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Abstract

In recent years there has been a large increase in the connection of photovoltaic gen-
erators to the low voltage distribution network in urban residential areas. In the future,
it is predicted that this trend will continue and be accompanied with a rise in the up-
take and connection of electric vehicles and heat pumps. Recently, monitoring trials
have found widespread current unbalance in the feeders that transmit electrical energy
to and from these urban residential areas. This unbalance is likely to be accentuated by
the gradual and piecemeal uptake of the aforementioned devices. The combined im-
pact of the changes and present day unbalance is likely to be more frequent thermal
and voltage constraint violations unless new strategies are adopted to manage the flow
of electrical energy.

Here, a novel device named the 'phase switcher' that has no customer compliance
requirements is proposed as a new tool for distribution network operators to manage
the thermal and voltage constraints of cables. The phase switcher is shown to unlock
cable ampacity and maximise voltage headroom and it achieves this through phase bal-
ancing in real time. A centralised local feeder controller is simulated to employ dy-
namic and scheduled phase switcher control algorithms on a real network model, and
it's ability to unlock cable ampacity and reduce cable losses is quantified. Also, a
small model based controller algorithm is presented and shown to perform almost as
well as others despite having a very limited sensing and communication system re-
quirement. Phase switchers are also quantified for their ability to increase feeder
voltage headroom when employed to improve the balance of photovoltaic distributed
generators across phases. To this end, an exhaustive offline photovoltaic capacity pre-
diction technique is documented which shows that when phase switchers are placed
explicitly to a known photovoltaic installation scenario, an almost linear relationship
exists between the penetration level and maximum node voltage when PSs or phase
conductor rejointing is considered as an option for implementation. Finally, a fast
feeder assessment algorithm is detailed that is found to be better and more robust at es-
timating extreme maximum and minimum photovoltaic penetration level scenarios
that cause over-voltage.

All the work is presented within a new general mathematical framework that facilit-
ates formulation of the problem and calculation of device phase connections for net-
works containing phase switchers.
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1. Introduction

1 Introduction

1.1 Background

Significant changes to the UK power system will take place over the next thirty
seven years which will change the way that electricity is generated and consumed. In
the UK, changes are being shaped by politicians and implemented through the regula-
tion of generators, TSOs (Transmission Service Operators) and DNOs (Distribution
Network Operators). The CCA (Climate Change Act) 2008 [1] was introduced by the
UK government, it sets a target which mandates an 80% cut in greenhouse gas emis-
sions by 2050 on 1990 levels. Moreover, it sets out a requirement for five yearly UK
Climate Change Risk Assessments, the first of which, published in 2012, projects a re-
duction in energy demand in winter and an increase in summer due to higher climatic
temperatures [2]. The emissions target was derived from the International Panel on
Climate Change’s report 2007 which followed the Kyoto Protocol from December
1997. The IPCC report aimed to cut greenhouse gas emissions by at least 5 per cent of
those recorded in 1990, by 2012.

In the medium term, the 2009 Renewable Energy Directive [3] has been formulated.

It sets a UK target of 15% energy consumption to be generated by renewable sources
by 2020, as a marker of progress the 2009 figure was 3%. This lead to the UK Gov-
ernment releasing The Renewable Energy Roadmap [4] in 2011, which sets out a pro-
gramme of actions aimed at enabling the level of renewable energy consumed in the
UK to reach the target specified by [3]. Some key actions are concerned with:

A targeted increase of energy generated by wind turbines.

An increase in the use of air source heat pumps by permitting development

rights on domestic properties.

Providing new investment on the infrastructure for vehicle recharging.

The Feed-in Tariff (FIT) scheme has resulted in a higher installed capacity of DG in
the UK low voltage (LV) distribution network. It was introduced by the UK govern-
ment in April 2010 and has lead to an increase of 19,959% in 3.25 years [5] which is
shown in Fig. 1. Analysis in 2012 of the DG technology mix in the UK revealed that
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photovoltaic (PV) technology is the normal, as it accounted for 90% of the installed
capacity. The complete DG technology mix recorded in the FIT energy trends statist-
ics [5] is shown in Fig. 2. The cumulative numbers of PV installations are split out
into capacity categories in Fig. 3 [5] which shows that installations up to 4kW accoun-

ted for 86% of all installations.

