina is exponential with the
number of discrete variables. Secondly, the sucoédhese algorithms often

depends on the tuning of algorithmic parameter8][10

Modern mixed integer solvers often use branch-bcueskd techniques to solve
the generalised mixed integer problem. Jabr [28ested a technique that uses a
modified version of the branch-bound technique t¢dves this mixed integer
problem. The modification consisted of a heurighat essentially limits the
search space that the branch-bound algorithm rteeebsplore, thus reducing the
execution time of the solver. This technique wasaestrated to work in a
reasonable time with 25 integer variables, butaswot able to scale up to solve

large-scale power system problems.

To solve the mixed integer problem involving largeimbers of shunt
capacitors/reactors Liu, Papalexopoulos and Tinf@8] proposed utilising a
guadratic penalty function associated with eacltrdie control. These penalty
functions could be defined in such a way as to lmmaontinuous values so that
the optimisation would favour the discrete solusionPapalexopoulos proposed
taking a tangent to the quadratic penalty funcabrihe current operating point.
This function needed to be regularly updated ineottd preserve the quadratic
nature of the penalty function. The main issueshwitis approach included
determining the magnitude of the penalty functidiming its introduction,
determining the criteria for updating, incorporgtitimit enforcement logic and
determining an effective technique for fixing taliacrete step. The optimisation
process was at risk of being trapped by the peraltgtion in a local minimum
preventing it from finding a more optimal area loé tsolution space.

Liu et. al. [101] applied the penalty function shom Figure 5-1 to minimise the

non-convexity in the objective function. Liu exteuda non-linear interior point
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technique with his proposed penalty function appoand tested it on networks
ranging in size from 14 busbars to 538 busbarscdoparison was made with an
exhaustive combinational technique, so it is nobvikm how successful this
technique was at locating the global minimum. Ohehe drawbacks with this

penalty based technique was timing the introduabiotihe penalty functions.

Penalty

= Shunt
Admittance

Figure 5-1. Quadratic penalty function proposed bytiu, Tso and Cheng [101]

Other techniques that are suggested in the literditw solving the MINLP ORPF
problem include the technique developed by Chavat §02]. A discrete task is
executed after a solution to the continuous ORRIBIpm has been determined.
The discrete task fixes all shunt controls thatehawontinuous value equivalent
to being fully switched in, while leaving the othgtunt controls as floating with a
value of zero. Remaining floating shunt controleaé& be rounded at the end of

the optimisation process.

Recent literature [24, 25, 26, 27] reiterates ttied discrete shunt switching
problem essentially remains unsolved in a reasentirle on a complex large-
scale power system. The next section of this chajgecribes several novel shunt
rounding techniques that can be readily implemerdsdan extension to an

existing SCORPF program.

5.3 Proposed Shunt Rounding Technique
5.3.1 High-level procedure

Figure 5-2 illustrates how the proposed techniqces be integrated with an
existing SCORPF solver. Firstly the network dateeed and the main SCORPF is
performed assuming all controls are continuous.eé&th iteration the optimal
continuous solution from SCORPF is used to fix bsst of the floating shunt
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controls to their nearest discrete value, basegitbier of the techniques explained
in section 5.3.2 or 5.3.4. This process is thgeaeed iteratively until a stop
condition is satisfied when either the maximum namobf iterations has been
reached or when all discrete controls are fixedy Agmaining floating discrete
controls are then fixed to their nearest discretdue. Finally a round of
optimisation is performed using only continuoustoois to remove any violations

caused by the final discretization.

. . \\\\ J— _7__);1 .\\\
; nitial N P T \\
Jl_nput data > e B \
into / / /_/- ~

optimisati L/ 14 - I_fi/'/
on .
Perform
SCORPF executed prObadblltJjSth
with all controls or adaptive
assumed continuous threshold
Fix all VY technique
remaining /
y
discrete 4 o —
controls. and \/\ gtop condition A /, ~
run ' AN P Vi
imisat h < - P
optimisation \ -
] ) \
with continuous N — _,__,-/'/
controls only N

Figure 5-2. Procedural chart showing the enhanced@ORPF process.

The main SCORPF component of this process wasdoisg the same reactive
controls and constraints that were described inigee!l.3. A single objective
function was minimised by the optimisation proceskijch was the total active
transmission losses:

N

Losseg; =Y G, (V;? +V? - 2VV,Cosb, ) (5-1)

L=1
L is a line with conductand® connecting théth node to theékth node, and is
the total number of lines on the network!/ and @ refer to the nodal voltage
magnitude and angle.

5.3.2 Probabilistic technique

The probabilistic technique examines the continusmlgtion of each optimisable
shunt control at every iteration of Figure 5-2,irx a subset of the shunts to the
nearest discrete value. The probability of fixiregydetermined by how far the
continuous solution is from the nearest discretaevan a normal distribution, as

illustrated in Figure 5-3. Essentially if the contous value of the shunt is close to
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a discrete value there is a high chance of fixind & a shunt is in the middle of
the range of discrete values there is a low chah@ging.

The probability distribution shown in Figure 5-3nche used to calculate the
probability that a shunt is fixed in and is basedlee normal distribution which is

given by:

s 1(&)2
Scaled normal distribution= e’

o2

(5-2)

_ _1)2
~g 20(x-1)

u ando are the mean and standard deviation of the disioib, x is the continuous

value of the shunt as a percentage of its switahedlue. s is a scaling value.

An investigation was carried out to empirically efetine appropriate values for
the scaled normal distribution. The parameter8.38, u=1 and¢=0.15 were

found to give the required curve shape illustrateBligure 5-3. This curve shape
is considered most appropriate because it haslkapildy of one at the sides, and

zero in the middle region.

————— 40% Threshold

1\ — -

—— 30% Threshold
....... 20% Threshold

m— 10% Threshold

ONIXId 40 ALITIgva0dd

Probabilistic
Method

0 ) T ) \
0 50 100
CONTINUOUS VALUE OF SHUNT AS % OF SWITCHED IN VALUE

Figure 5-3. Probability of shunt fixing in the probabilistic and adaptive threshold techniques.

5.3.3 Probabilistic pseudo code

The following pseudo code describes the probaiailisthnique:

FOR i=1 to the total number of controllable shunts
IF absolute(§/Sm) > 0.5
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AND S,=1

AND FIXSHUNTS:i/Smi)=TRUE
THEN Si=Smi; Si=0; CNT=CNT+1

ELSEIF absolute(§/Sy) < 0.5

AND S,=1

AND FIXSHUNTS:i/Sn)=TRUE
THEN S=0; $i=0 ; CNT=CNT+1
ENDIF
ENDFOR

FUNCTION FIXSHUNTS(S:i/Smi)
R=Random number between 0 and 1
IF absolute(§/Smi) > 0.5

AND R < exp(-20(S/Smi-1)2)*PF
THEN Return TRUE
ELSEIF absolute(§/Smi) < 0.5

AND R < exp(-20($/Sm)?)*PF
THEN Return TRUE
ELSE Return FALSE

S:i is the i'th shunt solution value,Sis the i'th shunt switched in value, & a
flag determining the optimisation availability statof the i'th shunt. PF is the
probability factor. CNT is a counter that returhe number of shunts that were

fixed.

The probabilistic technique has three adjustablarpaters — probability factor,
maximum number of iterations and a stop conditialue. The probability factor
scales the probability of fixing, so a low valueans that the technique will take
longer to fix all the shunts. The probabilistic iemue will halt when the stop
condition has been satisfied or the maximum numdferterations has been
reached. The stop condition is satisfied when tn@ber of shunts fixed during

two consecutive iterations of Figure 5-2 is lesmtthe stop condition value.
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5.3.4 Adaptive threshold technique

The adaptive threshold technique also examinexdhé&énuous solution of each
optimisable discrete control at every iterations@ewn in Figure 5-2, fixing a

subset of the shunts to their nearest discreteevadu shunt is fixed if the

continuous solution is within a threshold distaméea discrete value. The first
iteration of the adaptive threshold technique figek/ those shunts that are within
a 10% threshold from their discrete value, the sddteration applies a threshold
of 20%, the third iteration applies a threshold36#6 and then the ten remaining
iterations apply a threshold of 40%. The maximumber of iterations parameter

is user definable.

5.3.5 Adaptive threshold pseudo code

The following pseudo code describes the adaptirestold technique:
FOR i=1 to the total number of controllable shunts
IF absolute(§/Sn) > 0.5
AND S,=1
AND (S:i/Smi) > (1-threshold)
THEN S&i=Sni; $i=0; CNT=CNT+1
ELSEIF absolute(§/Sy) < 0.5
AND S,=1
AND (S:i/Smi) < threshold
THEN &;=0; $=0; CNT=CNT+1
ENDIF
ENDFOR

5.3.6 Mid-step logic

If a large portion of controllable shunts have atowous optimisation solution
that is between discrete steps, then a numbereadtibns could pass without
fixing any of the shunts either in or out. This [bmean that the final solution
from the proposed technique may not be better thiaectly rounding the

continuous optimisation solution result. The midpstogic provides a solution to

this issue.
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The mid-step logic that is shown in Figure 5-4 veobly extending the Figure 5-2
process. The extra steps shown in Figure 5-4 luefolive the problem described
in the previous paragraph, because when one shuited to a discrete value
then it is often the case that the continuous dpétion solution of the other
shunts will move closer to a step value. The mepdogic will activate when all

of the continuous optimisation shunt solutions iaréhe middle region between
discrete steps. A decision is then made as to whilogle shunt to fix using an
appropriate technique, before moving to the netation. The fixing techniques
that have been investigated within this researofept have included:

» Fixing the largest floating shunt.
* Fixing the smallest floating shunt.
* Randomly fixing a shunt.

Start at ‘perform
probabilistic technique’
in Figure 5-2

Check to see 1f any
optimisable shunt

Values are outside the threshold
range 0.40 to 0.60.

no

Choose one shunt to fix to its
nearest discrete wvalue — see the
text for details of the method used
to choose a shunt

v v

Perform the standard
probabilistic technique

Go to next iteration in Figure 5-2

Figure 5-4. Mid-point logic extending process showim Figure 5-2.

5.4 Measuring the Performance of the Proposed Techniqse
5.4.1 Network models

Widely recognised standard network test modelsingnm size from 6 to 118
buses were modified to evaluate the performandbeoproposed shunt rounding
techniques. The 6 bus network was the Ward Hatertedel [96], while the other
networks were all standard IEEE test models [103Je standard IEEE test
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models included a 14-bus, 30-bus, 57-bus and 1%8-tase. Additional
switchable capacitors and reactors were modelld@atuses with susceptance
sizes determined by twice the reactive supportireqent at the corresponding
bus, thus making the optimisation more challengifige 57-bus and 118-bus
network test cases were modelled with 6 and 16irgency cases respectively -
each contingency case contained the outage ofgestransmission line. The
transmission lines were chosen in the order ofghegh the largest pre-fault
flow. A custom two bus binary test network was alswestigated with the
parameters given in Table 5-1. Table 5-2 listsghent capacitors and reactors
that were added to each small-scale network tesdemand Table 5-3 lists
parameters describing all of the small-scale nkevand four GB large-scale test
models. The full specification for every networkaigailable from [96] and [103].
Figure 5-5 presents a diagram showing a schemgpiesentation of the Ward
Hale six bus network test model.

Ty pe Ceneration Load
Bus 1 Slack Slack 0
Bus 2 PQ 0 1.8 +j0.9

Fr om To R . x | B2
Branchi 1 2 0.009615 0.04808  [0.01

Table 5-1. Binary two bus test network specificatin

Large-scale GB transmission network models were alsed to evaluate the
performance of the proposed shunt rounding teclesigiach GB transmission
network model was a manually secured day-aheackrayseépresentation with
topology, demand, generation and controls all isgreative of what was likely to
occur on the real system. The shunts were inigdli® a flat start in order to
provide a fair starting point for comparing the iopsation solutions from the
proposed techniques. Typically each GB network rhodesisted of around 3500
nodes, 3000 lines, 2500 transformers, 80 continugerserator voltage target
controls and 270 discrete shunt controls. Initeeearch focussed on just four GB
transmission network models, as shown in Table 848 only one of these

networks including contingency case data.

116



Name of List of shunt MVAR sizes added to the networ k models
System Bus number to which additional shuntis conn ected)
Binary Test2 Bus  100(2), 50(2), 25(2), 12.5(2), 6.2 5(2), 3.13(2), 1.56(2)
Ward and Hale 6 Bus ~ 0.4(5), 0.2(5), 0.1(5), 0.05(5), 0.025(5),
0.0125(5), 0.00625(5), 0.5(6), 0.25(6), 0.125(6),
0.0625(6), 0.03125(6), 0.015625(6), 0.007813(6)

IEEE 14 440(4), 14.4(10), 4.85(11), 4(12), 13.2(13), 10.7(14)

IEEE 30 15(3), 13(7), 36(12), 3.5(14), 5.5(15), 5(16 ), 6.4(17), 1.8(18)
6.4(19), 16(21), 4(24),0.45(25), 4.5(26), 15(27), 2.2(29), 5(30)
8(22),35(23)

IEEE 57 495(4), -120(10), -72(11), 50(13), -110(14) , 25(16), 34(17)
130(18), 35(20), -35(21), 20(38), 80(41), 8(42), 10 (@4), 90(45)
120(46), 24(47), 62(49), 22(50), 129(51), 18(52), 12(53)
50(55), 17(56), 18(57)

IEEE 118 -B7(5), 45(15), 74(3), 30(9), 58(11), 35(13 ), -225(17), 22(20),
17(21), 15(22), 20(23), 17(28), 300(30), 20(33), 2 8(35),
187(38), 21(39), 21(41), -13(44), 19(45), -13(48), 24(51),
11(52), 21(53), 45(60), 400(63), 300(64), 26(67), 3 00(68),
42(71), 86(75), 115(78), 26(79), 160(81), 15(83), 3 6(84),
34(86), 69(88), 32(93), 38(94), 64(95), 15(97), 10( 98), 29(101),
36(102), 53(106), 33(114), 14(115), 15(117), 105(1 18)

Table 5-2. Modifications to the standard network tst models

Name of Number of Number of Number of Number of model led
System Buses Generators Discrete Controls Jontingencies
/Branches / Continuous Controls
Binary Test 2 Bus 21 1 7/0 0
Ward-Hale 6 6/8 2 14/0 0
IEEE 14 14/20 5 6/0 0
IEEE 30 30/41 6 18/0
|IEEE 57 57/80 7 25/0 6
IEEE 118 118/186 54 50/0 16
GB 1 3465/5213 223 263/73 0
GB 2 3587/5397 303 300/94 0
GB 3 34505186 234 262/80 0
GB 4 3551/5393 253 269/81 40

Table 5-3. Parameters describing the standard netwh test models and the four GB network
models that were initially investigated.

2

) eéTzJTLs -

Figure 5-5. Ward Hale six bus network test model.
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5.4.2 Measuring the baseline

The network models described in Table 5-2 and T&8Hewere used to evaluate
the performance of the proposed techniques. Theigos from the standard test
networks obtained from the proposed techniques weerapared against the
power flow solution from the initial network, théaadard shunt rounding ORPF
and a non-feasible ORPF in which all controls wassumed to be continuously
varying. The solutions from the proposed techniquese also compared against
the solutions from the mixed integer non-lineargseanming algorithm MINLP
developed by Fletcher and Leyffer [104]. This math#@cal programming
method implements a branch-and-bound techniquesdathes a tree with nodes
corresponding to continuous non-linearly constraioptimisation problems. The
MINLP algorithmic method utilises branch and boumderlacing the continuous
and integer optimisation problems so that the mogal part of the problem is
solved while searching the branching tree. In otdeachieve this the MINLP
algorithmic method implements early branching andsdnot therefore solve the
non-linear problem to optimality at each branchnpowhich has the possible
drawback that the global optimal solution may nefdund.

The NEOS optimisation web service was used to déreRUNLP [105]. To do
this it was first necessary to formulate an AMPLrsien of each network
optimisation case, AMPL is an algebraic language #ilows high-complexity

optimisation problems to be defined.

All the standard network test cases up to 118 busgs converted into AMPL
code. Network constraints and controls were implaet to identically represent
the constraints and controls solved by the SCORPF.

The large-scale GB power network test cases catlthe encoded in AMPL, so a
MINLP result could not be derived. The proposedhtegues were therefore
compared against a two staged SCORPF standardinguméthod. This standard
approach begins with a stage of SCORPF assumirgpaltols are continuously

varying and then sets all discrete controls torthearest value; this is followed
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by a second stage of SCORPF utilising only contiusugontrol variables to
remove any violations. These results are labefRlihding’ in Table 5-5.

5.4.3 Executing the investigation

The proposed techniques were written and execat®tATLAB version 7.0 on a
P4 3GHz with 512MB memory. On a full scale consgd GB transmission
network model the probabilistic technique typicaibpk nine minutes to find a

solution.

To meaningfully compare the output from the varigueposed techniques we
needed to execute the probabilistic technique amelfed times with different
random number generator seed states. The meantamthd deviation of the
active transmission losses solutions were thenrm@ted. A maximum of 20
iterations was allowed for all of the techniqueseutput was then compared to

the results from the baseline approaches that deseribed in section 5.4.2.

5.5 Results and Analysis
5.5.1 Parameter sensitivity analysis

The proposed probabilistic shunt rounding technidheel several heuristic
parameters that needed to be assigned a valuevdlbis assignment choice was
initially arbitrary, so a more rigorous approach sweequired. Determining
appropriate parameters involved executing the begararound 1000 times on
each test network — each time varying the stop iiondand probability factor
values slightly and then taking the average of fegult runs. The results of these
investigations are presented in the form of 3D ae$ showing either the
averaged absolute losses value or the averagedemurhliterations, against the
probability factor and stop condition values. Fg&6 shows the results surface
from a summer time GB transmission network optitmsaand Figure 5-7 shows
results from a winter time optimisation. These hsssurfaces have been rotated
in order to give the clearest view of the data,clhineans that care needs to be

taken when reading the axis.
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Figure 5-9. Number of iterations sensitivity on asmmer GB network model.

The surfaces presented in Figure 5-6 through taurEigh-9 have allowed
appropriate probabilistic technique parameter \saboebe chosen, which will be

useful in the next stage of the investigation. Frtbese figures the best value for
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the probability factor was determined to be 0.4s tow value means that more
iterations need to be performed before finding tsm, but the solution will
have a lower cost. From these results it is alssipte to determine that the best
value for the stop condition is zero, this valueplies that the process should
continue until the process does not fix any shuhising two consecutive
iterations. A maximum number of iterations of 20swfaund to be reasonable.
These parameters were chosen by visually inspettiedigures 5-6 to 5-9 and
determining reasonable values to obtain the desbredaviour. The author

acknowledges that a range of values could givelaimesults.

5.5.2 Binary two bus network results

The specification describing the two bus test nétweas presented in Table 5-1
and Table 5-2. Seven shunts were attached to thart®side bus with the size of
each shunt being set at a value twice that ofatghbour. Considering the design
of this network an ideal integer optimizer shoull dble to achieve a discrete
shunt switching solution that is very close to demtinuous optimisation result.
The optimisation results from this network are preged in Table 5-4. Results
obtained from the standard rounding and adaptivestold techniques have not
been included, since these techniques failed tdym® a reduction in the value of
the active losses. The probabilistic technique Itesachieved a substantial
reduction in the value of the active losses. Thaltehunt susceptance value
shown in the table has been obtained by summingdhee of the switched in
shunts from the corresponding solution, and isrgivethe following equation:
Total_B=ZsB, o= 1—switched_in

i 0-switched_out

(5-3)
s is the switching state arél is the susceptance of ti&shunt.

