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ABSTRACT

Abstract

Voltage control in distribution networks is becogpimore challenging due to the
growing amount of distributed generation that isngeconnected to the distribution
networks in addition to increasing load. The outplthe distributed generation can
radically change power flows and voltage profilesdistribution networks, creating
conditions that adversely affect the performancausbmatic voltage control schemes
and in addition cause unacceptable voltage riseh@mwther hand, inherent limitations
and current operational policies of AVC schemey dten restrict the output of DG
or even prevent its connection.

This thesis investigates and analyses voltage @bintterms of the shift from passive
to active distribution networks. The thesis alswiaws the performance of AVC
schemes under varying load and generation outpudittons, investigates effective
utilisation of distribution network assets and noeth to accommodate active voltage
control schemes into existing infrastructure. Agarof active voltage control and
management schemes based on coordinated voltag®lasmpresented and assessed.
These schemes can be used to improve the voltafjepn distribution networks and
increase their ability to accommodate distributedegation. The functionality of each
scheme is assessed based on a number of factdrsasuhbe ability of the scheme to
increase network capacity, reliability and accuracy

Simulation software to accurately evaluate the grarnce of an active voltage
control scheme in a particular distribution netwadenario is essential before the
scheme can be deployed. Formal assessment of atlaA¥C models and
SuperTAPP n+ functionality is performed using siatioin software as developed and
presented in this thesis. The accuracy of the so#twesults and performance of the
SuperTAPP n+ scheme is validated based on netwalk tarried out in EDF Energy
Networks.
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CHAPTERI - INTRODUCTION

Chapter | - Introduction

1.1. Growth and Accommodation of Distributed Generton.

In recent years new approaches to the generatietectrical power have been adopted
across the electricity industry. Such new approadre specifically concerned with
environmentally sustainable, reliable and affordaéxhergy sources such that global
energy policies support the generation of eledtji@aver from wind, solar, marine,
biomass, energy from waste, CHP as well as oth&tlamable means. In contrast to
conventional fossil fuel generation plant theseoveses can be much smaller in
capacity but greater in number and highly disperdeda consequence it must be cost-
effective to connect these energy resources irdiildlition networks at both medium

and low voltage levels [1].

In 1997 the total capacity of distributed genemat{®G) installed in the UK was
approximately 1.3 GW [2]. The impact of UK governmhpolicy since 1997 is evident
by a steady increase in the amount of DG conneatatistribution networks and an
increase in the proportion of DG to the total ilsthgeneration capacity. At present,
installed DG capacity is approximately 13 GW [2utire UK electrical power
generation scenarios predict that by 2050 instal&l capacity may reach 40 GW,
accounting for 50% of total installed capacity imetUK. Depending on future
developments in electrical power generation andegument policy, renewable
generation may account for 30 % of total generaitioa ‘business as usual’ scenario,

50 % in a ‘strong optimism’ scenario and up to 80%@ ‘green’ scenario [3],[4].
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Therefore, it is reasonable to assume that a suitamount of renewable generation

will inevitably be connected to distribution netwsiin the future.

Technical and commercial challenges associated thigh connection of DG into
distribution networks have been recognised by kh#tribution network operators
(DNOs) and the government regulator for the eleityrinetworks, the Office of Gas

and Electricity Markets (Ofgem).

To facilitate connection of DG in an efficient amgdst effective way, Ofgem has
introduced a number of incentive mechanisms suchihasdistributed generation
incentive scheme, the innovation funding incentfiid) and the registered power
zones (RPZ) [5]. The main objective of these scleemiseto encourage DNOs to
develop and implement technical innovations thawidle a cost-effective connection
of DG, improve the utilisation of existing distrittan networks, promote flexible and
efficient operation, increase security of supply @movide environmental and safety

benefits [6].

1.2. Background and Objectives of the Thesis

With the growth of DG in distribution networks, DNOare faced with many
challenges in design, control and operation ofrtegstems. Voltage control issues
were identified as the main factor preventing th& htegration into distribution
networks [7], [8]. An unacceptable voltage risetla¢ point of common coupling

(PCC) and the performance of the automatic voltam&rol (AVC) schemes are often
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the limiting factors in the amount of generatioratthcan be connected to the

distribution network.

Standard practices for overcoming the voltage Bsee while accommodating DG
into distribution networks are based on passiveutgls such as network
reinforcement and do not provide a cost effectioition for generators, DNOs or
consumers [8]. Active voltage management can benthst cost effective solution in
order to ease the constraints applied to the gwregaport capacity caused by static
voltage regulation. A number of active network mgeraent (ANM) solutions for
voltage control have been proposed [8], [9]. Mamyh@se technologies are already
available and have been implemented in trial ifediahs across UK distribution

networks [6].

However, due to a lack of expertise and confidesceh new technologies are not
commonly used and on the UK distribution netwonkd ahere they are deployed, the
functionality is not fully exploited. ANM schemesrea often depicted as
overcomplicated and as a consequences simplerisktab solutions are used instead
[9]. Additionally, the presence of DG significantighanges the power flow in

distribution networks and can compromise the opmraif AVC schemes.

The main aim of this thesis is to propose strategied techniques for DNOs in order
to increase flexibility and efficiency of their meirks while enabling the connection of

DG.
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Another aim of this thesis is to analyse the effeicDG on existing voltage control
schemes. This may be achieved by the developmerdmoputational models for AVC
schemes and associated simulation software thdtlesa@omprehensive analysis of
performance of AVC schemes in distribution netwoshth DG. As both AVC and on-
load tap-changer (OLTC) schemes are essential doveavoltage control, accurate

modelling of both is a necessity.

ANM schemes can offer robust control of the systamtage and can support an
increased amount of generation, but such schemegssitate more complex
infrastructure, sophisticated algorithms and tlggirements of continuous and reliable
communication. Therefore simpler but similarly ei#nt solutions also need to be
investigated. The objective of the thesis is tolys®avoltage control schemes based on
local measurements and investigate its performamcedistribution networks.
Additionally, consideration of the implementatiohaztive voltage control techniques

into an existing distribution networks infrastruus considered.

Due to a lack of measurements, the observabilitgisifibution networks is very low,
particularly on the 11kV system. Therefore it idficdult to precisely evaluate the
voltage profile on the network and estimate thelabke voltage headroom that can be
utilised by an active voltage control scheme. Thmvigion of simulation software that
enables distribution planning engineers to coryeaslsess the voltage profile, and as a
result fully exploit the functionality of the activmethods, is another objective of this

thesis.
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1.3. Outline of Thesis

This introduction has outlined the background Fas thesis. The remaining chapters

are organised as follows:

Chapter Il briefly describes the purpose of the electriciggtem, classification and
attributes of various voltage levels in the UKalko highlights the differences between
the distribution and transmission electricity sys¢eand discusses the effect these
differences have on design, operation and contflrthermore, the main
characteristics of distribution networks are exadirand the factors that affected
development of these systems are discussed. Ex@énign and operation regimes as
well as management and control schemes in disinibutetworks such as supervisory
control and data acquisition (SCADA) and distribntimanagement system (DMS)
tool are described. This chapter concludes withoatine of the challenges for the
DNOs regarding the control and management of thstems increasing amount of
DG connections in their networks. The control oltage is identified as one of the key

problems while connecting DG into the distributiogtwork.

Chapter Ill focuses on voltage control issues in the distidouinetwork. Firstly,
theoretical analysis of voltage management in tbevgy system is discussed and
resulting design and operating principles for arithiation network are given. Then the
statutory voltage limits for various voltage levelkthe UK power system are stated.
Standard technigues and equipment employed by M@<Din order to comply with
the statutory limits under varying load conditioaed network characteristics are

discussed in detail. AVC scheme principles and fionelity are presented.
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Operational methods and common settings for the A¢eme operated at a fixed
voltage target as well as with load drop compeosat{LDC) are specified.

Additionally, conditions for parallel transformeperation and requirements for the
AVC scheme to maintain the desired voltage levethat substation busbars while
minimising circulating current between transformare discussed. AVC control of

paralleled transformers based on compounding ve kaas is also demonstrated.

In chapter IV the modelling and simulation of AVC schemes is pmésd. The
general model of the AVC scheme is introduced dmel grinciples of the most
commonly used AVC schemes in UK distribution netgorare analysed. Then
computational models of these schemes and theitemgmtation into load flow
software are described. Performance of the AVC meseunder various load and
generation output conditions in distribution netkgare investigated by the use of the
simulation software and corresponding results aesgnted. Factors affecting the
operation of the schemes are examined and thesearerevaluated. Furthermore, the
advantages and disadvantages of each scheme antimatiagions in distribution
networks with DG are discussed. Finally, a sumnaany comparison of AVC schemes
and computational models that have been proposgdiaveloped in this chapter are

presented.

Chapter V presents a detailed investigation of voltage adrigsues in distribution
networks with DG. It also reviews existing and newtoposed techniques to improve
voltage management and support DG in distributietworks. Passive solutions, LDC
utilisation, generator reactive power control araivea schemes are examined and

evaluated. Three main categories of coordinatehgelmanagement for 33 kV and 11
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kV networks are proposed. The challenges and hisredfactive network management
techniques in distribution networks are then pres&nA novel technique to assess
operational voltage limits for these schemes ippsed. Implementation of the active
voltage control management within existing infrasture is presented and limitations

are identified.

Chapter VI presents a novel active voltage control solutiasda on the SuperTAPP
n+ scheme. The principles of operation are disaissal characteristics and factors
affecting the performance of the scheme are ingattd. The SuperTAPP n+ scheme
uses local feeder current measurements and thesbace between the feeders to
assess the generator export connected at the rgqoioteon the network. Additionally,
two new methods to estimate generator output Usitey measurements are proposed.
The first method is based on a dynamic load rathnique and the second is based on
assumed constant power factors of load and gearrakthe consistency and accuracy
of all three estimation algorithms is investigatesing an offline simulation approach
based on network measurements. Suitability, adgastand disadvantages of each
algorithm are then discussed. Furthermore, the tehapescribes the M-OCEPS
simulation tool which has been developed for va@tagalysis in distribution networks
with DG and a corresponding assessment of the $APE n+ scheme functionality
in a particular system. New algorithms for loadtribsition and voltage profile
evaluation on the feeders are proposed and impledemo M-OCEPS. The precision
and certainty of the voltage profiles obtained fréme simulation are analysed using
the probability density function (PDF) and Monterl@asimulation. Finally, a novel

voltage control scheme based on voltage drop fadsadtemonstrated.
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Chapter VII details a SuperTAPP n+ field trial in EDF EnergethNorks. The
characteristics of the network, installation of theheme and its performance are
discussed. The results from the field trial arentiieed to validate the functionality of
the assessment software M-OCEPS. Consequentlyvdliage profile estimation
results are compared with the real network measemsnand hence the M-OCEPS
algorithms and computational models are verifiedsing the SuperTAPP n+
simulation tool, optimum settings for the scheme abtained and the effectiveness

analysed.

Chapter VIII presents a comparison of the coordinated voltageral schemes that
are discussed in previous chapters. Firstly, amabgve voltage control trial in EDF
Energy Networks based on a local voltage contraBepresented. The GenAVC
scheme, including installation and assessment #wel briefly described. Using
simulation tools, two case studies based on theelS&P n+ and GenAVC field
trials are examined. The efficiency of the scherhased on the SuperTAPP n+
platform and the local voltage controller in vamsoconfigurations with a number of
remote terminal units (RTUs) is investigated anck tresults presented. The
application, communication requirements, technisalues and installation of the

schemes in existing distribution networks is disaas

Chapter IX concludes the thesis. It summarises the main rdsead studies

presented in this thesis and makes proposals foreuesearch and development.
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1.4. Summary of the Research Contribution

The summary of the original contribution to knowdedderived from the individual

work by the author of this thesis is presentedhia $ection.

1) Computational models of AVC schemes such resgative reactance
compounding, true circulating current, transfornaertomation paralleling package
(TAPP) and the Enhanced TAPP (ETAPP) scheme hawn leveloped and

implemented into OCEPS software. It has been detraied that a number of factors
such as DG export, varying power factor and loaad afiect the performance of a
voltage control scheme. The AVC models in the steathte analysis allow an

evaluation of the functionality of these schemedaunvarious load and generation
conditions on the network. They also enable preasalysis of an effect of the
changes in AVC settings such as voltage targetayrdbandwidth, LDC and

compounding on the voltage profile on the netwogkeration of OLTC, losses caused

by circulating current, number of tap change opanat etc.

2) An efficient simulation software tool for analysof active management of
voltage in distribution network with DG has beernveleped. M-OCEPS software
enables the user to combine historical SCADA dath @ network model in order to
investigate the voltage profile on a network angegian evaluation of the available
voltage headroom that can be created by use ottre avoltage control scheme. A
new load modelling method for pseudo-measurementdistribution networks has
been developed and implemented in M-OCEPS. Thisodeis based on feeder load

scaling according to the feeder measurements amériamty factors for load at
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distribution substations. The algorithm has beesighed to optimise the use of
available information from the DNO’s databases aatwork data in order to provide

accurate voltage profile estimation on a feeder.

3) A detailed computational model of the SuperTARP scheme has been
developed and implemented within M-OCEPS. This ples simulation software that
enables an assessment of an improved voltagegeofd quantifies the benefits of the
scheme when DG is to be connected. Additionallgsgists with optimal selection of
the SuperTAPP n+ settings for a particular netwapplication. The simulation
software has been validated using data from re@lork trials and has been proved to
provide accurate and consistent results. Two nowethods to estimate generator
output based on local feeder current measuremeans feen proposed. These
algorithm techniques offer an alternative estimatiechnique for the SuperTAPP n+
scheme. Depending on network characteristics, géreoperation regimes, the power
factor on the network and load distribution, oneha three estimation techniques can
offer more accurate and consistent estimation efdhnerator export. As a result,
improved performance of the SuperTAPP n+ schemédeaachieved and utilisation of

the network increased.

4) Evaluation of operational voltage limits fortige voltage control schemes in
distribution networks with DG has been carried antl recommendations for DNOs’
voltage control strategies have been presentedstiigi distribution network
infrastructure, AVC schemes and operational methddse been taken into

consideration while determining the limits for thetive voltage control.

10
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5) Functionality of coordinated active voltage mgeraent schemes has been
investigated in realistic network scenarios and garson results are presented. The
effectiveness of the advanced AVC scheme and iadge controller in terms of the
ability to support DG export has been assessedofsasuch as implementation into
existing infrastructure, communication requiremeatsl implementation costs have
been discussed. Additionally, a novel active \gdtaontrol scheme based on feeder
measurements and voltage drop factors has beerogedp The simplicity of the
scheme does not require a powerful computationrtefiod can be implemented into
the existing SuperTAPP n+ platform. It offers sfgrant improvement on the network
with irregular load distribution between the feesdland allows simple accommodation
of RTU measurements. M-OCEPS software can be usé@termine settings for the

scheme and optimise its performance.
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Chapter Il — Distribution Networks

Electricity networks are generally divided into tweategories, transmission and
distribution systems. Until recently, research amagineering development was
concentrated at the transmission system as it piegenany challenges and prospects
for improvement. A great deal of emphasis and nessuhave been dedicated in order
to develop and improve theoretical understandinggedying principles, control
techniques, communication infrastructure and sitmriaanalysis of the transmission
system. In the meantime distribution systems hagenbconsidered as the more
passive and uncomplicated system and much lesg éffs been given in order to
improve its performance and increase efficiency.weker, as the amount of
distributed generation increases, DNOs are incsetivto improve efficiency of their

systems as new operational and control technigueesequired [10].

Due to the fact that transmission networks differmany aspects from distribution
networks many of the techniques developed for theér can not be applied into the
latter or at least need to be modified in orderfitoexisting distribution system

infrastructure.

The aim of this chapter is to present key diffeeendetween transmission and
distribution networks and provide main charactesstof the latter. The existing
control and operation principles, management systas well as challenges and
prospects for the distribution networks are presegm the following sections of this

chapter.

13
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2.1. Introduction — Transmission and Distribution Networks

The purpose of the electricity network is to coritnal generators and provide
electricity supply to all customers. It consistsowerhead lines, underground cables,
transformers, switchgear and many other apparatushvbuild a complex system to

enable controlled, safe and efficient electric gperansfer [11].

The electricity system has developed over the ydam the single generator
supplying local load to the interconnected syst@wedng entire countries. As the
transport of large quantities of electric energgrolong distances is more efficient at
high voltage (HV), the network between large-scgémeration and load demand
centres are operated usually above 200 kV 275480V in UK including (132kV

in Scotland)). This network is the backbone of éfextricity system. The transmission
system provides power to grid supply points (GSR) also large industrial customers.
From GSPs the power is conveyed to medium and sastbmers through medium

voltage (MV) and low voltage (LV) distribution netnks [12].

The general purpose of transmission and distrinutietworks in principle is the same,
however distribution networks differ from transniss networks not only by the
means of the voltage level but also in many otlspeats such as operation principles,

physical characteristics, complexity, design, Et8]

Due to the fact that electrical energy is very idifft to store, power generation and

load need to be continuously balanced. A numbegeokrators are producing energy

14
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at various times of the day depending on the wiatdeglectricity market price,
electricity fuel price, generator availability, meirk constrains and constantly
changing load. These characteristics make therrss®n network a dynamic system.
A transmission system operator is responsible fantaining power balance as well
as keeping the system stable and within operationas. To achieve these objectives
active control of the whole system is essential. @@ other hand, in distribution
networks with little generation connected, loadwflas typically unidirectional.
Distribution networks take supply from GSPs andveelelectricity from higher to
lower voltage networks, down to all customers. fieéwork design is based on the
worst case scenario derived from the forecastedimam load. This simplifies the

control of the distribution networks which are ujuaperated in a passive manner.

Another factor which differentiates transmissiond adistribution networks is the
number of components; while the transmission ndivwas a relatively small number
of components, distribution networks consist ofjdamumber of various elements
needed to supply a widely dispersed customer ldseever, a failure of a single
component in the transmission system may caus&duiaspread over large area or
even the collapse of the whole system. For thisaedigh redundancy in the network
and sophisticated control and protection systerasuaed. Component failure in the
distribution network affects a much smaller numbércustomers, in the worst case
causing a local blackout, and it is rather unlikilybe a reason of system breakdown.
Naturally, the distribution networks are designed aperated to minimise the effect
of any component failure and DNOs need to comphlh Wlectricity supply quality
and continuity regulations” [14] and “P2/6” dirests [15] to reduce any supply

disruption.
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Due to the fact that a transmission network cossishinly of high voltage overhead
lines, the system X/R ratio is high. This imposgm#icular characteristic of the active
and reactive power flow and determines controlh@ transmission system. On the
other hand X/R ratio of the distribution networksusually considerably lower and
varies significantly with the voltage levels ana@portion of cables and overhead lines.
In the networks with much lower X/R ratio differestntrol regimes need to be used in
order to effectively operate the system. It shdwddnoted here that compared to the
impedance of lines/cables, transformer impedanadribaotes the most significant

reactance to the system.

Finally, transmission networks are strongly intengcected systems. However,
depending on the voltage level and complexity efsiistem distribution networks can
be operated in radial or meshed manner. This faaksw affects the operation and

control method of the networks [16].

The characteristics of the distribution networksaied above affect the design,
operation and control of these networks. Dependmgoltage level, complexity of the
system, load demand and generation connected toeinerk an appropriate design
principle, control method and operation regime naede employed. The purpose,
characteristic and design principles, as well adlehges for the distribution networks,
are described in the following chapter with thetipatar focus on the matters affecting

voltage control in the 33 kV and 11 kV networks.
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2.2.Characteristics of Distribution Networks

A typical arrangement of the UK distribution systésh shown in figure 2.2.1.,
however the system configuration and voltage leves significantly vary from

network to network.

HV: 36kV -300kV MV: 1kV -36kV

GSP132kv A 33kV 11kV I

|7><—< 0 r— X =
(D i | S 5 EL%

e O L

Figure 2.2.1 Distribution network arrangements

The grid substation is fed from the same or nundbe&sSPs through 132 kV lines or
similar voltage level. At the grid substation stpwn transformers reduce the voltage
from the subtransmission level to the distributievel. Two or more transformers are
usually installed depending on load demand in otdgsrovide security and comply
with engineering recommendation P2/6 [15]. MV lsach as 33kV is commonly
used to distribute electricity and supply the pmnsubstations but direct change from
132 kV down to 11 kV is also common. 33 kV netwdee operated in a pseudo

radial manner but some parts of the network mapteeconnected.

As with grid substations, the number of step-dosangformers on primary substations
depends on load demand and requirements for seeunat continuity of supply stated

in [14] and [15].
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A typical 11 kV network is commonly operated asiahdystem for economy and in

order to simplify operation and protection procesurA number of section switches is
installed on the network in order to facilitate alternative route of supply in case of
fault or outage as presented in figure 2.2.2. Altimg feeders a series of step-down
transformers e.g. 11kV/433V are connected, fromctvltustomers are supplied at the

statutory voltage.
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Figure 2.2.2 Typical 11kV network arrangement

Depending on location, load demand, load densigd Icharacter and load forecast, a
number of types of distribution networks such dsaar rural or industrial systems can
be identified [10]. Rural networks are charactetibg long feeders, mainly overhead
lines with the pole-mounted transformers in thegeafrom 25 kVA to 200 kVA.

Urban networks consist of much shorter, usually emgobund cables, feeders
supplying distribution transformers located in grdemounted substations or inside
buildings. 500 kVA and 750 kVA distribution transfioers are now standard in the

UK. Frequently the primary substation feeds a mixtof rural and urban feeders,
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providing electricity to small or medium towns aswdtrounding areas. An arrangement
of the industrial networks is determined by therabter of the load, its density and

sensitivity for disruptions.

The obligation of the distribution networks operat@s to connect all customers and
provide safe, efficient and uninterrupted supplyhwi the statutory limits of voltage

quality and security [17].

Historically, development, design and operationdstribution networks have been
determined mainly by load demand. With little or generation connected in medium
and low voltage networks, load demand was predetgimower flow unidirectional

and power factor consistent. The capacity of thatribution network based on this
methodology was derived from a maximum demand &mecThe system was
designed as a passive network to deliver electricdm the GSP to the end users
within specified parameters under the worst loadddmns with no or little

automation. The capacity and redundancy of théesyswas proportional to the
number of customers and security of supply requareis As a result, in general the

system was initially overdesigned [10].

Radial arrangement and unidirectional power flogngicantly simplifies distribution
network operation, protection and control. For eglapmost of the protection systems
have been designed and set up to operate for ediminal power flow and the voltage

control scheme to operate at fixed power factor.
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As the demand increases, DNOs develop the dismibutetwork by reinforcing the
system or adding new assets to increase the capadtitionally more advanced
control schemes and management systems have kteeduired in order to improve

reliability and efficiency of the existing asseisS].

2.3. UK Distribution Networks Management and Contrd

The distribution network in the UK covers majorityf the country, delivering
electricity to millions of customers. In order tdstibute electricity from GSPs to
customers located in large cities, towns and raraas, distribution networks consist
of a vast amount of lines, cables, transformersiches and ancillary equipment. This
complex system needs to be controlled and managedsafe and efficient manner.
The SCADA system with the DMS is a tool which alowhe operator to collect
information about the state of the system, stord analyse data from thousands
RTUs, identify problems and carry out any requiaetion. The acknowledgement of
the completed operation can be also transmitted.
A SCADA system provides the following types of sagin

- digital data: circuit breaker status, alarm indaat fault location

- analogue signals such as voltage, current, powtsrfa

- control such as circuit breaker open/close , endiskble AVC control
Depending on location, availability and bandwiddguirements the SCADA system
uses mixture of communication channels such aspiles, copper circuit, fibre wires

and radio.

20



CHAPTER Il —DISTRIBUTION NETWORKS

DMS increases transparency of the system and enablatrol engineers to monitor
the system and take required actions such asisplatpart of the network, clearing a
fault, reconfiguring the network, restoring supplyoptimizing the performance of the
network. Data collected by SCADA and DMS can beduseanalyse the system, pre-

empt outages, allocate network constraints and mddwork reinforcements.

The SCADA system in the UK distribution network wedtially introduced at the
higher voltage levels at 132/33 kV substations iamdas later implemented by various
degrees on the lower voltage levels down to 33M kkbstations and 11 kV feeders
[19]. All analogue and digital signals as well he full circuit breakers telecontrol at
the grid substations are provided for SCADA. Alarared faults from majority of
protection relays are sent to a control room. Mghe analogue signals are available
and most circuit breakers can be remotely conttol@ the existing primary

substations.

However, full telecontrol is now a standard for aktw or refurbished primary
substations, due to a range of equipment involved a lack of communication
infrastructure there is little or no remote contoeker the embedded 11 kV network.
Remote opening and closing of circuit breakers mfiokmation of their status have
been introduced and is becoming commonly employedsa the UK DNOs. Usually
radio or mobile channels and recently satellite ©amication, is used for a
transmission and receipt of single instructionswieer, they are not suitable and
cannot be used for continuous or a substantial tijyasf data transfer. Therefore, no
analogue signals are available beyond the primanpstation feeder -current

measurements.
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Apart from the centralised DMS and SCADA systemréhare number of local control
schemes in distribution networks. One such exanmla well established AVC
scheme which is commonly used in UK distributiontworks at grid and primary
substations. Detailed description and analysisughsAVC schemes is presented in

chapter Ill.

2.4. Challenges for UK Distribution Networks

UK DNOs are faced with a number of challenges miggr the control and

management of their systems. DNOs are requiredato gnd develop the networks to
a standard not less than stated in [15], providenections for all new customers who
require energy or intend to supply energy, as aslimprove quality of supply and

reduce losses in the system [18].

Firstly, DNOs are challenged by constantly incnegsiemand. As DNOs are obliged
to connect new and supply growing energy needs«istieg customers, the systems
need to be constantly reinforced to meet the dem@acondly, DNOs are incentivised
to improve performance of the network. A numberngfentive schemes have been
introduced in the UK by energy regulator (Ofgem)réaluce energy losses in the
system, minimise customer interruptions (CI) andtemer minute losts (CML), as

well as provide cost effective connections [178][1

The major development of the UK distribution netisrtook place in 1960s and

1970s. After 40-50 years of utilisation many of g@mponents are approaching the
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end of their expected lifetime. Consequently, UK @dNare faced with a substantial
asset replacement programme. Additionally, in otdemaintain high performance of
the system, extend the lifetime of some assetsadotdin advance warning about
deteriorating component conditions, operators havweoduced monitoring and
supervisory systems. An example of such a scheraepartial discharge monitoring

system.

One of the biggest challenges for distribution regs is DG. In order to meet current
and future government targets, growing amountseaegation from renewable energy
sources (RES) are being connected to the poweronletWwhe majority of the RES is

connected at medium and low voltages and classasedG.

As previously discussed, distribution networks wergginally designed to deliver
electricity from GSP to numerous medium and snaddl customers in a reliable,
efficient and statutory specified manner. Increggenetration of the DG is changing
the original character of the distribution netwofiem uni-directional to bi-directional

power flow, increases in fault level and changimg voltage profile on the network.

It is recognized that connection of a generator mavide a number of benefits in a
distribution network. Depending on location, netWwoinfrastructure and load

conditions presence of DG can reduce losses irsygem, alleviate heavily loaded
feeders, improve voltage profiles and contributedourity of supply. However, due to
the fact that distribution networks have not beesighed to accommodate DG, a
number of issues such as excessive fault levetmileconstraints and violation of

voltage limits can arise. In order to be able rovime efficient and reliable connection
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for both DG and load customers without impairing tjuality of supply, DNOs must

develop and adopt new operational and control tectas.

2.5. Active Solutions for Distribution Networks

A number of innovative technologies has been régetgveloped and proposed with
the purpose to help DNOs rise to the numerous aextngdis described in the previous
section. These technologies broadly differ in carijty and application, however,

they are generally regarded as active network ne&mnagt (ANM) solutions.

Number of definitions have been proposed in thegdiure to describe and categorize
ANM [8],[9],[21],[51]. On the basis of these thenamon understanding of the ANM
of distribution networks is that pre-emptive actioare taken to maintain networks
within their normal operating parameters by the w$ecoordinated operation of
network equipment, widespread monitoring and comoation infrastructure and
advanced algorithms embedded locally at the substat centrally in a control room.
The general objective of ANM is to transform passnetworks into an active system

which can be dynamically controlled and automagicabnfigured.

ANM technologies have the potential to significgnithprove network utilisation in an
effective and cost-efficient manner. They can beduso increase security and
reliability of supply, connect distribution geneoat or reduce operational cost and

provide financial benefits for both load and getmraustomers.
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The benefits of ANM are evident; however there Isoaa number of barriers for
implementation of these technologies into distitiutnetworks. Due to the fact that
ANM strongly rely on communication, the reliableide@spread and continuous links
are essential. Also new systems need to be inezhrithin existing infrastructure and
coordinate with existing systems and network mamesgg routines. Moreover, safe
and explicable operation of the system needs tmaiatained while accommodating

ANM technologies into the distribution networks.

Currently only single ANM trials are set up acralse distribution networks, however,
a growing number of active solutions is being idtroed into distribution networks
and innovative technologies have been identified aagpromising platform for
implementation. With the improved communication rastructure, growing
confidence, proved functionality and demonstrateddiits, distribution networks at
all voltage levels are expected to become morgeaclihe widespread automation and
effective active control of distribution networkslwot be easy due to the fact that
UK distribution networks consist of more than 79D &ilometres of overhead lines
and underground cables and thousands of substahi@vertheless a steady progress
to move from current static approach for networknagement to active network

control is expected.

2.6. Summary

Clearly, emerging active network control technad@gican provide an efficient and

cost effective solution for many issues associatigal improving performance and the

25



CHAPTER Il —DISTRIBUTION NETWORKS

accommodation of DG into distribution networks [§19]. The necessity to move
from the “fit and forget” approach of passive sys$eto an active solution is evident.
However, a number of aspects need to be consideeéate new active network
management technology can be implemented. Factoch s&s existing network
infrastructure, amount of DG connected and futufé growth, the communication
infrastructure, bandwidth requirements and cosednte be carefully analysed [6],

[20].