1400 v

1200} 1
1000} 1

§ 800} |

>

‘©

©

S 6001 1

o

400}

200} 1
% o e T £ £ & ¢ s 9 o 2 o
S 3 &8 3 ® 3 8 3 3 3 & & @ 3
o o ~— o o o ~ o o o ~ o o o

Fig. 1 FIT Statistics — KW of Domestic Generation [5]

2000

——PV

1800 AD

——— Hydro /
1600 MCHP
Wind
1400
S 1200
=3
>
Z 1000}
[
o
8 800

600

400+

200}

0 e s — — Y W W

06/10
09/10
12/10
12/11
03/12
12/12
03/13
06/13
09/13

03/11
06/11
09/11
06/12
09/12

Fig. 2: FIT Technology Mix [5]



1. Introduction

1200

0<=4kwW
4<=10kW
1000 10<=100kW :

[ 100KW<=5MW -
800 |

600 -

Capacity (kW)

400

200

0

06/10
09/10 A
2/10 |

Fig. 3 Cumulative FIT PV Capacity for installations up to SMW
[3]

The roll out of smart meters in the UK is obligatory to suppliers and includes the re-
placement of all existing meters by the deadline of the end of 2019 [6]. In May 2013
DECC (Department of Energy & Climate Change) issued a Written Ministerial State-
ment to the UK Secretary of State [7] which put the deadline back by 12 months to the
end of 2020. Smart Meters should provide new real time visibility on the state of the

power system [6] in the LV distribution network.

The Electricity Safety, Quality and Continuity Regulations (ESQCR) 2002 [8] del-
egate responsibility of keeping phase to neutral voltages in LV networks within +10%,
-6% of 230V to DNO's. BS EN 50160:2010 [9] defines a phase to neutral over-
voltage (OV) in the LV network to be when a 10 minute r.m.s. voltage measurement

exceeds 253 V.

It is clear that the future power system will be different due to the aforementioned
policies, legislation, schemes and specifications. The CCA [1], Renewable Energy Dir-
ective [3] and ultimately, the Renewable Energy Roadmap [4], will lead to wind power
making up a much larger proportion of generation. This increase will lead to peaks
and troughs in available energy which will be dependant on the wind. The renewable
Energy Roadmap [4] will lead to an increase in the use of heat source pumps and elec-
tric vehicles, which is likely to cause an increase in electric power flowing in the LV

distribution network. There will be a continued increase in; PV DG due to the FIT
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[10] and, potentially electric vehicles [11]. The LV network is changing, single phase
DG is being incorperated [10] and the use of electric vehicles and heating are expected

to rise increasing the system load [12].

Taking all these factors into consideration, an area that will be greatly impacted by
the changes is anticipated to be the LV sector, where businesses (industrial and com-
mercial) and individuals will generate and consume more electrical power. This part
of the network presents challenges primarily due to its size, for example, for; a typical
medium sized power system with five generating units (power stations), there will be
310,000 elements (consisting of secondary transformers, joints and cabling) [13]. Due
to the combination of changes forecast and its sheer size, it is the area of the power
system that presents the greatest challenge. It implicitly follows that this is the part of
the system that would most benefit from an automatic control strategy as, due to eco-
nomics arising from scale, manual control is impractical and reinforcement is undesir-

able.

The UK power system design incorporates assumptions relating to the behaviour of
consumers and the location of active loads and generators. One assumption that influ-
enced design was that power would always flow downstream in radial feeders from
large-scale generators to all loads. This has lead to the installation of tapered radial
feeder networks in the LV distribution network. A tapered feeder is one where the
cross-sectional area of the conductors within the cable is greater nearer to the second-
ary distribution network transformer. If the network shown in Fig. 4 were tapered, the
cross-sectional area of L1 would be greater than that of L2 and L3. This is an example
of good economic design for a power system focused on central generation and remote
loading. However, this design is not as well suited to the installation of DG at remote
loads connected via a tapered radial LV feeders due to increases in nodal voltages it

causes which is explained in the following subsections.
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1.2 LV Feeders

LV Feeders are the networks of cables that connect customers to the power system,
they are specified and installed by DNOs using an amapacity rating which is calculated
using the nominal voltage and an After Diversity Maximum Demand (ADMD) value.
ADMD is the apparent power requirement of the feeder that considers a diversity
factor [14] which accounts for the lack of synchronism in the operation of loads. Do-
mestic customers in the UK normally have single phase connections and are either
loads and/or DG. PV is the normal type of DG installed and due to some of the chal-
lenges associated with its unique characteristics, it is the DG type that is the focus for

this thesis.