As indicated in section 5.3.6 the probabilistichteique can fail to fix shunts
when many of them are between discrete steps,l¥e siuis problem a mid-step
logic was presented. Table 5-4 includes result ftilis mid-step logic, with the
various techniques, which were described in sedi8r6, used to fix the shunts.
Note that all of the probabilistic results in treble are averaged results taken

from 100 trials.
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Original Optimised Optit|11ised Total shunt
Losses (pu)  Lobses (pu) shunt|pattern susceptance (pu)
Baseline
MINLP 0.044664 0.03228 1000101 1.q78125
Continuous 01044664 0.03228 NA
Probablistic
no mid-step logic 0.044664 0.03424206 NA 1.07180b
mid-step smallest 0.044664 0.0337123 NA 0.7441%2
mid-step largest 0.044664 0.03233835 NA 1.06039
mid-step random 0.044664 0.03294585 NA 1.017031

Table 5-4. Compares SCORPF active loss minimisatisolutions using the binary two bus
test network.

The probabilistic technique produced a solutior tzal significantly lower active
losses than the original network. The probabilistichnique with mid-step logic
that switches in the largest shunt first producede@en better solution than the
probabilistic technique on its own. For comparigbe solution from MINLP
produced had the lowest active power losses, hawideeMINLP optimisation
process does not scale up well to solve large-suetl@ork problems. The non-
physical continuous optimisation results have beetuded in the table for

completeness.

5.5.3 Ward-Hale network results

Figure 5-10 shows the losses objective functiortmansurface of the Ward Hale
6 bus network. The objective function was mappeer @/range of susceptance
values for shunts attached to bus 5 and bus 6.sbhgions from the standard
shunt rounding method and the adaptive threshalohique were identical as all
shunts were switched out. The figure indicates MBMLP has correctly located
the minima at (0.24, 0.18). The probability factdrthe probabilistic technique
was varied with the values 0.1, 0.5 and 0.9 - thet®ns are marked on the figure
as P0.1, P0.5 and PO0.9 respectively. The P0.9 a@ridgrobabilistic solutions lie

on the flat area close to the optimal MINLP solatio
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Figure 5-10. Compares standard shunt rounding, proabilistic and MINLP solutions on the
Ward-Hale test network.

5.5.4 Comparison of optimisation results

Table 5-5 and Table 5-6 show the optimisation tedubm the standard test cases
and four example large-scale GB transmission nd&twases. The first five rows
show ORPF standard test case results that areenotity constrained, the next
two rows show SCORPF results from the IEEE 57 d&fEH 118 bus network
cases with contingencies constraining the optinaeaflhe following three rows
show ORPF results from large-scale GB network caghe final row shows
SCORPF results from a GB network case with fortyntcmgency cases
constraining the optimisation. The large-scale GBmork cases considered the
full mixed integer optimisation problem, which médhat continuous generator
voltage target, continuous SVC voltage set-poimcreéte shunt capacitor and

discrete reactor controls were included in therosation.

Table 5-5 compares the active power loss resuitsjreed from the network cases
that were described in the previous paragraph,guaivariety of mixed-integer
optimisation approaches. The columns of the tablate to the results from the
initial power flow, non-physical SCORPF assuminigcaitrols are continuously
varying, the standard rounding method, MINLP, tdagive threshold technique

and the probabilistic technique. No mid-step logas applied, as there was no
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time during the execution of the technique whershlints had continuous values
that were exactly between discrete steps. The awduim Table 5-6 present the
percentage improvement scores of the proposediteasand MINLP relative to
the continuous case. A score of 100% indicates ttietiscretization algorithm
has performed as well as the non-physical contiausmiution and 0% indicates
the solution is no better than the rounding methidtese percentage values are
determined using the following relationship.

Rounded Solution— Solution (5-4)
Rounded Solution—Continuous_solution

Solution is the magnitude of power losses from the adaptifreeshold,

probabilistic or MINLP techniqueRounded_solutioms the magnitude of power
losses in the standard rounding method’s solutrmhGontinuous_solutioms the
magnitude of power losses in the non-physical SCIO&dMtinuous solution.

For example consider the WardHale 6 bus probaibilisduction that relative to
the continuous case.

(Mj =1301/1539= 0845

10213- 8674
As a percentage this is 84.5%, which is the vahmv® in the third column of
Table 5-6. This value indicates that the probaislisechnique has done well

compared to the non-physical continuous solution.

P |l o s s (. MW )
Initial Cont i nuous Roundi ng M NLP | Adaptive | Averaged Probablistic
WardHal e 6 10.210 8.674 10.213 747 1¢.213 8.912 +/-0.16
| EEE 14 13.358 13.240 13.358 13.334 13.358 13.334 +/-0.14
| EEE 30 17.542 17.213 17.542 17.303 17.542 17.316 +/- 0.03
| EEE 57 28.620 25.720 28.620 27.924 24.620 27.386 +/- 0.26
| EEE 118 132.483 128.380 132.480 H#it 132.140 131.296 +/- 0.41
| EEE 57 + 6C 28.620 25.760 27.860 # 47.860 27.281 +/- 0.29
| EEE 118 + 16C 132.483 128.390 132.610 # 132.110 131.160 +/- 0.45
GB1 881.90 830.21 839.69 # 434.93 830.00 +/-0.47
cB2 1414.20 1322.07 1368.39 # 1322.86 1323.38 +/- 0.52
GB3 916.69 890.83 902.54 # q94.69 892.57 +/-0.47
GB4 + 40C 1239.68 1136.31 1139.46 # 1139.50 1136.83 +/- 2.54

Table 5-5. Comparison of the optimisation resultsdr the test networks.
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Reduction % in objective
relative to continous case*

Adaptive Pr obabi listic M NLP
WardHal e 6 0.0 84.5 95.3
| EEE 14 0.0 20.3 20.3
| EEE 30 0.0 68.7 72.6
| EEE 57 0.0 41.6 26.9
| EEE 118 8.3 28.9 #it
| EEE 57 + 6C 0.0 27.6 #
| EEE 118 + 16C 11.8 34.4 #
GB1 50.2 102.2 #
aB2 98.3 97.2 #
@B3 67.0 85.2 #
GB4 + 40C -1.3 83.5 #

Table 5-6. Percentage improvement obtained by thethniques relative to the continuous
case. *=see text for details of how these valuesr@&alculated.

In the standard network test cases the roundingadedid not manage to achieve
a reduction in power losses because the continoptirmisation solution of all the

shunt devices was just below 50% of their capaaity therefore rounding had the
effect of switching out all of these devices. Imngel the adaptive threshold
technique did not manage to reduce power lossdbherstandard network test
cases because the continuous optimisation soluéitue of the shunt devices was
always outside of a threshold band. However, tlodailistic technique managed

to reduce the power losses by an average of 3.6%.

Table 5-6 shows that large-scale GB network opaftios using the adaptive
threshold technique achieved an average improveswre of 54%, while the
probabilistic technique achieved an average imprmré score of 92%. The
improvement in the losses objective function was5% and 1.40% for the
adaptive threshold and probabilistic techniquepeesvely. On the GB4 network
with 40 contingencies the adaptive threshold tepmiwas found to cause a slight
increase in the losses, which could be due to eomtion of the ineffectiveness
of the adaptive threshold technique to find a gsaoldtion on this problem and the

non-convex nature of the optimisation problem.

Since the probabilistic technique is based on algan number generator it
essential to run multiple executions to assespdtformance. The investigation
process that was used was explained in sectior8.5Fable 5-7 presents a
statistical analysis derived from the multiple m@sults — notice that the standard
deviation is small and the worst case values atebstter than the standard

rounding method.
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Pioss (MW 6 bus | EEE 57 bus | EEE 118 bus
Aver age 8.912 27.386 131.296
St andard Devi ati on 0.163 0.261 0.410
Best 8.747 27.109 130.790
Wor st 9.862 28.409 132.270

Table 5-7. Statistics of variation in the probabilstic technique’s solution.

5.5.5 Analysis of the probabilistic technique results

Figure 5-11 shows how the value of active lossedveg with the number of
iterations on the 6 bus and 118 bus networks dutiteg execution of the
probabilistic technique. The figure shows thatllebaviour of the active losses is
similar for both of these networks. At each iteyatof the probabilistic technique
a number of shunts are fixed to the nearest desesadtie, which typically causes a
slight increase in active losses. Analysis of thans switching pattern revealed
that the large rise in active losses near the énldeoiterative process was due to
shunts in the middle of their range being fixedyufe 5-12 illustrates the effect
on the averaged probabilistic solution, for theus land 118 bus networks, when
the probability factor was varied. The error baidicate the standard deviation in
the solution value. It can be seen that the 6 miwark results varied smoothly
with a minimum average active losses and low stahdaviation at a probability
factor of 0.9. The results on the 118 bus netwoskenmess smooth, but still
indicated that a probability factor of 0.9 was wmable. For comparison the
results from the standard shunt rounding methodakse included in Figure 5-12

indicated by the horizontal lines.
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Figure 5-11. Variation of active power losses witthe number of iterations of the
probabilistic technique.
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5.5.6 Solution time comparison with MINLP

As indicated in Table 5-5 MINLP was used to solve standard network test case
discrete optimisation problems. MINLP does notasaaéll and cannot efficiently
calculate the solution to large-scale problems wblems involving a large
number of contingencies. When a MINLP result colld evaluated, the
probabilistic technique achieved at least 98% af Httive losses reduction
achieved by MINLP. The probabilistic technique fdua solution that was better
than MINLP on the 57 bus network case. The prolstigiltechnique was applied

to more difficult problems involving large networled networks involving a
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number of contingencies. The probabilistic techaiqasults were consistently
better than the standard shunt rounding methodtsesu

The solution time for MINLP to find a solution wescorded and compared to the
probabilistic technique’s solution time on the sametwork. The MINLP
algorithm, which is based on branch and boundiis £xponential in the number
of variables. This relationship is confirmed in fig 5-13. The performance of
the probabilistic technique was worse than MINLPtloe Ward Hale 6 and IEEE
14 bus network test cases; however the performandbde IEEE 30 and 57 bus
network test cases was significantly better thatNMR. The ratio of the time
taken to solve the IEEE 57 bus network problemht time taken to solve the
Ward Hale network problem was 2.2 and 6,200 forptfedabilistic technique and
MINLP respectively.

Table 5-8 presents a comparison showing the sd#&almf the proposed
probabilistic technique to the scalability of thenglty function based technique
described by Liu, Tso and Cheng [101]. They pertrtheir optimisation using
a customised selection of standard test networkd wiscrete controls. The
customisations were different to the customisatioossidered in this research,
because Liu, Tso and Cheng were investigating elisdransformer taps while
this thesis has concentrated on solving the lacgéesdiscrete shunt despatch
problem. Although it is not possible to directlyngpare results it is possible to
compare the scalability of the algorithms as thenlner of discrete variables is
increased. The ratio of time / number of discreteables indicates the scalability.
In the case of the probabilistic technique thisoraéduces as the problem size
gets bigger indicating good scalability, but in tbase of the penalty based
technique this ratio gets larger indicating po@aalability.
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Figure 5-13. Solution time to solve the standard meork integer optimisation problems using
MINLP and the probabilistic technique.

Discrete variables 6 14 |21 50 262
Ratio time/variables 5 19 2.$ 14 14
Penalty based technique

Discrete variables 6 13 |14 18 1p2
Ratio time/variables o3 0] 0.3 1.4 6.0

Table 5-8. Scaling comparison with penalty functiorbased technique used by Liu, Tso and
Cheng. Comparison made with published results [101]

5.5.7 Solution time variation with the number of integercontrol variables

The sensitivity of the solution time to the numloérdiscrete control variables
included in the optimisation is of interest becaitsean be a limiting factor
preventing an optimisation technique from beinglestaup to solve practical
large-scale power system problems. This section peoes the proposed
probabilistic technique, MINLP [104] and KNITRO [@D KNITRO is a

commercial mixed integer programming solver. BotiNMP and KNITRO solve

the large-scale mathematical mixed integer optitimegproblem using a branch
and bound technique. It is useful to include bottNMP and KNITRO solvers in
this comparative analysis, as they are both popwidely used optimisation

solvers.
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An IEEE 57 bus network optimisation problem waspared in AMPL format,
with the extra shunt devices listed in Table 5-@&ng the process described in
more detail by Macfie et al. [21]. The proposedigabilistic technique, MINLP
and KNITRO solvers were then used to solve thenupttion problem. To
investigate the scaling of the three algorithmstime taken to reach a converged
solution was measured as the number of discretaradenwas gradually
decreased. The value of the active losses in tiz $olutions was also recorded.
Figure 5-14 (a) shows the variation in the solutione against the number of
discrete control variables, a cubic polynomial Imfebest fit has been added to
each of the three sets of results with its equafidrese results clearly illustrate
how the MINLP and KNITRO solvers scale poorly witie number of discrete
control variables compared to the scaling of thebpbilistic technique. The
equations describing the best fit lines confirns tbbservation, as the cubic term
multiplier is bigger for the MINLP and KNITRO regsilthan the probabilistic
results. This can be understood by considering tifatprobabilistic technique
spends a large portion of time accessing the diskia fairly insensitive to the

number of discrete control variables.

Figure 5-14 (b) shows the variation in the actigesks against the number of
discrete control variables. When a small numbettisérete controls are included
in the optimisation problem then the probabilistechnique, MINLP and
KNITRO determine identical solutions. It is intefiag to note that MINLP and
KNITRO arrive at a solution quicker than the probatic technique for simpler
problems involving a small number of discrete colstrAs the number of discrete
controls grow the probabilistic technique solutidimerges from that of MINLP
and KNITRO. These results demonstrate that the ghidibtic technique is
significantly faster, and determines a lower loetitson, when more than 13

discrete control variables are considered.
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Figure 5-14. Comparison of probabilistic techniqueMINLP and KNITRO variation with
the number of discrete controls in the model. (a) @ution time, (b) active losses.

5.5.8 Comparison of large-scale GB network models

In Table 5-5 we considered four GB network studiest had been prepared by
ENCC engineers to be representative of the trarssomsnetwork at a particular
time and date. The ORPF results shown in Table se®ent additional GB
network studies distributed throughout the studgry¢éhese were intact network
optimisation studies that were not constrained daytingency case events. Each
GB network study was prepared using the procedasertbed in section 5.4.1.
Shunt capacitors and reactors were set as iniajched out, as it was thought
that this would help to distinguish the most effieziptimisation technique. Each
improvement value shown in Table 5-9 was determimgdirst calculating the
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active losses reduction achieved with the stan@R&F rounding technique and
then calculating the active losses reduction a@dewith the proposed technique.
The percentage improvement values could then legrdated by comparing these

loss reduction results.

Table 5-9 confirms that the probabilistic techniguaa provide additional active
losses savings when solving mixed integer non-tirgaver system problems.
The table demonstrates that the probabilistic tieglenis superior to the adaptive
threshold technique for all network cases. The tegamprovement values
shown in the adaptive threshold column for netwaodqsresentative of week 17
and week 23 indicate that the adaptive threshaitinigue actually reduced the
active losses saving in these cases. The overlhge improvement achieved by
the adaptive threshold technique was 5.6% or 1.@gending if the negative
values are ignored or not. From Table 5-9 it cansben that the adaptive
threshold technique did not perform as well as pmebabilistic technique,
indicated by the large negative values in the tbholdmn of the table. This can be
understood by considering the short-comings ofatthe@ptive threshold technique.
The adaptive technique will only discretise and gexticular shunt controls that
have a solution that is inside the threshold, wher(or few) controls are fixed
during an iteration then the optimisation solutiwil not change significantly.
This means that the same controls will remain fit@pat the next iteration. Even
when the threshold is widened then often only a feare shunts will be fixed,
particularly if many have a solution half way beemediscrete step values.
Effectively this means that the adaptove thresheichnique can sometimes

become stuck and produce little improvement.
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Percentage improvement in the objective relative to
standard rounding approach
Week Number Probabilistic Adaptive

9 18.00 12.30

11 8.19 5.63

13 3.68 3.55

17 7.70 -36.76

21 15.06 2.94

23 6.11 -0.39

24 14.81 10.97

27 3.96 0.69

32 1.25 3.07

36 4.88 0.76

37 22.58 13.96

40 0.15 2.03
Average Improvement

(ignoring cases with 8. 87 5.59
negative improvement)

Table 5-9. Active losses reduction determined witthe probabilistic and adaptive threshold
techniques relative to initial GB network losses vt a flat shunt switching pattern.

5.6 Enhanced Security Constrained Shunt Rounding Techique
5.6.1 Proposed enhancement technique

This section describes an enhancement to the peblishunt rounding technique,
which enables a large number of contingencies tonbkided in the practical

optimisation problem. Macfie et al. [21] present&dorobabilistic approach to
extend existing SCORPF methods to effectively solasge-scale network

problems involving discrete shunt devices. The anbd technique proposed in
this section is based on a modified version of shigsnt rounding technique [112].
The network data is read and the main ORPF is pedgd assuming all controls
are continuous, at this stage no contingenciesti@nghe optimisation. At every

iteration a subset of the available floating sheonitrols are fixed to their nearest
discrete value. The probability of fixing is givday the closeness of a shunt’s
continuous solution to its nearest discrete valsiagithe probabilistic approach
described in section 5.3.2. This process is tlegeated until a stop condition is
satisfied when either the maximum number of iteratiis reached or when all
discrete controls are fixed. Any remaining floatoligcrete controls are then fixed
to their nearest discrete value. Finally SCORPFp&formed using only

continuous controls to remove any contingency viotes caused by the shunt
rounding process. It is this final stage that easuhat the solution is secure

against a range of contingencies.
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5.6.2 Comparison of large-scale GB network models

The quoted active losses reduction values in #isian are presented relative to
the corresponding initial active losses with shusds in their original manually
configured position and with continuous control ighles initialised at their
corresponding optimal values. This differs with tgproach that was used in
section 5.4.2, which initialised all shunts as stéd out, as it was realised that
this was unnecessary. The quoted active lossestied therefore represents the

additional benefit of including the discrete shaontrols in the optimisation.

Figure 5-15 presents a comparison of the active feduction achieved by the
two staged SCORPF standard rounding method andptbposed enhanced
security constrained shunt rounding technique. ptaposed technique has on
average improved the percentage reduction in tseekreduction by an extra two
thirds. If the extra improvement could be sustaioeer a full year of GB network
operation then the additional losses energy savimgld be equivalent to 26GWh,
which has been calculated by assuming a 3MW avezatga reduction in active
power losses. The proposed technique has also martagresolve a base case
voltage violation and two contingency voltage vimas that were present in the
solutions from the traditional two staged SCORRkdbing technique.
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Figure 5-15. Comparison of the reduction in activéransmission losses.
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5.6.3 Relative solution time comparison

Figure 5-16 presents a comparison of the time tékethe proposed and standard
techniques. The probabilistic solution of the GEwork that is constrained with
40 contingency cases, which is shown in Table 86k around one hour to
converge on a solution. For comparison Figure Sstiéws that the proposed
enhanced technique is able to find a solution to @Bwork optimisation
problems that are constrained with around 800 ngeticy cases in ten minutes.
However, the figure also shows that the proposehdnigue has taken on average
four minutes longer to converge on a solution ttenstandard technique.