One of the control technigues that can be sigmitigaaffected by the changes in
distribution networks is voltage control. This tea@ue needs to be revised in order to
accommodate DG [21]. It has been recognised theéssive voltage rise on the
network is a limiting factor for the accommodatiohDG and presence of generation
can severely affect automatic voltage control saeenturrently used on UK

distribution networks [7], [22].

ANM can provide an effective solution for voltagent¢rol problems in the distribution
networks. However a number of issues such as AMViemes operation, voltage
profile and voltage limits on the distribution netks need to be considered before
new active voltage control techniques can be atlisComprehensive analysis of
existing voltage control schemes, options and reksovel active voltage solution

implementation into distribution networks are presd in following chapters.
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Chapter Il — Voltage Control in Distribution Netwo rks

All appliances, electric machines and other eledtroand electrical devices are
designed to operate at a specific voltage supplyl.lédowever it is not economically
practical to maintain a nominal voltage level at @lstomers connected to the
distribution network and voltage variation needd#allowed. The nominal voltage
supply and permissible voltage deviation is nownarized across Europe and is
stated in [24]. As a result all equipment whiclsupplied from the mains must operate
within these voltage limits and network operatoms a@bliged to maintain the supply

voltage at a satisfactory level.

Voltage regulation in distribution networks is régd to offset the effect of voltage
drop along conductors and other apparatus suchaasformers in order to comply
with statutory requirements. This is accomplishgdnireans of selecting a suitable
transformer ratio and appropriate conductor sizeweier, due to the fact that load
demand varies considerably during the day, effectitage control can be difficult to
achieve using passive techniques. In order to aat®nsimplify, and optimise voltage

regulation, AVC schemes are commonly used acresdigitribution networks [25].

In this chapter, theoretical analysis of the vadtagpntrol is discussed. Statutory
voltage limits and the existing DNOs practices amchniques for voltage control to
comply with this legislation are also presentedtaided analysis of AVC schemes is

described and their function in parallel controtr@insformers with OLTC discussed.
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3.1. Theoretical Analysis of Voltage Control

When load is supplied from a remote source theageltvariation along the feeder can

be described by the following equation:
A\7:(R+jx)r:(R+jX)¥ (1)

WhereR and X are resistance and reactance of the lineRaddQ real and reactive

power flow respectively.

For the purpose of theoretical analysis the imagirtarm of equation (1) can be

neglected and the equation simplified to the fosypeesented in equation (2).

, RIP+XIQ

V, =V, v
1

)

As theX/Rratio in a distribution network is low, neitheretiRF nor XQ term can be
neglected. Considering active and reactive lodd:and Q., as well as active and
reactive power output of distributed generatidh: and Q. connected on the feeder,

equation 2 takes form:

v, =y, + R =R)1 X0, -0)
1

©)
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Equation 3 illustrates the factors, and their datien, affecting the voltage profile on
a distribution network. It might be seen that tridtage at a remote point on the

feeder,V,, is determined by the source voltage the impedance of the linR+ jX

and the active and reactive power flow [26].

On the feeder where only load is supplied, theaggtdrop will occur along the feeder

as both termsR[ﬂPG —PL) and X [ﬂi Qs —QL) are negative. On the other hand a

voltage rise can occur when DG is connected offietb@er. Under these conditions the

term RI{P, —P,) can become positive and the voltage level at tetpf connection

of DG and some parts of the feeder can then beehitffan the voltage level of the
busbar. The amount of voltage change depends dndeaerator output and its power

factor as well as parameters of the line.

Therefore voltage control of the distribution netk® needs to be managed at the
design stage by the correct selection of overheads|and cable parameters.
Additional correction of the voltage profile can barried out in real time by certain

operational techniques. It is achieved by sourd@age adjustment under varying load

conditions.

An example of the visual representation of the #qua3) is shown in figure 3.1.1.
The active and reactive power flows on the feedeesrepresented by red and blue
arrows respectively and the corresponding voltagéle is illustrated below. Feeder 1
is the feeder with DG connected at the remote pexgorting electricity to the

network while feeder 2 is the feeder with load only
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Figure 3.1.1 Voltage profile on a distribution netwk.

3.2. Statutory Voltage Limits

In the UK the DNOSs’ responsibility is to comply witegulatory requirements for the
quality of supply and statutory voltage limits siied in [14] and [24]. The statutory

voltage limits for all voltage levels are preseniteéigure 3.2.1
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Figure 3.2.1 Statutory voltage limit in UK power stegm for various voltage levels

and associate voltage control equipment.
For the transmission system and 132 kV distribuigatems (often referred to as the
sub-transmission system) the statutory limits &rel0%. However, transmission
network operator will normally maintain the voltage the 400kV system within £5%
of the nominal value unless abnormal conditionygiteVoltages on the 275kV and
132kV parts of the transmission system will norgnaé#main within the limits £10%

of the nominal value unless abnormal conditionsit¢27].

For MV distribution networks, between 1 kV and 33, khe statutory limits are +/-
6%. LV system limits within the declared range 8020lts +10% and -6% are to be
maintained under all network conditions. Any vod#iageviation outside statutory
limits, especially high voltage, can be hazardamrsapparatus installed on the network

and can cause damage to the customer’s equipnijent [2
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3.3. Standard Techniques of Voltage Management inigtribution

Networks

In order to meet statutory voltage requirementsglenrdynamic load conditions and
various network characteristics, purposely desigregfiipment and operational
procedures are employed. An example of common g®lteontrol arrangement at

various voltage levels is presented in figure 3.2.1

Distribution transformers fitted with off load tagwitch (OLTS) provide a fixed

voltage boost for the LV network. This boost isuigd in order to compensate for
voltage drop on the feeders as well as across rdresformer itself. A standard
11/0.433 kV distribution transformer has 5 tap poss in 2.5% steps, offering +/- 5%

regulation range as presented in table 3.3.1

- HV LV HV Boost LV Boost @ 230/400 V
Position
kV V % %

1 11.55 433 5 3.1

2 11.275 433 2.5 5.6

3 11.00 433 0 8.2

4 10.725 433 -2.5 11.0

5 10.45 433 -5 13.9

Table 3.3.1 Standard off load tap changer of dibution transformer

Usually the tap ratio of the distribution transfams determined at the design stage
taking into account load demand, MV and LV netwstkucture as well as voltage

control technique used at the primary substatioci{sas AVC with or without LDC).
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Although the tap position of the distribution tréorener can be changed, for example
seasonally, it is not common practice to adjugsaidution transformer ratio, unless it

is required due to network change or adverse weltagel on the LV network.

A more effective method for controlling the voltageofile is used at primary and grid
substations, where power transformers are equipptd OLTC and AVC schemes.
The OLTC enables a transformer ratio to be charagetl consequently the voltage
output, without interrupting the load current. This achieved by addition or
subtraction of turns in the transformer winding,rmelly on the primary side of
transformer. There are number of OLTC arrangemetits a variety of selector and
diverter types. An example of a tap selector amertBr switch type OLTC is

presented in figure 3.3.1 [28]

b) ) d) e)

a)
I I I I I
Sa SB Sa SB Sa SB Sa SB Sa SB
Tap
Selector

Diverter &l |8
T Switch

AO OTs Ta OTs Ta Ts Tad
1

[ Ra |

O O O O
Me Ms Ma Ms Ma Ms Ma
L IL IL IL IL

Figure 3.3.1 Principles scheme of a tap selectodadhiverter switch type OLTC [28]
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A tap position change is carried out in a mechdlyigaterlocked sequence. In figure
3.3.1 single tap position change is presentedrendtages. In the first step load current
is transferred through main contact on the leftehame M\. Tap selector &is load
free and is used in order to pre-select subseqaenposition. When the tap selector
reaches required tap position the diverter swgchctuated in order to transfer the load
current from one position to another. To limit thieculating current and transfer the
load current without interruption two resistors ased R and R with the transition
switches 'k and &. The switching sequence is completed when divesteitch
reaches main contactgvbn the right-hand side and the load current passesigh

selector §. At this point new tap position on OLTC is achidweached [28].

Typically the OLTC used in distribution networksfext regulating ranges of 20 per
centin 17 or 19 tap steps, however this differsetheling on the design and application

of the tap changer.

In UK distribution networks, the OLTCs are instdllat 132/33 kV and 33/11 kV
substations in order to produce the appropriat@geloutput at the substation busbars.
AVC schemes are employed in order to automate gtinise operation of the
OLTCs. At grid and primary substations the AVC suleeis typically linked to a
SCADA system providing remote control functionalgych as voltage reduction for

emergency load shedding, remote tap operationpdotking.

For more than half a century these AVC schemes Ipmogided satisfactory and
effective performance in distribution networks,giefy to maintain a voltage profile

within the statutory limits under varying load cdtiahs. However, at a time of
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increasing use of DG, expansion of active netwodnagement and commitments to
develop more efficient and flexible distributiontwerks, the traditional AVC schemes

can become inefficient and their operation needseteeviewed [29],[30].

The principle of operation and an in-depth assessmithe existing AVC schemes
commonly used in distribution networks are presgimethe following sections of this
chapter. Computer representation and software atioal of various AVC schemes is

presented in chapter IV.

Other voltage control equipment such as in-lingag® regulators and capacitor banks
can be employed in distribution networks; these énex, are not commonly used and
are costly. A voltage regulator can be installedaarill kV feeder in order to provide
an additional voltage control point on a line wekcessive voltage drop. There are
only a few of these devices installed in the Ukrdsent [8], [19]. Raising the voltage
by injecting reactive power in to the network usangapacitor bank is another method
for voltage management, yet its implementatiorhgn WK distribution networks is also

very limited [51].

Distribution network operational technigques areigtesd to make efficient use of all
available voltage control methods as well as tla¢ugiry voltage limits. Due to the
fact that 11 kV networks are passive systems waity \imited voltage control options,
it is common practice to operate the primary sulmstall kV busbar at a relatively
high voltage level. This ensures that, under hdaag conditions, customers at the

distant point on the feeder receives voltage alibgdower statutory limit and at the
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same time maintaining voltage level at customeoseclto the substation below the

upper statutory limit.

One of the drawbacks of this practice is that ausis connected at the remote point
on the feeder can receive a voltage supply wittaation of 16.5% [25]. Another
disadvantage of the high voltage target for 11 le¥works is that there is very limited
voltage headroom in order to accommodate DG. Cerslide voltage profile
improvement in the networks can be achieved by fymdj voltage target and using
LDC. The principles and benefits of LDC are presdnih section 3.4.5 and methods
to improve the voltage profile and increase volthgadroom in distribution networks

to connect DG are presented in the following chptethis thesis.

3.4. Automatic Voltage Control Scheme Principle

The main purpose of the AVC scheme is to maintaedesired voltage level at the
substation busbars under varying load conditionbefVa voltage level outside the
tolerable range is detected by the AVC relay, aerar lower signal is sent to the

OLTC in order to correct the voltage level.

A simple AVC scheme arrangement is shown in figdirel. In this arrangement only
voltage measurement is used. The AVC relay compaesoltage measured at the

secondary side of the transforméf, () with the target voltage\,;) in order to

determine whether any actions are required.
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Figure 3.4.1 Simple AVC scheme arrangement

In order to ensure appropriate and efficient pemfmce of the AVC scheme, basic
settings such as voltage target, bandwidth, an@ ftirelay are essential, however,
additional settings such as LDC, substation firpacity, transformer impedance etc.

can be also required.

3.4.1.Voltage Target, Bandwidth and Time Delay Settings

The voltage target setting specifies the desirdthge level at the substation busbars
which an AVC relay is intended to maintain. Thetagé target varies from DNO to
DNO and from network to network, but it is commam the 132/33 kV substations to
run at a fixed voltage target at 101.5%. That gibesvoltage level of 33.5 kV. For 11
kV networks the voltage target is typically sefl@2.5% which gives the voltage level

of 11.275 kV.

As a small deviation from the voltage target wocddise the voltage control relay to

operate, some tolerance range needs to be applediolerance range in a voltage
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control relay is called the bandwidth setting, nallgnrepresented by A value from
the voltage target. The bandwidth is defined asviiteage deviation from the voltage
target below which no action is required by theamgé control relay. When the voltage
deviation exceeds the bandwidth setting, the tagnglr mechanism is activated in
order to bring voltage back to a desirable levdle Thinimum bandwidth setting is
determined by the voltage step of the tap chanberprevent the AVC relay from
hunting, the total bandwidth should be set gre#iten one step. The greater the
bandwidth (BW) setting, the fewer the number of tapnger operations. On the other
hand it should not to be set too high as the veltagecision will be compromised.

Typically, the bandwidth is set between 1.5 and®dteps [31].

Moreover, in order to avoid excessive tap changihge to short-term voltage
fluctuations, a time delay must be introduced. Tihee delay setting is also used to
coordinate operation of the AVCs between higher &wer voltage levels. It is

desirable for a voltage change at 132 kV systerbeaaorrected by the 132/33 kV
transformer before correction is made by 33/11 RAh$formers OLTC. Thus, time
delay setting of the AVC scheme at the grid sulstatis usually between 30-60

seconds while at the primary substations is tylyidastween 60-120 seconds.

The performance of the voltage control relay inetidomain with the voltage target,

V., Measured voltagd/,, , bandwidth and time delay settings is illustratefigure

3.4.2.
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Firure 3.4.2 Performance of the AVC scheme

The voltage control relay monitors the voltagehat substation busbars and compares
it with the voltage target and bandwidth settingghen the voltage exceeds the
allowable voltage range, the relay starts timifdghé voltage level persists outside the
range for longer then time delay setting, the reédédges actions to correct the voltage

i.e. sends raise or lower signal to the OLTC.

3.4.2. Automatic Voltage Control with Load Drop Compensaton

Another feature commonly implemented in the AVCayels the LDC technique. In

this method, in addition to voltage measuremeandformer current measurement is
also used in order to determine the voltage leval @mote point on the network. An
AVC relay with LDC therefore does not maintain thedtage at the substation, but at a

remote point on the feeder under varying load dmores.

LDC voltage bias V) is calculated and added to the voltage taryet.(). The

AVC scheme arrangement with LDC functionality isstrated in figure 3.4.3.
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Figure 3.4.3 AVC scheme with LDC

There are two different approaches for the LDC saheThey have similar purposes,
but different implementation. The first approachkm®wn as ‘line drop compensation’.
In this method feeder current, resistance and aeaetof the line are used to estimate
the voltage level at a remote point of the lineeTime drop compensation bias is
applied in proportion to measured current &adndX settings of the voltage control

relay and calculated as follows:

Ve = ler R+ X ) (4)

The second method is called ‘load drop compensadiod is intended for substations
with multiple feeders. Voltage boost at the sulistabusbars,R, , is applied in
proportion to the ratio of the actual current meament to the current at full load. The
LDC voltage bias is calculated as follows [32]:

[
VLDC = RJ/O 0—— (5)

I TXMAX
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This allows compensation for voltage drop along fbeders caused by load flow

under various load conditions.

The main advantage of the load drop compensati@hnigue over line drop
compensation is that the former is much easieetap as the maximum load of the
substation is known, and transformer current issuead. On the contrary the latter
technique requires knowledge of resistance andaree of the feeder which are not
clearly defined and feeder current which is notaliguavailable. Additionally most
substations have multiple feeders @@nd X settings only apply to a single feeder

with an end load. More details about the LDC scleare presented in [25] and [33].

At substations where an LDC scheme is used thegeltarget setting of the AVC
scheme represents the voltage target at no loadtendlDC setting represents the
required voltage boost above the target voltagematimum load conditions. Once
again, various settings can be used for an AVCreehwith LDC, but typical settings
for 33 kV busbar is 97% voltage target at no Ighas 5% LDC boost at full load
giving the voltage range from 32.01 kV up to 3386 The voltage target for 11 kV
system is usually set up at 99% with 5% LDC volthges provide voltage range from

10.89 kV at no load and 11.44 kV at full load.

3.5. Parallel Operation

Grid and primary substations are commonly equippitd two or more transformers

feeding a common busbar. In the case where a sigosta equipped with only one
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transformer, the load can be also fed from sulmstatiocated several miles apart with
the network interconnected between transformerdoih cases the transformers are
paralleled either on site or across the networks Pphactice improves security of the
supply and simplifies the transformer outage pracesl Switching facilities are

provided to separate transformers, however, thessformers are normally operated

in parallel [29]

There are a number of conditions which need to diesfied in order to parallel
transformers. Any two or more transformers whick artended to be operated in
parallel should posses following characteristicq:[3

1) the same polarity

2) the same phase sequence

3) the same inherent phase angle difference betwemmamyr and secondary

terminals

4) the same percentage impedance

5) the same voltage ratio
Characteristics 1, 2 and 3 for all transformersrafgel in parallel must be the same,

however, some degree of tolerance can be allowddaimd 5.

Identical transformers complying with all five chateristics and assuming the
incoming voltages are equal will share the loadadlgand the transformer individual
currents as well as total load current will be imape with each other. The vector
diagrams for two identical transformers, and T, operated in parallel is shown in

figure 3.5.1
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Figure 3.5.1 Identical transformers in parallel opation

Discrepancies in transformer impedance, to a lesdent, affect parallel operation but

influence load share between transformers. Theillision of the total loadl,

between two transformefis, and T, operated in parallel is given by:

[ N
NN, ©®
TA B
[ [N
e = o (7)
TA B

Where for transformef,, and T respectively:

l1a, 115 - represent full load transformer current

K;a, Kig-represents rated transformer output kVA

V14, Vo1 - PErcentage impedance

Equations (6) and (7) both show that transformeérhe substation share the load in
proportion to their impedance when they have thmesaoltage ratios, the same

resistance to reactance ratios and the same rafing. transformer with lower
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impedance is taking more of the total load and assalt the firm capacity of the

substation may be reduced.

It is important to note that both transformer caotsel;, and I; are in phase with

each other and even though the transformer currarésnot equal, there is no

circulating current flow between transformers.

The circulating current will flow between transfagrs operated in parallel when the
voltage ratios are not exactly matched and/or inngnvoltages are not equal. The
magnitude of the circulating current depends oniffi@rdnce in voltage ratios and

impedances of the transformers as shown in figls& &nd is given by:

U,,-U
lCIRC =B (8)

ZTA + ZTB
Where for transformef, andTg respectively:
U.., Uqg- transformer voltage ratio
Z.,, Z+5- iImpedance of the transformer
VHV VVT

"""" ILoAD
Iere ——>——LOAD

Figure 3.5.2 Circulating current in parallel operadn
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Due to a very high transform&y/R ratio, in the range of 30-50, equation (8) can be
simplified and only transformer reactance can beduJhis denotes that circulating
current is dominantly reactive and determines thactive power flow between
transformers. Therefore, for the transformer withphbr voltage ratio (in figure 3.5.2

transformerT,) |.gclags the busbar voltage/,,, by 90 degrees while for the
transformer with lower voltage ratio (transformeB)Tl ...leads the busbar voltage,
V,;, by 90 degrees. The current flowing between t@msérs, shifts transformer

current 1;, clockwise and current,; in the opposite direction as shown in figure

3.5.3.

I8

I

Transformer "A with higher voltage rati Transformer TB with lower voltage ratio

Figure 3.5.3 Paralleled transformers with differemoltage ratio.

A small amount of circulating current in the trasrsher windings can be generally
allowed. However, owing the fact that circulatiogrrent creates additional copper
losses and causes overheating of the windings,rétluing transformer capacity, it is
required to minimise its flow between parallelegngformers as these losses increase

exponentially as current increases.

In order to prevent excessive circulation curréowfbetween paralleled transformers

due to the difference in transformers’ voltageaaéin appropriate tap position for all

transformers must be maintained. Referring to tbkkage control scheme based on
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voltage measurement as described in section 3.didemation is given to the AVC
scheme when two identical transformers with OLT@ garalleled. Initially, both
transformers are at the same tap position (i.eitipps9) and no circulating current
flows. Two voltage control relays are used to mantte voltage at the substation
busbars under varying load conditions. Due to every small discrepancies, for
example, in voltage measurement or delay timing, @inthe transformers will always
operate before the other. For instance, as lo#fteagubstation decreases, voltage drop
across the transformers reduces and voltage aubstation busbars rises. When the

measured voltage exceeds the relay bandwdtkV,,.-V,;, one of the

transformers, in this case transfornigrsoperates after time delay in order to correct

the voltage level as shown in figure 3.5.4 b).

TA_POS:7 ,
Tg pos=10

o
p—a
1
o
e |

Figure 3.5.4 Paralleled transformers runaway

T, taps down from position 9 to position 8 and thiage level is brought back within
the bandwidth. At this point the relay controllitrgnsformerT; is satisfied with the

voltage level and does not take any action. Thestamers are one step apart and
some circulating current flows between transformé®wever these conditions are

acceptable as the magnitudelgf;.is relatively small.
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When the load further decreases the process restand the OLTC of transformer
T, is operated again to correct the voltage. As altréise transformers are now two
steps apart (figure 3.5.4 c)), the desired voltéaget is maintained and more

| circ flows through the transformers windings.

The transformers will drift further apart when tlead at the substation starts to

increase; this time transform@df, will operate first as the voltage at the substatio

busbars goes below the lower band. The OLTQ pfs moved from tap 9 to tap 10

and with further load increase from 10 to 11.

At this point transformers are 4 steps apart asvaho figure 3.5.4 e) and, as the load
at the substation varies throughout the day, thesformers would diverge to the
opposite limits of the OLTC ranges. The resultingessive circulating current causes
hazardous conditions for the transformers and plyssiansformer over-current or
winding temperature protection to operate. If dimtal over-current protection is
installed, the transformer on a lower tap positial trip leading to a high voltage at

the substation busbars.

Thus, voltage control of the parallel transformmngst be modified in order to prevent
paralleled transformers from tapping apart. Theesfanother requirement of an AVC
scheme, when two or more transformers operate rall@k is to minimise circulating

current between transformers and keep them on ppate tap positions.
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In the next chapter of this thesis various techegjin AVC schemes used to detect

and reduce circulating current by adjustment ofpagition are described.

A common feature of the schemes such as negataaamrce compounding (NRC),
transformer automatic parallel package (TAPP) ae tcirculating current (TCC) is
that an additional voltage bias is used to modifg effective voltage target [30],

[35][43]. A compounding voltage bia¢_.,,, is calculated for each transformer in the

same manner. Its magnitude and direction depends tige amount and direction of
the circulating current. The effective voltage &rg adjusted for all voltage control
relays in the AVC scheme in order to enforce appatg operation of the OLTCs. The

principle of this method is presented in figure.8.5

Vrar 18
VUpBandE— —————————————— D T ; ___________ :; _____________E
: 5 :
V 9 10
- = | N\ Viar1a
| Ta ros=9 | | W
i Ts pos=9 10 | 9 \ - 5

.
.
AV \ \ .

LoBandr"""'""“T‘""j ——————————— e - .

S N O W B M T W B D

Figure 3.5.5 Operation of AVC with compounding vatje bias

As in the situation described in figure 3.5.4 tfansier T, operates first when the
measured voltage exceeds the relay upper bandaretts the voltage level. As the
transformer voltage ratios now differ due to one pasition divergence, a circulating
current flows between the transformers. This curegml its direction are detected and,

depending on its magnitude and the voltage conmelay setting, a compounding
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voltage bias is determined. The voltage targeteach relay is modified and the

effective voltage targe¥,,, i5 determined as follows:

V.

TAR

EAVANELY

TAR — " COMP (9)

The effective voltage target for the transformertbe lower tap positioV,, 1," is
reduced and for the transformer on the higheptagtion is increased as represented
by lines orange and red in figure 3.5.5 b) respetti This process ensures that when

load further reduces transform&g operates first and reduces the circulating current

(figure 3.5.5 c) and in the case when load incigasansformerT, increases its tap

position and equalises the voltage ratio (figufe38e), thus reducing any circulating

current, ideally to zero.

Detection of the circulating current and calculatiof the compounding voltage bias

Veowe Varies from scheme to scheme. Some techniques al}communication

between transformers (i.e. TCC) others on transéorcurrent power factor and
reactive power flow (NRC and TAPP) or a mixturebafth (Enhanced TAPP). An
exception from the voltage compounding bias metieodhe approach used by a
master-follower (M-F) scheme, where all parall@nsformers are kept on the same
tap position by an arrangement of mechanical aaedtréal signalling. However, this

implies some limitations for the parallel operat@mon-identical transformers.
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3.6. Summary

Voltage control of the electricity system is an wonant aspect of network
management. The statutory voltage limits are cgleakéfined and the network
operators are obliged to design and control théeaysn order to keep all customers

within this voltage range.

A number of techniques have been implemented irgiltlition networks to ensure
that voltage profile is maintained within the vaiéa limits under various load

conditions. An OLTC with AVC scheme is commonly dde automate and optimise
the voltage profile on the 33kV and 11 kV distrioat systems. However, due to the
fact that the design and operation of distributigtworks, including voltage control

techniques, have been determined by load demandgction of generation can affect
performance of the AVC schemes and needs to beidewed in the process of

connection of DG into the distribution network.

In order to be able to assess the effect of DGherperformance of the AVC schemes,
the principle of operation needs to be underst@bdiracteristics and limitations of the
most common AVC schemes employed in distributiotwneks are discussed in the
next chapter. Computer models and simulation asatyishe M-F, NRC, TAPP, TCC

and Enhanced TAPP (ETAPP) schemes are also prdsente
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Chapter IV - Modelling and Simulation of AVC Schemes

Existing voltage control techniques and AVC schemnedistribution networks have
been discussed in the previous chapter. It has beggested that the connection of
the distributed generation changes the characténeoflistribution networks and can

affect voltage control techniques, in particular@g¥chemes.

Using specifically developed simulation software #ffect of DG on performance of
various AVC schemes can be analysed. Firstly,¢h@pter briefly presents Operation
and Control of Electrical Power Systems (OCEPS{ ldaw program, discusses the
principles of the most common AVC schemes and ptssassociated computational
models. Secondly, model implementation into loauvflsoftware is presented and
simulation results of typical distribution netwoscknditions are analysed. Finally, the
performance of AVC schemes in distribution netwowkth distributed generation is

examined and discussed.

4.1. Introduction

Load flow analysis software assists planning anatrocd engineers with the evaluation
of the steady state of a network under various igardtions, load and generation

conditions as well as operational routines.
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With the increase of distributed generation beiagnected to the system as well as an
increasing demand for electrical power, distribotinetworks have become more
complex and operate closer to their design linliitsorder to be able to maximise the
utilisation of existing network infrastructure, rease efficiency and implement ANM
techniques, more accurate, efficient and functiametivork design and operational

tools are required [36].

One of the challenges for the DNOs is voltage @intfoltage regulating relays which
control OLTCs are widely used to manage voltageelfevon distribution networks.
Even though these techniques are well establistnaditional AVC schemes can be
unreliable, particularly when a transformer arrangat is complex and conditions of
the network variable. Network issues such as vgryower factor, difference in
incoming voltage, non-identical paralleled transfers, load pattern, distributed
generation and changes in network configuration wasermine the performance of

AVC schemes.

Simulation software can be used to investigate hgarticular AVC scheme performs
when subjected to the above network issues anceqorstly how the voltage profile,

power flow, losses or security of the system isctéd.

The basic tap changer control with automatic vatagntroller is usually available in
load flow packages, however, parallel control ad thansformers is not included or it
is based on master-follower scheme. In order toycaunt the simulation study of the
most common AVC schemes the computational modekhede systems have been

created and implemented into the OCEPS load flawgaim [37].
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This chapter presents the principles, computatiomadlels and implementation into

OCEPS of M-F, NRC, TCC, TAPP, and ETAPP.

In order to create the accurate computational sspriation of the AVC scheme, firstly
a mathematical model of the scheme needs to b&edteEo achieve this objective the
principles and functionality of the scheme neetdéocomprehended. The next step is
the implementation of this model into the softwasih all required settings,
interaction between the relays and response cddheme to the network changes. The
final stage of AVC model development is validatioh the scheme operation,
functionality and performance under various netwadnfigurations as well as

generator and load conditions.

The operational characteristics, advantages aratidistages of the above schemes
are discussed and the performance under variousbdi®n network load and

generation conditions are investigated.

4.2. Load Flow Simulation and Transformer Model

An alternating current (AC) load flow provides &aty state solution for electrical
power networks. With accurate models of all majomponents such as transmission
lines, transformers, generators or loads the laad &lgorithm calculates power flows,

voltage levels, losses etc. throughout the network.
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The OCEPS software is a commercial load flow paekdigis based on the Newton-
Raphson algorithm and uses a partitioned-matrixegugh to the Jacobian equations.
This algorithm has been tested on a variety ofesygstand proved to be a very robust
tool for load flow studies in transmission and kl&ition networks [38]. This method
is suitable for the analysis of distribution netisdue to the fact that it efficiently

handles networks with widely varying resistance ezattance parameters.

For its suitability to deal with a variety of transsion and distribution networks and
widespread R/X network ratios, the OCEPS load ffmagkage was considered as the
suitable platform for the required network analysihe OCEPS was created at
Durham University and is being further developed Batinel University and is

commonly used at both the academia and the industythat reason it was chosen

for implementation and analysis of AVC schemeshis project.

The OCEPS load flow application uses the plant rsode presented in [37]. A brief
description of the load, generator, transmissiore land transformer models are
presented in the following section.

A polynomial load modelling approach is employed QCPES to represent the
variation of load power with voltage. Active andacéive power loads P and Q are
given by:

P'= y,PV% +,PV& + ), PV (10)

Q'=9,QV% +9,QV% +95,QV*® (11)
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By selecting suitable values for coefficienjs and d and exponentssand ¢ all

standard types of load can be modelled.

Three modes of generation are accommodated witl@ERS:VE, PQ and PV. In
distribution network simulatiod mode is used to represent GFE mode is used
for the distributed generation as it is very oftequired to operate at fixed power
factor, usually close to unity, by the DNO. PV madeused for larger generation

connected at the 132 kV network level.

The medium linagrequivalent model with series impedangg = R; + jX;and shunt

admittanceY =G + B.is used to represent overhead lines and undergroabigs.

This model enables an accurate representation tf $fwrt length line and medium

length line but also can be used as the modehttransformer.