To emphasise the difference between domestic loads and PV DG, a single and 71
aggregated load profile is provided in Fig. 5 on the same plot as a trace from a single
PV DG which were created using [15] and [16] respectively. The plot clearly shows
that an individual load has periods of very low and high power use and that the aggreg-
ated or affect of 71 loads is more constant and less spiky. Also, the aggregated load is
low during the day and reaches a peak in the early evening, reflecting when many
people return home from work and cook meals at home. In contrast, the PV profiles
output is at its peak in the afternoon and when it is also considered that PV has a com-
plete lack of diversity, i.e. it is in almost perfect synchronism on a local level, the issue

voltage rise on LV feeders is uncovered.
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1.3 Research Scope

The scope outlined for the research presented in this thesis is detailed below:

Current electrical power systems are in urgent need of modernisation in order to ad-
dress many of the pressing issues that are faced in the world today. These issues in-
clude global warming, depletion of fossil fuels, growing global population and an ever
increasing reliance on the reliable supply of electrical energy. Smart Grid technology is
seen by many as the most appropriate solution to tackle these issues from the perspect-

ive of electrical power supply and utilisation.

The main aim of Smart Grid technology is to modernise current electrical power
networks using state-of-the-art communication and control methodologies, often com-
bined with new or modified hardware, in order to deliver environmentally friendly, ef-
ficient, reliable, resilient and responsive power systems for the future. In other words,
Smart Grid is an electricity network that can intelligently integrate the actions of all
users connected to it — generators, consumers and those that do both — in order to effi-

ciently deliver sustainable, economic and secure electricity supplies.

This project will focus on the investigation of the impact that the smart grid techno-

logies will have on the operation of the electrical power transmission system. In order
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to achieve this objective, the project will firstly focus on the dynamic modelling of
smart grids at the distribution and consumer voltage level. The existing control and
communication technologies, currently used in industry, will then be implemented and
evaluated using representative, lower-power equivalent network systems and their
equivalent software-based simulators that incorporate some aspects of smart grid tech-
nology. The project will then focus on proposing improvements to the existing control
and communication systems in order to facilitate effective exploitation of the smart

grid technology in the current electrical power networks.

1.4 Research Aims and Objectives
The research objectives that were identified through the literature review provided
in chapter 2 and scope documented in section 1.4 are listed below:
1. Development of a cost effective feeder balancing scheme that incorporates the
use of a cost effective switching devices for UK LV networks.
2. Development of a high fidelity simulator capable of quantifying the impact of a
switching scheme in real time application in terms of:
a) Voltage
b) cable current
c) Losses
3. Development of a mathematical nomenclature and framework that is capable of
describing the phase connections of devices connected to a feeder and calculat-
ing how they may be changed when phase switching occurs.
4. Calculation of the actual optimum state of system balance that the switching
scheme allows to enable the quality of the scheme to be fully evaluated.
5. Investigate the impact of the switching scheme on PV assessments using meth-

ods that have been developed to date.

1.5 Thesis Overview
This section outlines the structure of the thesis and details the contents of each of it's

chapters.
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Chapter 2 provides a review of relevant literature that relate to the research object-

ives and the work documented throughout this thesis.

An introduction of the novel Phase Switcher (PS) device is provided in chapter 3
along with the supporting nomenclature and terminology that is required to express

device phase connections of an LV feeder and calculate how PS can manipulate them.

The LV network modelling methodology is detailed in chapter 4 which is followed
by a description of the steps taken to to validate it using real world system measure-

ments.

Chapter 5 outlines the methodology used to identify thermal weak points in feeders
and subsequently place PSs to unlock cable current within them. Whilst, chapter 6
contains the results from simulations that test the ability of various control algorithms

to unlock cable current when PSs are placed at locations identified in chapter 5.

How PSs can be used to create voltage headroom is shown in chapter 7 where simu-
lation results show how successful it is for a variety of PV penetration scenarios. Also
in chapter 7, a new feeder assessment methodology is detailed that is efficient at find-

ing minimum and maximum PV penetration scenarios for an LV feeder.