This research utilised MATLAB to develop, executel valuate the probabilistic
technique, this meant that external calls needethetonade to the SCORPF
software. The author would therefore expect thatiraplementation of the
technique directly within the optimisation softwasuld significantly improve

the performance due to the reduction in time speoéssing the disk.
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Figure 5-16. Comparison of the time taken. The samieey is used as in Figure 5-15.

5.7 Summary

The standard technique that is usually applied doyraercial SCORPF tools to
generate a physical solution when discrete conaolables are included in the
optimisation is to round the discrete control Vialés to the nearest physical value
at the end of the optimisation process. This rong@ipproach has been observed
to cause both infeasibility and sub-optimality. Avel probabilistic and a novel
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adaptive threshold technique were proposed in dhapter to solve this mixed
integer network optimisation problem. The probatiti technique consistently
managed to produce a lower loss solution than tiedard rounding technique

for all test cases and achieved better resultstti@adaptive threshold technique.

The probabilistic technique was observed to scaeifecantly more efficiently
than MINLP [104], KNITRO [106] and a penalty furmti based method
developed by Liu, Tso and Cheng [101]. This israpartant observation since it
confirms that that the probabilistic technique he tmost suitable technique for
solving large-scale SCORPF problems. Occasiona#iglation generated by the
probabilistic technique was observed to have lowetive losses than the
corresponding solution generated by the branch anahd based optimisation
solver MINLP.

An enhanced version of the probabilistic techniques also described in this
chapter to allow large-scale GB network SCORPF lprab with around 800
contingency cases to be solved efficiently. Theultesfrom the proposed
technique consistently achieved lower active logkas the standard rounding
technique and sometimes managed to resolve lintkatons that were not

resolved with the standard technique.
The research presented in this chapter has beenitsedb by the author and

accepted for publication in the peer reviewed jayrdfEEE Transactions on

Power Systems [21].
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Chapter 6

Constraint Based Multi-Objective Optimisation

6.1 Introduction

Reactive power management of the GB transmissistesyis a complex multi-
objective optimisation problem. At present humarerafors make reactive
switching decisions, using their operational knalgle and experience, in order to
achieve a compromise between different objectikkdsas been widely recognized
that there is an increasing need for automatiorthm operation of the GB
transmission system [71], but this automation vatjuire an effective method for
handling multi-objectives. Therefore, this chaptesnsiders techniques for
modelling and optimising the reactive dispatch pgobin a security constrained

multi-objective formulation.

Chapter 4 demonstrated that the reactive utilisattolume and losses could
simultaneously reduce when utilising a single Tmaission Losses objective
function. Therefore an effective method for hanglimulti-objectives is required

and will be described in this chapter. Chapter &cused the drawbacks of
existing SC-ORPF for handling the mixed integerbem; this will also be

relevant to the discussions within this chapter.

Previous studies have shown that optimisation tecles can be applied
successfully to solve problems involving the GBismission network model [13,
18]. These studies did not adequately tackle thédti+miojective nature of the
optimisation problem. A novel technique and a stéaddechnique are compared
in this chapter to address this operational mudjective problem of determining
the appropriate dispatch of reactive controls ttuce active transmission losses
with a simultaneously reduction in the generatoactiee utilisation. These
techniques are demonstrated using four standard IE€iwork models and 26

large-scale practical networks. All large-scaledsts were performed on GB
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transmission network planning models and complié@tl the National Electricity
Transmission System Security and Quality of Sugigndards (SQSS) [3], with
each large-scale network optimisation consideripgraximately 800 credible

contingency cases.

The ‘Pareto Curve’ is a term from optimisation theolt is used in contexts
where more than one objective function is simultarsty minimised and
represents a trade-off curve. In general it cathbeght of as the set points in a
parameter space where one objective function cammeeduced without raising
another. It therefore represents a set of compersutions to the multi-

objective optimisation problem [31].

The standard technique for solving multi-objectpewer system optimisation
problems is to form a weighted sum combinationhef individual objectives [81,
83, 84]. It is well known that this technique caryofind all points on the Pareto
Curve when the Pareto Curve is convex. Secondigstbeen frequently observed
that an even distribution of weights fails to prodwan even distribution from all
parts of the Pareto Curve [30]. The large-scaleursiyc constrained reactive
optimisation problem is non-linear and non-conv&x,both of these phenomena
are possible. These pitfalls would make a practicalti-objective optimisation
tool, which is based on the standard weighted sieetsnique, unreliable since it
is impossible to know the correct weights neededvienly generate points on a
Pareto Curve without actually knowing the shapéhefPareto Curve in advance.
For example minimising an equally weighted sum bfectives is unlikely to

result in a solution that is in the middle regidrhe Pareto Curve.

A practical multi-objective reactive optimisaticgchnique is therefore required to
generate a more uniform set of Pareto points ahtae more consistent results
across a range of network studies. The constrais¢db technique described in
this chapter is based on the idea of applying aufdit fictitious soft constraints to
the reactive power flow across generator transfegnte limit the pre-fault
generator reactive utilisation of each generatod].[2ZThe constraint-based
technique was initially deployed to prevent theagator reactive utilisation from

increasing when the active transmission lossesmisaition problem was solved,
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however it was later realised that the techniquddcalso be used effectively to
reduce generator reactive utilisation. The constiaased technique is easily
integrated into existing SCORPF software and isitinedly transparent in its
operation. This chapter presents results showiagyl dh improvement has been
achieved using the constraint-based technique. drfapter assumes that the cost
of each leading or lagging MVAr is identical, besauthe vast majority of
generators are paid at the default reactive pifg [This assumption means that a
reactive costs minimisation objective becomes aegdaor reactive utilisation
minimisation objective since all costs are identieéence this chapter considers
SCORPF with a multi objective consisting of actiwsses and generator reactive

utilisation.

The final section of this chapter presents a comparof the results from
SCORPF using the constraint-based technique otteatis& of network studies

that were prepared by ENCC engineers [20].

6.2 Standard Multi-objective Technique

Multi-objective optimisation problems are often rfarlated as convex weighted
combinations of the different objectives. The muoltjective function composed

of n separable objectivé&) can be written as:

mind_ w f,(x)) (6-1)
=]
where the weighting valueg are chosen such that>0, i=1... nand2w=1. The

optimisation is solved subject to the required éguand inequality constraintx

represents a vector of variables in the optimigsatio

A common approach is to perform the minimisatiorih&f multi-objective shown
in the equation above with an even spread of weiglith the aim of generating a
spread of points on the Pareto Curve. Das and Bef[80] identified two

problems that are often encountered with the wedjstims approach:

» If the Pareto Curve is not convex then some regadrtbe curve will not

be accessible.
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* Even for a convex Pareto Curve an even spread afhteew does not

necessarily produce an even spread of points oRdaheto Curve.

This chapter considers the minimisation of thevactransmission losses and the
generator reactive utilisation objectives, and leréfore a multi-objective
optimisation problem with two weighted objectiveBhe standard weighting
technique formulates the optimisation in the folmwn in equation 6-1 [30].

mxin(l— a) f,(x) +af,(x) (6-2)
a is a scalar that can vary between 0 t6 (k) represents the active transmission
losses objective function anfd(x) represents the generator reactive utilisation
objective function.

siné@

= (6-3)
cosfd+sind
Now substituteo from equation 6-3 into equation 6-2 to give equates.
: cosf sing
mn———— f,(X) +— f,(X 6-4
x cos@+sind 1) cosf+siné 2(4) (6-4)

@ varies from 0 to pi/2.

A Pareto point is a solution of equation 6-2 fomgsovalue ofa, if and only if it is
also a solution of equation 6-4 for some valué@[80]. If a Pareto point is not a
solution of equation 6-4 for any value &then it cannot be obtained by

minimising any convex combination of equation 6-2.

To understand this consider an anti-clockwise imedf thefi(x)-fo(x) axis shown
in Figure 6-1 by an anglé The new axis i§'(x)-f,'(x). The coordinate

transformation is given by [30]:

f,'(x)] [ cos® sin@] f,(x) _
{le(x):|_|:_5in9 cos@}{fz(x)} (6-5)
f,'(x) = f,(x)cos@+ f, (x)sin@ (6-6)

Divide equation 6-6 by cpsf + sinf to get equation 6-4. Therefore a

minimisation off;’(X) wrt x is equivalent to the minimisation shown in equaife
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4. Therefore if a region of the Pareto Curve idbito a minimisation over all
axis rotations then a region of the Pareto Curvé# also be hidden to a

minimisation of equation 6-2 over all valuesaf30].

£, (x)
f2 ! (X) ///'
S £, (x)
’ A y
\\\\\
£, (x)y )
e

£,(x)
Figure 6-1. Non-convex parts of the Pareto Curve & not captured for any value of@in
equation 6-4.

£,(x) W R

A

»

£, (x)

Figure 6-2. Non-uniform distribution of Pareto points on the Pareto Curve afin equation
6-4 is increased in steps of 1/12

Figure 6-1 shows the solution obtained by miningdiix) to obtain point A on
the Pareto Curve. Figure 6-1 also shows a rotdatam new axid;’(x)-f2’(x) and
the minimisation of;’(x), to obtain B. Now imagine a further rotation to avne
axisf;,”(x) -f2”(x) and then minimisation df.”’(x). The solution will jump to point

C on the Pareto Curve. Figure 6-1 visually revéladd some parts of the Pareto
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Curve will always remain hidden to the searchingcpss for all axis rotations
from O tom /2. This hidden part of the Pareto Curve can €gueblems for
multi-objective optimisation as it can cause digpuanties in the value of the

objective function.

For the non-convex Pareto Curve shown in Figure &#®is gradually increased,
the weighting technique will not give an even sgdred Pareto points on the
Pareto Curve. Das and Dennis [30] argue that eveonaex Pareto Curve does
not guarantee that the weighting technique willegate a uniform spread of
Pareto points. This is illustrated in Figure 6-2end@ is gradually increased in
steps of 1/1f. The arrows at the top of the figure indicate pusition of the

points on the Pareto Curve determined using thedata weighting technique.
Das and Dennis state that ‘In many cases it hadadnbeen observed that the
points obtained using a uniformly spread set oli@alare actually clumped in
certain regions of the Pareto set, providing ther us information about the
nature of trade-off between the two objectives’hisTcould cause a significant
issue when using the weighting technique to sohe multi-objective power

system optimisation problem, because it maybe isiptesto generate an even
spread of objective function values without knowitigg shape of the Pareto

Curve in advance.

The method of performing the optimisation using eighited multiple objective
function, which was described in this section, Ww# referred to as the weighting
technique for the remainder of this chapter.

6.3 Novel Multi-objective Technique

The constraint-based technique described in tradoseis based on the idea of
applying additional fictitious soft constraintsttoe reactive flow across generator
transformers in order to limit the pre-fault rewetiutilisation of each generator.
The standard losses minimisation problem is thdwedowith these additional

constraints in order to achieve a solution whichsiders the minimisation of both
generator reactive utilisation and active lossdse Magnitude of each reactive
flow constraint included in the optimisation is bdson the initial generator
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transformer reactive power flow multiplied by a walthat can vary from zero to
infinity to give the desired balance between getoeraeactive utilisation

minimisation and active losses minimisation respebt, this value shall be

referred to as the multiplier for the remaindertiis chapter. This multiplier

represents a trade-off parameter between trangmiskisses and reactive
utilisation reduction. Figure 6-3 illustrates anample of three generator
transformers, which control a single optimisable H¥s bar voltage to a target
value, with an LV side connected to a generatore Thnstraint-based multi-
objective technique includes a reactive flow caastr for each modelled
generator transformers that is controlling an ojgabnle HV bus target voltage.
The upper constraint limit on reactive flow acresigible transformer branches is
given by the following formula:

QFlow, =QFlow

onstraint —

i ¥ Multiplier (6-7)
QFlowiiia refers to the generator transformer reactive poWew before

optimisation and multiplier is a user-defined vathat can vary from O to infinity.
The lower constraint limit on the reactive flowti®e negative value of equation 6-
7. The optimisation then proceeds with these amthli constraints while

considering only the active transmission lossesmmsgation objective.

The method of performing the optimisation using #uéive transmission losses
minimisation objective with the extra branch reaetiflow constraints will be

referred to as the constraint-based techniquéhtorémainder of this chapter.

Target
voltage HV
t1 t2 t3
9 o o
-25to -25to -25 to
+25 +25 +25
MVAI MVAr MVAr

Figure 6-3. Generator transformer modelling.
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With a multiplier less than 1.0 it is possible that the optimisagwablem is
infeasible. Therefore it is important to includersinfeasibility logic to alter the
problem that we are trying to solve [33]. One siggt suggested by Stott and
Hobson is to gradually increase some line limitsaalpercentage and then resolve.
By repeatedly increasing the line limit a feasib@ution should eventually be
generated.

The following example describes the effect of apmgyadditional branch flow
constraints to the optimisation. Consider a netwaith a generator transformer
reactive power flow initially equal to 100 MVAr. #dr optimisation to minimise
losses, the flow may increase, resulting in a meqgensive solution. It would
therefore be desirable to place a limit of 100 M\&Ar the flow (multiplier=1.0).
The optimised solution should now achieve a sofutiath a flow of 200MVAr or
less. Next consider the same optimisation with &nitli of S50MVAr
(multiplier=0.5), the solution should achieve a Beraflow than that present in
the initial network. If a limit of 0 MVAr is applié then the solution would usually
have the smallest reactive flow value (multiplie®0 However, in the later
scenario it is likely that constraint softness wbuked to be applied during the

optimisation in order to avoid the problem beinfgasible.

£, (x)
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\\\\\\\\\ O
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Figure 6-4. Distribution of Pareto points on the Peeto Curve calculated by minimisingfy(x)
with an upper limit constraint placed onf,(x) indicated by the horizontal dotted lines.
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Figure 6-4 geometrically illustrates how the bramcmstraint technique can be
used to determine points along the Pareto Curve.clinve, which is the same as
that shown in Figure 6-2, can be considered toessnt a very simple power
network with just one generator being consideredthie reactive utilisation
summation represented Ix). The total network active losses is represented by
f1(x). The dotted horizontal lines indicate an uppeitliconstraint placed on the
generator reactive utilisation for each optimisatad active transmission losses.
The arrows at the top of the figure indicate thsifpen of each solution on the

Pareto Curve.

An advantage of the constraint-based technique lranunderstood by a
comparison of Figure 6-2 to Figure 6-4, which idés that the constraint-based
technique is able to determine a more uniform iistion of Pareto points than
the weighting technique. It is possible to concafa Pareto Curve that would be
represented better using the weighting techniquevever for Pareto Curves with
regions of low curvature, the constraint-basedriggre may be able to achieve
better results in practice. Unlike the weightinghieique the constraint-based
technique does not require a set of fixed weiglstittgbe determined in advance.
The constraint-based technique determines the reamist to be applied in the

optimisation directly from the network that is bgioptimised.

6.4 Single Objective Improvement using Constraint-Based
Method

This section describes how the constraint-basetinigae, which includes

additional generator transformer reactive flow d¢aists in the optimisation,

superseded a technique that was implemented inptee@ous version of the

SCOPE optimisation software when solving the singlgective problem

involving the minimisation of generator reactivdisation.

A GB offline network was prepared in the requiredniat to represent Monday
25" May 2009 at mid-day using the method describedMiacfie et al. [19].
Power flow was solved for the initial network totelenine the active losses and

the generator reactive utilisation. The generateactive utilisation was
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determined by summing the absolute values of allréactive generator outputs.
Optimisation was then solved with either the actleeses or the generator
reactive utilisation minimisation objectives. Optsation was also solved with
additional generator transformer reactive flow d¢raists with different values of

the multiplier.

Table 6-1 demonstrates that the inclusion of geaetsansformer reactive flow
constraints can greatly enhance the intact netwptinisation results in terms of
both the final optimised active losses and generaactive utilisation. The table
shows results from the previous version of SCOR#&sfon 12.1) and compares
them with and without the extra constraints. Opsgmtion using the active losses
objective function on its own caused an increasgeimerator reactive utilisation,
with the extra constraints the optimisation managédrther improvement in the
losses reduction and a significant reduction inegator reactive utilisation. This
result is surprising and would seem to indicate twastraining the optimisation

can sometimes improve the solution.

Optimisation using the generator reactive utilmatminimisation objective on its
own without any additional constraints achieved % i®eduction in generator
reactive utilisation, but with the extra constrairthe optimisation managed to
achieve a 75% reduction in generator reactivesation with an accompanying

reduction in losses.

Branch Constrai nt
Optim sation Objective Mul tiplier Losses (MY Q Vol ume ( WAR)
Initial network N/A 708.04 5116
Losses No extra constaints 693.62 6063.6
Losses 1 686.87 3037.6
Losses 0.7 687.55 2686
Losses 05 693.06 2407.7
Q-Utilisation No éxtra constaints 708.77 4763.3
Q-Utilisation 1 717.32 4374.3
Q-Utilisation 0.7 7110.09 3458.2
Q-Utilisation 05 7100.56 1260.1

Table 6-1. Compares ORPF results from the active §ses and the reactive utilisation
objective functions with no extra constraints and th extra branch reactive flow constraints.

The extra improvement observed in the generatatixeautilisation minimisation

objective is counter intuitive, because the geerateactive utilisation

147



minimisation objective should find the minimum <odm and additional
constraints should cause the solution to become mqoensive. It was eventually
determined that the way in which the generatortheaaitilisation minimisation
objective was being formulated was not suitabletlier GB network. This issue
arose because the GB transmission network has fewlémge controls than
typical US transmission networks. The software haw been updated and now
uses a technique based on the one described irchhser to find the correct
value of the generator reactive utilisation. Theutes given in the remainder of
this chapter are obtained using SCOPE version Ml#ch now determines

superior solutions to those presented in Table 6-1.

6.5 Small Scale Network Results
6.5.1 Introduction

This section presents a multi-objective optimigatiavestigation involving a
comparison between ORPF solutions determined usiegveighting technique
and the constraint-based technique. The 14-budu8p-57-bus and 118-bus
standard IEEE networks are investigated with mimodifications made to each
network. A wide range of weighting values and npligr values are investigated
corresponding to the weighting technique and camgtbased technique
respectively. This section begins with an overvidhe data preparation process,
this is followed by a description of how the opthaion was structured and

finally the results are discussed.

All generators in each IEEE network were disconegdtom their local bus and
reconnected to a dummy bus. These dummy buses tiweneconnected by a
dummy branch back to the original generator bushEgenerator was modelled to
control its local dummy bus to within a target agie. These controls were then
flagged as optimisable within the model. This modetonfiguration allowed
branch flow constraints to be specified for eachegator connected branch in the
model and therefore allowed the application of toastraint-based technique.
Branch flow constraints were only included in thedal for branches with a

reactive flow of more than 1.0 MVAr flow in ordeo tavoid constraints being
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specified in the optimisation that were very clésezero. The model was then
populated with uniform reactive cost data to alldke application of the
weighting technique. These metered reactive powvestsc (E/MVArhr) were
assigned at the generator side of each of the dubmanches and therefore the

optimisation was solving the generator reactivisation minimisation problem.

The first part of the investigation involved solgi®RPF on the IEEE test cases
using the linear weighted sums multi-objective tiort. This objective was given
in equation 6-2, but is rewritten here in a modifferm:

Objectivéx) =W, * Losseéx) + W, * Utilisation(x) (6-8)
WL is the weighting value on the active losses ¥gds the weighting value on
the generator reactive utilisation. At this stageadditional branch reactive flow
constraints were placed on the generator bran&aeh network was investigated
using different values ofM. keeping Wc constant at a value of unity. The
optimisation was typically repeated with valuesVgfranging from 0 to 2000 in
steps of 100W_ will be referred to as the weighting for the renusr of this

chapter, since the other weightings remain fixed.