A transformer is represented as a network branchideal transformer model. The
line impedance and resistance parameters are isdea# in a transmission line model.
However, when the branch in the network model ifindd as a transformer, the

transformer model as shown in figure 4.1.1 is used.

o1 1o
Rs Xs T-1 1R Xr Rr

S G| |[]Be R

O O

Figure 4.1.1 Transformer model in OCEPS
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This model enables the allocation of the impedarfca transformer on both sides of
the windings as well as the incorporation of transfer ratio on the primary or
secondary side of the transformer by meanslovbt “ R’ parameters respectively.

In the load flow algorithm the steady state of slgstem needs to be executed for every
change in transformer turns-ratio. The admittaneerim [Y] must be recalculated to
reflect the effect of this change on the primarg aecondary voltages and currents in

the systenV,, Vg, |, and | respectively. This relationship is described a®ved

[40]:

L1 [Y -t]lv, ,
o | |-ty Y] ]Vq (12)

It is important to note that network analysis ofransformer with variable tap ratio
may significantly increase the number of calculasidn the load flow software in

order to achieve a steady state solution.

In the load flow studies, a transformer with OLTCrepresented by discrete variable
turns ratio t” in the transformer model as follows:

Viv
V

_N+KAN _ N kAN
n n n

=t

(13)

Lv

Thus:

=1 +ON (14)
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Where ‘N” is the number of turns of winding at the primaigte and h” is the number

of turns of winding at the secondary sid€’ fepresents nominal transformer rati&; “

is the tap position andN represents a tap step [35].

In order to simulate a realistic transformer with @@, a number of parameters for the

transformer model have been added to the OCEP®%aeft Apart from resistance

and reactance parameters which define a brandreafdatwork, additional information

such as number of taps, minimum and maximum tuatis etc. are required to fully

define the transformer with OLTC. The table belstwows the OCEPS code of

parameters describing a transformer and tap chamtesa brief functional description

and characteristic value.

io

io

OCEPS Parameter description Notes and typical Value
Code
-0 for a transmission line or cable,
BRNCOD | Branch code: -N indicates that this branch represents
transformer number N.
TAPLO | Lower limit of turns ratio 0.9 pu- minimum tap_ position gives -
10% change of nominal transformer rat
. : 1.1 pu- maximum tap position gives +
TAPHI | Upper limit of turns ratio 10% change of nominal transformer rat
TAPSTP | Number of Tap Steps The number of possiapeHositions
TAPPOS | Current Tap Position
Transformer Tap, -0 - manually controlled tap position
TAPTYP | Changing Type -1 - automatic control at ‘sending end’
-2 - automatic control at ‘receiving end’
Node number of target
NODTSP | node for transformer tap- | Usually substation busbars
changing controller
VTSP Voltage magnitude target Required voltageetiargdefault = 1 pu

Table 4.1.1 Transformer model parameters in OCEPS
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4.3.General Model of AVC Scheme

A number of AVC schemes are currently used in idigtion networks based on
various techniques for voltage control and paralfedration of transformers. However,
universal principles of operation can be recognii8d]. The following section

presents a general model of the AVC scheme anhjiementation into OCEPS.

As described in chapter lll, the AVC relay operatesnaintain the network voltage at
the correct level. The function describing the @actof the relay can be written as

follows [41]:

N(t +1) = N(t) + A(E, TD,1) (15)

1 if AV >+BW
E(AV,BW)={-1 if AV <-BW (16)
0 otherwise

1 if E=1 and TC>TD
A[E,TD,t)=:-1 if E=-1 and TC>TD (17)

0 otherwise
Inequality constraints:
NMIN = N(t-*-:l')S NMAX (18)
VAVCMIN = VVT = VAVCMAX (19)

Where N is the tap position of the transformEr,ndicates voltage excursion outside

permissible level and that action is to be takerorider to correct the voltageA
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indicates tap changing action of the AVC reBWrepresents the AVC bandwidth

setting, N,y Ny define minimum and maximum tap position of the OLi@at

MIN ?
correspond to TAPLO and TAPHI in OCEPS transfornmeodel), V,, .,and
V wvemaxSPecify operational voltage limits for AVC monitog unit, TD represents the

relay time delay setting antiC time counter.

In steady state load flow analysis the time dommithe AVC scheme model is not
considered and the AVC model can be simplified leglecting equation (17). As a

result the equation (15) takes the form as follows:

N(t +1) = N(t) + E(av, BW) (20)

The tap position of the transformer will be changdten the voltage differencavV

between the measured voltagé, and effective voltage targeV;,; eéxceeds
bandwidth setting.

V,

VT

~V,,.'> BW (21)

TAR —

To this point the AVC model is universal and canadpelied to the most of the AVC
schemes. However, different techniques to deterntiree effective voltage target

Vs @re used in each AVC.
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The relay voltage target can include LDC voltageshV as well as compounding

LDC !

voltage bias,V .. Additionally, in the more innovative active vaje control
schemes, a voltage target adjustnm\nt,,,,,srcan be sent from the voltage controller

or DMS, for example as presented in [42]. Considethe basic voltage targety .,
and all voltage biases and adjustments, the célonlaf the effective voltage target
Vs takes form as follows:

V

TAR

=V Ve +V,

TAR LDC COMP

+V.

TARADJUST (22)
The LDC voltage bias and compounding voltage ba&sutation varies depending on

an AVC scheme.

The next section presents various AVC techniqued laow a voltage target is

calculated depending on which method is used.

4.4. Master-Follower

In this method all paralleled transformers are lkapthe same tap position. One of the
parallel transformers (master) in the scheme mmitbe voltage at the busbar and
adjusts the tap position to maintain the requiredtage level. When the master
transformer finishes the action all other transfersn (followers) in the scheme

replicate it [29].

Due to the fact that all transformers are operatieaultaneously, for each voltage

correction the number of tap changes is equalgéamtimber of transformers in a group.
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This may unnecessarily increase number of opemtoihOLTC and as a result,
maintenance costs. Additionally, for the single ¢geration, the voltage change at the
busbar is equal to the tap changer step and apatelgrhigher bandwidth settings
may need to be used to optimise the number of k@mger operations. As a result

voltage control precision is compromised.

The M-F scheme operates correctly under varyinggidactors and reverse power
flow. The scheme might be used along with LDC. Hesve due to the fact that in
most schemes LDC is based on transformer currérduromed load, when one of the
transformers in the group is switched out the LDEG@ases and the settings need to be

adjusted in order to avoid over-voltage.

As a connection between relays is required, itm@ractical to use this scheme to
parallel transformers across a network. Additignadirculating current will flow
between paralleled transformers using this schemless the transformers are
identical, such that they have the same impedamgmber of taps and incoming
voltage. This significantly complicates substatioeinforcement, i.e. additional
transformer installation. As a new transformer ssially different from the existing
transformers at the substation and due to thethatthe M-F scheme is able to control
only identical transformers, the AVC scheme atdtiestation will need to the replaced

or modified.

The M-F scheme in OCEPS is modelled by the paramfRTRAN(X) which
describes each transformer. This parameter indicathich of the transformers

operating in parallel is the master and which &ftillower. When PARTRAN(X) = X
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then transformer X is a master. The voltage cafedlat transformer controlled node
is used to determine the required tap positionrdeoto correct the voltage. All the Y
transformers described by PARTRAN(Y) = X are paiatl with, and followers to,

transformer X. Their tap position is replicatedhe calculations for transformer X.

4.5. Negative Reactance Compounding

One of the most common AVC schemes in the distonutnetworks is NRC
technique. In this technique LDC settings are usemtder to produce a compounding
voltage bias. It is achieved by changing the piylaosf the imaginary part of the LDC

settingsjX .. The relationship between LDC settings and NRQingptcan be

defined as follows [30]:
ZLDC = RLDC + JX LDC (23)

ZNRC = RLDC - jX LDC (24)

The principles of NRC scheme are presented inédigus.1.
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a) Transformers at the same tap positions

V. ' ,I 18 [ LR

| e \| Vvt

TA B

b) Transformers a few steps apart

V 1

TAR_T.

\/,VT ITA[ZNRC

RV I Viarote'
- ITB |:ZNRC
. . Vvt

Figure 4.5.1 NRC scheme principles

Consider a substation where two paralleled transéos are on the same tap position

and voltage boost from LDC is required aml,. is equal to zero. The- jX ..

setting is used to provide compounding voltage.\Méigh the assumption that the load

power factor is close to unity, the voltage dropoas— jX . caused by transformer
current leads the measured voltage by 90 degreederUthese circumstances the
effective voltage targeV;,z for both relays is approximately equal to the meas

voltage magnitudeV,,, as shown in figure 4.5.1 a). It can be concludkdt

compounding voltage biak,, [ﬂ— jXLDC) has minimal effect and can be ignored.

The situation when the transformers are a few ség@ast is presented in figure 4.5.1

b). The circulating current flows between transfersm causing the transformer
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currents to rotate in opposite directions. Consedjy the phasors of the voltage bias
are shifted correspondingly. For the transformer tba higher tap position, the
effective measured voltagé,,; ;,'is increased over the measured volt4geand the

relay will be biased to tap down. For the transferron the lower tap position, the

effective measured voltagé,,; ;' is decreased over the measured voltége and

the relay will be biased to tap up. As a resulthaf compounding voltage biases in the
NRC AVC scheme the transformers are kept on th&etesap position, preventing
transformers from runaway and any circulation aurns reduced to an acceptable

level.

In the NRC scheme a connection between transforisanst required as each AVC
relay of the paralleled transformers acts indepetigle This feature makes NRC
scheme suitable for paralleling transformers acihgs network and for paralleling
non-identical transformers. However, this schemeg &lao disadvantages in that it is
only accurate at unity power factor, and the emovoltage target increases with the
load power factor deviation. To reduce this err@oepromise between the benefit of
the compounding and the susceptibility of the solhd@mproduce voltage errors for
varying power factor must be found. Another disadage of NRC schemes is
degradation of the LDC performance due to the changthe polarity of the ¢
setting. To compensate for LDC boost the value @tRnust be increased. However,
this complicates the correct settings selectiontfier NRC scheme to operate under

various load conditions and the usual load powetofain the range of 0.95 — 0.98

lagging [43].

64



CHAPTER IV - MODELLING AND SIMULATION OF AVC SCHEMES

The NRC scheme in the OCEPS software is executesbtiyng negative values for the
XLDC parameter. The XLDC parameter correspondsD€ lreactance settingX .
as described above. The current that flows in thadh representing the transformer is
used to calculate voltage biases across the LDCpoaents. The voltage target
parameter VTSP as shown in table 4.1.1 is modiftedeflect the effective voltage
target in the NRC scheme as follows:

Viar' =Vir +Vire (25)
Where:

Vs - Effective voltage target

V,; - Measured voltage

V. .- Negative reactance compounding voltage bias tatledi |, [{R . — jX o)

4.6. Transformer Automatic Paralleling Packagg44]

The TAPP scheme is widely used in the UK and setket the standard AVC scheme
by a number of UK DNOs. It is based on a modifiegjative reactance compounding
principle [31], [44]. However, in this scheme, tweparate circuits are used, one for
the purpose of LDC and one for the purpose of camgdmg, in order to eliminate the
need of trade-off between the benefit of the commping and the susceptibility to

produce voltage errors for varying power factofise Tirculating current in the TAPP

method is evaluated by comparing the measuredftnaner currentl ., power factor

with the target power factéif,zas is shown in figure 4.6.1. The value of the targe

power factor is 0.97 lagging and is chosen to m#tetusual load power factor.
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1
VTAR

VCOMP

Figure 4.6.1 TAPP scheme principle

The TAPP scheme maintains the simplicity of the N&Deme, in addition it also
reduces the voltage error at and around normalar&twower factor conditions. The
scheme is also much easier to implement as sepsettings are used for LDC and
compounding. Moreover, LDC in this scheme is ratedias load drop compensation.

This technique is described in detail in sectiohahd equation (5).

A weakness of the TAPP scheme is that the voltage end degradation of the LDC
performance occur when the network power factor @saway from the target power
factor. This is because circulating current is adexed as a part of the load current.
Consequently the TAPP scheme is not easily apptedetworks with distributed

generation.

In order to model the TAPP scheme in the OCEPSvsoft parameter TAPPSC has

been introduced. This parameter identifies thesfiamers which are paralleled and in

the same TAPP scheme. Using the transformer bramegkntl ;, , the power factor of
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the transformer currentr, is calculated and circulating current estimatedh@s

equation as follows:

ICIRC_TX = ITX [ﬂsin a, —cosay Har(F)FTAR)) (26)

Target power factoiPF;,;has the fixed value of 0.97 lagging. When the TAERS

the transformer X is selected, RLDC and XRRC sg#tinepresent the load drop
compensation setting and compounding setting réispgc Thus the LDC voltage

bias is calculated using equation (27).

1
z ITX
V... =RLDCI——— (27)

1

z I TXMAX
n

And the compounding voltage bias is calculatedgisimuation (28).

|
Veour =1 Kpre (28)

1
z | Txmax
n

Where:

n is the number of paralleled transformers inTA®P scheme

|+ - represents transformer load current

| 1yuax - Fepresents transformer rated current.

The effective voltage target VTSP’ takes the fosrf@lows:

67



CHAPTER IV - MODELLING AND SIMULATION OF AVC SCHEMES

V.

TAR

"=V x *V e TV

TAR LDC COMP (29)

The effective voltage targét;,;, i$ summation of the basic voltage tarygf,, the

LDC voltage biasV,,. and the compounding voltage bis,,,-

4.7. True Circulating Current

On networks with little or no generation changepawer factor are relatively small
and the performance of conventional TAPP and NRG@Gemes are satisfactory.
However, as the amount of distributed generatiomnected to distribution networks
increases, significant deviations in power fact@yme seen and techniques based on
fixed target power factor become unsuitable. A stheknown as TCC provides an
effective voltage control and circulating currergtettion for paralleled transformers
on the network with distributed generation thatrapes at fixed close to unity power

factor [45].

In this scheme a communication link between the A¥@ys at the same site is used
in order to exchange the information of each curgnthe paralleled transformers.
This allows each relay to determine the total laddhe substation and calculate the
network power factor. Consequently the contributiointhe circulating current to

individual transformer current can be established accurate compounding voltage
bias applied to optimise the tap position of eaemdformer. The principles of the

TCC scheme are presented in figure 4.7.1.
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Figure 4.7.1 Principle of operation of the TCC

The circulating current is calculated by comparingividual transformer current;,

or | to thefull load current equal to summed transformer ents |, +|_,. The

B
compounding voltage bias is used to increase tfeetefe voltage target, © of

TAR_TA

the transformer on the higher tap positibp and decrease the effective voltage target

V.. 15 Of the transformer on the lower tap positidp. Such action is performed

until the voltage level at the busbar is within tsendwidth of the target voltage and
the circulating current is minimised. As the par#éng always represents the true
network power factor, regardless of any circulatoyrent between transformers,

calculation of the circulation curredt .. is precise.

As with other AVC schemes TCC may be used with LBIGwever, even though the
scheme is not affected by a varying power fact@ClLperformance is compromised
as in all AVC schemes described in this sectionthg output from distributed
generation. This is due to the fact that the suiostatotal load current does not

represent the true load on the network, as itdsiced by distributed generation export.
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The arrangement of the TCC scheme is complicatedth® necessity of an
interconnection between transformers. As a reghst,link must be rearranged when
one of the transformers within the scheme is ous@tice. Additionally it is not

feasible to parallel transformers across the nekJyAs].

To execute the TCC scheme in OCEPS the AVCSC pdesinmeceds to be
setAVCSC= 3 RLDCand XLDC settings can be used for load drop compensation
function and theXRRC parameter is used for the compounding setting.

The circulating current is calculated as follows:

_ Im> 1,
L= arctar{m} (30)

ICIRC_TX =l [GSin Oy — COSUy ﬂan(ﬁ)) (31)

Where £ corresponds to actual power factor @dTX is the summed transformer

loads within the scheme.

The compounding voltage bia¥.,., LDC voltage bias,V ., and the effective

DC?

voltage targev;,; In TCC scheme are calculated as follows:

VCOMP = ICIRC_TX |:)(RRC (32)
VLDC = (I X O aTX ) |:qRLDC + JX LDC ) (33)
VTARI:VTAR +VLDC +VCOMP (34)
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4.8. Enhanced TAPP

The ETAPP scheme is a combination of the TCC anBH Mnethods [31]. In order to
control voltage level and paralleled transformenstloe same site, the TCC mode is
used, while TAPP mode is used to parallel transérsracross the network with a

weak bias to offset errors due to power factor gean

In order to execute the ETAPP scheme in the OCER®ae the AVCSC parameter
needs to be set tAVCSC= .Zo model the ETAPP scheme the circulating current

for paralleled transformer on the same site isuated as for the TCC method

described by equations (31) and the site compogndiitage bia¥,,.is calculated as

follows:

|
Vgire = L X gre (35)

1
z ITX_MAX
n

The network circulating current and compounding tage bia¥ ,yp rapp are

calculated as for the TAPP method using equati@® &nd (28) respectively. A
sensitivity factorS: is used to reflect the required strength for doenpounding
setting for transformers which are paralleled asrdlse networks. The network

compounding voltage bias is calculated as follows:

VNET = SF |N/COMP_TAPP (36)
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The LDC voltage bias is calculated as for the TABReme using equation (27) and

the effective voltage target is give by:

V.

TAR

|:V

TAR

+V . +Vee tV,

LDC SITE NET (37)

4.9. Simulation of the AVC Schemes Under Various Lad and

Generation Conditions

In the following section a simple network modeluised in order to investigate the
performance of the various AVC schemes under vgryimad and generation
conditions in order to validate computational medfr each of the schemes. The
network model is implemented in the OCEPS load fls@ftware with the AVC
scheme models as described in the previous seckinstly, performance of the AVC
schemes with realistic load profiles for a disttibn substation is examined; voltage
profile, AVC relays and effective voltage target® @nvestigated. Secondly, AVC
scheme operation on a network with distributed ¢ is analysed and

effectiveness of each scheme discussed.

4.9.1.Case Study

The simple distribution network, shown in figur@®4, has been used to investigate
the performance of various voltage control scherRggire 4.9.1 presents the primary

substation with two 33/11 kV transformers operategdarallel. Both transformers are
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rated at 12 MVA, however, they differ slightly inegentage impedance. The
impedance of the transformer T1 is 18 % and thesohapce of transformer T2 is 17%.
The transformers are equipped with OLTCs that oftdtage variation +/- 10% of the

nominal voltage ratio in 17 steps.

The minimum substation load is 2 MVA and the maximioad is 9 MVA. The

substation supplies a number of feeders with aumaxbf load customers. A 6 MVA
generator is being considered for connection tortevork at some point on the
feeder. The generator is required to operate aepéagtor close to unity. With the DG
connected the power flows at the substation bedordéectional. For the period of
low load 4 MW of active power can be exported te ttetwork and for the period of

high load and no generation, up to 9 MVA is supptierough the transformers.

oS
O—
=

X

él'; | |
@ ° X H H,

Figure 4.9.1 Simple distribution system

For all the AVC schemes the same voltage targetl®@d settings were implemented
to maintain voltage levels of 1 p.u. at the sulimtabusbars or at the load centre

respectively. For each scheme the bandwidth settagyset to be equal the tap step of
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1.25% and the compounding settings were set upaiatean parallel transformers no

more than one tap position apart under all networiditions wherever possible.

4.9.2.Standard Load Profile

Firstly, the performance of the AVC schemes is eraoh under standard load
conditions on the distribution network. A typicabd profile for a winter day is shown
in figure 4.9.2. The load varies from 3.5 MVA inetlearly morning hours up to 9
MVA at peak load at around 5 p.m. The network poviaator is lagging fairly
consistently between unity and 0.98 lagging.

. —Load P
Load Profile Load Q

PF
100 0.998
95
9.0 + 0.996
85
8.0 + 0.994
75 :
70 T 0.992
65
6.0 ’ + 0.990
55
50
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45 /

40 W + 0.986
35
30 +0.984
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20 T 0.982
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10 + 0.980
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00 . T T T T T T T T T T 0.978

00:00  02:00  04:00 0600  08:00  10:00 1200  14:00  16:00 1800 2000  22:00  00:00

Time

Power [MW,MVAr]
Power Factor

Figure 4.9.2 One-day load profile for distributionetwork

A series of consecutive load flow studies has bgerformed using the modified
OCEPS software, which is presented in detail inptéraVIl. The load flow studies

have been performed on the network model showigurd 4.9.1 with the changing
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load profile as presented in figure 4.9.2. The csey has been performed for each
AVC scheme with a fixed voltage target and the dthan results are presented in

figures 4.9.3 — 4.9.8.

In the fixed voltage target mode the AVC schemexisected to maintain the required
voltage level at the substation busbars despitéotiee conditions and also to minimise
circulating current between transformers. Withaadwidth setting of 1.25% and the
voltage target setting of 1 p.u. the voltage leatethe substation should be continually

maintained between 0.9875 and 1.0125 p.u.

Performance of the M-F, NRC, TAPP and TCC schemmeieuthese conditions are
presented in figures 4.9.3, 4.9.4, 4.9.5 and 4&spectively. The ETAPP scheme in
this network configuration would perform exactly the TCC and it is therefore not
included in this analysis. All the results obtaifedthe TCC scheme are valid for the

ETAPP scheme.

In the figures below the voltage at the substabosbarsV,, is represented by the
blue line, the effective voltage target for theayetontrolling transformer A/ .’

by the red line and effective voltage target foe tielay controlling transformer B

Viar e DY the orange line.
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Figure 4.9.3 Performance of M-F scheme under typlidtaad conditions
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Figure 4.9.4 Performance of NRC scheme under typilcead conditions
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Figure 4.9.5 Performance of TAPP scheme under tyglitoad conditions
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Figure 4.9.6 Performance of TCC scheme under typilcead conditions

00:00

It can be observed that, under typical load coownldtj all four AVC schemes perform

accurately and maintain OLTCs on appropriate tagtipas. The voltage precision is
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slightly compromised for NRC and TAPP schemes dymotwer factor deviations. The
effective voltage targets for both relays in the@iBcheme decrease below 1 p.u. as
the power factor becomes lower. To offset this agdt error on the network with a
typical power factor it is common practice to ulse tesistance element of the LDC to

provide voltage boost. The ratio & ,.to — jX . needs to be carefully selected in
order to provide appropriate voltage correctionle@®n of the R .and — jX .

settings for the NRC scheme are discussed in maieel ¢h [29].

On the other hand the effective voltage targetsbioth relays in the TAPP scheme
increase above 1 p.u. as the power factor geterctosunity. However the voltage
errors are quite small and in general do not atfeetperformance of the schemes. The
effective voltage targets in the TCC scheme arg ptu. except for the time when

compounding voltage bias is applied when transfosraee one step apatrt.

The M-F scheme is not affected by the load chaageisthe effective voltage targets
are equal to 1 p.u. all the time. Both transfornmeesoperated at the same time which
can be observed by a full tap step voltage chaogepared to other schemes where

only one transformer is operated at a time.

4.9.3.Connection of DG

The results presented in the previous section Algady indicated that a voltage error
will occur when the power factor deviates from unih the NRC case, and 0.97-0.96

lagging in the TAPP case. When a generator is ateden the network and operates
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at unity power factor, active power is exportedhe network. As a result, the network
power factor as seen at the substation busbarsgebamnd when the generator

exceeds the load, the power factor becomes leading.

With the assumption that the load power factorashyf constant and the distributed
generation operates with unity power factor, it ¢ concluded that the network

power factor is determined by the generation tad Ieio.

In the distribution networks with DG for schemegtsutas NRC and TAPP, where
performance is dependent on power factor, a saanfi error is introduced into the
voltage target calculationThe voltage error is caused because voltage daelays

in NRC or TAPP scheme are not able to distingule gower factor deviation from

the circulating current. As the power factor desgafrom the target power factor due
to the DG output, the effective voltage targetsdibrelays in the scheme are modified
as the relays incorrectly detect and want to miséirculating current. The erroneous
compounding voltage bias is calculated and appdied this produces the voltage

error.

Simulation analysis of the AVC schemes has beefopeed in order to estimate the
magnitude of the voltage error which may be inticetliby the scheme under various
load to generation conditions. The network modekpnted in figure 4.9.1 was used,
this time with DG connected and exporting real poteethe network. The results of

the simulation are presented and discussed below.
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4.9.4.Results of the Simulation

In the NRC scheme the highiX ,.keeps the transformers in close step, however, the

scheme is more susceptible to changes in powerrfastpreviously presented in [29].

By decreasing jX ,. the compounding force between transformers is aedwand

the voltage error caused by power factor deviasaalso reduced.

In order to illustrate the effect of the,.and- jX . settings on the voltage error in

the NRC scheme, two sets of paramete&sdnd “B” have been used. Set “A” has
been chosen to ensure that paralleled transforarergquickly restored to the same tap
position as for example in the study presentedrévipus section. Set "B” has been
significantly relaxed allowing the transformer tenrain one tap apart for a longer
period. The graphs in figure 4.9.7 illustrate tludtage error of the NRC scheme with

respect to generator to load ratio and power factor

NRC Performance with DG — Gen/Load Ratio Set-A — Gen/Load Ratio Set-B
— Power Factor Set-A Power Factor Set-B

210 P — 1.00
200 /
190
180
170 4
160
150
140
130
120 1
110 4
100
90
80 1
70 1
60 1
50
40 1
30
20 T -0.80
10 4 I 1 -0.90
0 T . : T T T T T -1.00
-1.00 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Voltage Error [%]

T 090
T 0.80

T 0.70
T 0.60

\ T 050
T 0.40

Set A

Power Factor Lagging

T 030

T 0.20
T 0.10
T 0.00
T -0.10
T -0.20
T -0.30
T -0.40
T -0.50

Gen to Load Ratio [%]

T -0.60
T -0.70

Power Factor Leading

Figure 4.9.7 Performance of NRC scheme with DG
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It can be observed that the voltage error in theCN$theme increases with the
generation to load ratio increase. The error iiB@antly greater for the set “A”,
reaching about 2% when generation matches load%§1@hd above 7% when the
ratio is 200%. The voltage error caused by the g#oe output can be reduced by
relaxing the compounding setting. The voltage emoNRC scheme for set “B” is
represented by light red and light blue lines fengration to load ratio and power

factor respectively.

The performance of the TAPP scheme in the netwaitk eistributed generation and

varying power factor is also considerably affect&inilar to the NRC scheme the
magnitude of the error depends on the compounditt;ng and two sets of parameters
“A” and “B” have been used. As in the previous caset “A” keeps transformers

closely together, while set "B” give a decreaseshpounding force.

The graphs in figures 4.9.7 a) and b) show theagelterror in TAPP scheme with

respect to generator to load ratio and power faetgpectively.
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a) TAPP Performance with DG — Gen/Load Ratio Set-B
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) — Power Factor Set-A
b) TAPP Performance with DG Power Factor Set-B
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Figure 4.9.8 Performance of TAPP scheme with DG) Generation to Load ratio,
b) Power factor

The correlation between voltage error and genetattvad ratio in the TAPP scheme
is more complex than for the NRC scheme. Dependimghe network conditions it
can be positive or negative. As the generator dutmueases, the voltage error in the
TAPP scheme increases until the magnitude of toamsdr current becomes low. For
the low value of transformer current the voltageoeis relatively insignificant and
becomes negative when power is being exported gongtwork. As reverse power

flow increases, the voltage error becomes greater.

It is important to note that even though the TAEBResne produces significant voltage

error, especially at generation to load ratio d#9@he maximum voltage error does

not exceed 3.5% in case of parameter set A anch2%se of set B.
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Although, both NRC and TAPP schemes can genemuéisant voltage errors on the
network with varying power factor, limited distritedl generation can be
accommodated. To facilitate DG in the network whdRC or TAPP scheme is used
to control the voltage and OLTC, the compoundingtiregs may need to be
compromised. By reducing compounding settings teseaptibility of the scheme to
changing power factor is reduced and as a resalt/thtage error lessened. However,
energy losses caused by circulating current andOh€C runaway risk need to be

carefully analysed.

M-F, TCC and ETAPP schemes perform accurately enfiked voltage target mode
under various load and DG output conditions. Howetlee performance of these
schemes is affected by the output of DG when th€ Ifilinction is used.

LDC is used to boost the voltage level at the satlmst busbars at heavy load
conditions in order to offset voltage drop on teeder. Due to the fact that the LDC
bias is applied in proportion to the transformeraswged current, its operation is
compromised by the output of DG. The graphs inrBgli 9.8 show the voltage error in
LDC performance on the network where, at full l@a8% voltage increase is required

at the substation busbars.
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. —LDC Voltage Error
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Figure 4.9.9 Performance of AVC scheme with LDC wrdvarying generator output
conditions

As the DG export increases the measured transfocoreent decreases and therefore

so does the applied LDC. A result of this is anderboost’ in the AVC voltage target

and lower than required voltage level at the renpmmt on the feeder. When the

generator output is equal to the load at the stibstao LDC bias is applied. At the

reverse power flow, in the case where LDC is n@ipeal, negative voltage bias may

be added to the voltage target and further incréfasgoltage error.

Inadequate LDC performance may cause low voltagethe network, particularly at

the end of the heavily loaded feeders
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4.10. Summary

In order to analyse the effect of varying load, poviactor and generator output
conditions on the operation of AVC schemes, contfmrtal models of M-F, NRC,
TCC, TAPP and ETAPP techniques have been develapgédnplemented within the
OCEPS load flow analysis software. This enabledailset investigation of the
performance of the AVC schemes under various loabigeneration conditions on the
network. The software can help with accurate sgteelection, assessment of voltage

accuracy and determination of alternative solutions

From the simulation results of the performance afious AVC schemes it can be
concluded that M-F, TCC and ETAPP schemes are Idaitéor operation in

distribution networks with distributed generatidgtiowever, due to the fact that LDC
performance degrades with the increasing amourid@®f LDC settings and safety
margins need to be carefully assessed in netwoitks avsignificant amount of DG.
Inadequate LDC performance may cause low voltagethe network, particularly at

the end of heavily loaded feeders.

It has been shown that NRC and TAPP schemes doroatie consistent performance
for networks with DG, as they are susceptible tanges in power factor. When the
power factor deviates from the nominal value, .86 for TAPP and unity in the case

of NRC, significant voltage error can occur on slidstation busbars.
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A summary of the results derived form the simulatend analyses of the AVC

scheme implemented into the OCEPS software areptes in Table 4.10.