Finally, chapter 8 details the key research conclusions that summarise the impact of
PS on unlocking cable current and maximising PV penetration. Also, it identifies what
the new PV assessment method achieves and identifies the significance and potential

application opportunities for offline and online application of the PS theory.
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2 Literature Review

This chapter contains a review of literature used to inform the research documented
in this thesis. It links the objectives detailed in chapter 1 with relevant academic and
industrial studies. The review highlights changes that are predicted in the LV distribu-
tion network network alongside some of its present day characteristics. The following
characteristics and changes are considered: current unbalance, PV induced OV, impact
of EVs, cable current, thermal cable overload, phase balancing and load balancing. Fi-
nally, the research opening for this thesis is identified which mitigates some of the fu-

ture challenges that the LV distribution network faces in certain circumstances.

2.1 Distributed Generation (DG)

DNO's find it difficult to plan where and when to invest in infrastructure to accom-
modate new DG connections. Some uncertainties that they encounter relate to the
planning and construction process, whilst others relate to technical issues such as the
network's voltage and thermal limitations. An excellent literature review on tech-
niques developed by researchers in recent years to address these uncertainties is
provided in [17] which was produced to encourage the implementation of such meth-
ods. The majority of the methods detailed involve ultimately finding an optimum
solution to the combinatoric problem that connecting DG presents, when the objective
is for example: to minimise losses or minimise short/long term costs whilst satisfying
voltage and thermal constraints. In many cases it is not possible to find the global op-
timum due to the scale of the problem, so solutions often involve finding one or sev-
eral local optima. The techniques documented in [17] relate to various distribution
network voltage levels and those that have been applied to the LV network are critic-

ally reviewed later in this section.

In chapter 1, PV was highlighted as the normal type of DG technology connected to
the LV network in the UK and the recent trend is one of growth [10]. Automatic con-
sent is granted for customers connecting DG in accordance with the G83 engineering
recommendations [18] for connections rated at 16A or below and the DNO is notified

of such installations within 28 days of commissioning. Installations that exceed the
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16A threshold require an application to the DNO. Therefore, DNO's do not have con-
trol over new PV connections that are rated below 16A, but they are notified where
they have been installed 28 days (at the latest) after they were commissioned. Informa-
tion that distribution networks operators possess varies dependant on the UK region
due local historical practices and processes. In addition, significant gaps from the
ideal data set often exist. Monitoring of voltages and currents in LV networks is scarce
but is being introduced as part of small industrial trials like those detailed in [19] and
[20]. The combination of automatic DG consent, distribution network responsibility
for voltage levels [8], gaps in network data and an absence of monitoring, presents
DNOs with little information or control over high voltages induced by DG in the LV
network. Therefore, voltage quality issues are generally only highlighted at LV level
through customer complaints, leaving distribution networks with the challenge to plan
where and when to reinforce the network in order to maintain compliant voltage levels.

At the same time, they have no influence over the location of new DG plant within it.

The location of PV in an LV network has a significant impact on the occurrence of
OV and those areas are difficult to identify. Some techniques have been developed to
address this difficulty in order to quantify distribution networks for their PV capacity.
For instance, one DNO has created a draft policy that provides guidance on when more
intensive studies of PV penetration should be carried out for a particular network, this
is currently undergoing validation as part of the Low Carbon Networks Fund (LCNF)
trial [21]. The intensive studies include LV feeder assessments that aim to estimate
permissible levels of PV penetration levels that do not trigger OV conditions. The in-

tention is that this can be used to inform proactive maintenance and asset management.