The second part of the investigation used the saevork models and
optimisation settings, but only included activensmission losses in the objective
function. Branch reactive flow constraints were nowluded for each branch
connecting to a generator, the magnitude of whiak tbased on the initial power
solution and determined by using equation 6-7. ®pgmisation was repeated
with different values of the multiplieanging from 0 to 1.2 in steps of 0.05. This
meant that prior to running each optimisation thenbh constraint data needed to
be updated.

After each optimisation the active power losses @&erator reactive utilisation
was calculated and stored. The generator reactilisation was determined by
summing the absolute values of all the reactiveegmnr outputs. Solution

violations and convergence reports were also recbrd
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6.5.2 Results

The 14 bus IEEE network was investigated using ¢bastraint-based and
weighting multi-objective techniques. The activeangmission losses and
generator reactive utilisation was found to be msgeve to the applied weighting
or multiplier values. This implies that the solutito the active losses optimisation
and generator reactive utilisation optimisationeveery similar. Therefore the 14
bus network was determined not to be useful forpmamng the constraint-based

and weighting approaches, but did demonstratetiiea¢ was some agreement.

Figure 6-5 presents 30 bus IEEE network resultenflth the weighting and
constraint-based technique investigations. Figuba 8hows the variation in the
measured active losses and the generator readtiigation as the weighting\.

is increased from a value of 0 to 2000 using thigleng technique. Figure 6-5b
shows results obtained as the multiplier on thenditaconstraints is increased

from O to 1.2 using the constraint-based technique.
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Figure 6-5. 30 bus multi-objective results. (a) Wehting technique results and (b)
Constraint-based technique results.

The results from the 57 bus IEEE network are shmwRigure 6-6. As described
in the introduction section, one of the drawbackih whe weighting technique is
the problem of deciding the appropriate range oigieng values to apply in
order to capture the sensitive part of the Parebwe& This issue is demonstrated
by the insensitivity to the range of applied weightvalues in Figure 6-6a.
Therefore a smaller range of weighting values, fronto 200, needed to be

investigated and is shown in Figure 6-6b.

Figure 6-7 presents similar results for the 118 WEBE network. Figure 6-8
presents Pareto optimality curves determined frbm IEEE standard network
results. These curves were obtained by plottingogitenised values of the active

losses against the generator reactive utilisation.
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Figure 6-6. 57 Bus multi-objective results. (a) wghting investigation results ovelW, range
0 to 2500 (b)W, range 0 to 250 (c) Constraint-based investigation
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Nunmber of branch limt Sum of reactive flow for all
Mul tiplier constraints that have gone soft branches with soft lint constraints

0 3 118.3
0.1 3 117.7
0.2 3 117.3
0.3 3 117.1
0.4 2 49.3
0.5 2 55.9
0.6 2 61.7
0.7 2 70.1
0.8 1 24.9
0.9 1 27.4

1 1 28.9

Table 6-2. Shows how the constraint relaxation logichanges the behaviour of the
optimisation when a constraint multiplier of less han 0.4 is applied.
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Figure 6-7. 118 bus multi-objective results. (a) Wghting technique investigation results and
(b) constraint-based technique investigation resudt
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6.5.3 Discussion

Figures 6-5 to Figure 6-8 visually illustrate thdvantages and disadvantages of
the weighting technigue and the constraint-baselahigue on a range of standard
test networks. Figure 6-6b shows that it is diffide determine in advance a
sensitive range of weighting values to investightePareto Curve when using the
weighting technique. The weighting technique ressatiown in the other figures
confirm this insensitivity over some parts of tineastigated range. These results
also demonstrate that the objective function vald@sot vary smoothly as the
weighting value is modified. Figure 6-6¢ indicatdsat the constraint-based
technique does not have this issue, which usesah® range of values as those
applied to the other networks. Figure 6-6¢ alsacatgs that the constraint-based
technique is exhibiting some anomalous behavioumfaltiplier's less than 0.4
on the IEEE 57 bus network. A further investigatipmesented in Table 6-2,
reveals that this behaviour is due to the way tp#nosation is handling soft
constraint limits. As a constraint on a variabldich has already gone soft, is
reduced the optimisation should find a solutiontfoe respective variable that is
smaller. Table 6-2 confirms this behaviour for nplier's of 0.4 to 0.7 when
there are two soft constraints, and also for miidtils of 0.7 to 1.0 when there is
just one soft constraint. This behaviour is notestsd for multiplier's less than
0.4, which indicates that the action of the comstreelaxation logic is different.
The results, shown in Figures 6-5 and 6-7, from dbestraint-based technique
obtained using the other IEEE networks do not hhigissue. Figures 6-5, 6-6
and 6-7 indicate that the constraint-based tecleniganages to produce smoothly

varying results.

The family of Pareto Curves shown in Figure 6-8stfate that both the weighting
and constraint-based techniques have managed tug@ocurves with the
expected shape; however in some cases the weigkthgique has found lower
objective function values. The weighting technigieemulates the objective
function in terms of the generator reactive utila minimisation objective,
which is itself solved using a constraint basechnégue (see section 6.3). It

therefore seems reasonable that the reduced ofgdutiction values observed in
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the results from the weighting technique are acdeby a more efficient

implementation of the constraint based approadctyr in the SCOPE software.

The insensitive and unpredictable behaviour ofvtlegghting technique, seen in
figures 6-5 to 6-7, has practical implications whesiving the multi-objective

ENCC optimisation problem of minimising a combiwatiof active transmission
losses and generator reactive utilisation. Thenapétion should be able to
produce a predictable and consistent reductiorhéndbjective function as the
weighting value is modified. Figures 6-5 to 6-7 aarstrate that the constraint-
based technique has managed to achieve this camsystas a more predictable

behaviour is observed over the range of testediphialtvalues.

6.6 GB Network Results
6.6.1 Introduction

The main application for the constraint-based teph is for solving multi-

objective SCORPF problems involving the large-scai network model. This
section presents results that will be crucial ie ttevelopment of a practical
voltage optimisation tool that minimises a combimatof the active losses and

generator reactive utilisation minimisation objees.

A rigorous comparison of the weighting techniqud aanstraint-based technique
was carried out, which involved testing 26 largalscoffine GB networks

representative of snapshots throughout the yeaadpover a mixture of day-time
and night-time networks. The investigation methaiised an adapted version of
the Ella Voltage Optimisation Tool (EVOT) that witle described in the next

chapter and is summarised below.
Data was converted from National Grid’s in-housd.Elformat to the SCORPF
format and optimisation modelling data was addefie Tmodelled control

variables within the SCORPF included:

* Generator voltage targets.
* SVC voltage targets (all SVCs are in voltage targetie)
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» Discrete shunt capacitors in/out of service.
» Discrete shunt reactors in/out of service.

The modelled system constraints included [17]:

» Control limits (e.g. generator, and SVCs).

* MVAr interchange between user defined reactive paweas.
* Voltage limits.

» Voltage step-change limits.

* Generator MVAr reserves — relaxed for contingerases.

Before running the main optimisation process egtata was modelled so that a
comparison could be made between the weightingntgak and the constraint-
based technique. The model was populated with imifeeactive cost data to
allow the application of the weighting techniquengsa process similar to that
described in section 6.2. The model was also ptgdilevith generator reactive
flow limit constraints using equation 6-7, in orderallow the application of the
constraint-based technique. While investigating theighting technique the

reactive flow constraints were excluded from th&rojsation.

Around 800 credible double circuit and single ciraontingencies were included
in order to ensure that the results from the oi@tion were realistic and useful.
Contingencies that were not credible were exclufteth the optimisation by
filtering those that were violated or non-convetgenthe initial input network
that had been prepared by ENCC engineers. SCORIR§ the constraint-based
technique was performed with multiplier values frorto 1.2 in steps of 0.05, and
SCORPF using the weighting technique was performvgd losses weighting
values from 0 to 2000 in steps of 100. Therefortetal of 1196 optimisations
were carried out (21*26+25*26). The completion timfeeach optimisation was
typically around five minutes. The following mesiavere recorded for each and
every optimisation:

» active losses reduction %

» reactive cost reduction %

» time taken (sec)

* number of optimised intact network voltage violaso
* number of optimised contingency case voltage viast
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6.6.2 Results categorised into daytime and night time netork studies

Obtaining these SCORPF results on large networksiied collecting a large
guantity of data, therefore a systematic method w#ised to process the data
into a visual form. The average reduction in acto@ses and generator reactive
utilisation over the eight night time networks ahe eighteen daytime networks
was determined for each weighting value or mukiplialue that was investigated.
The standard deviation in the results was alsordecb In this section results are
presented as a percentage rather than as an a&bsalue, which means that
larger values relate to an improved objective fiomcvalue.

Figure 6-9 presents the weighting technique ingasitin results on 32 large
networks. This figure shows the active losses reoinic% against theW
weighting value and also shows the generator meacttilisation reduction %
against theM_ weighting value. The range of weighting valuesligpopto these
large network SCORPF studies was the same as $bkdtfor most of the small
network investigations with a range chosen in su@hay as to capture a sensitive
region of Pareto Curve.

ENCC engineers have highlighted a difficulty witthaeving a desirable voltage
profile at night, when it is important to keep thatage low in order to avoid a
run-away increase. Therefore the results have batagorised into daytime and

night time network studies.

Figure 6-9 shows that the weighting technique teerally managed to achieve a
bigger reduction in active losses as the losseghtieg is increased. However, as
the weighting is increased the losses reduction md increase smoothly.
Conversely as the weighting on losses is reducedi tlee ratio of the generator
reactive utilisation weighting to the losses weiigétgets bigger, the optimisation
manages to generally reduce the generator reagtiN®ation. Figure 6-9 shows
that different portions of the investigated rang&é different sensitivities to the

changing value of the weighting. The relationshgiween the losses reduction
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and the weighting value was different for the dagiand night time network
studies, but the behaviour in terms of the reactdeiction was similar.
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Figure 6-9. SCORPF results using weighting technigu (a) Active losses reduction %, (b)
reactive utilisation saving %.

Figure 6-10 presents the constraint-based techisigoneestigation results over
the same range of multiplier values as that useduestigate the smaller IEEE
networks. Figure 6-10 indicates that the constiaagted technique has managed
to achieve a consistent solution for the largees@&CORPF studies on day time
networks, such that the generator reactive utibeateduction increases smoothly
as the multiplier value on the constraints is reducrhe losses reduction is seen
to generally increase as the value of the multipieincreased. The results from

the night time network did not show such a smoahaviour, but did exhibit a
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more desirable characteristic than that seen inrEig-9 since positive losses
reduction was achieved and a greater improvemegeraould be accessed.
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Figure 6-10. SCORPF results using constraint-base@chnique. (a) Active losses reduction
%, (b) reactive utilisation saving %.

6.6.3 Overlay of the weighting and constraint-based rests

An alternative presentation of the results is shawRigure 6-11, which overlays
the results from the weighting and constraint-basechniques. The results
presented in this figure are averaged over all 8@works rather than being

categorised into daytime and night-time networklss.

Figure 6-11 highlights some important practical dféga of utilising the
constraint-based technique over the weighting tiecian These benefits include
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improved consistency over the tested parametereraag well as greater
improvement in the objective function values. Thessults demonstrate that the
constraint-based technique is able to produce gmowement in consistency for
both the active losses and the generator reactivgation. It is this improvement
that is particularly important in practice, becautsmeans that the desired trade
off between the two objectives can be reliably acéd.
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Figure 6-11. (a) Active losses reduction achieved lthe weighting technique and constraint-
based technique. (b) Reactive utilisation reduction

6.6.4 Standard deviation of the weighting and constrainteased results

Figure 6-12 shows the standard deviation in theegdar reactive utilisation
reduction results achieved by both the weighting aonstraint-based multi-

objective techniques. This figure clearly demorisgathe consistency of the
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constraint-based technique and shows that the eshatandard deviation in the
generator reactive utilisation is obtained usirg¢bnstraint-based technique with

a multiplier of 0.7.

Figure 6-13 shows the variation in the standardiadien of the transmission
losses improvement values over the investigatederaf parameter values. The
standard deviation values in Figure 6-13 are gdlgdmaver than those in Figure
6-12, but the constraint-based technique still gasdo achieve a lower standard
deviation than the weighting technique over theestigated range. It is
interesting to note that the standard deviatiothereactive utilisation weighting
technique results with a value ¥{ =0 had a value of 16.4, which is much greater
than the other values shown in Figure 6-13. Theamex standard deviation of
the reactive utilisation reductions from the coaisti-based and weighting
techniques was 10.1% and 27.8% respectively. Theeb reduction standard

deviation was 1.7% and 3.2% respectively.
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Figure 6-12. Standard deviation of the reactive ulisation reduction results from the
weighting and constraint-based techniques.
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Figure 6-13. Standard deviation of the active lossaeduction results from the weighting and
constraint-based techniques.

6.6.5 Pareto distribution

In order to identify the phenomena discussed ini@®c6.2 concerning the
identification of an even distribution of points tre Pareto Curve, we now plot
the active losses reduction % against the generaative utilisation reduction %
in Figure 6-14. The weighting technique resultsvslaoclustering of points, while
the constraint-based technique results show ayfawken distribution of points.
The results shown in this figure suggest that tbestraint-based technique is

better at determining the Pareto Curve on thege laetworks.
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Figure 6-14. Comparison of Pareto points obtainedsing the weighting and constraint-based
techniques on GB networks.
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6.6.6 Discussion

The extensive results that have been collectedyseth and presented in this
section were obtained using 26 large-scale GB m&twetudies. These results
indicate that the constraint-based technique isemobust than the weighting
technique for performing multi-objective optimisati The analysis that has been
presented in this section will be important to agpical implementation of a

multi-objective SCORPF because it will need to tieative, robust and fast.

Figure 6-11 shows that the constraint-based tedeniganaged to achieve a
consistent variation in the generator reactivasatiion objective value, while the
weighting technique did not. Figure 6-11 also iatks that there were
improvements in the consistency of the losses temucThese are important
considerations that favour the application of tbestraint-based multi-objective
technique over the weighting technique. Figure Gallsb demonstrates that the
constraint-based technique managed to find smalligrctive function values than

the weighting technique on the 26 large-scale nedsvo

6.7 Comparison with Operational Practice
6.7.1 Objective improvement

This section concentrates on the details of thaitiepls obtained using the
constraint-based technique and a comparison is rtadke manual solutions

obtained by ENCC engineers.

SCORPF was solved using the constraint-based wpohmwith multiplier values
ranging from 0.3 to 1.0 on four large-scale netwstdies that had been prepared
by ENCC engineers that were reflective of netwarskditions on Thursday 22nd
May 2008. Each study corresponded to a differendlical day/night demand
point [107]. Table 6-3 shows a numerical breakd@ivthe results obtained from
the initial ENCC network study, the optimised versif this study without extra
branch reactive flow constraints and several optti studies with the extra
branch reactive flow constraints. Figure 6-15 pméséhe results obtained from

the ENCC network study, representative of netwarkditions at 04:00, over a
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range of multiplier values. The horizontal linegra top of the figure indicate the
level of active losses and generator reactivesatiion in the initial ENCC study.
From the figure it can be seen that losses reductias been achieved
simultaneously with a reduction in generator rea&ctitilisation for all values of

the multiplier. A multiplier value of 1.0 yielded lass reduction of 1.6% and
achieved a generator reactive utilisation reductdr81%, a multiplier of 0.3

yielded a loss reduction of 0.6% and a generatactiee utilisation reduction of
50%. Figures 6-16, 6-17 and 6-18 present similanlte at different study times.
These results indicate that the SCORPF, with thestcaint-based technique’s
additional reactive constraints, can improve theCEN¢ network study. The

optimised solutions have managed to reduce a catibmof active losses and

generator reactive utilisation.

Study Tinme
04: 00 10: 40 16: 30 20: 30

Initial control Losses 307.27 |724.63 7124.89 643.06
room net wor k QO Utilisation |4397.28 ¥524.18 7382.59 7583.46
Loss Reduction Losses 304.19 (719.25 112.26 646.64
no Extra Constraints Q- Uilisation |4027.21 ¥819.72 7(023.14 7611.37
Loss Reduction Losses 300.21 |712.58 713.48 645.21
Multiplier=1.0 Q Uilisation [3112.40 $027.70 5106.60 43$2.30
Loss Reduction Losses 305.46 |[714.86 115.27 645.73
Mul tiplier=0.5 Q Utilisation |2795.20 4494.30 4156.50 4249.80

Table 6-3. SCORPF active losses reduction resultgiormed with and without branch
reactive flow constraints.
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Figure 6-15. SCORPF results for ENCC study 22nd Mag008 04:00.
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Figure 6-16. SCORPF results for ENCC study 22nd May008 10:40.
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Figure 6-17. SCORPF results for ENCC study 22nd May008 16:30.
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Figure 6-18. SCORPF results for ENCC study 22nd May008 20:30.

6.7.2 Voltage margin improvement

The voltage margin of a GB network study prepargd the ENCC and
representative of 22nd May 2008 at 16:30 is ingaséid in this section. A
MATLAB program was written to increase the demandréementally and solve
the Newton Raphson power flow repeatedly to deteenbus voltages on the
network. If the power flow did not converge thee tlemand was reduced to the
last converged value and the increment was redused) that the voltage
collapse point could be accurately determined. feigi+19 shows these voltage
margin results, which indicate how the average ages on the transmission

network vary as demand is increased uniformly acties network.

Figure 6-19 shows voltage margin results for thievaek study prepared by the
ENCC, which are labelled ‘initial’ in the figure.h€& figure also shows results
from three optimised networks, which were preparsiohg the same process as
described in section 6.7.1. Constraints with thdtiplier’'s 0.3, 0.5 and 1.0 were
applied; in the figure the voltage stability margesults from these optimised

networks are labelled as ‘0.3’, ‘0.5’ and ‘1.0’ pestively.

The results shown in Figure 6-19 suggest that SGOBEh produce networks

with greater voltage security. These results asee confidence in the
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optimisation process, as they show that the opéidhisetwork is further away
from the voltage collapse point. The maximum inseeg loadability between the
initial study and the optimised study was 3.1%. Thproved voltage security is
achieved because SCORPF has reduced the reaciigation of generators,

which has had the effect of creating lagging reaateserve. This improvement in
lagging reactive reserve means that the netwodblis to cope with an increased

loading before the power flow becomes non-convdrgen
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Figure 6-19. Voltage stability margin for ENCC stud/ 22nd May 2008 at 16:30.

6.7.3 Comparison with the live network

The results presented in Figure's 6-15 to 6-18caid that optimisation can be
used to reduce the generator reactive utilisationhe control centre’s offline
study by around 50%, as well as reduce active $oasel improve the voltage
margin. This section extends the above investigahip considering the results
from a further nine offline network studies, a ca@mpon with the network
conditions at a snapshot of the live network cqoesling to the time represented

by the offline study is also presented.
The generator reactive utilisation can vary sigaifitly between an offline

planning study and the corresponding online snapshus difference occurs

because the Transmission Dispatch Engineer, wiadsas to implement voltage
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switching actions, may not follow the voltage tasggetermined in the study. The
reasons for not following the targets arise outroitations with the offline study.
The offline study is designed to represent anddoere for a snapshot in time - it

does not therefore take into account the dynantiereaf the network.