AVC Scheme:

True
Mastetr/ . . Enhanced
Follower NRC Circulating TAPP TAPP
Current
Performance
Resistance to varying
power factor Yes No Yes No Yes
Differing incoming No Yes Yes Yes Yes
voltages
Differing transformers No Yes No Yes Yes
Paralleling across a No Yes No Yes Yes
network
Accurate LDC at target Yes No Yes Yes Yes
power factor
Ac_curate LDC at Yes No Yes No Yes
varying power factor
Accurate LDC at the No No No No No
presence of DG
Ability to control
voltage profile on the No No No No No
network with DG

Table 4.10 Comparison of the AVC schemes

Above table along with the software simulation 0f@ scheme performance can be
used to help planning engineers select appropraleage control scheme and
accurately evaluate how much DG can be securelpemiad to the network without

the risk of violation of the voltage profile on thetwork.

Furthermore, the analysis of a network and AVC stb® can reveal that it is not
possible to connect a required amount of DG tontb®vork using existing voltage

control schemes and maintain the voltage profiletlo® network within statutory
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voltage limits. In such a case alternative solgitmenable connection of DG need to

be employed.

Methods to improve voltage control on distributinatworks with DG and alleviate

voltage constrains while connecting DG are preskmtéhe next chapter.
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Chapter V — Coordinated Voltage Control for Active

Network Management of Distribution Networks

The simulation results presented in the previowsptdr show that the presence of DG
in a distribution network affects an AVC schemee tiperating principle of which is
based on a fixed power factor. The effective vattayget and as a result, the voltage
level at the substation, can have a significardrarr schemes such as NRC and TAPP.
Even though the voltage target in the schemes siscM-F, TCC and ETAPP is
consistent on networks with DG, their performarscalso compromised when LDC is

used.

Furthermore, voltage rise at the point of conneéctibdistributed generation can occur
on distribution networks and can significantly cgarhe system voltage profile. These
factors can limit the amount of DG which can beroested to the network and in some

cases even prevent connection of the generator.

This chapter discusses various issues with voltagérol in distribution networks with
DG. Methods to improve voltage management and @as&re/oltage headroom for DG
are examined. The challenges and benefits of ANMrtigues in 11 kV distribution
networks are then presented. Additionally, a raofj@oltage management schemes
based on coordinated voltage control of the OLT@ &re voltage profile on the
network are demonstrated. Advantages and disadyesitaf individual systems are

analyzed with regard to functionality, the ability increase network capacity for DG,
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accuracy, and reliability. Finally, the last senticof this chapter discusses
implementation of active voltage control method$o irexisting infrastructure and

operational voltage limits are estimated.

5.1. Challenges for Voltage Control in DistributionNetworks

With the growth of DG in distribution networks, DNOare faced with many
challenges in design, control and operation ofrtegstems but it is also recognized
that connection of a generator can provide a nundfdoenefits in a distribution
network. Subject to location, network infrastruet@nd load conditions, the presence
of DG can reduce losses in the system, alleviatevilye loaded feeders, improve
voltage profiles and possibly contribute to seguoit supply. However, due to the fact
that conventional distribution networks have natrbdesigned to accommodate DG, a
number of issues such as excessive fault levetmtileconstraints and violation of

voltage limits can arise [26].

Operational experience has shown that unaccepvalikege rise is a common factor
limiting and even preventing the connection of GMV distribution networks. The

voltage rise effect occurs at the PCC of the nédtveord DG. Due to the fact that the
voltage level at this point can rise above theustay upper voltage limit the output of

the generator may need to be restricted [7].

Additionally, performance of the AVC schemes caralfected and LDC performance

compromised, causing the voltage level drop belogvldower statutory voltage limit.
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Consequently, on distribution networks with DG, raily voltage drop but also
voltage rise must be considered with regards ttagel control in order to make sure

that the statutory limits are maintained.

There are several proposed solutions to improvevtiiage profile in distribution
networks with DG. Costly solutions of network randement, such as line re-
conducting or building a dedicated line are cutserdpplicable and used in
distribution networks. Active voltage control wittmote voltage sensing units, line
voltage regulation, scheduling of DG and severaéptctive techniques have become
available recently but are still at the developmamd trial stage. These schemes vary
in complexity, efficiency, investment and commuti@as requirements, as presented
in [47]. These methods can be applied as the sisgletion or in combination to

increase the capacity of the network to accommadd&i¢9], [49].

Active voltage control may be achieved by the cowmtkd management of voltage
levels at the substations, generator real andiveagtitputs and voltage profiles of the
network. This type of control method appears totle most efficient solution to
support both generation and demand in distributimtworks without significant

capital expenditure [1], [50], [51].

It is common practice in distribution network desitpat, in order to ensure that the
network is maintained within statutory limits, twextreme load conditions are
considered: minimum (no load) and maximum load. idilar practice has been
adopted by DNOs when DG is connected to distrilbutietworks. In such a situation

four extreme network conditions are considered;imum load and no generation,
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minimum load and maximum generation, maximum loadl @o generation, maximum

load and maximum generation [10].

This passive approach guarantees operation ofytftera within statutory limits and
compliance with contractual obligations. Howevdr,can significantly limit the

utilisation of a network even though any potemallation of the constraints can be
very sporadic. As a result the amount of DG that loa cost-effectively connected to

the network is considerably constrained.

Alternative approaches to operation of the distidou networks are based on ANM
techniques. They comprise continuous monitoring @nmtrol of the system in order to
take pre-emptive actions to maintain the systenhiwihormal operating parameters.
These solutions can significantly increase theitghalf the network to accommodate

DG in a secure and efficient manner.

Under the minimum load condition a generator outpught significantly exceed
demand on a feeder to which it is connected, cgusimacceptable voltage rise.
Despite the fact that extreme conditions of minimioad and maximum generation
occur occasionally and in specific operational tpegiods, they need to be considered
before DG is connected to the network. Thereforaight be beneficial to connect a
larger generator and restrict its output when galtthe level at the point of connection
rises above an acceptable limit. However, it ipamant to note that this technique has
negative economical and technical implications ipaldrly for the generators and

where an over-voltage is calculated if further gatien is added.
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The main challenge for the coordinated active ygdtacontrol schemes is an
assessment of the state of the network. Due tdatively small number of the real
time measurements compare to the vast number nthes and nodes on distribution
networks, the observability of the system is veny.l Consequently, the estimation of
the load flow and voltage profile of the network ynmauffer from substantial

inaccuracy and thus the network capacity cannofulhe utilised [52]. In order to

improve the estimation process and increase scledficeency adequate monitoring

systems and associated communications infrasteicieed to be developed.

A range of coordinated voltage control schemes hmeen proposed. Some schemes
are designed for networks with high penetrationsD& or possible significant
increases in the future and others for a singleggar. Some might cover a wide area
and others control a local system. Some providegaif&ant increase in network
capacity, others improve the voltage profile anducee the restrictions of the DG
output. Distribution state estimation is often uskdt alternative solutions for
evaluating the state of the network are also prego$heir accuracy depends greatly
on the number of available remote measurements [[50]. The solution choice will

depend on cost, topology of the network and theuarhof DG [19].

Even in a network where sophisticated active veltagntrol schemes are employed, it
is important to note that the AVC relays still payundamental role. Even if an AVC
relay may not control the voltage target directly such a scheme its overall
performance can be affected by the presence oflld@.to the fact that standard AVC
relays might become unreliable under varying loatvegr factors and reverse power

flows, appropriate AVC schemes need to be usedessribed in the previous chapter.
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In the active voltage control scheme the role efAvC can be re-defined. It may no
longer be responsible to calculate the voltageetargs it may be determined by the
local voltage controller or applied remotely frohetdistribution management system
(DMS) as presented in figure 5.1.2. However, itsigl the role of AVC relay to

execute an appropriate action in order to apply rdguired voltage target at the
substation busbars, control paralleled transforraacs provide basic and safe control

if these systems fail.

VVT ICT
N O ra3 Load
ENEIIL:
Tapl Ta
Up| lDoszn
AVC relay LDC
= Compounding
Elgllfy Voo Volta e Tar tg
A % ustment
+ cowr TAR tage Controler
DeadBand< @< @< T VFARADJLST

Figure 5.1.2 AVC scheme for active voltage manageine

The following sections present and discuss a nurnbechemes to improve voltage
profile, increase voltage headroom and ensure atxoperation of AVC on a network
with DG. The schemes are assessed with respebetoftnctionality and ability to
support DG in the distribution networks as weltlasir complexity and reliability. The
suitability of each scheme and investment cost ssang for implementation within
existing infrastructure is also investigated. Adeaes, disadvantages and limitations

of each scheme are examined
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Firstly, passive solutions are described and gémeraactive power control. Secondly,
three main categories of coordinated voltage managé for 33 kV and 11 kV
networks are presented. Finally, implementationhiwitexisting MV distribution
network infrastructure is analysed and the advastagnd disadvantages of each

scheme are discussed.

5.2. Passive Solutions

One of the passive solutions to reduce voltage igsaetwork reinforcement. By

upgrading the conductor size of the feeder to acsodate DG, the resistance and

reactance are reduced. That means that both termguiation (3),R{P, —P,) and
X[+ Q, -Q,) are smaller under the same load and generatiowlitTs and

therefore the voltage rise is effectively reduced.

This method provides a satisfactory increase inatvaglability of the connection and
also improves power quality, reduces losses antbmgs interruptions. However,

implementation of this solution is associated wigy significant costs [8].

The alternative solution for the connection of DiGtbe distribution network is the use
of a dedicated feeder. Building a dedicated liney re@gnificantly increase voltage
headroom for the DG and does not directly affest@mers’ voltage profile. However
this solution imposes significant connection casd @an compromise LDC, if used,

and AVC performance.
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5.3. Generation Reactive Power Control

A common technigue that is employed to manage geltarofile in a transmission
network is generator reactive power control. Irs tteichnique, the voltage rise caused

by a generator real power outpl, and consequently the increase of term
R(P, -P.) in equation 3, is compensated by absorbing reagtiveer —Q_ and
hence reducing term(tQG —QL). This technique maintains the desirable voltage

level at the point of connection of the generatudt &s performance and effectiveness
is described in [53]. However due to the fact tih&t X/R ratio in distribution network
is typically much lower than in transmission netldinis technique is not as efficient
for 33kV and 11kV cable feeders. It can providesageable effectiveness of voltage
control when a generator is connected to overhews tue to the fact that its
reactance is approximately four times higher thacable. However it can place a
heavy demand on the generator to absorb reactmempdhis may cause additional
operational costs for the generator, lead to irs@eia losses in the network, and

adversely affect AVC performance [26].

Managing the voltage rise in distribution netwolks reactive compensation can be
justified in some cases, nevertheless its appdinat limited and it is common practice
for DNOs to instruct a distributed generator to rape at or close to unity power

factor.
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5.4. Use of LDC

As has been discussed in chapter lll, an AVC schsnadten equipped with LDC
functionality in order to provide additional vol&adoost at the substation busbars.
This functionality is not only used to improve cusiers’ voltage profile but also to

increase voltage headroom in order to accommod@t¢ss).

When an AVC scheme is operated at a fixed voltagget, the critical (largest)
voltage rise occurs under minimum load and maxingenerator output conditions,
but at the same time the voltage drop on the feed@hout DG is relatively low as
illustrated in figure 5.4.1. Under these conditioth® voltage headroom which is
available in the lower voltage range is lost and generator output needs to be

restricted as a voltage rise above the statutopguupoltage limit can occur.
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Figure 5.4.1 Voltage profile on the network with D@der low load conditions
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By reducing the AVC voltage targé&t.,, and using LDC voltage headroom for the
generator can be released. Under low load demamditmms little or no LDC bias is
applied and the voltage at the substation buskarmaintained at a low level.
Consequently, the voltage at the point of connactib the generator is maintained
within the limits but minimum voltage on the netkas maintained above the lower
statutory voltage limit. The voltage profiles oretfeeders for AVC with LDC are

shown by dashed lines in figure 5.4.1

When load demand increases the voltage targeteasubstation also increases. But
under this condition the voltage rise at the poeft connection of DG is
counterbalanced by the voltage drop on the feeddrtlae fact that the generator is

supplying local load as shown in figure 5.4.2.
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Figure 5.4.2 Voltage profile on the network with D@der high load conditions

The effective voltage target for the AVC with LD@der these conditions is the same

as the AVC with a fixed voltage target.
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Viawan et al. [33] further discuss voltage contwol MV networks with DG using
OLTC and LDC. Their paper demonstrates that reni®bAVC voltage target setting
and use of LDC can significantly increase the \gdtheadroom in systems, enabling

the connection of DG with no additional equipment.

An AVC scheme with LDC is a simple example of a rchhwated voltage control

scheme that actively manages the AVC voltage s#it,p@king into account voltage

drop on the network under various load conditidtiewever, the amount of DG and
the voltage headroom that can be realised withuieeof LDC is restricted due to the
fact that the LDC voltage bias is lessened as theeator output increases, as
presented in chapter IV. This creates a voltaga ¢nat may cause customers’ voltage
at the feeder end point to fall below the lowertagé limit. This issue can be
considerably reduced using additional measuremantshe substation level and

estimation techniques, as it will be presentedhertext section.

5.5. Advanced AVC Scheme Based on Local Measurement

Using local measurements on the feeders, partigutam the feeders with DG, a
significant improvement of the network voltage cgohitan be achieved. The main
advantage of this technique is that additional mesments are fairly easy to obtain
and there is no need for a sophisticated and exgensmmunication channel for the
transfer of these measurements. The existing didostanfrastructure such as
protection CTs mounted on the feeder circuit bresalend spare pilot wires can be

used to feed AVC relays with load information oe thdividual feeders.
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AVC schemes using a form of feeder current measeménmave been used in
distribution network for number of years. The comored example of this technique is
the load exclusion module (LEM) designed for the wath the SuperTAPP voltage
control relay [44]. A typical application of thiolsition is on sites where capacitor
banks, used for reduction of losses, are connemtedhere a heavy industrial load is
supplied. The LEM enables removal of a ‘non-typidabd from a transformer
measured current and correction of the power faadoseen by a relay. As a result, the
AVC scheme based on the TAPP principle can be tafedg used where the power

factor may vary as a result of the ‘difficult’ load

Similarly, the LEM can be used on the feeder wit.Ohe effect of the generator on
a transformer current, the power factor, and asrseqguence on the TAPP scheme
performance can be eliminated. As the generatorestiris removed from the
transformer currents, also more accurate LDC islieghp This technique is very
effective when a generator is connected on thecdesli line and the feeder
measurement is simply the generator output. Howyamethe situation where the
generator is connected on the feeder which alsglisgpother customers, the
measurement does not correspond to the generatjputoMvhile removing the LEM
current from the transformer currents, some portibfoad is also removed and LDC

performance is compromised to a degree.

The feeder exclusion approach is a simple and teféesolution to accommodate DG
on a network where an AVC scheme is dependent avepdactor for circulating

current control such as TAPP or NRC, and at theestaitie improve LDC accuracy.
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However, the suitability of this technique deperas a network configuration, a
number of feeders and generators as well as thiedséribution between the feeders.
It also has a number of limitations. One of thenthat typically, only one feeder can
be excluded. If the feeder, which provides conwoecfor both generation and load, is
excluded, a part of the load is also removed froentbtal load. For the substation with
only few feeders, this can significantly disturbrfpemance of the AVC scheme and
LDC. Also, this technique is not able to providey anformation about the network

conditions, such as voltage level or output ofliliz at the PCC.

It might appear that, on a feeder which providesineztion for both, load and
generation customers, the output and the voltagd & the point of connection of the
generator can only be determined by a direct measemt. However, by using only
measurements at the substation level and a reseceblaf the load pattern on the
feeders, the generator output as well as voltage at point of connection can be

estimated [45].

With the provision of feeder and transformer curreeasurements the advanced AVC
relay uses algorithms in order to calculate geoeratutput. The generator output is

then used to apply generator voltage Biasand LDC voltage biag ... An example

of the scheme based on an advanced AVC relay isrsirofigure 5.5.1.

10C



CHAPTER V — COORDINATED VOLTAGE CONTROL FORACTIVE NETWORK
MANAGEMENT OF DISTRIBUTION NETWORKS

————— —
’—— ~§\
// -~

e 11 kV Network TN

// NOP \
/ _4|—®—|_ \\
II f*@ :
NOP OverVol| /
~
\ , P
\\ /
N /
\ ~ S, ll
Primary ==~_| _ | __{
Substation I,
I — 0 ] kV
vyy -
Advanced

VTarg

AVC relay

Figure 5.5.1 Active voltage control scheme basedacal measurements

33kV

The generator voltage bias corresponds to the gmlt@duction necessary at the
substation level in order to counterbalance théagel rise at the point of connection.
Additionally, generator output current can be satted from the measured current at
the substation and correct LDC voltage bias canappglied at the busbar. This
technique improves performance of the LDC and alloncreased utilization of the

network and connection of the DG.

This coordinated voltage control concept is empibiyethe SuperTAPP n+ scheme. It
offers firstly, very effective AVC performance bdsen the ETAPP algorithm as
described in chapter IV and secondly, an innovatahnique for voltage control in
the distribution network with DG [22]. The key bdéhef this scheme is that all
measurements are taken or estimated locally ande tiee no need for remote

communication with the generators. This, as webiagplicity of the scheme and the
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fact that an AVC relay is a fundamental piece otiipment required in every
application, make it a cost effective and easynstall solution. A disadvantage of the
scheme is that a considerable security margin néedse maintained due to the

possible inaccuracies of the estimation techniques.

The detailed description of operation and efficientthe scheme will be presented in

chapter VI along with assessment software for dhese.

5.6. Advanced AVC Scheme with Voltage Reporting Uts

The performance of the advanced AVC scheme is diperon the precision of the
estimation of generator output and the estimatioth® voltage drop on the feeders. In
order to ensure that the voltage profile is mamgdi within limits under all network

conditions, strict AVC settings need to be appliedlaxing AVC settings might cause
occasional, yet uncontrollable violation of thetagke limits. To overcome this issue,
voltage monitoring equipment in the form of an RG&h be installed at the points in
the network where violation could occur. When tb#age level at this node is outside
permissible range, the signal requesting a voltagget adjustment is sent from the

RTU to the AVC.

The real-time operation of the advanced AVC scheprginues to be based on local
measurements. However, single exception reportisgyuctions from the RTU are
used to correct any unacceptable voltage deviafiodiagram of an advanced AVC

scheme with reporting RTU (RRTU) is presentedgufe 5.6.1.
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Figure 5.6.1 Diagram of advanced AVC scheme with RR

Relaxing AVC settings allows the scheme to imprtve utilisation of the network
and increase the amount of DG that can be conneRiR@Us monitor local voltages
and communicate with the AVC only when the voltdgeshold is about to crossed.
As the communication between RRTUs and AVC is docas, it can be provided, for
example, by the GPS messaging service. This teaknggbased on the SuperTAPP n+

platform and is under development [23].

5.7. Local Active Voltage Management

For a particular network with voltage problems @by distributed generation a

more sophisticated approach based on a local wl@antroller using the state
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estimation (SE) technique can be adopted [54]. Ram¥ple configuration of a local

active voltage controller is presented in figuré. 5.

In order to manage the voltage profile on a netwaith a single DG, the local voltage
controller with SE needs at least one RTU installethe PCC, usually located at the
DG. For the other nodes SE evaluates a range asilpjes/oltage values within which

the actual voltage value resides.
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Figure 5.7.1 Local Voltage Controller.

The uncertainty of the estimation process increas#s the distance from the
measurement point as the uncertainty of the psewelsurements accumulates and

the distance form the real time measurement ineeed3ue to the lack of RTUs on the
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feeders without DG, the last and only point of nbeasient on such feeders is at the
primary substation. This results in significanttagle uncertainty at the most remote
electrical node on the feeder. This particular naémportant in voltage control
schemes since it is expected that a customer ctethatthis node receives the lowest
voltage in the system and must be kept above #tetsty limit. This uncertainty must
be taken into account and a correspondingly high\¢€ voltage target needs to be
applied [56], [57]. Accuracy of the SE can be erdeahby additional monitoring
equipment on such networks. However, this requueher investment and increases

the operational costs of the scheme.

Advanced technigues using a local voltage contrallere presented by Liew and
Strbac in [53] who demonstrate the benefits ofdloeordinated network management
methods. Generation curtailment, reactive powertrobrand coordinated OLTC
control are analysed from the point of view of nmaising the penetration of DG in
distribution networks. The SE application in thistige voltage control scheme has
been discussed in [29], [32]. The examination eé¢halgorithms for the purpose of
distribution system state estimation (DSSE) is @mé=d in [58]. Issues such as the
consistency and quality of each algorithm are dised. Implementation of the
statistical distribution state estimator into artive&c voltage management scheme is
presented by Hird, Leite et al. in [50]. Thornleyenkins and White analyse
performance of an active voltage controller based&SE with a minimum number
of physical measurements. Results from the realar&tapplication of this scheme are

presented in [59].
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A commercially available system using this techeiggiGenAVC [60]. The GenAVC
system operates by taking voltages and power fl@asurements at the substation as
well as additional strategic locations across tevork via communications links with
RTUs. DSSE is used to evaluate voltages throughioeitnetwork and a desirable

voltage target is determined for the primary transier AVC [60].

The local voltage controller enables efficientiméition of the network. The scheme
can support a significant amount of DG whilst maining network voltage profiles
within specified operating limits. The standard @ieg limits can be applied across
the whole network as well as deploying specificitémfor individual nodes when

necessary.

Some cost is associated with the implementation apdration of this scheme,
however more importantly expensive reinforcementhaf network can be avoided.
Another disadvantage of the scheme is the statwwark model that is used for DSSE.
Due to the fact that the network model is not cowmted with the current network
state, the scheme will need to be disabled durlmgoamal configurations of the
network and adjusted for any additional networkreeetions. Consequently this may

result in DG being temporarily constrained.

5.8. Centralised Active Voltage Management

The most comprehensive scheme, not only for agtage control but also for ANM

at the distribution level, is a scheme that caerméedded within the DMS.
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A number of automation schemes already exist in DN improve reliability and
enhance the performance of distribution networksesé schemes are used for
switching operations and fault location purposed.[€ommunications from RTU's
located at secondary substations is based on dmgfieictions and limited reporting
rather than continuous operation as required foMAMS]. In Fig. 5.8.1 a functional

diagram of a centralized voltage management schbased within a DMS is

presented.
e N -
/
1
\
N
R
AAA AN
C \
nt(r)erllti)er ntrator
DMS i
State Controller VY VYV =
Estimation| Network “ ) Concentrator] “ _—
7 Model relay relay
vpq =] | Mode [PQV] 33kV [RQ.V] 33 kV
V.PQ.VTarg ! VTai ! VTai

Conce

VAN
SCADA T Y|ntrator <

Conce
ntrator

To next Substati

Figure 5.8.1 Centralised voltage controller.

The SCADA system collects measurements from RT0atéwl at strategic points in
the network and sends this data to the DMS. Theal§&rithm is used to evaluate
voltage levels at all nodes. The DMS determinestwvaletion is required based on all
collected and estimated information. Signals toustdthe voltage targets of AVC
relays, modify generator outputs or change networkiguration can be sent in order

to maintain the optimum state of the network.
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Even though the base infrastructure already exidts, transition from system
automation to active control is challenging. In@rtb embed real-time voltage control
within the control centre, significant amounts @ftage and power flow monitoring
equipment needs to be installed across distributiogtworks and reliable
communication channels for SCADA systems need tprogided. This will require
substantial investment, which can be justified ietworks with high penetrations or
potential for DG. Nevertheless, the risk of a sngbint of failure needs to be taken

into account.

The major advantage of such a scheme is its akdligoordinate various elements and
voltage levels of the system. Centralized DMS aanitias the ability to provide SE
with actual network models and data. All networkaefiguration can then be easily
updated and accurate SE is constantly achieved @itage control however, should
remain at the OLTC, thus providing the default cohin the event of a major

communication failure.

5.9. Operational Voltage Limits for Active Network Management

In order to ensure that all customers are maindawighin statutory voltage limits the
distribution network may be operated at a fixedage target at the primary substation
busbars regardless of the load. The voltage tasgetually set at 1.025 pu in order to
maintain all customers above lower statutory veatdgnit under maximum load
condition and below the upper limit under minimuoad condition. This practice is

simple and effective in the network without DG. Hoxer, due to the fact that voltage
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level in the network is constantly kept relativedigh, it does not offer significant

voltage headroom for the generator, especially ulodeload conditions.

The objective of the active voltage control is teximise the available capacity of the
existing network infrastructure in order to suppdhte connection of DG by
dynamically adjusting the voltage target level tithw acceptable limits. Improved
system utilisation can be achieved by coordinatafnthe voltage target at the
substation and voltage profile on the network. Urlde load conditions, voltage drop
along the feeders is less significant and a lovadtage target at a substation can be
applied. As a result more voltage headroom is abhal for a generator connected to
the network. The main concern is to accuratelynese the voltage profile in a
network under all conditions. A miscalculation retaltered voltage target can result
in a voltage level excursion outside statutory timEven very powerful and accurate
tools for distribution network voltage control, eégped with an efficient scheme and
robust DSSE are burdened with considerable unogrta terms of load flow and
consequently the voltage profile. This is due ® high dimensionality of distribution
networks, uncertainty in the network model, and nsignificantly, low observability
of the network. In order to prevent this situatmmerational voltage limits and safety

margins need to be established.

Furthermore, it is not viable to make all netwosgksl all voltage levels “active”. It is
rather expected that most LV networks will remaimsgve, as it is unfeasible to
manually alter the tap position of a distributiomnisformer, and active network
management will only cover MV distribution networkdNevertheless, new

technologies may emerge for the voltage contral\atlevels, such as distribution
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transformers equipped with on-load tap changersdemand side management.
Moreover, implementation of smart meters at custsmpremises can provide
valuable information about the voltage profile ihet LV network. If voltage

measurements from smart meters become availablaefwvork operation purposes,

voltage control can be extended from the MV networthe LV network.

At present only MV networks are primarily being sadered to become active
networks. Active voltage control incorporates vgéamanagement at the primary
substation, point of the connection of DG and théditle of distribution transformers.
With the use of techniques such as AVC, LDC, loadtage controller, DSSE and
generator active and reactive power control, thevokk voltage headroom can be
significantly increased. However, due to measurénamd estimation techniques
uncertainty, and the fact that the LV network ily to remain passive, distribution
networks cannot be operated near the statutorpgeltimits. In order to make sure
that all customers are maintained within the stejutlimits, operational voltage
constraints as well as safety margins need to $&sased and applied in active network

management schemes.

There cannot be a universal formula to calculaterajonal voltage limits due to the

fact that each distribution network has been desigand operated under various

standards. However, general patterns which campplked are presented below.
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Figure 3.6.1. Operational voltage limit for MV netwvk voltage control

Figure 3.6.1 indicates the fundamentals for theutalion of the operational voltage
limits for the MV network and the settings of thé&/@ relay; voltage drop across

distribution transformers has been neglected.

The operational voltage limits for the HV side dietdistribution transformer are
determined by LV network design. One of the criein the network design is a
maximum allowed voltage drop on LV network and be tustomers’ service. This
varies from system to system; however, 6% and 2¥%age drops respectively are
commonly employed. That means that 8% voltage despoccur, which indicates that
the minimum voltage level to LV side of the transfi@r can not be maintained below
1.02 p.u. Applying a similar policy but consideririge closest customer to the
transformer and minimum voltage drop, the maximyorarational voltage limit can be

assessed. Generally MV/LV transformers have thadrighan nominal ratio in order
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to provide a fixed voltage boost for the LV netwakd are fitted with an OLTS,
typically in voltage regulation range of + 5% irb% steps. The OLTS position setting
varies between utilities and LV networks, howeweis common to use tap position 2
which gives voltage level at LV side at 1.06 p.tilg.u. incoming voltage. Taking
into account the ratio and the tap position ofdis¢ribution transformer, the maximum
operational voltage limit at the HV side of thenséormer can be evaluated as
presented in Figure 3.6.1. This node becomes #tectmtrol point in the distribution
network. Even though this is an inoperative nodeictvis the case for all load nodes,
the voltage measurement or voltage estimation alloantrol of this node via the

voltage level at the primary substation busbars.

For the common conditions and design rules as tbescrabove, the operational
voltage range for a typical load node in the MVwek is = 4 % of the nominal

voltage. Additionally, with the uncertainty in sitation results, DSSE performance
and measurements need to be taken into accoumtiér to ensure that these voltage

limits are maintained.

It is important to note that some customers (foareple a generator) might accept
higher voltage levels of up to 1.06 p.u. and fomeoload nodes (for example an
abnormal distribution transformer tap position)imadividual operational voltage limit

needs to be applied. Active voltage control schewitts DSSE provide a capability to

apply individual operational voltage limits for éaacode and any exception can be
easily defined in the scheme. Conversely, an ackd#d/C scheme cannot comply
with individual operational limits and this needs lie considered at the design and

simulation stage of the scheme for appropriatenggsttto be applied. In the active
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voltage control scheme based on an RRTU, individo#éhge limits can be achieved
by installation of additional voltage measuremeaints on the network. The nodes
which would require RTU installation need to beessed at the design stage using a

simulation tool.

The key voltage control point in an MV network fam active voltage control scheme
is still the busbar at the primary substation. Vo#age level is adjusted by an AVC
relay, which changes the tap position of the OLT@&whe aim of achieving the

required voltage target at the busbar. Performamck settings of the AVC, such as

relay bandwidth, need to be taken into accourttéwbltage target calculation.

Let us consider a random node without voltage nreasent on the MV feeder, where
the voltage level is to be maintained within + 4 Founcertainty of the DSSE in
voltage estimation at this node is 1% and the badttinsetting of the AVC relay is
+1%, in order to ensure that the voltage is kepoWwehe upper operational limit the
voltage target must be less than 1.02 p.u.. Siipjl#ne voltage target must be above
0.98 p.u. to maintain the voltage at the node al@9é p.u. For simplicity in the
above calculations the voltage drop along the feedss neglected, however, the
voltage control schemes must calculate this volthge and include it in the overall

analysis.
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5.10. Summary

Either conventional network reinforcement techngjoe ANM schemes for voltage
control can be used to overcome issues associatadhe connection of DG. Smart
grid technologies such as active voltage control paovide an efficient and cost
effective solution for many issues associated wita accommodation of DG in

distribution networks.