Meanwhile, academic literature largely focuses on the combinatoric problem that
automatic consent creates due to the high numbers of possible permutations of PV,
even on small feeders. In [22] Thomson et al. examine the technical impact on voltage
of higher penetrations of PV and Micro Combined Heat and Power generators and
make recommendations about how to mitigate OV issues. An 11KV UK network was
used as a test case and PV connections were allocated to dwellings according to their

roof orientation to the south, therefore, reducing the combinatoric problem. Commer-

10
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cial software packages are noted as being ill suited to the complexities of the model-
ling required and Thomson et al. therefore, develop a modified forward/backward
sweep algorithm documented by Shirmohammadi [23] and Kersting [24] that accounts
for Dyl1 distribution transformers. Thomson et al. assumed that generators were rated
between 1KW and 2 KW, which was reasonable in 2007 but not today because the ac-
tual DG mix installed in the UK to date shows 4KW to be the normal rating of installa-
tion.  In [25] Navarro et al. use Opendss [26] to create three phase network models
using real network data to calculate the impact of PV installations on different penetra-
tion levels of PV. They combat the combinatoric problem by evaluating specific per-
mutations of PV allocation determined through their novel monte-carlo based tech-
nique, which results in a range where the minimum and maximum PV penetration
levels that do not result in OV is found. Navarro et al. also perform sensitivity analysis
on OV to data granularity using a Smin resolution which concludes that hourly and
half hourly data underestimates the occurrence of OV which may be detected using BS

EN 50160:2010 [9].

2.2 Cable Current and Domestic Loading

A 10% to 20% market penetration of electric vehicles has been shown to lead to an
18% to 36% increase in the daily distribution network peak demand during winter
months [12]. Furthermore, such a rise would lead to breaches in cable current and in-

crease instances of cable thermal overload.

Neher and McGrath documented a widely used method for rating cables in [27]
which was encompassed by IEEE [28] and BS/IEC standards [29]. Application of the
standards relate directly to a cables construction, which, for those manufactured for the
UK today are defined by BS 7870 [30]. The operational thermal capacity of under-
ground power cables is evaluated today by applying IEC 60287 [31] which provides a
standard cable model relating phase conductor temperature to a cable current rating in
steady state. The impact of cable heating on underground LV cables is certified by
cable manufacturers in the UK by applying BS 7870 [32] which specifies a series of
laboratory tests. The heating cycle laboratory tests within the standard apply to

thermal properties and require cables to be mounted under water and in the air while a

11



2. Literature Review

balanced electrical current is passed through the phase conductors in order to heat
them. The conductor temperature is observed using thermocouple sensors, these meas-
urements are verified by taking electrical resistance readings of phase conductors dur-
ing the test. Heating cycles are restricted in time to eight hour durations, where, two
hours are allocated to maintain conductor temperature to between 5°C and 10°C above
the rated temperature, and three hours to natural cooling. However, the tests do not as-
sess unbalanced operation or capture the transient of conductor temperature when it
heats or cools. Ultimately, the relationship that is established is between a cables con-
struction and its maximum operating phase current carrying capacity, this is often re-

ferred to as cable ampacity.

The standards that define cable current assume phase conductors are balanced and
that instantaneous changes in conductor current cause instantaneous changes in con-
ductor temperature. In recent years research has focussed on developing techniques
that map the transient relationship between current and temperature in real time. In
[33] an equivalent circuit is derived for the transient thermal behaviour of cables in un-
filled troughs which is validated through finite element analysis simulations, the circuit
is shown to be valid within a specified range. Meanwhile, Shaker et al. [34] use fuzzy
computation to predict weather related uncertainties that impact on the DTR (dynamic
thermal rating) of overhead lines such as ambient temperature, wind speed and wind
direction. The DTR is particularly useful when applied to overhead lines that connect
wind farms to the distribution network (DN). Consider a windy period, at this time
wind farms transmit additional current to local power lines which induces conductor
heating, but at the same time the conductors are cooled by the wind which enables
them to transmit more current than in less windy conditions. Jupe et al. developed a
DTR scheme through off line simulation of a power system using historical environ-
mental data in [35] and later applied it to a real network, reference [36] details the
learning points and experiences from real world application to a 132KV line connect-
ing an offshore wind farm. The technique applied by Jupe et al. involves the interpola-
tion and correction of IEC standards and environmental conditions, meaning that the
dynamic relationship between current and temperature is not explicitly tackled, rather

an approximation is made that relates current, temperature and environmental condi-

12
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tions. DTR works well on overhead lines due to their exposure to constantly changing
environmental conditions, which is monitored by appropriately sited weather stations
at critical spans. A hot topic for researchers now is the identification of critical spans
that may benefit from DTR. In [37] Matus et al. tackle this problem via a heuristic
based technique. Moreover, the heuristic was derived from historical-simulated
weather data which was used to compute thermal capacities in each span of a 325km

line in Chile to identify the hot-spots. [38]