To meaningfully determine the generator reactivksation savings that can be
made it is necessary to compare the optimisedneffinetwork study to the
corresponding live network snapshot. A snapshdheflive network is recorded
approximately every ten minutes by the state estimahe generator reactive
utilisation in each snapshot was compared withgiaeerator reactive utilisation
in the offline network study and the optimised vwamsof the offline network

study. The last column of Table 6-4 show these @mpn results in terms of the
percentage improvement achieved by the optimisedystcompared to the
corresponding live network snapshot. The other ook in Table 6-4 show the

percentage improvements relative to the originginef network study.

Transm ssi on Vol t age Q Utilisation Q Uilisation
| osses mar gi n saving relative| saving relative to
reduction % inc % to plan % live network %
12: 00 25th May 2.12 2.42 52.94 39.62
16: 00 25th May 2.69 3.28 58.77 56.20
21: 00 25th May 2.23 3.17 54.57 48.66
12: 00 22nd May 1.35 3.20 40.27 28.37
04:30 22nd May 0.59 1.90 36.43 -65.95
16: 00 22nd May 1.33 3.10 43.70 15.65
21: 00 22nd May 2.69 4.80 43.96 28.74
04: 00 26th June 1.94 0.00 53.65 44.94
12: 00 26th June -0.22 5.04 54.64 47.30
16: 00 26th June 1.42 2.50 50.10 4791
21:00 26th June -0.64 0.82 52.40 51.19
04: 00 30th June 1.72 1.26 59.90 35.61
12: 00 25th Nov 1.56 -1.70 29.23 17.45
Aver age saving 1.44 2.29 48.50 30.44

Table 6-4. Improvement in the active losses, voltagmargin and reactive utilisation using
SCORPF with the constraint-based technique using multiplier of 0.5.

Table 6-4 shows that SCORPF with the constraineéthaschnique has managed
to achieve an improvement in all metrics. The ayeractive losses reduction
achieved by the SCORPF on this selection of netsvavas 1.4%, which is

equivalent to a reduction in emissions of around0B0 tonnes of C® The

average voltage margin improvement was 2.3%, whscta measure of the
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improvement in system loadability. This has ecororalue because it means
that the optimised network has less risk of denlassl [108].

Table 6-4 shows that the generator reactive uiitieamprovement relative to the
live network is less than the generator reactiviesation improvement relative to
the offline network study. This indicates that tteal-time network generator
reactive utilisation is lower than in the offlinetawork study, which means that
the ENCC Transmission Dispatch Engineer is doinggebeéhan the manually
prepared offline network study. Table 6-4 indicattest a 30% reduction in the
networks generator reactive utilisation, relatieethe live network, is possible
using SCORPF technology with the constraint bassdhrtique. This saving
would improve system security as generators woeldjperating closer to zero
reactive output enhancing reserve, however thisngain generator reactive
utilisation would not translate directly into a cége cost saving, because the
guoted generator reactive utilisation saving is enad the low voltage side of
each generator transformer. To ensure a redugatiogaictive costs is achieved the
optimisation should reduce the commercial boundaactive flows, which are
measured at the high voltage side of each genetedasformer. The study
presented in Table 6-4 was repeated with the remadtows optimised and
measured at the commercial boundaries. On avehag8G@ORPF achieved an 8%
reduction in the reactive flow across commercialraries this corresponds to
an 8% reduction in reactive costs, since all gégnesavere paid at an identical
default price for reactive utilisation in 2009/10.the full value of this saving
could be achieved in practice then it would be egjent to a saving of around £4

million per annum in generator reactive utilisatzmsts.

6.8 Summary

This chapter compared a constraint-based techrajaeweighting technique for
multi-objective SCORPF. Results from a range of EERetwork models and
practical large-scale GB network models suggest tha constraint-based
technique is able to provide more consistent aradliptable results. In control
timescales it is not possible to map the entireet®aCurve to allow the most
desirable weighting value or multiplier value todie®sen on a case by case basis.

This means that any practical SCORPF process rieed$y on fixed weighting
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or multiplier values depending on whether one iagithe weighting technique or
constraint-based technique. This highlights theuireqnent of being able to
achieve a predictable and repeatable trade offiegnréduction of the objective
functions for a given value of the multiplier or igfeting. Evidence was presented
in Figures 6-12 and 6-13 that the constraint-baselnique was able to achieve
better repeatability. These figures have shown tiatstandard deviation of the
generator reactive utilisation and the losses raolucesults from the constraint-
based technique are substantially lower. All inigadions involving the
weighting technique considered the same range ajhtieg values, but it was
noted that for some network cases there was a émsitsvity to changes in the
weighting over a portion of the weighting rangeisIphenomenon can be seen in
Figure 6-6a and Figure 6-6b. Conversely the comstbmsed technique did not

suffer from this insensitivity issue.

The prototype voltage optimisation tool that widl described in the next chapter
is based on the constraint-based technique andftinerrequires an appropriate
multiplier value to be chosen. This multiplier valean be chosen using the
results in Figure 6-10. For example to achieve thaximum reduction in
generator reactive utilisation, without increasiogses on average, requires a
multiplier of 0.3 for daytime networks or 0.9 foight time networks. These
values were determined from the averaged resulisgare 6-10 by reading off
the multiplier value at the appropriate positionenthe results line crossed the
x-axis. These multiplier values result in an averafja 60% and 22% reduction
in generator reactive utilisation respectively wiih increase in active losses. On
the other hand a multiplier of 0.5 achieves a rédaocin generator reactive
utilisation with a significant reduction in actil@sses. These studies demonstrate
that SCORPF can achieve an environmentally sigmfiaeduction in active
losses, a reduction in reactive costs, a redudtiogenerator reactive utilisation

and an improvement in the voltage stability margin.

This chapter has highlighted the requirement ofdp@ible to achieve a repeatable
trade-off between the active losses and generatmtive utilisation objectives,
but has not explained how one should establistreéljaired trade-off. Zhu and

Irving [29] describe an analytic hierarchical presg€AHP) for determining the
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weighting factors of different kinds of objectivéy considering the relative
importance of these objectives. Further developnwnthe constraint-based
technique should therefore consider utilising an PAHbased method for

determining appropriate multiplier values.
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Chapter 7

Development and Evaluation of a Prototype
SCORPF Control Centre Tool

7.1 Introduction

In the mid-1990s National Grid, the GB electriditgnsmission system operator,
implemented an operational SCORPF tool called ACOORVhile initial
engineering experience using ACCORD has been descras favourable [71],
the tool was eventually withdrawn from service dte several practical
limitations. ACCORD was limited to just 20 contimyy cases, which meant that
the final solution was not guaranteed to be seageenst all credible contingency
events and occasionally suffered from non-converggh7]. ACCORD was also
limited by the fact that it did not consider shgapacitors and shunt reactors as
optimisable control variables, which is a key onusssince these controls are a
useful source of static reactive compensation. Amaacement to the ACCORD
tool has now been developed and implemented irdhé&ol centre as a result of
this Engineering Doctorate project that has theabaipy to robustly handle more
than 800 contingency cases simultaneously and lis t@bhandle optimisable
shunt controls. This prototype tool has given EN&@ineers direct access to a
fully automated SCORPF process, allowing them toobee engaged and build
confidence in reactive power optimisation technglogrhis chapter will
demonstrate that barriers to effective implemeatatf the prototype SCORPF
tool arise due to a mixture of human factors amthriecal factors. Feedback and
development of the prototype SCORPF tool will dieodescribed in this chapter
[109].
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7.2 EVOT Development

7.2.1 General overview

The Ella Voltage Optimisation Tool (EVOT) is a pttpe demonstration tool
developed within this project to allow ENCC engireeto utilise SCORPF [72].
The tool is simple to use, and is intended to tyedemonstrate the benefits of
utilising security constrained reactive optimisati@ithin a control environment.
It is envisioned that the EVOT tool, or a similaok based on the EVOT process,
could be utilised by the ENCC to derive optimisedtage targets. It is proposed
that the Transmission Despatch Engineer (TDE) cod&spatch reactive
switching instructions guided by these optimal agé# targets [20]. It is agreed by
both management and ENCC engineers that securdiyispd voltage targets

could allow for a more robust business process.

EVOT has been designed to securely optimise thiag®eltargets of generators,
voltage set-points of SVCs and switching positiohg&vailable shunt capacitors
and reactors [19,23,22]. The tool optimises thdesgsvoltage profile to within

the constraints that ENCC engineers normally woitkiw. These constraints are
generally stricter than those specified in the S(B3SThe optimisation solves the
multi-objective optimisation problem by minimisiragtive transmission losses,
while applying the additional reactive branch floeonstraints that were

introduced in chapter 6. The constraint-based tgclenwas chosen over the
conventional weighting technique due to the impdk@bustness and the superior

solutions that it can generate - see section §26]3

7.2.2 EVOT usage

EVOT is intended to be evaluated by the Transmisginalysis Engineer (TAE),
whose role includes the setting up of a voltagdileran offline studies during
control timescales. To run EVOT the ENCC engineest heeds to prepare an
offline study by following the standard busines®gadure utilising National
Grid’s in-house power analysis suite called ELLAR][7This preparation process,
which was described in section 3.3.6, involves tipdaan earlier study with a

future demand and generation profile. The ENCCreswgi applies a system wide
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voltage profile setting and manually adjusts thefife to achieve a secure study.
The ENCC engineer then selects credible singledmuble circuit outages and
saves the study and the associated contingency EM@T tool run time options

can then be modified by the user if required. Fyntle ENCC engineer executes
the EVOT tool, which automatically picks up the reat files and creates a new

optimised offline study within a few minutes.

The EVOT tool user options modify the optimisatiprocess. For instance the
user can set the constraint multiplier value onrdective branch flow limits in
order to favour either the active losses reductaijective or the reactive
utilisation reduction objective. The user can atbmose between reducing the
reactive utilisation on the LV side of each genarétansformer and reducing the
reactive flow across the metered commercial boueslawhich are on the HV
side of generator transformers. Version 1 of th€éOE\{ool defaults to minimising
the reactive flows across commercial boundarieschvihould lead to solutions

that have a lower cost.

The EVOT tool runs in two parts. The first parttbe tool runs on an HP275
server and performs an initial conversion of théadaom National Grid’s in-
house native power flow format (ELLA) to SCOPE fatmSCOPE version 12.2
is a commercial SCORPF package that was appliddniihis research to solve
the GB transmission network optimisation problen®][3A Windows server,
which receives data from the HP275 server by FURs the second part of the
EVOT tool. The Windows server executes further @sn processes and the
SCOPE optimisation process, while sending updatesages back to the HP275
server informing the user of the progress. When WWiedows part of the
optimisation finishes the optimised study is seatkbto the HP275 server by FTP.
The HP275 server then picks up the optimised stadg moves it to the
appropriate user directory. The engineer can theew the voltage profile of the
optimised study using the ELLA graphical environmand judge the quality of
the optimised study against the original.

This two part process was utilised for the follogvireasons:
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* Running the prototype tool separately from the pobidn HP275 server
was more secure and less likely to interfere witheo operational
processes.

* Running the tool in Windows allowed MATLAB to beagsto code the

conversion and optimisation execution functions.

* The SCORPF solved significantly more quickly ortamdalone Windows
machine compared to the same SCORPF running oaraskiP275
server. The Windows machine was a 3GHz Pentiumntld 2/6GB of

memory.

7.2.3 High-level process overview

The main aim of EVOT is to allow ENCC engineershuwild confidence in
SCORPF techniques. EVOT has been designed to aelsunaodel the National
Grid transmission network, the process for obtgram accurate network model
was discussed in section 4.4. EVOT has also beprstad so that it robustly
converges for a range of different network condsi@nd starting points. Figure
7-1 shows the flow of the EVOT process from théiahsub-optimal study, to the

EVOT execution and finally to the review stage.

TAE prepares
standard secure
ELLA offline
study inside the
HP—-UX
environment.

TRE saves offline
study along with
power flow data and
contingency
selection.

—

An options file can
be modified if
required. The EVOT
tool is then
executed.

EVOT tool runs
initial conversion
of data from ELLA

to SCOPE format

H

!

Windows server
receives original
TAE study by FTE

Windows server runs

further conversion

processes and the
main SCORFE
process. |(see

The optimised ELLA

.| study is then sent

back to the HP-UX
server by FTP

TAE reviews the
optimised ELLA
study

Figure 7-2})

Figure 7-1. High level EVOT process.

As indicated in Figure 7-1 the main optimisatiorogess is carried out on the
Windows server, which automatically detects theoming optimisation job. An
FTP application is continuously active with a fixédaddress, so that the HP275
part of the EVOT tool can connect at any time. Anitaring tool running on the
Windows sever detects incoming optimisation jobd amtomatically runs the
main MATLAB process. The main MATLAB process incasglconversion and

optimisation formulation routines, the main SCOPAHRtimisation and post
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processing routines. When the EVOT prototype taovhgletes the optimisation

process, a short report is presented to the ENGheer showing the percentage
reduction in reactive utilisation and percentagguotion in active losses relative
to the original study. The ENCC engineer can thkack the security of the

optimised solution directly in the familiar ELLA emonment.

Section 7.2.4 will describe the details of the pases running on the Windows
server and section 7.2.5 describes the SCORPF tixequocess.

7.2.4 Windows server processes

Every time EVOT is invoked by the user a scriptnimg on an HP275 server
attempts to communicate with the Windows servesetad it the offline study for
optimisation. The script then waits for the optiedsetwork to be sent back. The
process running on the Windows server is showniguré 7-2. The process
proceeds by adding extra optimisation data tonleeming study such as voltage
constraint limits and available optimisable contrs¢ttings. Constraints on
transformer reactive flows are set-up using than@pie described in section 6.3.
The main SCORPF stage is then performed, whichescribed in the next
section. Finally the original study is updated witie optimised voltage control
settings to create the new optimised study. If dp@misation causes losses to
increase by more than 3% using an objective functimt is weighted heavily
towards reactive utilisation reduction, then thdiropsation is repeated with

parameters that are more favourable towards trassoni losses reduction.
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™
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P 7 . Backup and log
targets, set-points and o Copy new ELLA data file to .
» optimisation run for
shunt switching UNIX server by FTP. 5
later analysis.
configuration.
/

Figure 7-2. The EVOT process running on the Windowserver.

7.2.5 Three staged SCORPF process

Figure 7-3 below shows the SCORPF execution procsstingency cases that
are not feasible in the initial secure solution @m®oved, as these are likely to be
non-credible cases. Note that the ENCC enginedr i a full contingency
analysis after the optimisation process complete®rder to ensure that the
network is still secure. A three staged optimisafioocess is then performed. The
three stage optimisation proceeds by executingnaiali network optimisation,
this is followed by an SCORPF assuming all contanis continuous, discrete
controls are then rounded off and finally SCORPFp&formed with only
continuous controls [19]. At each of these stades SCORPF problem, which
was formulated by the proceeding steps, is solye8®OPE. SCOPE solves the
LP problem using a compact formulation in termsthe control variables, the
approach was developed by Stott et al. [33, 34sd86]section 2.2.
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network data and a bus
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{central optimisation
step)

\.

Figure 7-3. Main optimisation process called by th&VOT tool.

7.3 EVOT Feedback
7.3.1 Gathering feedback

To gather the required feedback from ENCC engineegsired a number of
steps. The first step involved engaging both ENCGQireeers and managers.
Presentations were made to a number of differeatigy with the company
highlighting the advantages of using EVOT, likelgniefits and results from the
tool. These presentations were successful in liyitechieving engagement. The
second step involved identifying important contabts had the necessary interest
and appropriate experience to be able to providetoactive feedback. Regular
meetings were held with these contacts in ordeedtablish a firm working
relationship. The third step involved teaching EN@@ineers to use the EVOT
tool and working with them to resolve any issuesythad using the prototype
tool. In addition a user guide was written to hi#lpse engineers use the EVOT
prototype tool more effectively [110]. Finally a h&dule for receiving the

feedback was agreed.

The EVOT prototype tool was designed to log andkbpcevery optimisation
study that was sent to it. This provides informatregarding when the tool is
being used and whether it is necessary to repeaigtimization. This feature was

particularly important for finding and removing ksuigp the EVOT tool.
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7.3.2 Summary of feedback

This section lists the feedback that was obtainech ENCC engineers in relation
to EVOT version 1. While the optimised studies aonéd some existing
operational practices, it also suggested some deasi The following strengths
were highlighted:

1) A full contingency analysis was performed on thérosed solution using
ELLA. This analysis confirmed that the optimiseddst was secure
against the 800 credible contingency events andath80QSS standards.
For comparison it is interesting to note that tH@GORD tool was only

guaranteed to be secure against 20 contingencies.

2) EVOT took less than four minutes to find a solutaomd was easy to use.
This represents a marked improvement over the ACC @RI, which
could sometimes run to the maximum number of altbierations taking
around 20 minutes [71]. Operators of the ACCORD ve&re required to
abort the optimisation process by watching the eogence log output
[71]. In comparison the EVOT tool was found to berenreliable in this

respect

3) The optimisation achieved a lower cost solutiomttiee manually

prepared solution.

The feedback also highlighted the following wealsess
4) Several locations on the 275kV and 400kV networdk Yaltages that
dropped to less than 1pu in mid-day studies. Tlais within the SQSS
standard, but was outside the operational limifdiag by ENCC

engineers.

5) Several locations had voltages that were higher tha operational limits.
This was a particular issue on the 275kV netwotie &xact upper limit,
which ENCC engineers considered acceptable, wasidvcspecific.
Some 400KV sites were exactly on the upper limgbkV, which was
considered to be too high by some ENCC engineers.

6) Shunt capacitors and reactors that were availablegdtimisation, but

switched out, were not being included in the opgation. This occurs
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7)

8)

9)

because the ELLA data model that was being usedsbotes the shunts
that are actually switched in. All available shusit®uld be optimisable.

The solution from SCORPF should not have contradycthunt switching
configurations. For example three 60 MVAr capaaitand one 180

MVAr reactor being switched in at the same site Mtdae unacceptable.

The reactive output from SVCs should not increagend the
optimisation. Ideally most SVCs should be operatét an output of
around zero MVArs for the intact network conditidiere was concern
that the optimisation was achieving the reductiogenerator reactive
utilisation by increasing the reactive output fr&viCs. Although this is

economically correct, it is not consistent withremt operational practice.

Ideally generators should not produce or absorkertt@an 100 MVArs.

10)Ideally the SCORPF process should minimise the murabgenerators

that are absorbing MVArs.

11)Total generator lagging reactive reserves shouldee@roded by the

optimisation.

12)Generators should not be pushed to their respedactive control limits.

13)ELLA produces a report showing generator reactivput on the LV side

and does not directly present reactive flow acomgssmercially metered
boundaries. This means that any demonstration QiIFS€F needs to
optimise the LV side flows, so that improvements ba readily observed
by ENCC engineers using ELLA.

14)The ELLA version of the SCORPF solution sometintektmore power

flow iterations to converge than the original unoyged solution. This
problem seemed to arise due to a difference betiee8COPE and
ELLA power flow solvers, and the optimised solutmecasionally having

transformer taps closer to their limit.

15)The ELLA study is a snapshot, using predicted dehzamd generation,

with continuous tap ranges and doesn’t model tineigegor reactive

capability curve. EVOT also suffers from these saimaavbacks.
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16) The EVOT prototype tool is still limited to a maxim of 1000

contingencies.