A number of aspects need to be considered befove ‘mmart’ active network
management technology can be implemented. Factach s existing network
infrastructure, load and voltage profiles, AVC sties and their settings, the amount
of DG connected with future DG growth, communicatimfrastructure, bandwidth
requirements and capital cost. These need to leéutlgranalysed and therefore when
considering active network management techniquetglde and accurate assessment

software is essential.
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Chapter VI - SuperTAPP n+ Voltage Control Scheme ad

OCEPS n+ Assessment Software

A number of active voltage control schemes forrihation networks have been
discussed in the previous chapter. One was thenadda AVC scheme that is
implemented in the SuperTAPP n+ relay. In this ¢biaphe principles of operation,
functionality, accuracy and application of the SUBPP n+ scheme are presented.
New estimation methods for generator output calmraare proposed and the
effectiveness of these techniques is evaluateddbasereal network measurements.
Moreover, and specific to this thesis, the simalatsoftware designed for voltage
analysis in distribution networks and assessmer@upferTAPP n+ scheme operation

in particular network scenarios is presented.

6.1. Principles of the SuperTAPP n+ Scheme

SuperTAPP n+ is a voltage control relay designedctmtrol the voltage of
transformers connected to a distribution networkvimich there may be distributed
generation and related voltage management issigs|[#6]. The relay offers very
efficient control for parallel transformers based the ETAPP scheme that was
discussed in chapter IV. Additionally, an innovatitechnique employed in the relay
provides the ability to estimate output of the gat@ which is connected at a remote

point on a feeder.
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The SuperTAPP n+ scheme relies on the system weoliagasurementy,,,

transformer current measuremenhy, , feeder measurements., , as shown in figure
6.1.1, and embedded algorithms in order to modify é&ffective voltage target to
compensate for load related voltage drop alongdeednd generator related voltage

rise at the point of connection.

SuperTAPP n+

3LV ooy [T 1k le
v = <« hh
@ é &LL XCI_FL IFe Feeder 1 —> = S
2
Feeder 2
[ ;
o [
: Feeder 3
X-o—= |
_— SuperTAPP n+ . .
relay
20l ¥
o L\ s Feeder X I
N I >

Figure 6.1.1 SuperTAPP n+ scheme arrangement

The control method employed by the device requiadsulation of the summed load
current at the node to which the device is conmkeated the injected current into the
node from the distributed generator. The generatorent estimation technique is
derived from measured transformer currents, cumegdsurement on the feeder with

the generator and the load sharing réfig of the feeders with distributed generation

to those that do not have generators connected.

_ loadonfeedersvithgenerators _ | o
loadonfeedersiithoutgenerators I 1

(38)
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Where:

E.. - load ratio of the feeder with generators to #der without
D" I, - sum of transformers currents

| - - current on the feeder with generation

This ratio is calculated prior to the connectiontlod generator or when the output of

the generator is zero i.e. whépg =0 and the measured current on the feeder is equal

to the load currentl_; =|.,. Representing the sum transformer currents aswsl|

ITL:ZITL:|T1+IT2 (39)

where the generator curreht can be determined as follows:

IGZ(EST[(ITL_IFG))_IFG (40)

With the assumption that the load profile on thedfers is similar at all times, tHe,;

ratio remains constant and a generator output eatetermined.

Using the estimated value of the current outpuhefgeneratol ., the voltage rise at
the point of connection can be evaluated. Appréo@rgenerator compensation bias,
V;, can be applied and the effective voltage of th&CAs modified. The generator
compensation bias is calculated in reference to vitleage rise at the maximum

generator current,,,, as shown in equation (41).
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I
Ve =Vouax %0 5—° (41)

GMAX

The calculated generation voltage bias correspémdse necessary voltage reduction
at the substation in order to bring the voltageeleat the point of connection of DG
within statutory limits. However, the bias is offd®y the acceptable voltage drop on

the remaining feeders.

The additional advantage of this method is improypsatformance of LDC. In a
network that supplies only load customers, the leadent is equal to summed
transformer currents, as in equation (39), and LiBG@pplied in proportion to this
current. However, when a distributed generataxigorting power into the network,
the summed transformers current does not repreéetitioad at the network and is
reduced by the generator injected current. As a@gpuence the LDC voltage bias is

also incorrectly reduced.

In order to eliminate the error from the LDC penfance caused by DG, the generator
current is removed from the summative transfornuerentl 1. and true load current is

calculated as follows:

ILOAD:(ITL_IG)_(ITL_IFG)[G:I'-FEST) (42)

The LDC voltage bias calculation which is basedttrue load current, ,, is not

affected by the generator output and the LDC peréorce on the network with DG is

significantly improved.
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The SuperTAPP n+ scheme, with the provision of tC voltage bias and the
generator voltage bias, is able to estimate the&geldrop along the feeder caused by
the load current as well as voltage rise causedhleyDG export at the point of
connection in real time. These two voltage biadesgawith any circulating current
voltage bias and basic target voltage are usedltulate the effective voltage target
required to optimise the voltage profile on thewwek and minimise any circulating

current. Thus, in the SuperTAPP n+ scheme equé@®xtakes the following form:

V.

TAR

|:V

TAR

+VLDC + VSITE + VNET + VG (44)

6.1.1.Advantages and Disadvantages of the Scheme

The main advantage of this scheme is that all nreasents are taken locally and there
is no need for remote measurements. This, as wealimplicity of the scheme and the
fact that an AVC relay is a fundamental piece ofiipment required in every

application, make it a cost effective and easy$taill solution.

However, as the scheme relies on local measurearghiestimation techniques it is
subject to some errors. Due to the fact that betiegator compensation bias and the
LDC voltage bias calculation are based on Eageratio, any deviation of this factor
from the set value introduces an error in the Ad@et voltage. Figure 6.1.2 shows an
example of the load profile on an 11 kV substateer a week [38]. The bottom line

on the plot represents load current on the feeder { the connection of the DG. The
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line in the middle represents the total load onsthiestation. Under ideal circumstances
the load on each feeder, and consequently thedoatie substation, follow the same
pattern and the ratiBstis constant. In real systems there are some g@isooges in the
load current ratio on the feeders which are redlgéan fluctuation of the factoEst
The magnitude of variation iBstis represented by the top line in figure 6.1.2hwite

values on the right-hand axis.

| — Total Substation Load — Load on Feeder with DG —Est|
1600 0.45

1400 - A A - 040

AT

=
N
o
o

m V r
3 A A AN s +0.30
< 1000 N/ W \~ \wd V o
= LI T e
D 800 ! ~
ALY A " W W A W B YOO
O
600
kS +0.15
9
400 + 0.10
200 AN AN N N
o~ AV v/ W A= S W/ ~A/ - 0.05
0 , : ; . - : 0.00
15-Feb 16-Feb 17-Feb 18-Feb 19-Feb 20-Feb 21-Feb 22-Feb

Time

Figure 6.1.2 Load profile on the substation andsfratio fluctuation.

In the example above the averafg, ratio is 0.35 with the deviation approximately
+20 per cent. The range of variation in tBe, ratio varies from network to network

and it is influenced mainly by the character of kh&d on the feeders. For the feeders
with the majority of the residential customerseihds to be less significant, whereas

for the feeders with a considerable amount of comiakand industrial load, variation

12C
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in Eg;has a tendency to increase. The data collected 8aperTAPP n+ trials and

various distribution networks showed that under l#ter condition it might rise to

+35% of the average value.

Another factor which affects generator voltage lwiakulations and efficiency of the

SuperTAPP n+ scheme is the amount of generatigdh@feeder. When the amount of
DG is a small proportion of the feeder load, tharaye inEg,, caused by DG, is also
low. Any deviation in the load ratio from the setlwe introduces significant error. As
the DG share in the feeder load increases, the errthe voltage bias calculation
reduces. The curves in figure 6.1.3 correspondatmous DG to load ratios and the

generator voltage bias errors for a rangd=gf deviation.
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Figure 6.1.3 Voltage Bias Error in respect to gemor to load ratio on the feeder
and E,, deviation
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It can be observed that the voltage bias errorl=come considerable, even at the

E, deviation in the range af20% reaching 70%, when insignificant amount of BG i

being connected on the feeder. However, in tha¢ @@ro or minimum voltage rise
occurs and generation voltage bias is not requ@dthe distribution network with a
generator operating at unity power factor, the agst rise effect becomes a problem
when the generator output becomes a significantigpoof the load on the feeder,
possibly exceeding demand. Under these conditibegyénerator output to load ratio

is more than 80%. Taking into consideration g with a variation in the range of

20%, the maximum error introduced in the SuperTAPP performance does not

exceed 20% [61].

Further improvement of the generator output estonatechnique can be achieved
with additional feeder measurements. In a netwollere significant changes in the
load ratio E;, are observed it can be beneficial to remove tksimhilar load, which

affects the load ratio, from equation (38). ThadfEemeasurement which supplies this

load can then be excluded from the calculation #mel error in the estimation

technique can be reduced. Alternatively, a feeddeeders with similar load profiles

to the feeder with DG can be used to determineBhefactor. In that case equation

(38) takes form as follows:

[
EST = % (45)
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The SuperTAPP n+ scheme has an ability to accomteodamerous DGs on a

network and estimate their output using local meaments. Generation can be
connected on different feeders and current measneim required on each of them.
However, at the substation with multiple generatmyanected on various feeders, at
least one feeder with no generation is essentids iE due to fact that the reference
load is required for the estimation technique anigt a feeder with no DG can be used.
The accuracy of the SuperTAPP n+ estimation ofgéreerators’ output connected on
multiple feeders is dependent on how closely thereace load represents the load

profile on all the feeders with DG.

In order to maximise the utilisation of a distrilmnt network with DG using
SuperTAPP n+ scheme and prevent any voltage riseeatihe statutory limit, it might
be required to install additional over-voltage pmiion system at the point of
connection of the generation. At the time whengbleeme is not able to maintain the
required voltage, either due to a lack of voltagadroom on the network or generation
estimation erroneousness, the over-voltage protesystem sends a signal to curtail

DG until the voltage is restored to an acceptablell

6.2. New Generator Output Estimation Techniques

The load ratide which is currently used in the SuperTAPP n+ sahers

ST
determined at the network analysis stage and appl® the relay when the AVC
scheme is commissioned. The generator output esdimia based on transformer and

feeder current measurements and a fiked value. The only factor affecting accuracy

12

1)



CHAPTER VI - SUPERTAPP N+ VOLTAGE CONTROL SCHEME AND OCEPSN+
ASSESSMENTSOFTWARE

of the scheme is fluctuation in this parameter.has been discussed above, the load
ratio in distribution networks is not constant aiash significantly diverge from the set

value.

With the aim of improving the efficiency and acayeof the estimation technique,
two new methods to calculate generator currenciige at the remote point on the
feeder are presented in this section. Both methads still based on local

measurements. However, relationships between tinee @and reactive components of

the measured currents are used.

6.2.1.Dynamic Load Ratio

This method is based on the dynamic load rafg, . Unlike the estimation method
based on load share ratig,, between the feeders that needs to be evaluated when
generator output is zero, th&,, parameter is updated continuously. Calculatiothef
dynamic load ratioE,, is based on the premise that load power factorthen

substation and on individual feeders is similar &mel fact that distributed generation

operates at unity power factor.

The load share between the feeders with generatimh those without can be

calculated using reactive components of the suminaasformer currentl;, and

current on the feeder with DG . This calculation is as follows:

124



CHAPTER VI - SUPERTAPP N+ VOLTAGE CONTROL SCHEME AND OCEPSN+
ASSESSMENTSOFTWARE

— Im(IFG)
™ im(1,) -Im(l ) (46)

This parameter is then used to estimate generatipub current as in equation (40),

replacing the static load ratigg, with the dynamic ratio that gives:

IG:(EDY EQITL_IFG))_IFG (47)

The advantage of this method is that the load @oies not have to be changed in the
relay if the load on the network changes, asd tase for static load ratio algorithms.
These changes are reflected in the local measutsmaed automatically used by the

relay. However if additional ‘new’ load is addetthe reactive current will also
increase in proportion resulting in the change IéR,, . As this is a predictable
change suitable adjustment would be made to avoydearors in the measurements.
Additionally, the method usind=,, is susceptible to power factor deviations that

affect the estimation accuracy.

6.2.2.Constant Power Factors

It has been described in previous chapters thaptiveer factor on the distribution
networks without generation is fairly constant [286]. It is also common practice
that DG is requested to operate at fixed powerofacthe second method, called
constant power factors, uses these two statemadtsh@ generator current output is

calculated as follows:
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lg =] Im(l o) Rell ) -Rell ) EERG('FG)] (48)

im(1+) Im{l o)
%/_/ %/—/
consant-C, oap consant-Cpg

Re{l )

With the assumption that load power factor is cansthe term——-{ has a fixed

m(l)

value and with the assumption that generator opewtfixed power factor, the term

Re{l )

m(l,.) becomes a constant. Thus, the generator outpuieaalculated using the
FG

current measurement on the feeder with DG and twstantsC,,,, andC_; as

follows:

s :[lm(IFG)[QCLOAD)_RdIFG )] [Cos (49)

As the generator current output calculation redies constant power factor for both
load and generation, any deviation from the satevaf either will cause an error in

the estimation.

6.2.3.Simulation Results of Dynamic and Constant Power &ctor Ratio

The simulation results based on the SuperTAPP mittha real network data have
been used to investigate consistency and accurdctheo proposed generation
estimation methods and compare the results withetttienation technique based on

static load ratio. A three day sample of the simaifaresults is shown in figure 6.2.1.
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Figure 6.2.1 Generation estimation technique comzam.

Generation estimation techniques based on statiardic and constant power factors
are represented by the green, red and blue linsgectvely. The black line
corresponds to the measured generator output apdime of connection. It can be
observed that all three estimation methods haveessmors. The least consistent is the

technique based &, . Estimation based orkg; tends to overestimate generator

current injection to the network between 15:00 8ad0. The constant power factors
method, in this case is the most accurate, thergemeoutput closely following the

black line in the figure 6.2.1.

It has been observed that, depending on the neteammkitions, load profile on the
feeders, generator operation regime and load péawetor, one of the three proposed

estimation techniques can provide better accurhay the others. For each network
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detailed analysis is necessary to select the muaistbge technique in order to ensure

the most accurate generation estimation basedoahroeasurements.

The new methods offer alternative estimation teghes that can be used in the
SuperTAPP n+ scheme to calculate generator cuimgetdtion at the remote point on
the feeder based on local measurements. The Sup&Ti relay system has been
design to facilitate multiple current measuremeatsl each measurement can be
programmed for a particular use. In this way i isimple task to modify the program
code for alternative estimation techniques. Bothhods have been implemented in
the SuperTAPP n+ relay and will be tested at SupeFT n+ trials to evaluate their

functionality and accuracy in real networks.

6.3. SuperTAPP n+ Simulation Software

When the SuperTAPP n+ scheme is to be used toamerthe ability of a network to
accommodate DG, a detailed investigation of thevaed characteristics is performed.
Several factors such as the load profile on thddex variation oEsy, and required

generator and LDC voltage biases are considereddar to guarantee effective and

secure performance of the SuperTAPP n+ scheme.

Appropriate simulation software has been develdpgutovide an efficient tool for the
SuperTAPP n+ scheme assessment and its potenti@rmpance on a particular
distribution network. The SuperTAPP n+ assessrseittvare is based on the OCEPS

load flow software combined with the load and vgdtadrop estimation techniques,

12¢
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advanced AVC scheme and SuperTAPP n+ functiondlityuses a model of the
network and historical SCADA data in order to estimmperformance of the scheme in
a particular network scenario over a period of timiae output of the software
indicates the amount of DG that can be connededpériod of time when the scheme
is able to accommodate the required amount of Ddsvemen the DG export needs to
be curtailed. It also indicates any possible viotabf the voltage limits. Moreover, the
software assists with the selection of appropri&iegperTAPP n+ settings and

assessment of their effect on the performanceeo$tihheme.

6.3.1.M-OCEPS Software

The design of distribution networks has conventignaeen based on worst case
scenarios. For the network with load customers ,omgximum and minimum load
conditions are studied. When a generator is to dmnected on the network four
extreme conditions must be considered such as muaxinbbad-no generation,
maximum load-maximum generation, minimum load-nomegation and minimum
load-maximum generation. To assist network planremgineers with the network
analysis load flow software to evaluate steady dtagde of the system is commonly

used.

Commercially used load flow packages, such as OCERSIS [62], GROND etc.,
are suitable tools to solve these four steady statea particular network with the
design of a passive distribution network. Howeutiese simulation programmes

become ineffective when an active approach to flexation of a distribution network
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is adopted. The active approach requires analysiagy steady states of the network
under various load and generation conditions. Aaluitly, these results need to be
examined for any violation of a number of paransetd’sing standard load flow
programmes it would be very time consuming and ianyn cases unfeasible.
Therefore, an appropriately designed simulatiorkage is required for analysis and

design of active distribution networks.

The M-OCEPS software has been developed to endiclierst analysis of distribution
networks with distributed generation from the aetwoltage control point of view,
particularly for 11 kV networks. The software haseh designed to utilise the
information available on distribution networks imngunction with historical data.
Additionally, the SuperTAPP n+ scheme model hasnbmeeplemented into the
software creating an efficient assessment tooltlh@ scheme [63]. The simplified
model of the M-OCEPS software with the SuperTAPPmnmadel is shown in figure

6.3.1.
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Input files
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Additional
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Figure 6.3.1 Overview of M-OCEPS software.

6.3.2.M-OCEPS Software Development and Functionality

The M-OCEPS software is based on the load flowrdlym described in Chapter IV.
However, a number of functions have been addedakent suitable for active voltage
control analysis. The software reads additionaliirfpes and creates three output files
that include simulation results in an easy to asaljprmat. Feeder arrangements and
feeder load estimation algorithms give practicdbrimation about load flow and
voltage profile on individual feeders and a useeriace allows various scenario

related settings.
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6.3.3.Input Files

Two input data files are used in M-OCEPS softwaretwork model and SCADA
measurements. Both files have been arranged tommssxiinformation which is

available from the DNO’s database and SCADA system.

The network model input file consists of typicaformation about branches, nodes,
transformers and the arrangement of a distributievork. This data may be extracted
from the DNO’s database or the load flow packadgethé network model is not
available, cable and overhead line parameters canobtained from a GIS
(geographical information system) database andfoamer and load parameters from
an asset management database. An example of lthis fpresented in appendix A.
Each branch is described by impedance and shunittadoe and connection nodes.
Additionally a rating of a line and BRANDCOD (sexbte 4.1.1) needs to be specified.
Nodes are described by type as follows; 1 for Sl&ctor PV and 3 forPQ. All load
nodes are not characterised by thandQ as it is common in the load flow software
but by rated power of the distribution transfornragximum demand (MD) recorded
on the secondary substation and power factor. i$his order to maximise accuracy in
load allocation on the feeder. If an MD readinguag available, maximum demand is
assumed to be half of the rated power (accordinth&odesign standard stated in
engineering recommendations). Transformers areactarsed by the parameters

presented in table 4.1.1.
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In order to achieve simulation results as accurags possible for a distribution
system, any network measurement which is availa@eSCADA can be integrated
into the software calculation. The SCADA data caneliported in a standard format
and included into the input file. Typically, at tiecal substation level, voltage with
transformer and feeder currents are available. thadilly, if any remote
measurements are accessible they can be includedeirSCADA input file. An

example of the SCADA input data file is also preedrin appendix B.

In the heading of the SCADA data file, informatiabout the number of transformers,
feeders and remote measurements that are usetinfoglaBon is presented. Branches
for any current measurement and nodes for any powewnltage measurement are
specified in the following section in order to linkal measurements with the network
model. The main body of the file contains all meaments, starting with the time and
date of the measured sample. A list of the typmahsurements in a SCADA input

file, along with required unit and the most comnyoavailable time intervals is shown

in table 6.3.2.

13
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SCADA data Description and unit Available time
interval
Time Sample Date and time of the measurement] N/A

[dd/mm/yy hh:mm]

Apparent power recorded at the

Average Half-hourly,1

Side Demand substation minute
[MVA]
Transformer real power measurement Average Half-hourly,1
Transformer P .
[MW] minute
Transformer reactive power
Transformer Q measurement Averagem:?]ilféhourly,l
[MVAr]
Transformer apparent power Average Half-hourly,1
Transformer S measurement minute
[MVA]
Transformer Current measurement| .
Transformer Current A 1 minute
Transformer voltage measurement|  Average Half-hourly,1
Transformer Voltage .
[kV] minute
Feeder current measurement in .
Feeder measurements A 1 minute

Real power measurement (usually

Average Half-hourly

[MVA]

Load P industrial customers are metered) (1 minute with smart meter
MW]
Reactive power measurement (usually
Load Q industrial customers are metered) Average Half-hourly

(1 minute with smart meter

Generator P

Real power measurement (usually
generators are metered)

[MW]

Average Half-hourly
(1 minute with smart meter

Generator Q

Reactive power measurement (usua
generators are metered)

ly Average Half-hourly
(1 minute with smart meter

[MVAT]

Table 6.3.2 SCADA data input file measurements

To obtain satisfactory simulation results for aiahdistribution network each feeder
current measurement is required. Transforend Q measurements can be used to
calculate load power factor and update the powetofafrom the network model.
These with transformer voltage measurements andhidteric performance of the
existing AVC scheme, the current and voltage peadih the network can be analysed.

Remote measurements can significantly improve acgurof the simulation and

should be used where available.
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6.3.4.SuperTAPP n+ Model in M-OCEPS

The SuperTAPP n+ relay model, its functionality aaldgorithms as described in the
above sections have been developed and impleméarttedthe M-OCEPS load flow
software. The enhanced TAPP model as presenteectios 4.8 is used to calculate

the effective voltage target with the modificatias shown in equation (44).

In order to execute the SuperTAPP n+ scheme in (CEfftware theAVCSC
parameter is set tAVCSC= 2and one or more additional measurements need to be
specified using parametéEEDERM as presented in table 6.3.1. Additionally, if the
ESTparameter is specified, a generator estimatioorélhgn based on static load ratio

is used. When th&DY parameter is set to 1, the estimation algorithreedaon
dynamic load ratio is activated and two constdadtODAD and CDG are set. The

generator output is calculated using equation (8nEDY parameter is set to 2.

FEEDERM Measurement Function
value
0 Measurement not in use
1 Transformer measurement
2 Feeder with DG measurement
3 Direct generator measurement
4 Excluded measurement

Table 6.3.1 Measurement in SuperTAPP n+ model
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6.3.5.Load Flow in Radial Distribution Networks

As has been discussed in previous chapters, 11 ikWibdition networks have
relatively high X/R ratio compared to transmissiogtworks and are operated in a
radial manner. This poses a number of challengeghi® load flow algorithms. A
number of methods for radial distribution netwodad flow solutions have been
proposed. A technique based on ladder-network yheas developed by Kresting et
al. [64] and a modified fast decoupled method bydRaand Tamura [65]. Techniques
based on receiving-end voltages are presented]maf@l [67] and an iterative method
is presented in [68]. The proposed methods offerange of effectiveness,

computational requirements and differ in convergerate.

The OCEPS software is based on a Newton-Raphsonthig and partitioned-matrix
approach to the Jacobian equation developed hygind Sterling [38]. Even though
it may require more computational effort than teehniques mentioned above, it is
proven to be a highly efficient algorithm for th@gtion of distribution networks, also
for difficult or ill conditioned load-flow problemsThis numerical method is also

applicable for use in state estimation and dynainiailation.

M-OCEPS has been developed to enable the incoiporat network measurements
into OCEPS. Furthermore, functions for feeder ayemment detection, load scaling,
load estimation and voltage headroom calculation bBave been added and are

described in the following section.
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6.3.6.Feeder Arrangement and Load Scaling

The most significant challenge for the distributioetwork analysis is the small
number of measurements that can be gained frorhlih&/ and LV system. Generally
customer loads are not measured and secondaryasobstare not equipped with any
current or voltage monitoring equipment. In theeatz® of this data, in the simulation
analysis, real and reactive power values for thed loodes are treated as pseudo-
measurements. Therefore, before a steady stateeafigtwork can be obtained, this

load data must be estimated.

A number of load modelling techniques have beeentyg proposed for power flow
analysis to facilitate a distribution state estiomah active network management. To
improve the accuracy of load estimation variousadsich as billing information,
customer information, typical load characteristitsad survey and demographic
information may be used as proposed in [69] and]. [Modelling of pseudo
measurements based on a probabilistic approachpreaented by Ghosh, et al. [71]

and based on load probability density functiondiasussed in [73].

Currently, the most common technique of load ediomaused by distribution
planning engineers for 11 kV systems is feeder kaaling [16]. This feature allows
the adjustment of individual load nodes to matctspeecified total feeder load.
Commercial load flow packages offer this methodhwatfunction that allows selection
of the loads that are to participate in the feexdating procedure [74], or the adding of

load measurement data if available [75].
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A modified load scaling functionality has been iempkented in M-OCEPS software. It
is based on primary substation feeder measurenaagtsnaximum demand recorded
or the rating of the distribution transformers ifmeaximum demand reading is not
available. For each node without power measurerhen¢xpected value is calculated.
The load for each secondary substation is scalgataportion to the feeder current
measurement, summed maximum demands of all secorstdnstations fed by the

feeder and the maximum demand at the substatitreiformulation are as follows:

S :NFXL[SM,(FX) (50)

ZSMD,i(FX)
i=1

Where § and S, are the expected value of power demand and maximum

demand of the™ node respectively. If the MD is not available, dos scaled in
proportion to the 50% value of the transformemm@tiPower measurement on &

feeder, S, (,, is determined from the feeder curredy,,,, and voltage V,,

measurements at the primary substation as follows:

SM(FX) = lM(FX) Vor B\/I—B (51)

The real and reactive components of the load fempteudo measurement is calculated

as follows:

p= Swo,i [PF; Sy e, PF: (52)

NV
ZSMD,i(FX) DPFF
i=1
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S, sin(cos™ (PF,))

Q=+ (B e, {sin(cos*(PF,))) (53)
> Suoieo Eﬁsin(cos‘l(PFF )))

Power factor, PF., can be specified for the substation or can beutskd from
transformer P and Q measurements if available. pidweer factor for the individual

nodes PF, can be specified in the input file or it can bedated to match calculated

value of PF_.

This load estimation technique provides adequateltsefor a load flow analysis of the
distribution network. Information such as feederrrent measurements and
transformers ratings or MD are available from tH@ABA system. The accuracy of
this technique can be affected by the industrial aommercial loads which do not
follow typical load curve characteristics. Howevers these customers are usually
measured, the accuracy of load estimation on aefeegh be improved by replacing
pseudo measurements with real measurement datahérnodes where these

measurements exist.

An additional drawback of this technique is its biliéy to provide a measure of

uncertainty regarding the estimates [69]. The [dad results based on load scaling
can provide accurate results, however, it is nasjide to assess their precision. In
terms of active voltage control this implies thia¢ tsecurity margins may not be fully
evaluated. In the load estimation technique, wthes been developed for voltage

profile analysis for the active voltage managemtrid,issue has been eliminated. This
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technique has been implemented into M-OCEPS saodtveard is described in the

following section.

6.3.7.Load Estimation in M-OCEPS

In order to investigate the relationship betweesdl@n the distribution transformer
and load on the feeder supplying this secondargtatibn, monitoring equipment at
several secondary substations have been instalsarding real and reactive power
and voltage. These measurements have been calrelatie corresponding feeder

current measurements.

To analyse the correlation of demand on the distioln transformers with respect to
the feeder current measurement, load on the feedewas represented by the

measured value of the feeder current to the maxidemand on the feeder as follows:

S
L = — 20— (54)

NFX

z SMD,i(FX)
i=1

Similarly the load on the transformér,, was represented as the recorded demand

value on the transformer to the maximum demanderfgeder as follows:

S u

NFX

z SMD,i(FX)
i=1

L., = (55)
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Under ideal circumstances where all distributi@mgformers equally share load on the

feeder with proportion to the their MDs, load ome fiower transformers, factbg; , is

equal to load on the feeder factadyr, .

However, in the real network, load distribution thve feeder and between secondary
substations varies depending on types of load,, tweather etc. To analyse this
correlation a PDF of recorded distribution transfer measurements at particular
loads on the feeder was employed. An example of D& Ror real network
measurements is shown by the bar charts in figLlg@ @nd figure 6.3.3 for the feeders
supplying a majority of domestic and a mixture aintkestic and commercial load

respectively.

Probability Density Function of the DT Load

18

5654

AN
S

Frequency

S
=] 1D P o
ScdHry

PAg
SgaR8w o

Figure 6.3.2 Probability density function of loadednand on the distribution
transformer supplying mixture of domestic and comroil load with
respect to feeder measurement
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Probability Density Function of the DT Load
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Figure 6.3.3 Probability density function of loadednand on the distribution
transformer supplying domestic load with respectfiég@der measurement

It can be observed in the figures above that trek palue of the probability density
function of the load on distribution transformer,, for each value of the load on the
feeder, L., and its value match fairly closely in most of teses. An increase in the
latter is also reflected in an increase in the fernHowever, a significant variation

from the mean value is also present.