Historically, technology applied to power systems has cascaded down voltage levels
over time as costs reduce due to maturing manufacturing processes of enabling com-
ponents. A good recent example of this is the use of secondary on load tap changing
transformers at MV/LV substations, one was used as part of a combined strategy to
control voltage in [39]. DTR however, is not transferable to LV networks in the same
way, one reason is that most urban areas in the UK have underground networks [40],
meaning they are protected from the environmental conditions which DTR exploits. In
any case, the costs associated with: identifying critical spans that may benefit, local
tuning of models and the installation and maintenance of weather stations, eliminate

the feasibility today of this technology at LV level due to excessive costs.

Other strategies have been developed which focus on making better use of assets
through techniques such as curtailment and demand side management (DSM). In [41]
Navarro et al. show through simulation of an LV feeder how a load shifting strategy re-
duces the peak demand by shifting passive washing loads. Therefore, the cable current
requirement of cables and transformers feeding loads is reduced, unlocking the poten-
tial to defer reinforcement. The high costs associated with the reinforcement required
to accommodate higher loads have attracted research to be conducted to consider so-
cial factors as well as technical ones. For example, [42] presents the first stages of a
socio-technical methodology to identify circuits that are likely to require reinforcement
in a 33KV network in the UK. In [43] statistical measures are used to to predict utiliz-
ation levels of components and assess the scale of potential reinforcement require-
ments due to breaching thermal and voltage constraints. Other DSM techniques con-

jectured are summarised into convenient groups by Zhang et al. in [44] which include:

13



2. Literature Review

load priority techniques [45], control of appliances [46], differential tariffs [47] and
conservation voltage reduction [48]. O'Connell et al. directly tackle the problem of
increased loading induced by higher penetrations of electric vehicles (EVs) connecting
to the LV distribution network in [49] where they develop an EV management scheme
which uses a three phase unbalanced load flow model from [50] to monitor voltage
and thermal network constraints. Meanwhile, the objective function is focussed on
minimising the cost of charging EV's to customers who are all assumed to have ad-
vanced metering infrastructure that facilitate time of day tariffs. A rolling optimisation
is used to manage uncertainties relating to customer behaviour. The study concludes
by stating that controlled charging schemes for EV's can be used to defer network rein-
forcement and that balanced system modelling at LV level does not accurately repres-

ent the actual system state.

2.3 Current Unbalance

DNO monitoring trials conducted in the UK such as [20], [51], [52] and [19] have
uncovered unbalanced phase currents on LV feeders in the urban LV distribution net-
work. Unbalance of this nature has also been recorded in countries outside the UK, for
example in [53] where it is referred to as load imbalance. A complete consensus does
not yet exist in industry or academia on vocabulary associated with current unbalance.
Either imbalance or unbalance is used to describe a lack of balance across phases of
voltage or current in a three phase power system. Siti et al. [54] define phase and load
balance/unbalance to describe the state of a power system at MV (Medium Voltage)

and LV level respectively.

2.3.1 Phase Balancing

Phase balancing involves changing the configuration of primary feeders in the dis-
tribution network to minimise neutral currents. This can be achieved either through
the manipulation of sectionalising and/or tie switches, or manually reconfiguring phase
connections. Phase balancing has been extensively researched and the earliest refer-
ence found that explicitly develops an algorithm for remote control of switches, which
also addresses fault isolation and service restoration, was conducted by Castro et al. in
1980 [55]. The problem of determining the optimum setting for the switches is one of

combinatorics which is outlined by Civanlar et al. [56] as conceptually straightforward

14
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but computationally inefficient. Published research focuses on finding the optimal bal-
anced configuration at MV level whilst minimising labour, cost, customer interruptions
and power system losses. A typical example of what has been published can be found
in [57] and [58] which correspond with studies conducted in Taiwan (2008), and Iran
(2012) respectively. Although there have been significant advances in computational
power over the past 33 years, the problem outlined by Civanlar et al. [56] persists

today, partly due to the large number of possible permutations for reconfiguration.