Lastly the feedback highlighted the following nedeas:
17)The optimised studies gave experienced ENCC enginae alternative
way in which to securely dispatch the GB transmissystem voltage.

18)The optimised studies indicated the importancedpisting the voltage
profile of the GB transmission system to make di¥ecuse of the network

gain from individual circuits.

19)In some areas a large difference in voltage wasrobd between adjacent
nodes. For example in the optimised peak time stRdtir is operated at
415kV and nearby Deeside is operated at 407kV.

20)The optimised peak time study managed to achidughavoltage in the
South West Peninsula region e.g. Indian Queensvadtage of 413kV

21)Not all areas were pushed towards their maximunt.lfBome areas were

moved towards their lower limit e.g. Drakelow hadadtage of 399kV.

22)The optimised voltages around London were foungetparticularly high
- this is consistent with current practice for alpéme study.

7.4 EVOT Version 2 Development
7.4.1 Response to feedback

EVOT version 2 was designed to address many ofctmeerns highlighted in
section 7.3.2. ENCC engineers had confirmed thattdol was able to securely
produce an improvement in the objective functioowéver issues with the
optimised solution existed limiting its practicappicability. Much of the
feedback listed in section 7.3.2 relate to humaeratpr preferences, as opposed
to specific technical or legal issues. ENCC opesatwill tend to have some
variation in the concerns that they raise. It isveeer essential to address these

concerns in order to build confidence in the SCORRIEeSS.
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The main improvement in EVOT version 2 was theusin of available, but

switched out shunt reactors and capacitors in gh@mesation. A method is

described in section 7.4.2 to do this, which takés account equipment outages.

Another improvement in EVOT version 2 is that iteit#s and corrects sites that

have contradictory shunt switching configuratiotise novel processing logic

developed to do this is presented in section 7.8h& improvements that have

been made to the shunt modelling process addreswéhknesses identified in

section 7.3.2 feedback points 6 and 7.

EVOT version 2 also included the following features address some of the

weaknesses highlighted in section 7.3.2:

It now minimises the generator reactive utilisat@nthe LV side of each
generator transformer, which corresponds to favgua generator reactive
output of zero. This allows the ENCC engineersralyse the solution in
the environment that they are familiar with. Thagleesses feedback point
13.

A soft 93MVAr flow upper limit constraint is now pped to all LV
generator transformer flows to encourage the soiut appear more
reasonable. This change simply ensures that tiii@olis more appealing

to ENCC engineers. This addresses feedback point 9

A hard 3MVAr reserve limit is now applied to allrggrators to ensure that
the optimisation process doesn’t cause reactivieditn become binding.
While the normal effect of the SCORPF is to incesigsactive reserves,
this helps to guarantee that the solution is netajng on a limit. This

addresses feedback point 12.

A soft reserve constraint is now applied to thectiga output of SVCs, so
that the output does not increase after the opditiois. It is preferable to
operate SVCs closer to zero output in order to mise the active power
consumption of the SVC and to minimise noise pahutThis addresses
feedback point 8.

The 400kV network now has an upper limit of 414k\da lower limit of
400kV. This addresses feedback point 5.
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* The 275kV network now has an upper limit of 287.4\d a lower limit
of 275kV. This addresses feedback points 4 and 5.

7.4.2 Technique for determining optimisable shunts

EVOT version 1 only included switched in shuntsingithe optimisation. EVOT
version 2 now includes switched out shunts thataasglable to be switched in.
This is achieved by adding the following stageth®EVOT process:
1) A full list of shunts defined in the ELLA base lidata is copied from the
HP275 server.

2) From this data an ‘optimisable shunt list’ is idBatl consisting of the

shunt names, their location and their correspondammected busbar.

3) Shunts that are dummy or represent network gaiexakeided from the

‘optimisable shunt list’.

4) The daily outage report corresponding to the shelgg optimised is
obtained. From this report a list of shunts that@r outaged can be
identified. These shunts are removed from the fogsable shunt list'.

5) Outaged shunts are excluded from the ‘optimisatleslist’
6) The SCOPE data is populated with the available tshun

7) Any errors in the shunt modelling are detected @rdected for. This does
not usually lead to any changes in the model, dbere to ensure that the

power flow solution in SCOPE is the same solutisinaELLA.

Consultation with ENCC engineers confirmed that EMOT version 2 shunt
selection process was able to the correctly séhecoptimisable shunt capacitors

and reactors.

7.4.3 Corrective technique for contradictory shunt switching

Feedback from EVOT version 1 revealed that thenmpttion process was
producing, with the given offline input model, dwg®n that had a contradictory
shunt switching configuration such that shunt capexand shunt reactors were
switched in simultaneously at the same site. Figudeshows a modification to
the central optimisation step of Figure 7-3, intitga when the novel shunt post-
processing logic should be applied during the 8estaf the optimisation. Figure
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7-5 shows the shunt post-processing logic that apgdied to identify problem
sites and store the necessary information reqliyethe corrective central step. If
a site possessed a contradictory shunt switchinfjgroration then it was flagged
as a problem, available controls were stored anedat these sites ready for the
corrective step. The corrective central step, wiscshown in Figure 7-6, tried to
achieve the required susceptance value by switdhirsthunt capacitors or shunt

reactors starting with the biggest available shunt.

The following example illustrates the shunt posigassing logic. In the example
Bolney and St John’s Wood have been identifie¢pasblem sites’ since they
exhibited a contradictory shunt switching configiom. This example illustrates
that the shunt post-processing logic is able terdehe reasonable solutions. At

Bolney the following shunt switching solution wastekmined by the

optimisation:

BOLN11 Capacitor 60 MVAr

BOLN11 Capacitor 60 MVAr

BOLN12 Capacitor 60 MVAr

BOLN12 Reactor 0 MVAr (0 MVAr means switched out)
BOLN13 Capacitor 0 MVAr

BOLN13 Reactor -55 MVAr

BOLN41 Capacitor 0 MVAr

Total switched in: 125 MVAr

The solution found by the shunt post processing lags to switch in only a

single BOLN11 capacitor and a single BOLN12 capmathereby achieving a

total switched in susceptance value of 120MVA:r.

At St John’s Wood the following shunt switching@obdn was determined by the

optimisation:

SJOW12 Capacitor 60 MVAr
SJOW12 Capacitor 60 MVAr
SJOW12 Capacitor 60 MVAr
SJOwW41 Reactor -200 MVAr

Total switched in: -20 MVAr
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The solution found by the shunt post processinglags to switch out all shunt

capacitors and reactors thereby achieving a tatiétised in susceptance value of

0 MVAr.

Intact network ORPF ignoring
contingency case constraints.
bLzzume controls are
continuous.

Fun 3CORPF assuming all
contrals are continuous. Then
round discrete contraols to
their nearest wvalue.

Fun shunt post-processing
logice to identify and correct
problewm sites. (Figure 7-5)

RBun SCORPF using only
continuous controls to remove
wviolations created by either

rounding or the shunt post-

processing logic.

Figure 7-4. EVOT version 2 optimisation process.

Read shunt
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including shunt
site names

Identify problem sites that

have a mimxture of
capacitors and reactors

A 4

At each problem site
determine the total
attached susceptance

|

Lt each problem site that
has +ve total susceptance

At each problem site that
has —-ve total susceptance

store controllable
capacitors in an array

store controllable reactors
in an array

A 4

Sort each of these shunt
control arrays in
decreasing order of
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'

Switch out all shunt

Execute central step to

controls at every problem
site

redistribute shunts at each
problem site (Figure 7-6)

A 4

Update the SCOPE data file
with the new shunt
switching configuration

Figure 7-5. Post-processing logic to identify sigewith contradictory switching and then

correct the problem.
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Figure 7-6. Corrective central step to redistributeshunts at problem sites.

7.5 EVOT Version 2 Feedback
7.5.1 ELLA case study — Wednesday 12 April 2010

The feedback from ENCC engineers regarding EVOTBigar2 was favourable.
The TAE’'s were generally impressed with the optedissolutions, as the
generator reactive utilisation had been substéyntatuced by the optimisation
process. To illustrate this consider an offlinedstuepresentative of the network
on Wednesday 14 April 2010 at 9PM. Table 7-1 shows a breakdownthaf
ELLA power flow results from this manually preparetfline study. The areas
relate to different parts of the transmission neknvoom Scotland in area one to
the South West Peninsula in area eight. ELLA poflew results from the
optimised version of this study are shown in Tabl2 The optimisation process
had multiple objectives to minimise active lossesd agenerator reactive
utilisation, favouring the later. The optimisatigmocess reduced the reactive
utilisation of generators in most areas of the oekw with the exception of
Scotland. The optimisation made effective use amsltapacitors and reactors,
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which is evident from the large increase in systgain from shunts. The
optimisation also managed to increase the system fyam branches. The
optimisation increased valuable lagging reactiveerees at the expense of
reducing leading reactive reserves. Finally thanoigation achieved the above

simultaneously with a reduction in active poweisks

Ar ea Series Losses System Gai n Load Ceneration Spare Reactive
MV WAR Br anch Shunt MV MWAR MV MWAR Lead Lag

1 61 1294 2542 -730 3627 510 4578 24 1394 2663

2 88 2112 2152 -429 5404 1433 5984 1247 B554 3052

3 101 2996 2206 67 5536 1367 11417 2173 6031 4751

5 130 2704 1783 698 6397 1554 5555 1541 3291 2421

6 131 2965 3528 452 7923 2373 5265 1620 3529 1930

7 73 1460 2910 -1398 14474 1029 P699 762 P235 1876

8 101 2292 3680 242 7968 2231 6630 946 2843 2573
Tot al : 685 15823 18800 -1098 41329 30497  4pi127 313 2p877 19266

Table 7-1. Shows results from the original manuallyprepared offline study

Ar ea Series Losses System Gai n Load Ceneration Spare Reactive
MV MWAR Branch Shunt MAV MWAR MV MWAR Lead Lag
1 61 1273 2559 -585 3627 510 1577 -199 1171 2886
2 85 1995 2185 589 5404 1433 5981 600 2907 3699
3 99 2893 2247 571 5536 1367 11413 1285 5143 5639
5 127 2631 1784 406 6397 1554 5553 1151 2901 2811
6 128 2878 3618 1064 7923 2373 5263 1254 3163 2296
7 70 1400 3005 -1056 14474 1029 P696 402 1875 2236
8 100 2273 3695 346 7968 2231 6628 554 2451 2965
Tot al : 670 15343 19094 1334 11329 |L0497 42110 5047 19611 22532

Table 7-2. Shows results from the optimised study

7.5.2 ELLA case study — Saturday 25 January 2010

The transmission network offline study represemtatif Saturday 23 January
2010 at 18:00 was optimised using the EVOT took ®ptimisation process,
which focussed on minimising generator reactivisation, managed to securely
achieve a substantial reduction in the utilisatldowever, upon inspection by an
ENCC engineer, it was felt that with manual intentven the reactive utilisation in
the optimised solution could be further reduced.dxample an ENCC engineer
demonstrated that the reactive absorption of desiggnerator could be reduced
by increasing its voltage target. Further analg§ighe optimised solution, after
making this manual modification, revealed that ¢hwas an unintended
detrimental effect on the total reactive utilisatidable 7-3 shows the active
losses and generator reactive utilisation valuésrohened from the original study,
the original study where additional time was spetroving it, the optimised
study derived using EVOT and the optimised studi wanual intervention.
EVOT managed to achieve a substantial reductigenerator reactive utilisation

compared to the best manually prepared study.irtésesting and important to
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note that the optimised study with manual interi@nhas a greater reactive

utilisation than the optimised study with no manan&trvention. This seems to

indicate that manual intervention to reduce reacdtitilisation after the

optimisation can degrade the solution. This resigh created greater confidence

in the EVOT optimisation process amongst ENCC exgjis.

Ori gi nal Oiginal study |Optimsed Opti m sed study
st udy additional tine study |with manual intervention
Losses (MW 1096.2 1085.5 1087.8 1084.4
Reactive Utilisation (MVAR) 6681.6 5047.3 4267.8 4304.6

Table 7-3. Indicates results from various manualiadjusted and optimised studies.

7.5.3

Specific areas requiring improvement

The following EVOT version 2 feedback was obtaifresn ENCC engineers

highlighting more weaknesses:

1)

2)

3)

4)

5)

6)

The 132kV transmission network in Scotland needectar voltage
limits. The suggested limit range was 132kV to N6k

Some voltages at 275kV busbars were flagged by Eat Aeing too high.
It is possible to apply a very soft upper limitag6kV. This would
encourage the optimisation process to find a smiutiat appears more
desirable to ENCC engineers.

On the optimised Scottish 132kV network there vgen@e generators
absorbing a significant quantity of reactive powdéowever ENCC
engineers had differing opinions on whether or$aitttish controls
should be excluded from the optimisation.

Several shunts were identified by ENCC engineefseasy non-
optimisable. This situation can occur when othesuits need to be
switched in order to change the switching status siunt. It was
suggested that the final tool should include a ugerface allowing the
ENCC engineer to select those shunts that wereptohisable.

Active power constraint limit violations occasiolyajot flagged by
ELLA. These limit violations were not present iretbriginal solution.
This would suggest that the optimisation should atsnsider active power
constraint limits in addition to reactive power stmint limits.

ENCC engineers stated that manual modificatiomefaptimised solution
was sometimes necessary in order to obtain a lssthation. However
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manual intervention after the optimisation can stomes degrade the

solution, as seen in section 7.5.2.

7.5.4 General feedback on SCORPF for control centre use

This section describes more general feedback friN@@& engineers relating to
their requirements from an SCORPF tool such as EMGonhtrol engineers need
an optimisation tool that not only includes conéngy case constraints, but also
includes time linked constraints. A time linked uggment exists because an
optimisation at a point in time A that is securéime A also needs to be secure at
future time points B, C, and D. This requiremenexbecause the transmission
network voltage dispatch process needs to take aotmunt the time varying
nature of power system constraints. It is also irtgod to note that a solution that
minimises generator reactive utilisation at pointn#ay cause an increase in
generator reactive utilisation at point B. The EV@DI currently optimises a
snapshot of the transmission network and shouletthiee be adapted to consider

the full dynamic transmission network optimisatgmoblem.

ENCC engineers need a tool that is not only capablgenerating contingency
secure time linked optimal network plans, but isoatapable of instructing the
Transmission Dispatch Engineer (TDE) how and wleeimiplement the optimal
network plan in real-time. Since the EVOT tool waesigned to be an offline
operational network planning tool, the output ofsthool would need to be
interfaced with another tool that monitors the rekwvin real-time. This tool
would then need to decide how and when to impleniemtoptimised network

plan generated by EVOT.

The research carried out by this project has asalted in the development of a
proof of principle real-time optimisation tool that based on the EVOT process
and will be summarised in the following section.isTkool uses state estimator
snapshots, which are representative of the poititria at which they were taken,
to generate a snapshot SCORPF problem. Howeverdhaigime SCORPF tool

would need further development before it could beduby the TDE as a voltage

despatch advice tool.

190



ENCC engineers have highlighted the importancesaigiaccurate metering for
SCORPF. The TDE currently uses raw metered valuesake voltage despatch
decisions, however it is recognised that statenedéd values are more accurate.
It is therefore proposed that SCORPF should ussttite estimated values rather
than the raw metered values. Confidence in themogdition results would be

increased as a result of this.

ENCC engineers commented that the SCORPF tool gHmeilable to interface
with many of the existing control room systems, tbat it can accurately
determine the status of the transmission netwoMCE engineers have also
highlighted the need to model discrete transforrmegr changes. Tapping a
generator transformer on the National Grid transmrs network typically results
in a reactive output change of 30MVAr. The poweswfl and optimisation

processes currently model transformer taps as ragois variables. A future
SCORPF tool would need to use a discrete transfotape model, so that the

solution could be physically implemented on thenoek.

Finally ENCC engineers have stated that an SCORJM®F that could reduce
generator reactive utilisation in offline studieowld be useful. The EVOT
version 2 prototype tool demonstrates that thigoissible with existing SCORPF
technology. However, ENCC engineers have cleartyatestrated the need for a
more sophisticated voltage despatch advice tooigwtakes into account all of
the above observations. It is envisaged that thecegsses that have been
developed and utilised by the EVOT prototype toauld form an important

component of such an advice tool.

7.6 Real-time SCORPF tool

7.6.1 Model development

Lee [71] stated that the long term aim of the redeahat resulted in the
development of ACCORD was to implement a real-time that could run in

real-time as a contingency constrained voltage didbe This section describes
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the development of such a tool that could be usethé ENCC to obtain real-
time optimisation advice. A real-time state estionasnapshot of the GB
transmission system is produced every ten minutgedoENCC. This snapshot is
stored on an FTP server in an extended IEEE foandt consists of an IEEE
standard file with extra comment lines describirgwork state information and

control information.

The following steps were developed to create a SCOptimisation data file
from the state estimator snapshot:

1) Remove comment lines from the IEEE extended forstate estimator
snapshot file. This step also corrects data maagiisues such as isolated
nodes and circuits connecting back on themselves.

2) Convert file from IEEE to SCOPE version 12.2 data.

3) Improve the consistency of the power flow by makapgropriate
modifications to the SCOPE data model.

4) Identify generator HV buses that should be flaggedptimisable voltage
control targets. Select 50 HV buses based on tlweiathof reactive
support from generators that is attached.

5) Update the SCOPE data file with correct SVC models.

6) Add optimisation control data for generator voltagatrols, SVC controls

and shunt controls.

7) Add optimisation constraint data including voltdigeits and branch flow

limits.
8) Flag the transmission network branches to monittvelosses.
9) Set up the system slack bus.

10)Ensure transformer voltage controls are not cairilgcwith bus voltage

limits.

After following the above steps the resulting SCOR&work data file was
detailed enough to perform an accurate power floaviatact network ORPF. The
following steps were developed to correctly modaeitlmgency cases:
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1) Read in the list of contingency cases and them@sated outages.
2) For each of these contingency cases determing#uafis branch outages.

3) Match up each branch outage with the correspontiagch number in the
SCOPE network data.

4) If an outaged branch exists in the SCOPE netwot tteen keep it in the
contingency case list, otherwise exclude it from likt.

5) Append the SCOPE data with this contingency casénliormation.

6) Set flag to determine correct voltage change lindit6% or 12% voltage
change limit should be applied depending on whethecontingency case

relates to a single or double circuit outage.

After completing the above steps a full SCORPF a¢dm¢ performed on the
resulting SCOPE data. The EVOT process shown iarEi@-3 was used to solve
the SCORPF problem. Results derived from the re@d-hetwork data using this
SCORPF process are presented in the followingaecti

7.6.2 Results

The SCORPF results presented in Table 7-4 werenalotaising a state estimator
snapshot taken on T9March 2009 at 19:06. The data preparation process
described in the above section was utilised anB@ORPF method similar to the

one used by the EVOT tool was applied.

Prior to the optimisation constraint limits wereg#d on the reactive power flow
across each generator transformer, see sectiofoi6f@rther explanation of this
technique. Each of these constraint flow limits wasequal to the power flow in
the initial study and scaled by the multiplier v@lshown in the first column of
table 7-4, which is labelled ‘Q-Flow Constraint Kplier'. Reactive utilisation

reduction is favoured by applying a smaller muiéipivalue.
The maximum active losses reduction achieved wés4, which is equivalent to

an annualised carbon dioxide emissions reductiore@O00 tonnes, and the

maximum generator reactive utilisation reductionswal.5%. The SCORPF
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managed to converge with a multiplier of 0.6, hogrethe SCORPF process had
to allow a number of voltage constraint limits tecbme soft. The best solution

depends on the preference for reducing either $ossereactive utilisation, see

section 6.6.
Q Fl ow Constr ai nt Losses Reactive Utilisation Not es
Mul ti plier Reduction Reduction
1 1.75% 1.91%
0.9 1.25% 9.71%
0.8 1.04% 16.71%
0.7 -2.16% 21.50%
0.6 -6.98% 31.18% j voltage violations

Table 7-4. SCORPF results from 19 March 2009 state estimator snapshot.