The results obtained from the above analysis camsbd to accomplish two objectives.
Firstly, to represent the possible variation of ked on the distribution transformers
at the particular value of the load on the feedeorder to assess maximum voltage

change. Secondly, to quantify the level of uncetyaof this estimation technique.
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The results presented in figures 6.3.2 and 6.2lBa&te the variation of the load which
can occur on the secondary substation from the @&gevalue which is calculated
using equation (50). Minimum and maximum power tbhah be absorbed at the

specific feeder measurement is evaluated as showequations (56) and (57)

respectively:
I:LC MIN
Suni =S -S —— (56)
MIN i | | D
C,i
I:LC MAX
Swaxi =S tS E’T (57)
C,i
Inequality constraints:
0<Syn; S (58)
S < Syaxi <MD, (59)

Where F ,, and F ;. represent mininum and maximum uncertainty
coefficients of the load class (LC) and &)fs the load density factor fof node. The
F.c wn @nd F ¢ . is specified for each node individually or foraadi category.
For example, for the node supplying mostly residémgad F ., nis equal to 0.5

and F . .« is equal to 1. This means that load at this stibstanay vary from 50%

to 200% of the scaled valu& . An uncertainty range can be reduced by e

factor. For instance, the greater the number ofocners connected to the node, the
more closely the load profile at the node follows foad profile on the feeder, since
the load is more diversified [10]. As a result, igedsity factor can be used to reduce
uncertainty in the load estimation proces®r the feeders supplying commercial load

the minimum and maximum uncertainty coefficientswdd be increased to reflect the

14
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nature of the load and the fact that this typeoafll has a different characteristic. For

the industrial loads, if measurement data is neflavle, F . ., coefficient should
be equal to the maximum demand of the node and=thg,,, coefficient should be

equal to the minimum demand of the node. With theessdficients, the load is treated
as on or off depending on the feeder measuremanttta®m remaining load on the

feeder.

6.3.8.Estimated Voltage Profiles on the Feeder

Due to uncertainty in pseudo measurements, accloate distribution and precise

voltage profile on a feeder is difficult to evaleatA standard state estimation
technique deals with this issue by calculating mmaxn and minimum possible voltage
level for each node. The node with the lowest mtedi voltage level is the node where

maximum voltage drop is expected.

Analysing an 11 kV distribution network and takingto consideration radial

arrangements of a feeder, it is not always necgdsaestimate voltage variation at
each node on the feeder, but to identify a rangeoe$ible voltage levels on the feeder
under consideration for particular load conditiaml the node where the maximum

voltage level occurs.

The proposed method for voltage analysis in distiiim network estimates the
maximum voltage drop which can occur on the feedawrell as maximum voltage rise

at the point of connection of the generator fottipalar feeder current measurements.
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Additionally, the maximum voltage variation at tparticular node specified by the
user can be estimated. This method is based oloakeestimation process described
in the previous section. The estimated minimum ayakimum load values for each

node,S,,,; andS,,,;, line and cable impedances as well as connectietveeen the

MIN,i

nodes are used to determined the maximum voltagegehon the feeder.

The voltage drop along the feeder can be derivau fEquation (3) and given by:

AV = (R+ X)) =(R+ jx)P’\L/jQ (60)

Modifying equation (60) and assuming that the oti@nal voltage is close to 1 p.u. it
is seen that the voltage drop depends on therpedance and power absorption as

follows:

AV =Z 5 (61)

The ‘voltage drop momen¥/M, can be defined as a product of power absorption at
thei™ node, S , and sum of impedances of the lines from the pynsabstation to this

node as follows:

VM; =S @i:zi (62)

It can be found that nodes with the highest voltdggp moment make the greatest
contribution to the voltage drop on the feeder. Ewample nodes at the end of the

feeder (high impedance seen from the substatiah)avhigh load.

14t
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Using this assessment technigque, two extreme lasttibdition conditions on the
feeder from the voltage profile point of view cae been; the maximum and the
minimum voltage change on the feeder. The maximossiple voltage drop on the

feeder is evaluated by applying the maximum estohdbad value,S at the

MAX,i ?

nodes with the higheatM, factor and the minimum estimated load valjg, ; at the

nodes with the lowestM,; factor. The summed load of all nodes with losseshe

feeder needs to match the measured feeder cufi@mvaluate the minimum voltage
change on a feeder, at the same feeder currenuneeaant, the load distribution on

the feeder is arranged by applying the maximunmedéad load valueS at the

MAX,i ?

nodes with the lowes¢M, factor and the minimum estimated load valjg, ; at the

nodes with the highe&tM, factor.

To illustrate this load and voltage profile estimattechniques in the M-OCEPS
software the simple network with a single feedepm@sented in figure 6.3.4 has been
used. The feeder is supplying 10 secondary substatequipped with 800 kVA

distribution transformers. The maximum demand asheéeansformer is assumed to be
half of the transformer rating and all the loadsb® the same category. 1 MW of
generation is being considered, connected to nddd=dch connection between the
nodes has the same impedance parameters. The fesdemt measurement,

represented by the power flow in the line betweeden2 and 3, is used to estimate
load on the individual distribution transformerssi#nulation has been performed with

four settings of the uncertainty factors as preseirt table 6.3.2
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IMmF)=53 A
1 2 SM(F)—IOOO kVA 1MW
|_@ | 3 4 9 12 13 14
I L | [ |
E MDi=400 kVA
Vvr=11kV - 1pu STR=800 kVA

Figure 6.3.4 Single feeder system used for voltpgefile analysis

The expected power demand on the nodes is calduleiag equations (50-54) with
the feeder current measurement equivalent to 1800 Rs all the transformers have
the same MD, the expected power demand at eachhasdthe same value and equals

approximately 100kVA.

Firstly, the possible voltage profiles on the netwvaithout generation are analysed.
Simulations are then performed with various loadartainty factor settings for the
load estimation algorithm and the obtained resarspresented in figure 6.3.5.

Voltage profile on feeder without DG

1.020 7
— Load scaling: Lfc_min=100%, Flc_max=100%

1.015 7 — Load Estim: Lfc_min=75%, Flc_max=150%
Load Estim: Lfc_min=70%, Flc_max=170%
— Load Estim: Lfc_min=60%, Flc_max=200%

1.010

1.005 1

1.000 A

0.995 1

0.990 1

0.985 1

Voltage [pu]

0.980 1

0.975 1

0.970 1

0.965 1

0.960 7

0.955 1

0.950 T T T T T T T T T T T » Node

Figure 6.3.5 Estimated voltage profile on the feead@thout DG with various
Fic wn @nd Fo . factors
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The black line represents typical load scalingh& lbad on distribution transformers
with respect to feeder measurement. Both load teinéy factors are equal to 100%

and do not affect the load distribution on the f¥ed

The load estimation algorithm is enabled when loadertainty factorsF . ,,, and
Fic_max @re set up. In the first case the load on theiloligion transformers is set to
change from 75% to 150% of the estimated valueSofand the minimum and

maximum load values for each nods,,; andS are calculated using equations

MAX,i
(56) and (57). Two load distribution conditions tire feeder are arranged; one to
evaluate the maximum voltage drop on the networ# aacond to evaluate the
minimum voltage drop on the feeder. In the firase, the maximum estimated load

S is allocated to nodes with the high&8¥, factor, that is, the three nodes at the

MAX,i

end of the feeder. In the second case, the maxieatmated loadS is allocated

MAX,i
to nodes with the lowesVM, factor, i.e. the three nodes closest to the pgimar

substation. The load allocation to the all nodeshiswn in table 6.3.2.

The voltage profiles on the feeder obtained froeséhtwo load distribution conditions

is shown by the blue lines in figure 6.3.5. It d@ observed that the voltage drop on

the feeder may vary between 0.962 and 0.971 pdiuthas occurs at node 14.
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Settings FLC_MIN =100% FLC_MIN =75% FLC_MIN =70% FLC_MIN =60%
FLC_MAX=1OO% FLC_MAX=150% FLC_MAX=17O% FLC_MAX =200%
Allocated S Allocated S
Node | AloPareds kvA] AHO[E?/Zd ) kvA]
[ VA] VMAX VM IN VMAX VM IN VMAX VM IN
3 100 75 150 70 170 60 200
4 100 75 150 70 170 60 200
5 100 75 150 70 170 60 180
6 0 0 0 0 0 0 0
7 100 75 100 70 70 60 60
8 100 75 75 70 70 60 60
9 100 75 75 70 70 60 60
10 100 100 75 70 70 60 60
11 0 0 0 0 0 0 0
12 100 150 75 170 70 180 60
13 100 150 75 170 70 200 60
14 100 150 75 170 70 200 60

Table 6.3.2 Load allocation on the feeder under wars load estimation settings

By increasingF . ,, and F . factors to 70% and 170 % respectively, a larger

imbalance of load distribution on the system cake tplace resulting in a greater
voltage variation. With these load estimation sgii the voltage drop on the feeder
may vary between 0.961 and 0.973. The possiblageltariation increases further as
the load estimation setting increases. Howeveraftvad variation of between 60%
and 200% it can be observed that the change imi@n@mum voltage drop on the

feeder in less significant. The minimum voltageeleat node 14 is of 0.960 compared

to 0.961 for the previous case.
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A similar process can be carried out to investigaittage profile on the feeder with
DG. However, the point of connection of the germras specified as the reference
node for the load distribution on the feeder and tlode in not included in the load
distribution process. Instead, a fixed value fonegator power injection, for example
the maximum export capacity of the proposed conmecis used. For the simple
network presented in figure 6.3.4 the same loattiloigion conditions for the load
uncertainty coefficients are applied, but in a mooeplex feeder configuration it
might not be the case. The voltage profiles onfeleder with DG exporting 1 MW for

variousF . ,,~n andF . . coefficients are shown in figure 6.3.5.

Voltage profile on feeder with DG

1.020

1.015

1.010

1.005

1.000

0.995

0.990

0.985

0.980

Voltage [pu]

0.975

0.970

0.965
— Load Scaling: Lfc_min=100%, Flc_max=100%

0.960 — Load Estim: Lfc_min=75%, Flc_max=150%
Load Estim: Lfc_min=70%, Flc_max=170%

— Load Estim: Lfc_min=60%, Flc_max=200%

0.950 T T T T T T T T T T Node
2 3 4 5 6 7 8 9 10 11 12 13 14

0.955

Figure 6.3.5 Estimated voltage profile on the feed@th DG with various load
estimation settings

It can be assumed that highest voltage rise talkee® for the load estimation settings

between 60% and 200% and the maximum estimated Bgad, allocated to

substations close to the source of the feeder. Vdliage profile is represented by the
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red solid line. In can be concluded that the \gatat the point of connection for the

feeder current measurement is above 1.011 but bkldL® p.u.

The load estimation technique and voltage profilalgsis discussed above provide

practical information relating to predicted voltalgeels on the distribution network.

By increasingF . ,,, andF . .« coefficients the confidence that the voltage @ th

network will be within the predicted values incress In order to estimate the
probability of the occurrence of the voltage outsiiese values, probability density

functions and Monte-Carlo simulation have been used

The PDFs for the feeder supplying a high proportidrdomestic load, presented in
figure 6.3.3, have asymmetrical bell shaped cuivesa feeder supplying a mixture of
domestic and commercial load, shown in figure 6.5 asymmetry in the PDF shape
is more significant. It is apparent that no stadddistribution function can fit the
curves in these two figures. However the gammailoigion with two-parameters; a
scale parametéy and a shape parameter k, as shown in figure &:8mesents the

curves satisfactorily and can be used for prolgtaialysis [76].
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Figure 6.3.6 Example of Gamma PDF for load on sedanry substation with the
L. =100 kVA

The parameters of the gamma distribution have setatted to cover a load variation

on the distribution transformers from 50% up to %00f the L., at a given value of

load on the feeded, .. For the system presented in figure 6.3.4 the B®presented

in figure 6.3.6 was used.

As load distribution and thus voltage profile igpdadent on a number of factors such
as transformers rating, recorded values of maximde@mand, number of load
customers and impedance parameters of the linesseteeral realistic feeders have
been analysed. The gamma distribution was useepresent the probability of the
load demand on each secondary substation and tiieMZarlo simulation was used
to estimate the occurrence probability of the \gdtaoutside the predicted voltage
range under various load uncertainty factors [7f{je summary of the results is

presented in table 6.3.3.
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Load Estimation N
Gamma uncertainty factors Probability of voltage
PDF = = outside the range
LC _MIN LC_MAX

-50 % / +400% 100% 100% N/A

-50 % / +400% 75% 150% 1.62-29%

-50 % / +400% 70% 170% 0.82-1.61%
-50 % / +400% 60% 200% 0.148 - 0.23 %
-50 % / +400% 50% 400% 0%

Table 6.3.3 Summary of the results for voltage lleprobability analysis

The Monte Carlo simulation has been designed tutk the probability of the lower
and higher voltage levels on a feeder against tbbsgned from the M-OSEPS using
load and voltage estimation algorithms. For sheetders with a relatively low number
of secondary substations a small number of largestormers, this probability was
higher than for the long feeders with large numhlrsmall transformers. However

even for these feeders with uncertainty factorgs8f and 150%, the likelihood does

not exceed 3%. As expected, with the increase ef . ,, and F .

coefficients, the probability of the voltage outsithe predicted range decreases and

falls significantly below 0.5 % for the load vai@t between 60% and 200%.

The theoretical analysis presented above indidhtgsquality of the voltage profile on
the feeder using algorithms implemented in the MEDS is satisfactory. However to
verify the simulation results the predicted voltagage is compared with real voltage

measurements on the network in chapter VII.

15

1)



CHAPTER VI - SUPERTAPP N+ VOLTAGE CONTROL SCHEME AND OCEPSN+
ASSESSMENTSOFTWARE

6.3.9.0utput Files

M-OCEPS produces three output files; load flow lssunetwork characteristics with
generation estimation and voltage headroom. Thenseand third output files can be
customized by the user according to the requiremdiite examples of these files are

presented in appendices C-E.

The load flow results file provides conventionaaty state results of the analysed
network. Information such as the load flow in edidle, voltage, real and reactive
power at each node, losses in the system, tapigosif the transformers etc. are
included. Additionally, any errors or problems atitte number of iteration are
reported. This information may used directly to lgsia the system; other parameter
can be calculated if required. Examination of ttegadin this format can be time
consuming and very inefficient when hundreds orusiamds steady states of the
network are considered. To simplify and automate pmocess, network voltage and
network characteristics with generation estimatonl SuperTAPP n+ settings output

files have been created.

The network voltage output file contains all théommation necessary to analyse the
network from the voltage perspective in a comprslida format. Data is presented in
the table where each row corresponds to a time lsarfipe file contains information

about the maximum and minimum voltage levels inrtevork and specify the nodes
where these values occur. The voltage level astibstation busbars, effective voltage

target for the AVC scheme as well as all the vatagses are also listed. When the
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operational voltage limits are specified, any uiola of the limits and the nodes are
highlighted and the voltage headroom calculatedoAthe additional data such as the
voltage level at nodes specified by the user oimmim and maximum voltage level of

a particular feeder can be incorporated.

The information relating to the network charactérss performance and operation of
the SuperTAPP n+ scheme is presented in the thipuo file. Data in this file is used

to estimate accuracy of the generation estimagchrtique as well as to select optimal
settings for the scheme such as basic voltagettdrB€ and generator voltage bias.

The static load share ratig,, and dynamic load ratiolt,, are calculated in order to

assess the precision of various estimation teclesigestimate possible errors and

select the optimal settings.

6.3.10. Limitations of the Software

The design and the nature of the algorithms impigete in the software impose a
number of limitations to the network model and fiimeality. The first is associated
with the load estimation and load distribution teicues used to estimate the possible
voltage range on a feeder. This technique is deitfals the investigation of maximum
and minimum voltage drops on the feeder for a $igdeeder current measurement as
well as at a selected node. However, it is notablet for analysis of the voltage at
number of nodes on the feeder and as a resultyitrmobe used; for example in state

estimation.
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Another limitation of M-OCEPS is the fact that tlhad estimation technique can only
be used for the radial operated networks. As tlael lestimation algorithms on the
feeder rely on a single feeder current measuremeditthe scaling principle, it is not

possible to use it for the feeders which are seggdliom more than one source.

The last identified limitation is the inability athe software to deal with lines
connected in parallel. When parallel lines are dete they are replaced by an

equivalent circuit and marked as such.

6.4. Novel Voltage Control Scheme Based on Voltagzop Factor

The load estimation algorithm and the assessmetiteofoltage profile on the feeder
used in M-OCEPS initiated a development for an waige voltage control scheme
using an Advanced AVC relay (SuperTAPP n+ platforioral measurements to
estimate voltage drop on the feeders without geéieeraand a single remote

measurement on the feeder with DG at the poinbohection.

A network model of the system and historical datawsed to determine the function
representing the relationship between maximum ptessoltage drop and current on

the individual feeder which can be expressed\samax, (I ). From SCADA data,

the maximum and minimum current values for eachddeein the network are

identified. This data is then used to create irffpeg such as the current value for each
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feeder and changes from the minimum, ; to the maximumi value in suitable

max,f

steps.

The network model and input file with feeder measwents data are linked to M-
OCEPS software and the simulation with relativeighhload estimation uncertainty

coefficients (for exampleF . ,, =60% and F . .« =179%) is performed. The

process to calculate maximum voltage drop on taddes using M-OCEPS software is

presented in figure 6.4.1.

Set current min current of the feeder f v
I, =1

min, /

Select the node with the highest VM
and update S, to maximum

S,=S

max,i

Calculate load flow
on each feeder f

Lyws Vir V3

S

meas,f

v

Scale the load on each feeder accordingly to /

meas,f

N,
ZSi + Sosses Z S meas,s
i=0

meas, f

_ SMD,[./ S
i N, :

ZSMDJ,f
i=1
¢ Load Flow I—) AV max, )

Estimate min and max S, for node i

F,
— S,' +S,' 'FLCnmx 5 =S -5 - LC min

Meas. f

S

max,i DFC . min,i i i DFC . YES
: . STOP
Calculate Voltage Drop Moment for node i NO
VM, =S,-Y Z,

n=0 Increas 1, /

Set up minimum load for each node
S; = Shing

Figure 6.4.1 Flow chart of voltage drop factor caltation process
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The results obtained for the simulation provideoinfation about the maximum
voltage drop on each feedexy  manith respect to feeder current measurement

The graphs in the figure 6.4.2 show voltage drogratteristics for five feeders.

Maximum voltage drop with respect to current measurement

450 7
425 A
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375 1
350 1
325 1
300 A
275 A
250 A
225 A
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Voltage drop (pu)

Figure 6.4.2 Relationship of the maximum voltagear and the feeder current
AV max, (1)

The voltage drop factor is defined as the estimateckimum voltage drop on the

feeder with respect to feeder current measurenmhisacalculated as follows:

|
VO, = max (63)

It can be noted that the relationship between tlagimum voltage drop and feeder

current is almost linear across the range of thedde current values. As a
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consequence, the voltage drop factor for individeatlers is also linear. ThéDF,

for the feeders presented in figure 6.4.2 is shiomthe figure 6.4.3.

Voltage Drop Factor with respect to current measurment
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Current [Amps]

Figure 6.4.3 Voltage drop factor characteristicstivirespect to feeder current
measurement for various feeders.

As the voltage drop factor values are constantéorbe approximated to the constant
value) they can be simply implemented into the aded AVC relay. Along with the
individual feeder current measurements, the exdeatdtage drop on the each feeder
without DG can be estimated, and the minimum veltiegel on the network obtained.
The maximum voltage level on the network can bbeejtobtained by the direct
voltage measurement at the point of connectiomefG and sent to the relay or by
using generation estimation techniques, voltage estimation on the feeder and

generation voltage bias as described in this clhapte
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As no complex calculation or estimation is involydédde analysis can be performed
within a voltage control relay such as SuperTAPPTie flow chart for the advanced
AVC scheme based on the local feeder measuremergstimate minimum voltage

level on the network and single RTU unit with commeation link to provide

information about maximum voltage level is presdritefigure 6.4.5.
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Calculate max voltage drop
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V . —change<V,
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No »
Actio

Reduce
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Figure 6.4.5 Flow chart of the operation of the Admced AVC relay based on

voltage drop factors.
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The proposed voltage control scheme can be dedcabdhe LDC method based on
individual feeders. The main advantage of the sehanthat it can provide improved
voltage control compare to LDC based on transformerent, particularly on the
network with unbalanced load diversity betweenféeslers or with the heavily loaded
part of the system [78] with minimum investment tcds can also increase voltage
headroom and, with a single remote measurememifisgntly improve the ability to
accommodate DG into the network. The efficiencyh&f scheme can be evaluated and
accurate settings for the scheme can be obtainetidoyise of M-OCEPS software.
Due to its simplicity the existing SuperTAPP n+tfdlan can be used for real network

implementation of this scheme.

The scheme can support multiple generation andrdutDG can be easily
accommodated within the scheme. However, for eaBhcBnnected on a network, the
dedicated RTU is required to provide voltage leirdbrmation at the point of

connection and generator output.

The main disadvantage of the proposed schemetishith@ettings of the scheme such
as voltage drop factor values need to be revisedgeally or when the significant
change on a network occurs. If there is no majodification on a network, the
revision should be carried out every two-three ydar examine and, if necessary,

reflect load increase.
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6.5. Summary

The principles of operation and characteristicstieg active voltage management
scheme SuperTAPP n+ have been presented in thesdicton of this chapter. The
advantages and disadvantages of the scheme havaliseassed and factors affecting
the performance of the scheme illustrated. The rg¢o@ estimation technique based
on local measurements and static load ratio hawn b#iscussed and two new
estimation techniques based on dynamic load ratt @nstant power factors have
been introduced. The accuracy, differences as agefietwork implementation of all

three methods have been analysed.

Before any active voltage management techniquees to improve the voltage profile
on the network or to increase voltage headroomraemnto accommodate DG, a
detailed analysis of the network must be carried Also, the proposed active voltage
control schemes should be evaluated with respeds tability to increase network
capacity, efficiency and accuracy. With the purpoteroviding an efficient tool for

voltage network analysis and assessment tool ®iSihperTAPP n+ scheme the M-

OCEPS software has been developed.

The main functionality of the M-OCEPS simulationfta@re is its capability to
incorporate network measurements and exploit availaaformation of the analysed
network using innovative algorithms for load anditage profiles on distribution
networks. This significantly increases the accuradythe network analysis and

provides higher confidence in the achieved results.
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The simulation results of the voltage profile irate the possible voltage range on the

feeder at the measured feeder current and spevdfgrtainty coefficients= . ,, and
F.c_max- BY applying higher values of the uncertainty dio&nts, the probable

voltage range is increased and, at the same timedhfidence that the voltage profile
on the feeder is within this voltage range. On meks supplying load customers only,
the maximum voltage drop on each feeder can besssdeand the node where this
condition occurs, identified. Additionally, minimuind maximum voltage levels at
any node on the feeder can be determined if redu@m networks with DG, this

technique allows the evaluation of possible voltage at the point of connection, and

maximum voltage drops on all feeders.

The network implementation of the SuperTAPP n+ sehend preceding network

analysis using M-OCEPS are presented in chapter VI
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Chapter VIl SuperTAPP n+ Scheme Field Trial in EDF

Energy Networks

EDF Energy Networks is one of the largest distitoutompanies in the UK servicing
three licensed networks LPN, EPN and SPN coveriegti@ London, the East of
England and the South East of England, respectively a DNO, EDF Energy
Networks is responsible for the operation, desigaintenance and development of its
networks in an efficient and cost effective waynder to comply with UK legislation
and conditions as specified in the distributioreice agreement [17]. EDF Energy
Networks is also obliged to formally assess alluesis for load and generation
connection to its networks [83]. A significant irase in the number of connections of
the latter has been seen as more and more energtvworks areas operated by EDF
Energy Networks is becoming available from small amedium size energy sources

such as landfill gas, wind turbine or CHP.

Reductions in network losses, greenhouse gas emsssiower energy costs and
deferment of network reinforcement are examplethefnumerous potential benefits
from the connection of distributed generation te ttetwork. However, it is widely
recognised that the connection of generation i distribution network can be
challenging. Typically, power factor, voltage regfidn, fault level and network
capacity are technical factors constraining theoasnodation of DG in distribution

networks [79].
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In order to encourage DNOs such as EDF Energy N&svto develop and apply
novel techniques with regard to the operation,gtesind future development of the
distribution networks, Ofgem have introduced twaentive schemes; the IFI and
RPZ. EDF Energy Networks actively participate iedb schemes with a portfolio of
projects to improve the efficiency of its networlsgcurity and quality of supply as

well as to reduce the cost of DG connections [80].

As a part of the IFI scheme a collaborative propsttveen Brunel University and EDF
Energy Networks has been established to investgat®rmance of the existing AVC
schemes in networks with DG and to investigatetegsactive voltage regulation. M-
OCEPS with a SuperTAPP n+ model has been develapgdovide an assessment
tool for voltage analysis of distribution networkgdditionally, a SuperTAPP n+ field
trial has been set up on the EDF Energy Networlgesy in order to verify this

simulation software and to analyse the performamckeffectiveness of the scheme.

In the following chapter the network results frometSuperTAPP n+ trial are

presented. These results along with additional ogtwneasurements are used to

verify accuracy of the results as obtained fronmg$he simulation software.
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7.1. SuperTAPP n+ Field Trial

The SuperTAPP n+ trial has been set up in the EDé&rdy Networks distribution
network at a primary substation in the south of l&ng in the Crawley area. This

network is referred in this thesis as Network A.

7.1.1.Network A Characteristics

The substation consists of three 132/11 kV tramsés, 30 MVA each. Two are
operated in parallel and the third is used as tlamdby unit in the event of a
transformer outage. The existing AVC scheme is aterdollower method operating
at fix voltage target of 101%. The substation sigsph medium sized town and the
surrounding area via thirteen 11kV feeders. At mat point on the network, five
units of DG are installed with the total capacity 5o MW. Under normal network
configuration the DG is fed from feeder 3, howesmaralternative connection can be
provided through feeder 1 or 4. A simplified diagraf the network is presented in

figure 7.1.1.
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Figure 7.1.1 Simplified diagram of Network A

Taking into account the existing networks infrastare and voltage control techniques

used in EDF Energy Networks, it is recommended ti&t generation can be

connected into the network if the connection of gemerator does not result in a

voltage rise along the HV feeder to the point afiroection of the generator of more

that 2% [81]. Preliminary analysis of Network A hslsown that this limit can be

significantly exceeded when the generator exptstiaximum capacity of 5 MW.
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As an alternative to network reinforcement in ortteremove the voltage constraint,
the innovative scheme has been installed localhto generator. The scheme was
designed to measure the voltage at the point ohection and send signals to the
generator to reduce its output if the operatiommétlage limit is reached and disconnect

the generator if the statutory limit is reached][80

Although, the scheme allowed connection of the gaimn and ensured that voltage
level at the point of connection was maintainedhimitthe statutory limits, the

generator suffered from intermittent export resivits and experienced numerous
over-voltage trips. Moreover, additional generatisrbeing considered which would

increase generator output from existing 5 MW uf dW.

In order to improve the network capacity, accomnmedaxisting generation and
provide voltage headroom for the proposed incraasgeneration, a co-ordinated
voltage control scheme at the primary substatioth vain over-voltage protection

scheme at the point of connection of the geneftasrbeen proposed.

7.1.2.SuperTAPP n+ Scheme Implementation

The novel SuperTAPP n+ scheme was identified agaaidle and cost effective
solution that could overcome voltage issues in iieéwvork and thus increase the
network capacity to maximise the output of the BG& the SuperTAPP n+ scheme is a
novel technology, the trial has been designed gbttee scheme as well as to obtain
expertise and confidence with its performance amdptovide evidence of the

effectiveness of the scheme in distribution netwarikkh DG and voltage issues.
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In this instance the scheme consists of three S n+ relays, one for each
transformer, which control the OLTC and the voltageget at the 11kV busbars. It
also includes three additional feeder current megsents, on feeders 1, 2 and 3, in
order to estimate the output of the DG and to pl®vnformation about the system
load share between the feeders. The arrangemetiteoSuperTAPP n+ scheme at

Network A is shown in figure7.1 2.

Subcr o'
TAPP n+[—O

4

Super [ Su.pc".r
TAPP n+|—¢ [TAPP n+

3

Figure 7.1.2 SuperTAPP n+ installation at Network A

The installation of the scheme has been designatiaw three modes of operation of
the SuperTAPP n+. In the first mode SuperTAPP ndigsonnected and the existing
AVC scheme controls the voltage. The second isoffitne monitoring mode where
the existing AVC scheme is still in control, howetke SuperTAPP n+ relays are
powered up and monitoring all voltage and currentasurements and indicate the
action that would be performed if the devices wetly on-line. In the third mode the

SuperTAPP n+ scheme is controlling the voltagéatsubstation busbars.
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Three stages of the trial were planned. The fitajes was to set SuperTAPP n+ in
monitoring mode in order to collect and analysedhta. This stage was designed to
confirm the reliability and consistency of the seieeas well as the accuracy of the
generation estimation technique. During the seiadge the SuperTAPP n+ scheme is
switched into control mode, however, the samerggttas the existing AVC scheme
are applied. This will allow the new scheme to convtoltage at the substation and
compare the operation with the existing AVC schefftee final stage is to set up

SuperTAPP n+ scheme to utilise the generation atitm technique and optimise the

voltage profile on the network.

As the system is based only on local measurememds estimation techniques,
additional measurement equipment was temporaritailed to provide essential
information about the state of the network. Smagtars were installed at the point of
the DG to provide real and reactive power expopbm and voltage. These readings
in conjunction with measurements from the SuperTARPrelays are then used to
evaluate the accuracy and efficiency of the schantk verify the simulation results

obtained from M-OCEPS assessment software.

7.1.3.M-OCEPS Network Model and Initial Results

Data from the GIS system, DMS, Eclipse database GR@ND load flow software
have been used in combination to create an accuestéork model of the Network A
for M-OCEPS. The parameters of the lines and caflet as type, diameter, length

etc. have been obtained from the GIS system tafgpbe resistance and reactance of
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the branches. The DMS has been used to deternammtinections between nodes and
the arrangement of the system. Ratings and maxidamand of the distribution

transformers have been extracted from the Eclipsabéise and GROND.

The M-OCEPS model of the Network A consists of 3ifdles, including 302 PQ
nodes and one generation node at which 5 MW of ®Gonnected (node 325 on
feeder 3). The 132kV busbar is assumed to be teflmis representing the rest of the

network and is designated as the slack bus infloadanalysis.

Historical SCADA data and the network model haverbased to examine the voltage
profile in the network A and identify nodes wheretgntial voltage violations can
occur. A voltage level below the statutory limitncaccur at the end of the most
heavily loaded feeder (node 380) and at the entherfeeder with DG (node 333).
Deviation of the voltage level above the upperagsdt limit can occur at the PCC

(node 325) and at the neighbouring load node (321).