Chia-Hung et al. [57] tackle the combinatorics problem by devising a strategy for
reconfiguring phases which incorporates some heuristic rules derived from the experi-
ence of distribution network engineers to identify locations for phase reconfiguration.
Furthermore, the algorithm aims to minimise cost, neutral current, labour and customer
interruptions. Hooshmand and Soltani [58] take a different approach and use bacterial
foraging oriented by particle swarm optimisation integrated into a fuzzy multi object-
ive function to reduce neutral current, re-phasing cost, voltage drop and line losses.
The techniques developed by Chia-Hung et al. [57] and Hooshmand and Soltani [58]
both directly combat the combinatoric problem that phase balancing presents, therefore

showing it to be a persistent issue.

2.3.2 Load Balancing

Load balancing is the reconfiguration of LV feeders to correct unbalances caused by
active loads. A literature review was conducted which uncovered nine conference pa-
pers and one journal paper on the subject authored by two separate research groups.
The sparsity of the research in this area reflects anticipated difficulties associated with
intervention at LV level, primarily due to the great number of its constituent elements
as summarised by Willis and Philipson [13]. Published research has been based on the
concept of changing the phase connection of single phase loads via a switching matrix
or phase connection switcher, which present day technology could support, see [54]
and [59]. Published research from the groups commenced in 2005 and focused on the
South African and Iranian distribution networks respectively. Owing to the small num-
ber of papers on load balancing, all publications have been included in the critical ana-

lysis provided in this section.
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2. Literature Review

2.3.2.1 M.W. Siti et al, Tshwane University of Technology

The studies documented in [59] and [60] formulate an optimisation problem which
is solved using the following numerical solvers: Dynamic Leapfrog and Gauss-New-
ton. The results from both the solvers is compared and the concept of automatic load
balancing is introduced, and discussed in terms of cost, solution speed and optimisa-

tion.

A specific case study is used in [59] and [60] where 15 single phase household
loads are connected through phase switching devices to an LV feeder. The numerical
methods are necessary to find a sub/local optimal solution due to the large number of
combinations which total 14.3 million. The relationship between switchers and com-
binations is shown in (1). The objective function is defined in the study as the differ-
ence between the sum of the squares of phase currents. Therefore, the mathematical
model assumes each load is of the constant current type, which effectively ignores
cable impedances and the associated changes in nodal voltage that they cause. Ulti-
mately, the dependence on voltage of constant power and impedance loads, which in
turn cause phase and neutral conductor currents is ignored. The study simplifies the
problem by assuming that each household load is single phase with a unity power
factor and, that each phase current angle is perfectly aligned to 0°, -120° and 120° re-
spectively. A snapshot of load current data from each of the five groupings of aggreg-
ated loads is used to show the impact of each method. Therefore, the study does not
consider switching or measurement frequency, rather, it implies an assumption that
switching frequency is infinite and can respond immediately with no delay to instant-
aneous measurements of network currents. The study aims to reduce system losses,
but measures the quality of the solution by evaluating neutral current which is calcu-

lated by finding the sum of the phase currents.

The fundamental problem that [59] and [60] set out to solve is the combinatoric one
caused by the number of combinations of possible switching matrix settings. The rela-

tionship between the number of combinations represented by p and number of

switchers represented by 7, is as follows:

p=3"+1 )
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To emphasise the enormity of the quantity of possible combinations even for mod-
est numbers of switchers, the figure below is provided that plots the number of switch-

ers against the number of combinations.

x10

Number of Possible Combinations (C)

0 .
0 5 10 15

Number of Switchers (k)
Fig. 6 The Combinatoric Problem Shown Graphically (1)

Fig. 6 shows clearly that the number of combinations increases rapidly with the
number of switchers as for 1, 5, 10 and 15 switchers there are 4, 244, 59thousand and
14.3million combinations respectively. The numerical solvers are used to find
sub/local optimal solutions for the practical implementation of real time automatic
control. In that regime the absolute optimum could only be found by testing all com-

binations, which is impractical when the number of switchers exceed 10.

The papers [59] and [60] record a significant reduction in neutral current when the
Dynamic Leapfrog and Gauss Newton methods were applied. Of the two methods
tested, the Dynamic Leapfrog was found to provide the most optimal result, although it

took longer to execute than Gauss Newton.
In [61], [62], [54] and [63] Siti et al. compare the impact of using their new Heur-

istic algorithm with a Neural Network to find sub optimal switching sequences. The

journal paper [54] presents an additional scenario to the two conference papers [62]
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and [63], but is otherwise very similar, therefore, the journal paper is the sole focus in

this literature review.