Figure 7-7 shows the effect on the voltage prafilen SCORPF is applied with a
constraint multiplier of unity using a state estiorasnapshot that was taken on
19" March 2009. The results shown in table 7-4 shaw tie losses and the
generator reactive utilisation were reduced by % #nd 1.91% respectively.
These results confirm the findings of Rabiee anuhigai [111] that active loss
minimisation generally increases the voltage peofllhe left side of Figure 7-7
presents voltages in the north and the right sideeofigure presents voltages in
the south. These results suggest that an optinti@geoprofile generally increases
from north to south, but drops in the south wesiim®ila. The SCORPF achieved

these results by:

* Increasing voltage targets at the HV side of geoeteansformers by an
average of 1.9 volts. No voltage targets were desae.

* Increasing the output of nine SVCs by an averadg&ld¥VAr.

* Decreasing the output of twelve SVCs by an avecd@¥ MVAr.

» Switching in three reactors and switching out s&ators at different sites.
(out of 111)

» Switching in seven capacitors and switching ouesesapacitors at
different sites (out of 130)
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Figure 7-7. Real-time SCORPF results from 19 March 2009 state estimator snapshot.
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Figure 7-8. Real-time SCORPF reactive utilisation esults obtained from state estimator
snapshots during the 1% September 2009.
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Figure 7-9. Losses reduction results using same @aas Figure 7-8.

Figure 7-8 shows real-time SCORPF results detemnfrem real-time network
snapshots representative of thé' Beptember 2009. The results indicate that the
SCORPF process is able to reduce the generataiveeagilisation at all points
during the day. The results also indicate thatpibiential for SCORPF to reduce
generator reactive utilisation roughly follows thiaily demand cycle. It is
interesting to note that there are two distinctdsaaf results in Figure 7-8, one
with generator reactive utilisation reductions fr@@P6 to 45%, and another with
reductions from 7% to 16%. The results that fetb ithe lower band appear to be
caused by the SCORPF encountering more criticatirggencies. This was
revealed through analysis of the convergence recold SCORPF process
managed to converge for every point shown in Figu8s but had to allow some
intact network and contingency case network comgfao become soft. The
majority of those soft constraints were alreadyngeviolated in the original
network and were therefore deemed acceptable mpkatin practice. The
SCORPF process seemed to experience greater Hyffiatth this real-time
network data than the offline network data. Thd-tie@e network data had more
violating or close to violating constraint limitsyhich tended to make the
optimisation more difficult since the LP had to @k more constraint limits.
Figure 7-9 presents losses reduction SCORPF rdsaitsthe real-time network

snapshots where the optimisation is weighted tosvanchimising losses. These
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results indicate that losses can be reduced atiméls throughout the day,

particularly in the middle of the evening.

7.7 Research Activity

‘Security Constrained Optimal Reactive Power Flow (SCORPF)|

Offline data model derived
from planning models (4.4)

Staged Approach {(4.5)

Standard SCORPF (4.4.2)

Cnline data mode! derived
from state estimator {7 6.1}

Staged Approach (7 6 2)

Standard SCORPF

Mixed integer
rounding
technique (5.3}

Multi-objective
weighting
approach (6.2)

Multi-objective
constraint
approach (6.3)

Multi-objective
constraint
approach (7.6.2)

i Mixed integer !
rounding
technique

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

rTmTmmrsmmmosossooooooos Offline SCORPF prototype (7.2

Figure 7-10. Research areas included in this thesigth corresponding section number.
Dashed lines indicate future areas of research.

The techniques and results that were presentechapters 4 to 6 provide a
foundation for the development of both online arfitine operational SCORPF

tools. Figure 7-10 summarises the research achiementhat were presented in
this thesis and indicates that they could be deeslanto a prototype SCORPF
tool. For example the mixed integer rounding teghaicould be included in the
offine SCORPF prototype tool to improve the obipetfunction reduction, but

before this can be implemented the technique mastédyeloped so that it is
compatible with the multi-objective optimisationopess. Other potential areas of

future research will be discussed in section 8.5.

7.8 Summary

A secure, effective and robust control centre SCPR®totype tool has been
described. The ACCORD tool presented by Lee [7l]@andachi [17]
demonstrated the possibility of using SCORPF irtrabtimescales, but the tool
suffered from several practical limitations. The@&WVtool presented in this
chapter has managed to overcome many of thesesidSUOT is able to reliably
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determine SCORPF solutions that are secure adgzifstredible contingency
case events, while ACCORD could only guaranteettiesolution was secure
against 20 contingency case events. EVOT was aldertverge securely for a
wide range of different network conditions with@uty manual intervention

during the optimisation process. The solutions ftamEVOT tool confirmed the
validity of some of the existing National Grid vadfe control practices such as the
importance of maintaining a high voltage profileand the London area of the
network. However the EVOT tool also suggested dltarnative practices need to
be considered in relation to exploiting networkngand maximising generator

reactive reserves.

When ENCC engineers were presented with an EVOWarktoptimisation
solution it was sometimes deemed necessary torpeddditional manual
adjustments to achieve a more desirable netwotiagelprofile, however this was
found to be highly dependent on their individuajjieeering judgement. The
changes that were intended to reduce the objeftthation value actually caused

a global increase.

Feedback from ENCC engineers relating to EVOT wer& can be used to shape
a future practical SCORPF tool. Such a tool wowdddto be fully secure against
all credible contingency cases at multiple pointime, rather than just being
secured around a snapshot in time. This could beaed by incorporating
additional time-linked constraints into the optiatisn. ENCC engineers have
also indicated that an ideal tool should not ordyable to determine the optimal
reactive dispatch of an offline study, but shoutbanstruct ENCC engineers on
how to evolve the network from its current configiion towards an optimal
configuration. SCORPF results that are based drtirea network data have been
presented in this chapter. The results from thidystndicate that there is
significant potential for secure active losses otidtn and secure generator

reactive utilisation reduction during the real-tioy@eration of the network.

This chapter has indicated some of the potensales of utilising SC-ORPF for
operational use. Possible the most important afeh&sues is the lack of

confidence that has been historically associat¢l these tools due in part to
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their black box nature. Other issues exist suatnasiring that the output from the
tool is both useful and meaningful to control cergngineers. However, this
chapter has demonstrated that progress has beenimaddressing both of these

concerns.

This chapter has presented details of the metmesglts and feedback from
different SCORPF implementations that solve theaaixteger non-linear
reactive dispatch problem. These implementatioadased on the idea of first
solving the SCORPF problem treating all controls@stinuous and then
rounding off discrete controls to their nearestiealAs described in chapter 5 this
approach can occasionally cause sub-optimalityigfiedsibility in the solution,
hence it is possible to improve the prototype SCBRI®I by incorporating the
probabilistic shunt switching logic that was intueed in section 5.3.

199



Chapter 8

Conclusions and Future Work

A number of significant advances in the field of (3&PF and operational active
losses management have been made as a result aésbarch, which is important
given the climate change targets that the UK hamsnaitted itself to achieving.
The research has applied a SCORPF technique tor@Bniission network
models that include a large number of contingerases. These SCORPF studies,
with the active transmission losses minimisatiojecdiive, produced on average a
1.9% reduction in losses, which is annually eq@rato abating 64,000 tonnes of
CO, emissions. To achieve these results this resgaoject has had to develop a
framework for modelling and executing the SCORPHRjclv has lead to the

development of novel techniques and processes.

Firstly a novel three staged SCORPF technique \easldped, which works by
applying a preconditioning stage of intact netwoptimisation, before executing
the remaining SCORPF stages. The results that prersented in section 4.5.4
indicated that a significant improvement over ttendard single staged approach
was achieved. Secondly a constraint based techfiagusolving multi-objective
SCORPF was devised. Over a range of GB transmissbmork conditions this
techniqgue generated solutions that had a smalkerdatd deviation in their
objective function improvements than the correspapdsolutions from the
standard weighting technique [30]. In addition thenstraint based multi-
objective SCORPF technique managed to produceotteeving improvements in
ENCC solutions:

* Lower active losses

 Lower reactive costs

* Lower reactive utilisation

 Greater generator reactive reserves

* Improved voltage margin
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With these techniques it was then possible to agved prototype voltage
optimisation tool for the ENCC called EVOT. Feedbdmm ENCC engineers
has indicated that the EVOT tool is able to rapigigduce solutions that have
lower reactive utilisation and active losses, whilaintaining the required level of
network security. This success has managed toeci@aireater confidence in
voltage optimisation technology amongst engineersid a managers.
Implementation of this technology now forms a kegrtpof National Grid’'s
overall operational voltage control improvemenatggy, because the technology
is considered to have a crucial role to play inwbkage management on the 2020

transmission network.

A technique was also developed to improve the actmansmission losses
objective function reduction when solving the GBnigmission network voltage
optimisation problem with large switchable shuntides. This is a mixed integer
optimisation problem, since the optimal values othbcontinuous and discrete
control variables need to be determined. The stanaaproach for handling these
discrete variables, in commercial software anchm ltterature, is to assume that
all discrete controls can vary continuously [84¢ldahen perform a final stage of
rounding. A probabilistic shunt rounding techniguas proposed in section 5.3,
which manages to achieve a lower loss solution tharstandard technique, and

therefore provides an alternative approach for mandiscrete control variables.

These techniques and the EVOT tool have been thgctuof peer reviewed

journal and conference papers [21, 20, 19, 23,122]. This research has also
resulted in several new features being incorporateda popular commercially

available SCORPF tool.

In addition some of the major findings of this r@sd have directly fed into other
projects at the ENCC specifically a six-sigma VoéaControl Improvement

(VCI) project. The main objective of the VCI projegas to implement process
improvements in the ENCC voltage despatch proaessduce costs and improve
network security. The reactive utilisation redunti@sults that were presented in
chapter 6 of this thesis were of particular impactto the VCI project, as these

results were able to demonstrate the value of SGOBRRed tools to the ENCC.

201



These results formed an important part of the fwW@l project presentation, and
placed SCORPF on the company roadmap for improthegvoltage despatch
process. Since the VCI project presentation the EV@l, which was described
in chapter 7, has been evaluated by ENCC enginE&€C engineers are now
planning a future project to continue this reseasghich will build upon the

techniques developed within this project, so tmprovements in the voltage

despatch process can be achieved.

8.1 Large-scale SCORPF

A general shortage of published literature was tifled describing the
implementation of reactive optimisation technoldgy power system operational
planning and control. The reason for this shortsgdue to both the technical
challenges, such as those described by Momoh g8%l.and the human issues
that need to be resolved. A number of these chgdieimave now been addressed
by this research such as how to select credibléirgency cases, how to deal
with contradictory shunt switching configurationsdahow to interface and model

the optimisation with existing systems.

Previously published work did not fully address thgue of securing a practical
SCORPF transmission network problem with a largalers of contingency case
events [77, 78, 79]. In order to fill this gap imetliterature the current research
project has produced losses and generator reagtiv&ation reduction results,
which have been acquired by applying SCORPF to f@Bstission network
optimisation problems constrained with around 80@€dible contingency case
events. This research has also showed that when starting the SCORPF from
a secure GB network operating point, the lossesatezh process encounters few
contingency cases with binding constraints. It wB® observed that the voltage
stability margin of the network could be increaggdhe application of SCORPF.
The reason for this improvement was found to betduke reduction in generator
reactive utilisation, which meant that there weggbr reactive reserves across all
generators, and hence greater network security. rEdeiction in generator
reactive utilisation following SCORPF with the aeti losses objective was

unexpected since this was not the objective of SIORPF. This may have
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occurred due to the sub-optimality of the inititlring point. This observation is
consistent with that of Rabiee and Parniani [11jp noticed that the voltage
stability margin and reactive power reserves contlease with a simultaneous

decrease in losses.

8.2 Mixed Integer SCORPF Technique

A gap in the published literature was identifiedati@eg to the treatment of

discrete control variables when solving the mixedeger power system

optimisation problem, specifically problems invalgi large switchable shunt
capacitor and reactor controls. The literature wdess the discrete shunt
switching problem as essentially remaining unsolire@ reasonable time on a
complex large-scale power system [24, 25, 26, Z0].address this issue an
enhanced probabilistic technique was developedhiyy research to provide a
solution to this problem. This technique has bdews to produce solutions that
are competitive with those produced by the bramuh l@ound based optimisation
solver MINLP, and can scale up more efficientlystive large-scale optimisation
problems. The SCORPF active losses reduction thataghieved relative to the
initial ENCC offline study was on average 18MW, hwiaround 3MW of this

saving being achieved by the enhanced probabilsticnique. The enhancement

has managed, in effect, to increase the activesosiuction by an extra 20%.

There is likely to be an increasing requirementransmission system operators
such as National Grid to securely manage the poe®vork, so that it is operated
with low active power losses. The results that hheen obtained from the
enhanced probabilistic technique show that it canubed to achieve a further
reduction in the active losses by improving theiroptity in the dispatch of

discrete shunt controls.

8.3 Multi-objective SCORPF Technique

This research has developed an alternative mettrogbfving the multi-objective
optimisation problem involving the active transnoss losses and generator

reactive utilisation minimisation objectives. Theoposed method solves the
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active transmission losses reduction optimisatiooblem with extra fictitious

constraints on the reactive flow across generasmstormers. The value of each
of these constraint limits is determined from thaial reactive flow across the
corresponding transformer multiplied by a user ridfie parameter value. It is

then possible to tune this parameter to achievesaet behaviour.

Previous published multi-objective optimisation @axh often formulated the
objective in terms of a linearly weighted sum df thifferent objectives [113]. By
varying these weightings it was then assumed thatRareto optimality curve
could be adequately explored. Das and Dennis [0k hshown that with the
weighing method it is often the case that onlynatied region of the Pareto curve
is accessible and that changing the weighting watoay not produce a different

solution.

The research presented in this thesis has goneefuiby demonstrating that the
standard weighting method with constant weightinglugs can produce
inconsistent objective value improvement over geaof likely network operating

conditions. The average standard deviation in theactive utilisation

improvement, over a range of network conditions,swdetermined. These
standard deviation values were 10.1% and 27.8%therconstraint-based and
standard weighting techniques respectively. Theamesstandard deviation in the
active losses objective function improvements wiei@o and 3.2% from the two
techniques respectively. The constraint-based tqubis smaller standard
deviation suggests that it is the more suitabléheftwo approaches for practical
implementation in a control centre multi-objectimgtimisation tool, as it is more

dependable over a range of different network caoorst

8.4 Prototype voltage optimisation tool

The prototype control centre voltage optimisatiool tdeveloped by this research,
which was called EVOT, managed to overcome somethaf problems
encountered in previous ENCC voltage optimisatioals such as ACCORD.
ACCORD was limited to securing the network agaiastmaximum of 20

contingency cases, it did not include optimisalllens controls and it suffered

204



from occasional non-convergence [71]. In contrbstEVOT tool can handle up
to 1000 contingency cases and has a complete nbdehilable shunt controls.
EVOT was also been designed to be easy to useoamave a high convergence

success rate.

The EVOT tool has given ENCC engineers direct axdesa fully automated

SCORPF process, allowing them to become engagedbaitdl confidence in

reactive power optimisation technology. By follogima feedback-improvement
cycle the EVOT tool has gradually had extra featuaeded to it to make it
suitable for practical use. The valuable feedbdutiaioed from ENCC engineers,
which was presented in sections 7.3.2, 7.5.3 abBdl,7demonstrates that both
human and technical factors are important for theral success of SCORPF

technology.

8.5 Future work

This research has resulted in the demonstrati@C8RPF technology to control
centre engineers at the ENCC, who were then ablprévide a substantial
qguantity of useful feedback. This feedback hasligbted several limitations that
will need to be addressed by future research. Effeand efficient methods for
performing time-linked SCORPF will need to be depeld, ideally as an
extension to the existing technology. Consideratidhneed to be given on how
the solution is to be implemented, for example d#isSCORPF need to be
performed at all future time points and does thenapation need to minimise the

objective value at all time points simultaneously.

A time-linked SCORPF approach could be developeti wkisting software by
performing SCORPF with the transmission losses a&alu objective on a
network representative of a tivde The reactive dispatch solution would then be
transferred to a network representative of a futume B. SCORPF could then be
performed on networB with a minimum control action objective to remacay
violations, the reactive dispatch solution wouldrttbe fed back into network
Finally SCORPF would be performed on netwdkwith a minimum control

action objective to remove any new violations. Hé tremoval of violations on
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networkB did not create any new violations in netwdrkhen the solution would
be secure for all time points. Conversely, if vimas were created then the final
solution from this process would represent a sotuthat is secure at time poist
and would need a minimum number of control changegnsure continued
security at time poinB. The advantage of this method is that it coulégxtended
to secure a number of different time points, wisibmsidering a large number of
contingency case events. The disadvantage of tethad in its current form is

that it minimises the objective function at a seagbint in time.

Feedback has also revealed that a practical SC@&dPBhould not only be able
to derive optimised studies that are secure agaimstmber of contingency case
events and future network conditions, but it shal&b be able to produce minute
by minute advice on how to implement the optimisedctive dispatch. One
method of doing this would be to develop optimiséitine network targets using
a process that is based on EVOT. This target irdition would then be fed to a
reactive dispatch program that interfaces with ghee-estimator to advise the
Transmission Dispatch Engineer of which reactiveigment to switch and when
to do it. The reactive dispatch program would detee a trajectory to develop
the network from the current operating point toveaed target operating point,
with switching decisions being made on the basimaihtaining network security.
Taylor et al. [114] made the assumption that camtus variables could be
dispatched without reference to other time poiatsthey can be adjusted more
frequently than discrete variables. If we makeshme assumption then it would
only be necessary to use the optimised offlineetar¢p make discrete switching
decisions. Eventually, once confidence has beeabkstied by control engineers

and management, the process could be partiallyreatéal.

A novel mixed-integer SCORPF technique was developithin this research.

Future research should now determine if a simgahnique could be utilised to
obtain an improvement when solving the multi-obeetSCORPF problem. This
research should consider not only discrete shunicee but also discrete
transformer taps. Finally, studies should also &dopmed to determine whether
the technique can be applied successfully to sother mixed integer power

system optimisation problems.

206



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

National Grid, “Operating the electricity trangsion networks in
20207, 2009 [Online] Available at: http://www.nationalgrid.com
[Accessed 19 February 2010].

UK Government, “Climate Change Act¢hapter 27, London: The
Stationery Office, 2008.

Ofgem, “GB Security and Quality of Supply Stand, Version 1.0,”
2009. [Online] Available: www.ofgem.gov.uk [Accesdsg4th February
2010].

City of London Corporation, “City of London Cawn Footprint,”
London, 2009.

Elexon, “Overview of transmission losses,” 200Bnline] Available at
http://www.elexon.co.uk [Accessed 19th March 2009].

National Grid, “GB Seven Year Statemen2009 [Online] Available
at http://www.nationalgrid.co.uk [Accessed 19th MaR009].