The voltage monitoring equipment was installedhaise points on the network and at
node 196 close to primary substation as shown gardi 7.1.1. These voltage
measurement units were placed at the critical pamthe network in order to verify

the voltage profile.
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7.2. Network A — Field Trial Results

In the off-line field trial the SuperTAPP n+ schemas operating in monitoring mode.
Data such as feeder and transformer currents, g@meurrent injection, voltage at the
substation and at the strategic points on the systere collected. The data are used to
estimate the load profile and load share betweerfabders, calculate thig . factor
and investigate the accuracy of the generatiomasibtn. The result obtained from the
simulation analysis is then compared with the netwoeasurements. The assessment
tool is also used to determine the optimal settorgthe SuperTAPP n+ scheme at

Network A.

7.2.1.Load Ratio E; Estimation

Due to the fact that the generator output estimatechnique in SuperTAPP n+ is

based on thé&,, factor it is necessary to investigate load prefitethe network with

respect to errors under various load conditionsa lretwork with existing generation,

calculation of theEg, factor can be problematic as the feeder currerdsomement

does not correspond to the load on the feeder.

To calculate the actual load ratig;; on the Network A, M-OCEPS assessment

software together with the feeder current measunésrend generator output data were

used. The graphs in figure 7.2.1 show tBg factor over a one week period. The
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black line represents simulated load ratio while tad line illustrates the load ratio

based on the trial measurements [63].
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Figure 7.2.1 Comparison between simulated and mead Egst factor.

It can be noted that the simulation results adedya¢present the network conditions

and that the graph can be used to determine Ehe setting for the scheme. A

discrepancy between simulated and network valueaused by the load power factor
which in simulation was assumed to be 0.96 butatteal load power factor on the

network was 0.98-0.99.

In the case presented in figure 7.2.1, the mogalda load ratio setting for the
SuperTAPP n+ generation estimation is 0.14. It banobserved that the 0.14 load
ratio value is in the middle of thést factor variation range and provides the most

accurate generation estimation under various loaditons throughout the year.

17

1)



CHAPTER VIl SUPERTAPP N+ SCHEME FIELD TRIAL IN EDF ENERGY NETWORKS

7.2.2.Generation Output Estimation

As is shown in the figure 7.2.E; factor is fluctuating caused by the load profite o

the feeder with the DG not always following the e&xpattern of the reference load

profile. It was pointed out in chapter VI that adgviation of théE,, factor from the

setting value of 0.14, produces an error in theutation of the generator output.

The active and reactive power measurements fromsith@t meter installed at the
point of connection are used to estimate generagiimation accuracy of the
SuperTAPP n+ trial and to evaluate precisely theutation prediction of the scheme
performance. A comparison between the estimatednag@sured generator output is

represented by the graphs in figure 7.2.2.
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Figure 7.2.2 Comparison between estimated and muead generator output
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The simulation results match the SuperTAPP n+ reddgulations of generator output
which are shown by the green and blue lines res@det The estimated value of the
generator output is satisfactory as it always emoads with the measured value (red
line) within the tolerance of +/-20%. However, thediscrepancies, caused by the

fluctuation of theEg, factor, results in an error of generation outpstineation thus

affecting of performance of the SuperTAPP n+ schefhés error is represented by
the light blue line in figure 7.2.2 and influendb® generator voltage bias and LDC
calculations. As a result the voltage target costan error which needs to be taken

into account in the setting selection of the scheme

7.2.3.SuperTAPP n+ Optimum Settings Determination

It has been shown in previous sections that M-OC®&#®$ the SuperTAPP n+ model
correctly represents the actual performance of gbigeme. Thus, this assessment
software can be used to select appropriate settihgeltage target, LDC, generator
voltage bias etc. and so optimise the performaridéeo SuperTAPP n+ scheme for
Network A. Historical SCADA data for the last twears has been used to investigate
performance of the SuperTAPP n+ scheme under \&atwad and generation output
conditions on the network. The voltage drop on daeller, the voltage rise at point of
connection of the DG, accuracy of the generatioimmesgion have been studied to
ensure that the voltage profile on the network sintained within the operational
limits of = 4% as required for active voltage control schefhese operational voltage
limits have been determined as described in chapsaction 3.6. An exception in the

operation voltage limits is node 325 where 6% \wg#taise is acceptable by the
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generator. In contrast, as discussed in sectiod,70hly 2% voltage rise at the PCC

was allowed if standard voltage control schemesedu

Considering the above conditions and operationge limits, it has been estimated
that the optimum performance of the SuperTAPP riies® under existing network

conditions is achieved with ak,, factor of 0.14, an LDC voltage bias settings of 3
%, a generator voltage bias setting of 2 % andltag® target of 99%. The aggregated
value of generator voltage bias and LDC voltages lwarresponds to the required

change in the voltage target as shown in figure37.2
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Figure 7.2.3 Generator voltage bias, LDC voltaga®iand aggregated voltage bias
in the scheme.

The generator voltage bias, shown by the red Im¢éhe figure 7.2.3, is applied in
proportion to the estimated generator output, ascated in figure 7.2.2. The 2%

setting specifies the required voltage reductiorenvithe generator is producing its
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maximum output. For the period presented in figuabsve, the time generator is
usually exporting 3 MW and a voltage bias of apprately 1.2% is applied. When

the generator output drops to 2 MW, the voltags maeduced to 0.8%.

In the SuperTAPP n+ scheme LDC is applied in proporto the true load on the
substation and is not affected by the varying galoeroutput. This can be observed by
analysis of LDC characteristic in figure 7.2.3. Theak load at the substation in
December is close to the maximum demand and an &D8% is applied despite the

fact that the generator is exporting power intortevork.

The aggregated value of the LDC and the generatiteige bias relate to the effective
voltage change from the basic voltage target arsthasvn in figure 7.2.3 as the green
line. With the provision of these biases the SUp&® n+ relay calculates the required

voltage target to optimise the voltage profilehie tNetwork A.

It can be observed from figure 7.2.3 that, whenegetor tripped on 17 December at
15:00 pm the aggregated voltage bias is equal t€,L&» the generator voltage bias

was equal zero.

An example of the simulation results for five dagsDecember is shown in figure
7.2.4 and indicates that with these settings theeBSILAPP n+ scheme will maintain
the voltage on the network within the operationaltage limits. At these heavy load
conditions the minimum voltage level is expectedeimain above 0.96 pu. and below

1.04 at the point of connection and neighbourindeso
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SuperTAPP n+

> . — Maximum voltage (node 325 - PCC) — Voltage at Primary Substation
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Figure 7.2.4 Maximum and minimum estimated voltafge SuperTAPP n+

operation in Winter.

7.3. M-OCEPS Voltage Estimation Accuracy

The simulation results presented in the previousiae have been obtained from M-
OCEPS using load estimation and voltage estimatigarithms. These algorithms, as
has been described in chapter VI, enable an esimat the maximum and minimum
voltage on the network and the voltage range asggeific nodes. In order to validate
the accuracy of these estimates, data collecteddltire first stage of the SuperTAPP
n+ trial is used. The voltage measurements at aif§p@oint on the network are

compared with the corresponding voltage rangesrdtdrom the simulation.
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The voltage target recorded by the SuperTAPP rayrnslused in the simulation as the
voltage target for the AVC to recreate the voltagefile on the substation busbars.
The measured voltage and simulated voltage at thievlbusbar is indicated by the

red and blue lines and shown in figure 7.3.1.
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Figure 7.3.1 Measured and simulated voltage at théstation busbars

The load on each feeder is scaled according tdetb@er current measurement using

the load estimation algorithm with uncertainty &astof 50% and 150 % foF, .
and F . . respectively. The minimum and maximum voltageels\at two nodes,

380 and 325 are determined and compared with measmts from the voltage
recording units. The results are presented in éiguB.2 for node 380 and in figure

7.2.3 for node 325.
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Figure 7.3.2 Estimated voltage range versus measdweltage at node 380

Node 380 corresponds to a distribution substat@ated at the end of feeder 1. This
point on the network has been identified as theenwtiere the lowest voltage level
occurs most frequently and is monitored during $u@erTAPP n+ trial. The voltage
profile recorded at this node is shown in figur8.Z.by the red line. The predicted

voltage range obtained from M-OCEPS for the sam®g@as indicated between two

blue lines.

It can be observed that the recorded voltage attiamg stays within the estimated
voltage range. However, under heavy load conditithms voltage at node 380 is close
to the bottom of the range and during the niglelaser to the top range. This indicates
that the load distribution on the feeder does ndbw the same pattern as estimated
by the M-OCEPS algorithm, however, it shows that timcertainty coefficients were

selected correctly for the feeder load class.
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A similar characteristic of the recorded voltagéhwespect to estimated voltage range
can be observed at node 325 and is presenteduirefig3.3. This node is the point of

connection of the generator and in the normal netwonfiguration is fed from feeder

3.
Voltge at Node 325 (PCC) — node 325 Measured
— node 325 OCEPS Min
— node 325 OCEPS Max
1.06
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1.04 1
1.03 7
1.02 7
é 1.01
e 1.00 1
g i
g 0.99 1
0.98 1
0.97 1
0.96 1
0.95 1
0.94 T
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00:00:00 02:00:00 04:00.00 06:00:00 08:00:00 10:00:00 12:00:00 14:00:00 16:00:00 18:00:00  20:00:00 22:00:00  00:00:00

Figure 7.3.3 Estimated voltage range versus meadweltage at the point of

connection of DG at node 325

The possible voltage range at this node is alsmat#d accurately. However, due to
the fact that this feeder supplies a number of stiihl and commercial loads, the
voltage is closer to the acceptable limits, spa@yi exceeding by a small percentage
the lower and upper limits. In order to increase ¢bnfidence of the predicted voltage,
the uncertainty factors can be increased as destiilb section 6.3. However, the

increase in of theF . ,,, and F ., factors in the load estimation algorithm

reduces the utilisation of the available voltagadreom in the network.
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An investigation into the voltage measurementst@nrietwork A and the estimated
voltage ranges from M-OCEPS using the load estonadsilgorithm with the results
presented above, provide evidence that the voltagdile obtained from the
simulation is correctly evaluated and can be usmdtlie network voltage profile
analysis. Moderate settings of the uncertaintyoi@ctive adequate accuracy and do

not compromise utilisation of the available voltdaggadroom in the network.

7.3.1.SuperTAPP n+ Effectiveness

When a request to connect the distributed generatd the network is being

considered, M-OCEPS software can also assist wighestimation of the amount of
the generation that can be accommodated when teengxAVC scheme is used and
guantify the benefits and additional capacity omrtetwork that can be achieved when

a more active coordinated voltage control is used.

It has been stated that a maximum generation oM &4n be connected at node 325
in network A with the existing voltage control same. M-OCEPS has been used to
evaluate the maximum amount of the DG which canadeoeommodated using

SuperTAPP n+ scheme in the network. Taking intaant that a voltage rise at the
point of connection of the generation cannot excé&e and that the rest of the
network needs to be maintained within operatiomdtige limits of+ 4%, the voltage

profile on the network using historical data, tleelaacy of the SuperTAPP n+ scheme

with the settings as presented in the perviousosebtive been investigated.
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The results indicate that the voltage headroomafoadditional 3 MW of generation
can be achieved in network A with the advance Si¥RP n+ scheme based on local
measurements. An example of the predicted voltagéle in the network while a
SuperTAPP n+ scheme is controlling the primary tatilm busbars voltage is

presented in figure 7.3.4.

SuperTAPP n+

> . —— Maximum voltage (node 325 - PCC) — Voltage at Primary Substation
Maximum Generation

— Minimum Voltage Voltage at node 321

1.06

1.04 A

1.02 A

Voltage [pu]
5

0.98 A1

Time

0.94 T T
15/12/2008 00:00 16/12/2008 00:00 17/12/2008 00:00 18/12/2008 00:00

Figure 7.3.4. Voltage profile and voltage margiogs the network A with 7 MW of
DG.

The graphs show the estimated maximum and minimaoitage levels in network A
when 7 MW of generation is connected at node 325cah be noted that the
SuperTAPP n+ scheme can maintain the voltage prafithin the operating limits of -
4 % and +6% at the PCC. However, it can be alsembd that occasional restrictions
of the generation, due to unacceptable voltage, msay occur. Nevertheless, a
significant improvement of the network utilisati@aachievable and export capacity of

DG can be increased by an additional 3 MW.
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7.4. Summary of the SuperTAPP n+ Field Trial and Snulation

Software

The SuperTAPP n+ trial in EDF Energy Networks hes/jgled a number of benefits.
Firstly, it enables a better understanding of distion networks, feeder load
distribution and voltage profiles, the AVC schenefprmance and voltage headroom
availability while accommodating distributed geriena. Secondly, it a confirmed the
operation of the new co-ordinated voltage controhesne SuperTAPP n+. On
successful completion of the first off-line stagetloe field trial, which proved the
reliability and consistence of SuperTAPP n+ schdéumetionality, the scheme was
switched into on-line control and has been in djpenesince November 2008. Initially
the scheme was controlling the voltage at the pynsaubstation with the settings
necessary to replicate performance of the exisAM@ scheme. It has been observed
that the new scheme is more accurate and thataie oltage target can be reduced
to optimise the voltage profile on the network. Tresults of operation of the
SuperTAPP n+ scheme with the revised voltage tasfdi00% are shown in figure

7.4.1.
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Figure 7.4.1 SuperTAPP n+ scheme controlling theltage in Network A

As it can be observed in figure 7.4.1, the SupeAP scheme has given more
accurate voltage control at the primary substatind the reduced voltage target has
improved the voltage profile at the PCC represeigdreen line on the graph. This
allowed generator to export power into the netwaithout interruption. For this
reason and the fact that the generator is currexghporting up to 4 MW, the advanced
functionality of the SuperTAPP n+ scheme has nobgen implemented. The voltage
level at the point of connection is currently datisory, as shown in figure 7.4.1.
However, it is continuously monitored by the snradters that have been deployed at
the site, and any voltage violation is reportede Tddvanced functionality of the
SuperTAPP n+ scheme is expected to be applied wihergenerator increases its

output and/or the voltage level becomes unacceptabl
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Finally, the SuperTAPP n+ trial in Network A ancettata collected during the trial
has allowed the verification of functionality anccaracy of the M-OCEPS simulation
software. It has been shown that the load and gelestimation algorithms provide
satisfactory results that are consistent with mesalvork measurements. It has also been
confirmed that the M-OCEPS simulation tool with tBeperTAPP n+ model can be
used to evaluate the suitability of a scheme iradiqular network and determine the
most accurate settings. Additionally, the softwea@ be used to analyse the voltage
profile of a network, evaluate available voltagadwom and the maximum amount of

generation that can be connected to the networigube SuperTAPP n+ scheme.
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Chapter VIII Active Voltage Control Schemes Comparson

In the previous chapter the SuperTAPP n+ schenketfial in EDF Energy Networks
has been discussed. The results from Network A tiedl and the simulation results
based on network data were presented, demonstHatiregionality of the advanced
voltage control scheme based on local measuremaedis simulation tool for voltage

analysis in distribution networks with DG and SUp&PP n+ scheme assessment.

Another innovative active voltage control schematthas been deployed in EDF
Energy Networks is GenAVC [59]. This scheme is blage a local voltage controller
with state estimation as described in section btiiie thesis. In addition, as a result of
the collaborative project between EDF Energy Neksaand Econnect Ventures, the
GenAVC assessment software was developed to praudéndication of scheme

efficiency in a particular network [80], [82].

In this chapter the GenAVC trial installation intWerk B is firstly presented and the
GenAVC assessment tool is also described. Moreotrer, data from both the

SuperTAPP n+ and GenAVC field trials together witite assessment tools are
critically evaluated with regards to the variousbnated voltage control schemes as
discussed in chapter V. The effectiveness of thherses in terms of DG

accommodation and utilisation of the available agét headroom in the network is
analysed and results are presented in this chapley. advanced voltage control

schemes based on SuperTAPP n+ platform and théJolttage controller schemes
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based on GenAVC with a various number of RTUs llesteon the network with DG

are critically evaluated and detailed results aesg@nted.

8.1. Network B Characteristics and GenAVC Installaion

The GenAVC scheme has been installed in the EDFgyngetworks in the south of
England in the Brighton area. This network is nefdrto in this thesis as Network B.
Network B is a rural network distributing electticito a small town and the
surrounding countryside. The load is supplied 881 kV primary substation. The
substation consists of two 7.5/15 MVA transformeperating in parallel with three
feeders from the common busbar, as illustratedguréd. 8.1.1. The landfill generation
site, which is connected to feeder 1 at a sigmtficdistance from the primary
substation at node 129, applied to increase oditpot 2 to 3 MW. Network analyses
showed that, due to unacceptable voltage rise @atPR8C, accommodation of an

additional 1 MW export capacity required considé&atetwork reinforcement.
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Figure 8.1.1. Simplified Network B diagram

As an alternative solution to the network reinfonemt, the GenAVC scheme was
installed in order to control the voltage profilea the network and to increase the
network capability to accommodate 3 MW of DG. Thehesnme requires current
measurements at each feeder within the substahdnremote voltage and power
output measurements at the generation site. Th&@eénnstallation at Network B is

presented in figure 8.1.2.
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Figure 8.1.2 The GenAVC installation at Network B

With the provision of these measurements, the GeDAStheme uses a state
estimation technique in order to determine theagst profile on the network and

calculate required voltage target adjustment. Vaitage target adjustment is then sent
to the AVC relays in order to change the basicagsttarget. In this manner GenAVC

is able to maintain the voltage profile within ogtgnal limits.

Taking into account the existing infrastructuretlod network and the voltage control

regimes, the operational voltage limits for Netwdkhave been determined. The
voltage on the network must be maintained withiB% at all nodes apart from the

PCC node where +5.5% voltage rise is acceptable.

Active network management of voltage in the formGeEnAVC has proven to be an

effective solution to maintain the voltage profie the Network B within operational

limits and allowing the DG to export 3 MW. The irepientation of this solution was

19C
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at a lower cost when compared with conventionalvost reinforcement; however,
additional operational costs are associated withsithe continuous communication
link and data transfer need to be provided for atsrect operation. Also, this
communication link imposes some risk for operatidrthe GenAVC scheme and the
ability of the generator to export power to thewwmk. A failure of the link between
RTU at the PCC and GenAVC scheme at the substdigables the active voltage

control and generator output may be constraineddoation of a fault.

8.2. GenAVC Assessment Tool

EDF Energy Networks and Econnect Venture collaleakab develop a web-based
assessment tool for the GenAVC. The assessmenptouides an indication of the
available generation export that can be accommddatehe use of the scheme based
on the network model and historical network datattis input. The GenAVvC
assessment tool produces graphs of the voltagerdwadin the network that can be
created by the scheme and voltage profiles onetbéelrs. These graphs show the level
of the generation which could be reasonably accodateal when GenAVC is used

[82].

In order to analyse the network voltage profile anilable voltage headroom in
network B, a model of the system has been created) EDF Energy Networks data
bases and DMS information. The network model casta37 nodes including 120 PQ

nodes and one generation node 129 at which 3 M\lGfis connected. The 33 kV

191



CHAPTER VIII_ACTIVE VOLTAGE CONTROL SCHEMES COMPARISON

busbar is assumed to be an infinite bus repreggetiiia rest of the network and is

designated as the slack bus in the load flow arsalys

Simulation results from the assessment tool confirat the GenAVC scheme is able
to accommodate 3 MW of generation at node 129 aw/shn more detail in section
8.3.1. In addition, it has been found that the niti# violates the lower voltage limit
most frequently is node 234 and the upper operaltiaritage limit is node of common

coupling, node 129, and nearest to the PCC node 128

8.3. Coordinated Active Voltage Control Schemes Asssment

The network trial results and field experience bé tcoordinated voltage control
schemes in the EDF Energy Networks based upon BAP& n+ as presented in
chapter VII, and GenAVC as discussed above andepted in [82] are used to
evaluate the efficiency of the proposed novel g@tananagement schemes in

distribution networks with DG.

Two software tools, M-OCEPS with SuperTAPP n+ maed GenAVC assessment
tool, have been used to investigate the performahbeth schemes and their ability to
enable network capacity to accommodate DG for weenetwork case studies. Case
study 1 is based on the network B and case study t#ased on the network A.
Network models, historical load data for the sutista feeder currents and existing
generation outputs are used to analyse the perfaxenaf both the GenAVC and

SuperTAPP n+ schemes. Additionally, any improvemienthe utilisation of the

available voltage headroom by the use of the RTUtheé GenAVC and advanced
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voltage control scheme based on SuperTAPP n+ piatfe investigated and

guantitative results are presented.

In both case studies, in order to ensure that "licustomers are kept within the
statutory voltage limits, the operating voltageitgrfor the 11 kV networks have been
estimated and standardised. All MV nodes need tonbmtained between 0.97 and
1.03 pu. The only exception is the generation pointonnection where 6% voltage
rise is permitted. Simulation analysis along wigalrvoltage measurements from the
network have been used in order to locate stratggicts in both networks for the
limits of voltage control. These points are noddsere violation of the voltage limits
occurs most frequently, nodes with DG, or nodeselm the PCC. These nodes also
indicate where additional measurement units or R3ktzuld be installed in order to

increase the efficiency of the scheme.

8.3.1.Case Study 1 - Network B

The aim of this case study is to estimate the pedmce of both schemes and their
ability to provide network capacity in the rurasttibution network. The objective of
the analysis is to maximize output from the exgtyeneration site connected at node

129 under varying load conditions throughout tharye

An example of daily load profiles for this substatiis presented in figure 8.3.1. It is

important to note that even with DG capacity abavW in summer and 2MW in

winter, reverse power flow at the primary substai®possible.
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Figure 8.3.1 Daily load profile for case study 1

The network infrastructure and load conditions ¢@ws DG to a maximum capacity
of 2 MW when a standard AVC scheme is used, dum#&zceptable voltage rise at the
PCC. In order to support higher DG capacity, intivgavoltage control techniques

need to be applied.

Firstly, the GenAVC scheme is tested with a sirfgEU at the PCC and then with
additional RTUs using the GenAVC assessment tobenT the SuperTAPP n+
simulation software results are used to investitfaeperformance of the scheme and

how the network characteristics affect its operatio

8.3.1.1. GenAVC Performance

The graph in figure 8.3.2 shows the estimated geltarofile of the network as
operated by GenAVC within +/— 3% voltage limits.€eThrror bars around the mean
value are an effect of the state estimation proemskindicate the range of possible

voltage values. Based on these results, the digordtalculates the voltage headroom
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in the network that can be provided for the addaicamount of DG.
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Figure 8.3.2. Network voltage profile of the studgse 1 controlled by GenAVC

The graph in figure 8.3.3 shows the assessmenltsdsu one week in summer. The
red line indicates the available voltage headronrthe network with the existing 3
MW of the DG and the area below the line suggdstsavailable generation capacity.
It can be noted that for the most of the time Ge@AK able to accommodate an

additional 0.5 MW of DG as shown by the green line.
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Figure 8.3.3 Voltage Headroom and available geneéoatcapacity with GenAVC

A corresponding simulation has been performed foromplete year in order to

investigate GenAVC performance under various lcauwgions. The results show that
GenAVC is able to increase network capacity to auoodate 3.5 MW of DG.

However, for approximately 15 % of the time the g@tor needs to be restricted to 3
MW at a time when the system cannot create enoalfage headroom in the network.
These periods can be observed on figure 8.3.3 wberine, related to the available
voltage headroom is below green line indicatingureyl voltage headroom for 3.5

MW of DG export.

The performance of the scheme can be significamghyroved by an additional voltage

measurement at node 234 which most frequently dintite available voltage

headroom. A second RTU here improves the statmastin process and consequently
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enables the generator to increase its output frap ® a possible 5 MW as shown in

figure 8.3.4.
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Figure 8.3.4 Voltage Headroom and available gentoa capacity for GenAVC
with two RTUs.

Using the GenAVC assessment tool, a study has pexdarmed for the active voltage
controller with DSSE. With a single RTU at the PQ©de 129) the scheme is able to
accommodate about 3.5 MW of generation. With tiR@®s placed at strategic points

in the network, the DG output can be increasedmiolb MW.
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8.3.1.2. SuperTAPP n+ Performance

SuperTAPP n+ simulation software has been useddier @o investigate performance of
the second active voltage control scheme on the satwork. Firstly, appropriate settings
for the relay have been calculated such as voliaget at the substatiokgr ratio and
generator and LDC voltage biases. Secondly, themoax and minimum voltage levels
in the network have been determined for the prapesport capacity of DG.

The plots in figure 8.3.5 show the assessmentepdrformance of the SuperTAPP n+

scheme in network B with DG export capacity of 3 MW
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— Voltage at 11kV busbar
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Figure 8.3.5 Performance of the SuperTAPP n+ schefor Network B

The two lower plots correspond to the lowest prediand the lowest possible voltage
levels in the network respectively. The lowest flusssoltage level is calculated using
worst case load distribution scenario on the feedlee topmost plot corresponds to

the highest voltage level in the network. During times when the latter is above
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upper voltage limit, the scheme is unable to pre\adfficient voltage headroom and
the generator must be constrained. Although the@uiudf DG may be restricted

occasionally during the one week that is presemtdéig. 8.3.5, the SuperTAPP n+
scheme provides enough network capacity to allewggnerator to export 3 MW for a
significant proportion of the time. Due to the féloat the operational voltage limits
cannot be strictly applied in the scheme, as itlleen described in chapter VI, both
minimum and maximum voltage levels in the netwoeked to be fully investigated in

order to ensure that 3% voltage rise at the loastorners connection points is not

exceeded.

The plots in figure 8.3.6 show the generator vatdgas and LDC voltage bias,
represented by pink and black lines respectivelyesé biases are used in order to
calculate the required voltage adjustment as rttistl by the blue plot. This value is
then used to alter the voltage target of the AVIByrén order to maintain the voltage

profile within operating limits.
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Figure 8.3.6 Voltage target adjustment in SuperTARP scheme

It has been discussed in chapter VI that the padioce of the SuperTAPP n+ scheme
is affected by the fluctuation of thEst factor, especially the calculation of the
generation voltage bias. This is due to the faat #bout 80% of the total load at the
substation used for this study is supplied throtighfeeder with the generator, and it
is difficult to verify the reference load profilerfthis feeder. Nevertheless, it is shown
that the scheme accuracy is sufficient to suppd@st €xport of up to 3 MW as the

voltage level on the network is maintained withire toperational voltage limits and

enough voltage headroom is provided for the outpG.

The performance of the advanced voltage controérsenbased on SuperTAPP n+
platform with voltage drop factor and RRTUs hasrbedso investigated using M-
OCEPS simulation tool. The simulation results shibtet the scheme with one RTU

unit at the PCC can accommodate 3.3 MW of exporhfthe generator connected at
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node 129. The scheme with three RRTUs on the n&team accommodate 4.8 MW
export of DG. The reason that the advanced relay whne RTU scheme is less
efficient than the scheme based on local voltaggroter with the same number of
RTUs is due to the fact that maximum voltage dropuss on the same feeder where
the generator is connected. This makes the estimaifi voltage drop more difficult
and can create higher voltage errors. In ordernsuee that voltage is maintained
within the limits an additional safety margin mbst applied to comprise these errors.

As a result the efficiency of the scheme is reduced

8.3.2.Case study 2 - Network A

In this case study the same approach as in thdopgewase has been adopted to
analyse the performance of GenAVC and SuperTAPBaremes when installed in a
much larger and more complex distribution netwoskshown in figure 7.1.1. The

objective of the analysis is to determine the maxmoutput of DG connected at node

325 that can be accommodated by the active vottaggol scheme.

An example of daily load profiles for this substatiis presented in figure 8.3.7. It can
be noted that the maximum load at this substagoB0i MVA and its profile varies

significantly. Even with significant generation e¢wtted to the network at node 325,
reverse power flow at the primary substation is pogsible. However it should be

noted that reverse power flow on feeder 3 is common
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Figure 8.3.7 Daily load profile for case study 2

8.3.2.1. GenAVC Performance

Figure 8.3.8 presents the results of the asseswhédmt GenAVC performance with a
single RTU at the point of connection of DG of 5 MWhe system is able to control
the voltage profile in the network so making it pibte to accommodate an additional
2 MW of export capacity from the existing generatwithout any predicted
interruption of the generator operation. The addai generation that the scheme is

able to support is marked by the straight greecetra
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Figure 8.3.8 Voltage Headroom and available genioa capacity with GenAVC

The plots in figure 8.3.9 show voltage profiles aibéd by the state estimation for the

number of feeders in the system.
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Figure 8.3.9 System voltage profile of the casadst2 controlled by GenAVC

It can be seen from figure 8.3.9 that each of #edérs has a significant voltage
uncertainty that limits the performance of the G¥@Ascheme. In order to further
increase the efficiency of the scheme a large nurobadditional RTUs need to be
installed on each feeder that has high voltage dang@ voltage error. With six
additional RTUs on the network with and communaatiinks to the controlling unit,

the GenAVC scheme can support 3 MW of additionglogkcapacity.

8.3.2.2. SuperTAPP n+ Performance

As is shown by the simulation results in figure.80 the SuperTAPP n+ scheme is
able to accommodate 6 MW of DG for a significanopmortion of the time whilst

simultaneously maintaining the voltage profiles hwit operating limits. However,
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there are times when the generator needs to bi&tedtdue to an unacceptably high

voltage levels at the PCC.
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Figure 8.3.10 Performance of the SuperTAPP n+ somefor case study 2 with 6
MW of DG

The undesirable voltage rise at the PCC typicatlguos under low load conditions
when the generator output exceeds load demand enfdhder. Under such
circumstances the voltage generation bias surpdssdsad drop compensation bias
and the SuperTAPP n+ scheme reduces the AVC votaget. Consequently the
voltage headroom for the DG export is increasedhasvn in figure 8.3.11 for one

week of the scheme operation during the summer.
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Figure 8.3.11 Voltage target adjustment in SuperTRR+ scheme — Case 2

In this case the SuperTAPP n+ scheme is able tpostipxport capacity of the DG up
to 6 MW with occasional limitations. However, masiportantly, it can be observed
that the scheme improves the voltage profile inghgtem with DG. The SuperTAPP
n+ scheme maintains all customers within the opaydimits and provides sufficient

network capacity that allows existing generatorsdotinue uninterrupted operation.

Load flow simulation results indicate that an ach&th AVC scheme with single RTU
at PCC is able to support above 8 MW of DG expathout any restraint of the
generator under all load conditions. A further @age of the scheme efficiency can be
achieved when additional RRTUs are installed onrté®vork. In the configuration,
where one RTU at PCC and five RRTUs at nodes wbpegation voltage limits are
most frequently exceeded are installed, the advhn&¥C scheme is able to

accommodate up 8.6 MW of DG at node 325.
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8.4. Summary

Existing voltage control methods for MV networks dot provide sufficient support
for DG and therefore novel schemes need to be sgmglon order to facilitate
increasing amounts of DG. Fields trials and simaatesults show that coordinated

active voltage control schemes can be an effi@adtcost effective solution.

In case study 1 the network infrastructure and loeadditions constrain DG to a
maximum capacity of 2 MW when a standard AVC sche&used. In order to support
higher DG capacity, innovative voltage control teiues can be applied. The
evaluation of the abilities of the voltage contscshemes to increase network voltage

headroom in this network are presented in figu4el8.

atlil

[MW]

N w

Amout of DG supported by the Scheme

o

Standard AVC Advanced AVC Advanced AVC Advanced AVC Local voltage Local voltage
with 1 RTU with 1 RTU and 2 controller with controller with
RRTU DSSE 1 RTU DSSE 3 RTU

Figure 8.4.1 Coordinated voltage control schemefeefiveness in case study 1

Using the GenAVC assessment tool, a study has pedormed for the active voltage

controller with DSSE. With a single RTU at the PQ©de 129) the scheme is able to
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accommodate about 3.5 MW of generation. With tiR@®s placed at strategic points

in the network, the DG output can be increased N/\b.

The advanced AVC relay with local measurements caly support up to 2.9 MW of
DG at node 129. With voltage drop factors functliywapplied and a link to the RTU
installed at PCC, the scheme effectiveness is ase to support 3.3 MW. When an
RRTU is installed at the end of feeder 1 at nod#, #3 scheme can support a DG

output of 4.8 MW.

Simulation results from case study 2 as showngaré 8.4.2 indicate that the local
voltage controller is able to create voltage headrdo allow DG of 7.1 MW in a

configuration with one RTU. However, in order tgrsficantly increase the efficiency
of the scheme, six additional RTUs need to be liestaThis is due to the relatively
large number of feeders and the fact that DSSE rtauety on a feeder without
measurement is very considerable, with the congexuthat a high safety margin in

the calculation of voltage target for the AVC ne&albe applied.
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diil

Standard AVC Advanced AVC Advanced AVC Advanced AVC Local voltage Local voltage  Active voltage
with 1 RTU with 1LRTU and  controller with  controller with  controller with
5 RRTU DSSE 1 RTU DSSE 4 RTU DSSE 6 RTU

Amout of DG supported by the Scheme
[

[

o

Figure 8.4.2 Coordinated voltage control schemefeefiveness in case study 2

The advanced AVC scheme based on local measurensegitée to increase network
voltage headroom and support DG capacity of 6.1 NIing the advanced relay with
voltage drop factors applied and a single RTU atRREC, the voltage headroom for 7
MW of the DG can be achieved. Installation of sikRRJs at the end of the most
heavily loaded feeders and one RTU at the PCC allaw increased ability of the

scheme to support DG of 8.6 MW.

The advanced voltage control scheme based on therBAPP n+ platform can be

easily implemented within an existing infrastruetwas it does not require additional
equipment. It provides essential AVC functionaliyd offers the potential to increase
network capacity if required. The efficiency of theheme can be further improved by
estimation technigques and the installation of RRTise to the fact that RRTUs send

information to a relay by exception, the operatlaust is relatively low.
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An active voltage control scheme with DSSE is ay\edficient tool to control voltage
profile in a network with DG, however additional miwring equipment and reliable
communication is essential. In any specific netwoaklditional investment and

operational costs may be necessary.

Computational models of AVC schemes and simulasioalysis tools are critical to
the performance and estimate errors of an AVC sehinthe distribution network
under various load and generation output conditiofise load flow simulation
software with the models of an advanced AVC schhambeen used to quantify the

amount of DG which can be supported by the scheme.

It is seen that innovative voltage control schemies,both case studies, can
significantly increase network capacity to accomatedDG, depending on which
scheme is used and the number of remote measuremeitg installed. The capacity
of DG that can be connected to the network, basad voltage constraint
considerations, can be increased by 2.5 times codp@ standard voltage control
strategies. To achieve this goal, observabilityhef network needs to be improved and

monitoring equipment installed.

With the same number of RTUs, an active voltagerodlar with a DSSE scheme is
able to support higher level of DG than an advan&®¥€ with RRTUs. However,
installation costs and operational costs of theedaare much lower, typically some
20% of the former scheme. Reliability of operatminthe scheme and its dependence

on the remote measurements is another importam ia$ich needs to be considered
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in the process of scheme selection and design. lailily and consistency of

communication infrastructure also needs to be asdges

For the selection of the most suitable active \g&#taontrol scheme, careful analysis of
the voltage control of the network is required,lugiing compatibility with existing

practices, operational limit calculations, AVC seteeperformance and availability of
suitable communication infrastructures. This willsare that the network is operated

effectively and all customer supplies are maintdingithin the statutory limits.
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Chapter IX Conclusions and Suggestions for Future

Research

9.1. Rationale of the Thesis

In order for the UK to be able to achieve futungess of electrical power generation
from the renewable sources and meet the assodiatiece energy demands without
unaffordable investment costs, distribution netwarkust be operated more efficiently
in the future. Such challenges for existing disttibn networks are significant with
regard to requirements for current and future mesealnnovative technologies,
simulation tools, accurate system models and efficutilization of network data are
required to be developed and employed in the bigion networks in order to help
network operators improve design, development, ajmer and management of their

systems.

One of the main issues associated with the coofrdistribution networks is voltage
management and parallel transformer operation. iStpsrticularly problematic while

DG is being connected on the network. A numberamfehtechnologies have recently
been proposed with the aim to improve voltage @inir distribution network with

DG and several network trials are currently at ajgal stage. However, in order to
implement these techniques into the existing nedsvarfrastructure and to efficiently
utilise their capabilities a number of issues neede analysed. Firstly, innovative

voltage control techniques need to be assessed rnedhrd to their suitability,

212



CHAPTER IX CONCLUSIONS ANDSUGGESTIONS FORFUTURE RESEARCH

reliability as well as installation and operationsts. Secondly, suitable and effective
simulation software is required in order to be atdeselect and apply the most
optimum solution for a particular network under ivas load and generation
conditions. Finally, their performances need toviabdated and proved in the real

network trials.

The research project as presented in this thesssimt@dated by the need to examine
existing voltage control strategies in distributioletworks and to investigate the
potential of active voltage management techniquesrder to make distribution

networks more flexible and to be able to accomnm&x¥d.

9.2. Summary of Main Research Contributions

The research presented in this thesis deliversmabau of original contributions to

knowledge. The contributions are summarised below.

9.2.1. AVC schemes evaluation and computational model delogpment

A detailed review of the existing and potential AM€chniques for distribution
networks revealed a lack of suitable mathematicatlets and available simulation
software for analysis of commonly used voltage cdrgchemes. This prompted the
development of computational models and associgigtulation tools to enable
comprehensive analyses of the performance of A@rses in distribution networks

with DG.
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The computational models of AVC schemes such as NR@ circulating current,
TAPP and Enhanced TAPP have been developed andnmepted into OCEPS load
flow package. The simulation tool then has beerd useevaluate their performance,

limitations and suitability for networks with DG.

As a result of development of these AVC scheme nspdke impact of DG on a
network can be evaluated, and potential errors nnAYC scheme performance
estimated. The benefits of these tools is that kitim analyses are now more
accurate and precise effects of a connection ofcAs be forecasted with improved
level of confidence. In this way the potential Yoolation of the statutory limits can be

established in a more quantifiable manner.

9.2.2. Development of simulation tool for effective analyis of distribution
networks

Due to the sparseness of network measurementsk afiaccurate load and generator
output information on the medium and low voltagewngks analysis of the system
can be very ambiguous and for this reason it isalsbbased on the worst case
scenarios. This significantly reduces possibleisatiion of the available voltage

headroom in the network and may restrict the cotimeof DG.

This thesis enhances the existing tools currenglydufor the analysis of the voltage
profiles on distribution networks with DG. Load nalicthg and voltage profile
evaluation methods which have been developed amdemented into M-OCEPS
software [37], [38], as discussed in chapter Vhlda a precise network voltage study

to be carried out.
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With the provision of historical SCADA data and #ahle information from the
DNOs’ data bases, this tool can be used to evahratdully utilise the functionality of
active voltage control methods. Additionally, toh&wve confidence in the results
obtained from the M-OCEPS, modelling and simulattools have been validated

using real network voltage measurements, smartrmedidings and trial data.

The outcomes presented in this thesis demonstrate the M-OCEPS simulation
software produces realistic and accurate resulscam be used as a tool for more
precise voltage profile analysis in distributionnwerks with DG. As a result a network
can be safely operated closer to their limits alfmvmore economical connection of

DG and can accomplish more efficient design anléation of the system.

9.2.3. Assessment tool for SuperTAPP n+ scheme

One of the novel active voltage control schemeSuperTAPP n+ and a number of
trials have already been installed on the distidsuhetworks in the UK. Thus, as the
SuperTAPP n+ method is based on estimation teckeignd assumptions of the load
pattern, it is susceptible to certain errors amdetiled investigation of the network

characteristics must be carried out to verify tbeeptability of the scheme.

In this thesis the functionality of the SuperTAPPstheme [22] has been investigated
and its performance validated. Also, in order bée ab perform analysis of the
suitability of the scheme in a particular netwaak;omprehensive assessment tool for

the SuperTAPP n+ has been developed [63]. Novepobational tools with advanced
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AVC models and SuperTAPP n+ functionality have bpesposed and developed to
analyse the potential application of the SuperTAPPscheme in a variety of the

distribution network scenarios.

On the basis of the numerical results obtainedHerspecific systems that have been
investigated in this thesis it is demonstrated thatM-OCEPS software can be used to
determine scheme suitability and give accuratanggttfor the relay to accommodate

DG in a voltage constrained system.

A number of limitations of the SuperTAPP n+ schesueh as inaccuracy of the
generation estimation algorithm in certain netwogksl load conditions have been
observed and discussed in this thesis. The dewel@ssessment tool allows to
guantify these errors and select appropriate gstand safety margins to prevent any

voltage excursions outside the operational vollagits.

9.2.4. Novel generation estimation algorithms and innovatie voltage control

scheme

In order to improve estimation technique and pentamce of the SuperTAPP n+
scheme new algorithms have been proposed. Thedordtibutions of the thesis are
the development of novel generation estimation rialyms and an innovative active

voltage control scheme.

Due to the simplicity and operational functionatitfthese techniques they are suitable
for implementation into an existing scheme suclthasSuperTAPP n+. This enables

the scheme to be implemented in networks with &waliety of the network load and
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generation conditions and most importantly it caovme significant improvement in

network utilisation with regards to the increaséehaf amount of DG connected.

9.3. Research Impact and Benefits to Industry

Resulting from this research and industry interefitline and on-line network field

trial were set up in part of the EDF Energy Netvgodistribution network using the

SuperTAPP n+ scheme. Analysis of the SuperTAPP ciieree performance and
recorded voltage measurements on the network loatdpd evidence that the scheme
is able to adequately estimate the generator owtpditcalculate the required voltage
target in order to maintain the voltage profilehrit the limits and support DG output.
The experience obtained during the SuperTAPP nal tias demonstrated the

performance of design and its capability for futinstallations.

Also, the analysis of the performance of GenAVCesgh and associated network
voltage profile that was also performed as a phthis project has demonstrated that
the scheme can accommodate additional generatitiouticompromising the voltage

profile on the network.

A key outcome of this project is a set of practigalidelines for active network
management analysis and selection of the most ppate solution for specific

voltage issues in distribution networks with DG.eThuidelines aim is to assist a
distribution network planning engineer with the eoof the most appropriate active

voltage control scheme taking into account theiefficy, complexity, communication
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requirement of the scheme and network infrastrectestimated DG, operational

voltage limits, investment and operational cos8&,[{b3].

The strategies and assessment tools for the aaiite@ge control schemes developed
in this thesis have enabled DNOs to use new teogied more confidently and
therefore increase the utilisation of existing &ss® provide a cost effective
connection option for DG. Using these tools it vii# possible to connect a greater
amount of DG into the existing network infrastruetuthus contributing to the UK
government’'s strategy for the development of rerdevaenergy sources as a

proportion of UK’s total electrical power requirenis [86].

9.4. Suggestions for Future Research

The research conducted in this project can be tAkéimer in a number of ways.

When a study is carried out, the constantly changiature of the power system
requires significant computational effort to obtamulation results for an active
solution. Therefore, a future project should foonsthe development of more efficient
methods for load flows in radial networks to impeaomputation efficiency. This will

reduce the time required to obtain results basedash amounts of historical data.
Also, in order to enhance the usability of the wafe, a more user friendly interface
and visual result representation should be add&i-@CEPS. This will enable the use
of M-OCEPS software in real time applications. tdégion the adoption of emerging

standards such as the common information model Y@kpower system information
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and data exchange will enable improved interopétalef computational tools across
both distribution network planning and operationurtRermore, the extensive
deployment of improvements in robust, secure amdhbte ICT infrastructure across
distribution networks will support more coordinatedltage management schemes
[84]. Finally, further improvement in the accuracy state and load estimation
techniques is required in to improve the operatieisbility and assessment of AVC

scheme performance [23].

Two new generation estimation algorithms have @eposed in this thesis and their
accuracy has been proven based on two network stagés. However, additional

testing of the generation estimation methods wikitde the development of a more
generic set of rules. Such rules may be used fectgen of an appropriate scheme for

various network arrangements, load and generataditons.

The AVC computational models and coordinated veltagntrol schemes proposed
and developed in this thesis offer efficient toolsdistribution networks analyses with
regard to active voltage control. A future projeould investigate implementation of
these techniques into general active network manage system for distribution

networks [87]. This can benefit from improved vgkacontrol and more accurate
assessment of the ANM in distribution networks wiis. Additionally results from

the case studies presented in this thesis canilmatetrto a novel voltage control

systems such as approach based on case basemgd86hi

As mentioned previously, one contribution is theedlepment of the advanced AVC

scheme that can be implemented into the SuperTAPBlatform. An expected action
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will be the practical application and testing ofstipotential solution. An advanced
AVC scheme trial in a real network with a variowsybinations of RTUs and RRTUs

should confirm the simulation results presentethis thesis.
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APPENDICES

Appendices

Appendix A — M-OCEPS Network Model Input File
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APPENDICES

Appendix B — SCADA Data Input File

7 _|Feeder No
8

2
2 : | Transformer
11l z Current

/

] z T |
14 2
i S
16 2
17 . 2
= Time i :
201 LE 2 I
2 18 : 212 Feeder

A29 - fe {=F1SampDat{"00932400/MVA_HHAVG" 5A%4 $A56,"0.5 h", 1."10.60.10.28")}

] A B c D i & [ © I T K e
1 |Data for Horsham 132/11kV primary substation 009324 =
2 Mumber_of Transforme 2 Mumber_of Feec 15 Mumber_of | 48 Scaling_Tc 2 Addidtiona 2
3 |Start date
4 18/07/2007 00:01:0;
5 |End date
6 | 18/07/2007 23:31-(0 TOtal |Oad VOltageS

Bys Mumber FROM Bus Mumber TQ)|

_'ij___égfggziggzzstiri 1deeﬂltfl(l_[l!1-*.'GI2.I|__|rnbar FROM Bys Mumber TO Cu rrents
25 173 174
26 | 1[5 173 175
i; |Time Site_MVA MW TI_MVAR  T1 Current T1_WOLTS T2 MW T2 MVAR T1_Curreni T2_VOLTS FDR12_ANFDRTS_AR
29 [__1@/07/07 00.01.00] 13.89 656 222 359.95 1112 681 241 36386 1102 7509 7521
30 18/07/07 00:31:00 1351 6.37 -2.26 349.70 11.12 638 -2.17| 354 58 11.01 74.62 71.84
=) 18/07/07 01:01:00 13.18 6.21 -2.29 341.55 k) 6.39 -2.22 34542 11.00 71.36 71.84
32 18/07/07 01:31-00 12.72 599 -2.33 330.16 1111 6:39 227 33260 11.00 71.36 71.94
33|  18/07/07 02:01:00 12.72 5.99 -2.36 330.16) 11.10 6.39 2.31] 33260, 1099 71.36 71.94 «
Appendix C — Load Flow Results Output File
AFTER RETURN FROM NRLF
ITER= 1
MERR= 0 MNERRMAX= 4000
pate and Time 19/11,/2009 00:00
Branch From To P{MW) qg{Mvar) P Loss(MwW) Q Loss(Mvar) Tap(pu) P.shift(r)
1 1 2 1.9881 0.3191 0.0028 0.2015 7.0000 0. 0000
2 1 2 2.4818 0. 3900 0.0043 0.2514 7.0000 0. 0000
3 2 3 4.4629 0.2561 0.0002 0. 0002 1.0000 0. 0000
4 3 4 4.4627 0.2559 0.0327 0.0159 1.0000 0. 0000
5 2 5 0. 0000 0. 0000 0. 0000 0. 0000 1.0000 0. 0000
[ 5 4] 0. 0000 0. 0000 0. 0000 0. 0000 1.0000 0. 0000
P Total Loss{(MwW) Q Total Loss(MVAr)
0.0400 0.4891
Branch From TO RIF{pu) IIF{pu) Current (Aamp)
1 1 2 -0.01963 -103.04548 0.00315 16.53944 104.36438
2 1 2 -0.02451 -128.63499 0.00385 20. 21167 130.21318
3 2 3 -0.04414 -231. 68047 0.00700 36.75111 234.57724
4 3 4 -0.04414 -231._6B047 0. 00700 3675111 234.57724
5 2 5 0. 00000 0. 00000 0. 00000 0. 00000 0. 00000
[ 3 [ 0. 00000 0. 00000 0. 00000 0. 00000 0. 00000
Node Name Pinj {Mw) Qinj{Mvar) vi{pu) Thetal(rad)
1 44700 0.7091 1. 0000 0. 0000
2 0. 0000 0. 0000 1.0002 -0.1000
3 0. 0000 0. 0000 1.0002 -0.1000
4 -4.4300 -0.2400 0.9927 -0.1032
5 0. 0000 0. 0000 1.0002 -0.1000
[ 0. 0000 0. 0000 1.0002 -0.1000

END OF RESULTS

231




APPENDICES

Appendix D — Network Characteristics and GenerationEstimation

Time

17/12/2008 00:00
17/12/2008 00:1
17/12/2008 00:02
17/12/2008 00:03
17/12/2008 00:04
17/12/2008 00:05
17/12/2008 00:06
17/12/2008 00:07
17/12/2008 00:08
17/12/2008 00:09
17/12/2008 00:10
17/12/2008 00:11
17/12/2008 00:12
17/12/2008 00:13
17/12/2008 00:14
17/12/2008 00:15
17/12/2008 00:16
17/12/2008 00:17
17/12/2008 00:18
17/12/2008 00:19
17/12/2008 00:20
17/12/2008 00:21
17/12/2008 00:22
17/12/2008 00:23
17/12/2008 00:24
17/12/2008 00:25
17/12/2008 00:26
17/12/2008 00:27
17/12/2008 00:28
17/12/2008 00:29
17/12/2008 00:30
17/12/2008 00:31
17/12/2008 00:32
17/12/2008 00:33
17/12/2008 00:34
17/12/2008 00:35
17/12/2008 00:36
17/12/2008 00:37
17/12/2008 00:38
17/12/2008 00:39
17/12/2008 00:40
17/12/2008 00:41
17/12/2008 00:42
17/12/2008 00:43
17/12/2008 00:44
17/12/2008 00:45
17/12/2008 00:46
17/12/2008 00:47
17/12/2008 00:48

Feeder Mumber 4 ' Est
0.165962
0.163608
0.163489
0.162603
0.161151
0.160206
0.1555888
0157734
0.153473
0.152364
0.151512
0.151068
0.150359
0.149619
0.149963
0.150195
0.151009
0.152014
0.152722

0.15364
0.154381
0.155109
0.156161
0.157513
0.155128
0.158834
0.158619
0.159354
0.159425
0.160029
0.163964
0.165329
0.166302
0.166297
0.166376
0.166489
0.165963
0.165748
0.165822

0.16535
0.165261
0.165697

0.16494
0.165197
0.164985
0.164781
0.165164
0.165131
0.165245

Edy
0.171596
0.169166
0.169042
0.168113
0.166629

0.16564
0.164281
0.163084
0.158733
0.157592
0.156703
0.156236
0.155494
0.154721
0.155086
0.155317
0.156141
0.157161
0.157898
0.158824
0.159574
0.160332

0.1614
0.162768
0.163401
0.164109
0.163901
0.164661
0.164716
0.165337
0.169392
0.170794
0.171786
0171757
0.171848
0.171952
0.171427
0.171195
0.171282
0.170787

0.17072
0.171152
0.170374
0.170635

0.17043

0.17021
0.170612
0.170578
0.170682

LOAD RI [LOAD I
0.001209 44.4
0.00164 4348

00019 4338
-0.00307 43
0.0043 4266
0.00553  42.26
-0.00676 419
0.00799 4162
-0.00914 415
0.01039 411
001162 40.69
0.01286  40.24
0.01408  39.83
001512 39.49
0.01627  39.41
001533 39.36
0.01544  39.26
001554 39.13
0.01563  39.06
001573 38.93
0.01582  36.84
0.01591  38.76
0.01602  38.64
0.01616 3849
001622 3842
001631 38.34
001634 38.34
0.01647  38.26
0.01648  38.24
0.01659  38.16
001334 38.99
001321 38.93
001327 38.83
00133 3682
001337 38.79
001342 38.76
0.01344 8.8
00136 36.79
001357 38.77
0.01367 8.8
0.01365  36.78
001371 38.73
001373 38.77
001381 38.73
001385  38.73
001389 38.73
001399  38.67
0.01402  38.66
0.01408  38.63

23

FDR R
147
1.98
2.29

37
5.19
6.67
8.15
9.63
11.23
12.76
14.24
16.68
1712
18.34
18.47
18.61
18.64
18.63
18.56
15.56
18.67
18.59
15.58
15.58
16.58
16.6
16.66
18.7
18.71
16.76
16.02
14.77
14.75
14.78
14.85
14.89
14.96
16.03
16.1
16.14
16.23
16.26
16.34
16.4
16.45
16.62
16.68
16.62
16.67

FDR I
29.2
28.41
28.34
28.01
2768
2734
27.01
26.67
26.32
26.98
2664
26.31
24.99
24.71
24.69
24.68
24.67
24.67
24.67
24.67
24.67
24.66
24.66
24.67
24.67
24.66
24.66
24.64
24.64
24.63
26.45
26.5
26.5
26.5
26.48
26.47
26.46
26.44
26.43
26.42
26.4
26.39
26.37
26.36
2635
26.33
26.32
26.31
26.3

FDR_MEAGEN RI

211.58
211.7
211.57
209.98
208.38

206.8
205.21
203.63
202.05
200.47
198.88
197.31
195.72

194.4
194.34
194.27
194.21
194.16
194.09
194.03
193.96

193.9
193.85
193.78
193.72
193.66
193.59
193.53
193.48
193.41
197.67
197.61
197.54
197.49
197.42
197.36

1973
197.23
19717
197.12
197.05
196.99
196.93
196.86
196.81
196.74
196.68
196.62
196.55

206.54
206.45
206.43
206.39
206.36
206.32
206.28
206.24
206.32
206.28
206.23
206.17
206.11
206.07
206.06
206.05
206.01
205.97
205.95
205.92
205.89
205.87
205.83
205.78
205.76
205.73
205.74
205.72
205.71
205.69
205.76
205.73

2057
205.69
205.69
205.68

2057

2057
205.69

2057
205.71
205.69
205.71

2057

2057

2057
205.69
205.69
205.68

Gen Rl Estimated
168.24
171.19
171.36
172.49
174.21
17541

177
178.41
183.29
184 68
185.76
186.37
187.28
188.21
187.81
187.55
186.63
185.51
184.71
183.71
182.91
182.12

181
179.69
178.96
178.24
178.46
177.71
177.65
177.04
172.66

171.3
170.37
170.39
170.32
170.23
170.73
170.95
170.89
171.35
17143
171.03
17177
171.63
171.73
171.95
171.58
171.62
171.63
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Appendix E — Voltage Headroom Output File
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APPENDICES

Appendix F — Feeder Voltage profile

Time: R

FDR MNo: 1 Bus No V [pu] V [kV] Distance [Z=R+jX] FDR Mo: 2 Bus Mo |V [pu] V [kV] Distance [:FDR No: 3 Bus No V [pu] V [kV] Distance [:
3| 0.991624| 10.90786 0.01085 84 099138 10.90518 0.01936 190| 0.989877 10.86865 0.11226
4 0.991239] 1090363 0.03748 85/ 0.991145 1090259 003147 191| 0.989612 10.88574 0.12815
51 0990073 10.89081 0.12086 86/ 0.990319 10.89351 0.07495 192| 0.988455 10.87301 0.19762
6/ 0.990073 10.8908 0.12162 87| 0.990293 10.89323 0.12093 193] 0.987282 10.86011 0.26805
7] 0.989317| 10.88249 0.17934 606 0.988649 1087734 0.15481 194| 0.987203 10.85923 027298
8 0.989303) 10.88234 0.20732 89| 0.988421) 10.87263 0.17916 195 0.986906 10.85596 0.29144
9| 0.987552 10.86307 0.32129 90/ 0988172 10.86989 01939 196 0986545 10.85199 0.31384
10| 0.986939  10.85633 0.37443 91 0.987813 10.86595 0.25591 197| 0.986129) 10.84742| 0.34011
11| 0.985973 10.8457 0.46098 92| 0987375 1086113 0.33756 198| 0985522 10.84075 0.381
12/ 0.985403) 10.83944 0.51523 93| 0.987127 10.8584 0.38625 199) 0.985384 10.83922) 0.397T91
13| 0.985326 10.83858 0.64049 94| 0.987093 10.85802 04331 200 0.985356 10.83891 045277
14 0.984997 10.83497 0.56587 95/ 0.987032 10.85736 041206 201| 0.984273) 10.82701| 0.54653
15/ 0984048 1082453 0.69694 96 0986648 1085313 054419 202 0983802 10.82183) 061215
16/ 0.983966  10.82385 0.7863 97| 0.986625 10.85267 0.58862 203| 0.983381 10.8173| 067333
17 0.984044 | 10.32449 0.69744 98 0.986386 10.85025 0.65443 204| 0.982725) 10.80998| 0.77906
18 0.983193 10.81519 0.86254 99 098633 10.84964 073424 205/ 0.982707 10.80977| 0.83389
19 0.983191 10.81511 0.88333 100) 0.9862584 10.84913  0.71323 206/ 0.982525) 10.80777| 0.81215
20 0983144 1081458 0.87417 101| 0.987979 1086777 021232 207 0.982133 10.80346 0.88134
21| 0.981661| 10.79828 1.18677 102 0.957945 108674 0.21584 208| 0.982113) 10.80325| 0.88479
22 0.981661| 10.79827 1.18845 103 0987917 1086708 027894 209 0.982044 10.80249 099581
23| 0.981595 10.79755 1.20077 104 098751 10.86261 0.26444 210| 0.982031  10.80235 1.07487
24 0981468 10.79615 1.22359 105/ 0987506 10.86256 0.26488 211 0.982027, 10.8023 1.0324
25| 0.981303 10.79434 1.26359 106 0.986452 10.85097 0.38946 212| 0.982023 10.80225| 090277
26| 0.980643 10.78708 1.37385 107| 0.986121) 10.84733 043779 213| 098167 10.79837| 097863
27| 0.980347| 10.78382 1.42776 108| 0.986109 10.8472 063204 214| 0.981664) 10.7983| 1.06494
28 0.979973 107797 1.4966 109| 0.985419 10.83961 0.54503 215 0.98144 10.79584| 1.02895
29| 0.979969 10.77966 1.54626 110/ 0.985273 10.838 0.56525 216/ 0.980948 10.79043) 113217
30| 0.979964 10.77961 1.6069 111] 0.984324| 10.82756  0.69721 217| 0.980132) 10.78145| 1.29374
31) 0.979488 1077437 1.56888 112| 0983543 10.81898 0.81751 218 0.980111 10.78122 1.55923
32| 0.979481) 10.77429 1.67578 113 0.983405 10.81746 0.33696 219) 0.930083 10.78091 144865
33 0.979005 10.76905 1.68237 114| 0982488 1080737 1.02333 2200 0.980071 10.78078 1.52805
34| 0.97887 10.76757 1.73918 115| 0.961776) 10.79953 1.1689 221 0.980063 10.7807 1.62586
35| 0.978786  10.76665 1.80294 116/ 0.981623 10.79786 1.20003 222 0.980058 10.78064 1.68989
36/ 0.978635 10.76718 1.786846 117) 0.981418 10.79559  1.24538 223| 0.978555 10.76411 1.6339
37| 0.978786) 10.76665 1.87313 118| 0.981365 10.79502 1.27585 224| 0.978374) 10.76212| 1.76384
38| 0.978939) 10.76633 1.70913 119) 0.981414 ) 10.79555 1.24675 225| 0.978333) 10.76167 1.795
39| 0.978774 10.76651 1.77674 120) 0.981353 10.79488 1.29373 226/ 0.978363 10.76199 1.93518
40 0978635 1076499 1.83439 121 0981331 1079464 132191 227 0.978156) 10.75972 1.76013
41| 0.97863 10.76493 1.95589 122| 0.981337 10.79471  1.32409 228| 0.977971) 10.75769| 1.81861
42 0978185 10.76004 2.02437 123 0981153 10.79268 167576 229 0.977962) 10.75758 1.91229
43 0.978184  10.76002 210637 124| 0.981111) 10.79222 1.76956 230| 0.977955  10.75751| 1.98467
44 0977906 10.75696 214671 125/ 0981097 10.79207 193214 231 097795 1075745 209111
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