National Grid “Final Losses Report 2008-09,” 2009, National Grid
Internal Document.

Defra, “Guidelines to Defra's GHG conversiorcttas for company
reporting,” 2007.[Online] Available at www.defra.gov.uk [Accessed
25 February 2010].

R. Bettle, C. H. Pout, E. R. Hitchin, J. Mitdh&. Morita, N. Selley, J.
Stern, “Interactions between electricity-saving sweas and carbon
emissions from power generation in England and ¥/alppl21,
Energy Policy Royal Institute of International Af&a vol. 34, no. 18,
2006.2001.

S. Jalilzadeh, H. Shayeghi, M. Mahdavi, H. Hdi@dn, “A GA based
transmission network expansion planning considexnfiage level,
network losses and number of bundle lineAfherican Journal of
Applied Sciencevol. 67, no. 4, 2009.

W. R. Thomas, A. M. Dixon, D. T. Y. Cheng, RI. Dunnett, G.
Schaff, J. Thorp, “Optimal reactive planning witcarity constraints,”

Proceedings Power Industry Computer Application fécence 1995,

207



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

pp79-84.

Ofgem “Zonal transmission losses — assessment of propdsals
modify the Balancing and Settlement Code,” Ref 324D07. [Online]
Available at www.ofgem.gov.uk [Accesseti March 2010].

J. S. Bansal, G. A. Taylor, H. B. Wan, R. MibrfA. M. Chebbo, “The
scope for further loss minimisation on the Natio@aid transmission
system,”Universities Power System Conferendewcastle upon Tyne
2006

F. T. S. Chan, H. C. W. Lau, C. C. Ko, “Outgganning of electrical
power system networks using genetic algorithndgtirnal of Quality
in Maintenance Engineeringpl. 6, no. 4, 2000.

A. M. Chebbo, M. R. Irving, “Combined activené reactive dispatch
Part 1: Problem formulation and solution algorithm&E Proceedings-
Generation, Transmission, Distributiowol. 142, no. 4, 1995.

A. M. Chebbo, M. R. Irving, N. Dandachi, “Comled active and
reactive dispatch Part 2: Test resultlEfE Proceedings-Generation,
Transmission, Distributionvol. 142, no. 4, 1995.

N. Dandachi, “Improved algorithm for the vai&VAR management
on the NGC system/JEE Collogium issue 24, 1997, pp 4 — pp 6.

|. Bennett, “Investigation of transmission $es on the National Grid
high voltage supergrid system and opportunitiesdjgtimisation and
cost saving under the current regulatory incerdiva® scheme,” M. S.
thesis, University of Bath, Bath, 2005.

P. J. Macfie, G. A. Taylor, M. R. Irving, PuHock, H. W. Wan, M. E.
Bradley, “ Operational analysis of security constrained opitireactive
power flow solutions,” Proceeding IEEE PES General Meeting,
Calgary, Canada, PESGM2009-001137, 26-30 July 2009.

P. J. Macfie, G. A. Taylor, M. R. Irving, P.uHock, “Security
Constrained Optimal Reactive Dispatch using GB 3massion
Network Models,” Proceeding IEEE PES General Meeting
Minneapolis, Minnesota, 25-29 July 2010.

P. J. Macfie, G. A. Taylor, M. R. Irving, P.uHock, H. B. Wan,
“Proposed Shunt Rounding Technique for Large-Sc&kecurity

208



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Constrained Loss Minimization,”I[EEE Transactions on Power
Systemsvol. 25, issue 3, August 2010, pp 1478-1485.

P. J. Macfie, G. A. Taylor, M. R. Irving, P.urock, H. B. Wan, R.
Morfill, “Operational analysis of security constnad - optimal power
flow solutions on the National Grid GB transmissi@ystem,”
Engineering Doctorate Annual Conferendgniversity of Surrey, UK,
4 June 2008.

P. J. Macfie, G. A. Taylor, M. R. Irving, P.urock, H. B. Wan, R.
Morfill, “Environmentally significant operationabts reduction on the
full GB transmission network'Universities Power System Conference
University of Padova, Italy, 1-4 September 2008.

K. Karoui, L. Platbrood, H. Crisciul, R. A. &Mz, “New large-scale
security constrained optimal power flow programngsa new interior
point algorithm,”Proceedings Electricity Market Conferendasbon,
Portugal, 2008, pp1-6.

I. C. da Silva, S. Carneiro, “A heuristic ctmgtive algorithm for
capacitor placement on distribution system&EEE Transactions on
Power Systemsol. 23, 2008, pp1619-1626.

W. Zhang, L. M. Tolbert, “Survey of reactiveower planning
methods,” Proceeding IEEE PES General Meetin§an Francisco,
2005, pp1430-1440.

S. Y. Lin, Y. C. Ho, C. H. Lin, “An ordinal dpnization theory-based
algorithm for solving the optimal power flow probiewith discrete
control variables, IEEE Transactions on Power Systeral. 19, no. 1,
2004, pp276-286.

R. A. Jabr, “Optimal placement of capacitansai radial network using
conic and mixed integer linear programming/fectric Power System
Researchvol. 78, 2008, pp941-948.

J. Z. Zhu, M. R. Irving, “Combined active anglactive dispatch with
multiple objectives using an analytic hierarchigatocess,” IEE
Proceeding, Generation, Transmission and Distribativol. 143, no.
4, 1996.

|. Das, J. E. Dennis, “A closer look at drawks of minimizing

209



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

weighted sums of objectives for Pareto set germrati multicriteria
optimization problems,Structural Optimizationvol. 14, 1997.

Brunel University, “EngD Handbook”, [Online] \ailable at
http://www.brunel.ac.uk [Accessed March 2010].

O. Alsag, J. Bright, M. Praise, B. Stott, “Euer Developments in LP-
Based Optimal Power FlowlEEE Transaction on Power Systemel.
5, pp697 — 711, 1990.

B. Stott, E. Hobson, “Power System SecurigjdDlations using Linear
Programming, Part 1,TEEE Transactions on Power Apparatus and
Systemgsvol. PAS-97, No. 5, 1978.

B. Stott, O. Alsac, “Security analysis andiopsation,” Proceedings of
the IEEE vol. 75, no. 12, pp1623-1644, 1987.

I. Erinmez, “System Operation Department React Power
Management Strategy)hternal Central Electricity Generating Board
Publication 1987.

Y. H. Song, A. T. Jones, “Flexible AC Transsi@n Systems,’The
Institution of Electrical Engineerd.999.

D. Glover, M. Sarma, T. OverbyBpwer System Analysis and Design,
4™ edtion, Wiley, 2008.

L. Shenghu, M. Ding, J. Wang, W. Zhang, “Valacontrol capability
of SVC with var dispatch and slope settinglectric Power Systems
Researchvol. 79, issue 5, pp818-825, 2009.

Nexant, SCOPE® Power System Analysis and Optimizati@10.
[Online] Available: http://www.nexant.com/ [Accesse€3 February
2010].

B. Stott, J. Marinho, “Linear programming fpower-system network
security applications”]JEEE Transactions on Power Apparatus and
Systemsvol. 98, no 3, 1979, pp. 837-848.

B. M. Weedy, B. J. ConElectric Power Systemd™ edition, Wiley,
1998.

A. Meier, Electric power systems: a conceptual introductivviley-
Interscience, 2006.

E. Acha, V. Agelidas, O. Anaya, T. J. E. MilldPower electronic

210



control in electrical system&lewnes Power Engineering Series, 2000.

[44] A. Wood, J. Wollenburg, F. Bruc®ower Generation Operation and
Control, 2" Edition, John Wiley & Sons, 2005.

[45] J. A. Monoh, Electric power system applications of optimization
Marcel Dekker, 2001.

[46] D. Kothari, J. Dhillion,Power System OptimizatioRrentice-Hall of
India, 2004.

[47] J. Carpentier, “Contribution a l'etude du digghing economique,”
Bulletin de la Societe Francaise des Electrci&t$)6,pp431-447

[48] Fletcher, R, 1987Practical Methods of Optimisatioprdohn Wiler &
Sons.

[49] E. Vaahedi, “Application of optimization in p@r systems,” 20009.
[Online] Available at http://courses.ece.ubc.caid8dursepdf/OPF.pdf
[Accessed 31st December 2009].

[50] K. S. Pandya, S. K. Joshi, “A survey of optimawer flow methods,”
Journal of Theoretical and Applied Information Thgo2008, pp450-
p458.

[51] Gill, P, Murray, W, Wright, M, 1989.Practical Optimization
Academic Press Limited.

[52] E. Rezania, S. Shalidehpout, “Real power lossimization using
interior point method”Electrical Power and Energy Systemsl. 23,
2001, pp45-56.

[53] N. Karmarkar, “A new polynomial-time algorithnfor linear
programming”,Combinatoricayol. 4, no. 4, 1984.

[54] W. F. Tinney, H. W. Dommel, “Optimal power flosolutions,”|IEEE
Transactions on Power Systeri867, pp 37-47.

[55] J. Nocedal, S. WrightNumerical optimization2nd edition, Springer,
1999.

[56] A. Monticelli, State estimation in electric power systems: a gaired
approach Kluwez's Power Electronics and Power Systems eSeri
1999. p.76.

[57] G. Strbac, D. S. Kirschefrundamentals of Power System Economics
Wiley, 2004.

211



[58]
[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

C. L. WadhwaElectrical Power Systemblew Age, 2006.
Environment Agency, “Sulphur dioxide”, 201@mnline] Available at
www.environment-agency.gov.uk [Accessed 17 May 2010

AEA Energy & Environment, “UK emissions of giollutants 1970 to
2005, 2007,” 2007. [Online] Available: www.airquglico.uk
[Accessed 17 May 2010].

Parliament Office of Science and Technolog&atbon footprint of
electricity generation,” 2006. [Online] Available at
http://www.parliament.uk/documents/upload/postpn@@8 [Accessed
16th February 2010]

D. Pujari, G. Wright, “Green and competitivdnfluences on
environmental new product development performandefirnal of
Business Researgchol. 56, issue 8, 2003, pp657-671.

BERR “DTI digest of United Kingdom energy statistics”,0056.
[Online] Available at
http://www.dti.gov.uk/energy/statistics/publicatgidukes/page29812.h
tml [Accessed 21 February 2010]

P. Bhatia, J. Ranganathan, “The GreenhouseR@atscol: A Corporate
Accounting and Reporting Standard,” 2004. [Onlif&jailable at
www.wri.org [Accessed 17 May 2010].

National Grid, “Rationale for the treatment elctricity transmission
and distribution losses for the purpose of greesbogas emission
public reporting,” 2008. [Online] Available at wwmationalgrid.com
[Accessed 23 February 2010].

Elexon, “Introduction of a Zonal Transmissidwsses Scheme with
Transitional Scheme,” 2006. Available at www.elexonuk [Accessed
239 February 2010].

Ofgem, “Proposed Modification of the Speciar@itions Of National
Grid Electricity Transmission PIc’s Electricity Tremission Licence
Under Section 11 of the Electricity Act 1989", [ord] Available at:
http://www.ofgem.gov.uk [Accessed 24 August 2010]

Central Electricity Generating Board, “Reaetiswitching Report,”

National Grid Internal Document, 1987.

212



[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

National Grid, “Enhanced reactive power,” 20Q00nline] Available:
www.nationalgrid.com [Accessed 27 August 2009].

National Grid, “Reactive Power,” 2010[Online] Available at:
http://www.nationalgrid.com [Accessed 15 April 2010

M. Lee, “Compact based decoupled OPF for #ective management
problem in NGC,"IEE Digest vol. 1997, issue 102, 1997.

D. Lenaghan, “ELLA User Guide,” National Grldternal Document,
2001.

DIgSILENT, “National Grid (UK) has acquiredarporate license for
the  PowerFactory  software,” 2006. [online]  Availkxbl
http://www.digsilent.com [Accessed 23 February 4010

DIgSILENT, “Basic Software Features and Ca#tidn Functions”,
[online] Available at: http://www.digsilent.com [Aessed 20 August
2010]

H. W. Wan, “Robustness Test on SCOPE”, NatioBad Internal
Document, Issue 1 Draft 1, 2002.

Elexon, “Overview of the Balancing and Settesth Code
Arrangements” 2008. [Online] Available at http://www.elexon.co.uk
[Accessed 29th March 2010]

J. L. M. Ramos, A. G. Exposito, V. H. Quintafi@ransmission power
loss reduction by interior-point methods: implenagioin issues and
practical experience,”IEEE Proceedings-Generator Transmission
Distribution, vol 152, no 1, 2005, pp 90-98.

K. Karoui, H. Crisciu, J. Van Hecke, E. Jottda “Practical experience
with the utilization of the Ipso optimization sofive on the Belgian
grid system”,CIGRE/IEEE PES International Symposjuz005.

S. Salamat Sharif, J. H. Taylor, E. F. Hill, 8cott, D. Daley, “A real-
time implementation of optimal reactive power flIGBWEEE Power
Engineering Reviewol. 20, issue 8, 2000, pp47-51.

H. W. Dommel, W. F. Tinney, “Optimal power flosolutions,”|IEEE
Transactions on power apparatus and syster#sS-87, no. 10, 1968,
ppl866-1876.

M. R. Irving, M. J. H. Sterling, “Economic giatch of active power

213



[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

with constraint relaxationlEEE Proceedingsvol. 130, no. 4, 1983.
National Grid, “Updated default price forecaslating to reactive
power invitation to tender for tender round 25,100 [Online]
Available at: http://www.nationalgrid.com [Access&d April 2010].

E. Zitzler, L. Theile, “Multiobjective evoluinary algorithms: a
comparative case study and the strength Paretooaqpi I[EEE
Transactions on Evolutionary Computatjaml. 3, no. 4.

W. Zhang, F. Li, L. M. Tolbert, “Review of redive power planning:
objectives, constraints, and algorithmEEE Transactions on Power
Systemgsvol. 22, no. 4, 2007.

M. Huneault, F. D. Galiana, “A survey of thetmnal power flow
literature”, IEEE Transactions on Power Systemd. 6, no. 2, 1991.
A. Papalexopoulos, “Challenges to optimal poww,” IEEE
Transactions on Power Systemsl. 12, issue 1, 1997.

R. Koessler, “An OPF users perspectiveJEEE Transactions on
Power Systemsol. 12, Issue 1, 1997.

W. F. Tinney, J. M. Bright, K. D. Demaree, B. Hughes, “Some
deficiencies in optimal power flow”JEEE Transactions on Power
Systemsvol. 3, no. 2, 1988.

J. A. Momoh, R. J. Koessler, M. S. Bond, Botgt“Challenges to
optimal power flow,” IEEE Transactions on Power Systemsl. 12,
iIssue 1, 1997.

M. E. El-Hawary, G. A. N. Mbamalu, “Stochastptimal load flow
using Newton-Raphson iterative technique,Electric Power
Components and Systerasl. 15, issue 6, 1988, pp 371-380.

L. M. Kimball, K. A. Clements, “An implementan of the stochastic
OPF problem”Electric Power Components and Systewnd. 31, issue
12, pp 1193-1204, 2003.

R. S. Tare, P. R. Bijwe, “Look-ahead approach power system
loadability enhancement,lEE Proceedings-Generator Transmission
Distribution, vol. 144, no. 4, 1997.

E. O. Lo, K. Xie, “A congestion managementnfation with inter-

temporarily constraints,Power Industry Computer ApplicatioriZ)01

214



[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

S. S. Shariff, J. H. Taylor, E. F. Hill, “Dynac online energy loss
minimisation,” I[EE Proceedings-Generator Transmission Distribution
2001.

G. A. Taylor, S. Phichaisawat, M. R. Irving, . Song, “Voltage
security and reactive power managemeniMA Journal of
Management Mathematicegol. 15, 2004, pp369-386.

Z. H. Bie, Y. H. Song, X. F. Wang, G. A. TaylaM. R. Irving, “A
transition-optimized approach to reactive power aotlage control,”
2004 |IEEE Power Engineering Society general meef0g4.

National Grid, "Operating and Financial Review 2006/07," 2006.
[Online] Available at http://www.nationalgrid.cori¢cessed 2’1 May
2010]

J. H. Grundy, H. P. Johnson, C. Proudfoot,dafigmission constraint
management on the National Grid system and thectefipon the
commercial market placePower System Control and Management,
Conference Publicatigmo. 421, 1996.

W. H. E. Liu, A. D. Papalexopoulos, W. F. Tew "Discrete Shunt
Controls M A Newton Optimal Power Flow|EEE Transactions on
Power Systemsol. 7, no 4, pp1509-1518, 1992.

Song, H, 1999 Modern optimisation techniques in power systems
Klewer Academic Publishers.

M. Liu, S. K. Tso, Y. Cheng, "An Extended Nimear Primal-Dual
Interior-Point Algorithm for Reactive-Power Optirairon of Large-
Scale Power Systems With Discrete Control VarighlelkEEE
Transactions on Power Systemasl. 17, no 4, November 2002.

I. Chaves, S. Carnerio, E. Jose, J. PerdéraGarcia, "A Heuristic
Constructive Algorithm for Capacitor Placement ornistibution
Systems,"IEEE Transactions on Power System&l. 23, no. 4,
ppl619-1626, 2008.

"Power Systems Test Case Archive,” 2010. iid@jl Available at:
http://www.ee.washington.edu/research/pstca/ [Asee®4 June 2010]
R. Fletcher, S. Leyffer, "Solving mixed in&¥gnonlinear programs by
outer approximation,Mathematical Programmingvol. 66, pp327-349,

215



[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

1994.

"NEOS server for optimization,” 2010. [OnljneAvailable at:
http://www-neos.mcs.anl.gov/ [Accessed 07 June 010

Ziena Optimisation, “Knitro User's Manual’omfiline] Available at:
http:// www.ziena.com [Accessed 23 August 2010]

National Grid, “Consultation on developmenfsthe incentive for the
energy related components of the Balancing Servidss of System
(BSU0S) Costs,” 2009. [Online] Available at:
http://www.nationalgrid.com [Accessed 22 April 2010

P. Sanghvi, “1982. Economic Costs of Eledyic Supply
Interruptions,”Energy Economicol. 4, issue 3, 1982.

P. J. Macfie, G. A. Taylor, P. Hurlock, M. Rrving, "Security
Constrained Multi-Objective Optimal Reactive DisgaApplied to the
GB Transmission Network"”, Conference on AC and DGwér
Transmission, London, UK, 19-21 October 2010.

P. Macfie, ELLA Optimisation Prototype ToolUser Guide, Internal
Document, National Grid Plc, 2010.

A. Rabiee, M. Parniani, "Optimal Reactive Rovwispatch Using the
Concept of Dynamic VAR Source ValueProceedings IEEE PES
General MeetingCalgary, Canada, 2009.

P. J. Macfie, G. A. Taylor, M. R. Irving, Plurlock, “Enhancement to
Shunt Rounding Technique for Security Constrainatye-Scale Loss
Minimization,” IEEE Transactions on Power Syster2810, submitted
for publication.

M. Varadajan, K. S. Swarup, "Solving multijettive optimal power
flow using differential evolution,"IET Generation, Transmission,
Distribution, vol. 2, no. 5, pp720-730, 2008.

G. A. Taylor, M. Rashidinejad, Y. H. Song, NR. Irving, M. E.
Bradley, T. Williams, "Algorithmic Techniques for ransition-
Optimised Voltage and Reactive Power ContrdRbwer System
Technology Proceedingsol. 3, pp1660-1664, 2002.

216