[54] considers two scenarios where 15 and 45 radially connected single phase loads
are fitted with switchers on the South African distribution network. One characteristic
of the approach adopted is that for both methods compared, it is assumed that a per-
fectly balanced MV network is connected to the secondary transformer(s) supplying
the loads. Results are presented that show the Heuristic approach to be significantly
more effective and robust than that of the Neural Network when evaluated by examin-

ing the differences between phase currents as shown in (2).

The heuristic algorithm in [54] uses predetermined rules that result in a reduction in
the number of possible permutations, enabling all those that remain to be tested. A
subroutine is used to group the loads into sets of 5 and 15 for the respective 15 and 45
load scenarios, which has the impact of reducing the number of permutations from

14.34x10° and 2.9543x10°' to 28 in both cases. This subroutine does not guar-
antee the optimum groupings of loads, rather, it makes an approximation. The paper
does not contain a discussion that evaluates the quality of this measure. Moreover, this
approach implies that all loads are active in the network, which does not necessarily
reflect reality. The switch setting is chosen by finding the minimum result from all 28
remaining permutations when compared to a theoretical 'perfectly balanced' phase cur-

rent [, through the application of (3).

The results from the Neural Network and Heuristic controllers in [54] are evaluated
for both methods according to the total maximum difference between two phase cur-
rents for the switch setting chosen by the method (2). However, evaluating results in
this way only approximates the impact of the methods on the network. This is because
it is assumed that all loads are of the constant current type, meaning that actual phase
and neutral currents are not calculated. Fundamentally, the paper does not attempt to
accurately model the system due to the absence of constant impedance/power loads

and cables. Moreover, an attempt to show the benefit of either method in terms of the
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objectives outlined, which are to reduce system real power losses and relieve system

overloads, is not included.

[54] then uses 3 snapshots of data measured from the real network on the 15 load
LV network, and one snapshot of data for the 45 load network. The real measurements
were synchronised when recorded. The paper finds that the Heuristic method is more
robust than that of the Neural Network and records both methods as achieving better
current balancing than is recorded in the measurement data. Therefore, what is shown
is that the methods can take current measurement data from a network and predict a
sub/local optimal switching sequence to balance phase currents. The quality of the set-
tings is not evaluated. What the paper does not show is the expected impact that either
method would have upon implementation. To undertake this analysis, accurate model-

ling of the network with time series data is required.

i) ’

Lyl =[]} (2)

Al.=max {Hlphl‘_‘lphZ Iph2‘_‘]ph3

arg min .where 1,€1,,. (3)

5
Z Ij_[ideal
j=1

In [64] Siti et al. use a larger network to test a fuzzy controller to find switch se-
quences on an assumed network. The data used originated from a measurement study
in a South African City [65] that measured the load power over a month. Data from
the superset was randomly selected to form five hypothetical test feeders that each con-

sisted of 150 loads, a figure which was also informed by [65].

The average total phase load is used to measure the success of the state of fuzzy
controller by calculating AU/ph (Average Unbalance per Phase) (4). The controller is
only designed to invoke when AU/ph drops below 10KW. Results are measured by
comparing the initial average power values from (4) with that obtained when the fuzzy
controller is used. Finally [64] concludes that unbalanced conditions are improved

through the use of the fuzzy controller. The use of power instead of current in this
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study assumes that all loads are constant power loads and it does not attempt to calcu-

late the impact on phase and neutral conductor currents.

Lph[_Lph2|+|Lph2_Lph3|+‘Lph3_Lph1

3 (4)

AU ph=

2.3.2.2 Raminfard et al.

All the three papers [66], [67] and [68] from Raminfard et al. focus on improving
the LFOP optimisation algorithm used by Siti et al. in [59] to the combinatoric prob-
lem. The complete algorithm presented is referred to as the “Modified Leap Frog Al-
gorithm for Constrained Optimization” which adds a compensator subroutine to the
LFOPC which was first presented by Snyman in [69]. The compensator sub routine
chooses loads based on the maximum and minimum phase current values, then moves
them to other phases whilst monitoring the ratio shown in (5). If the sub routine ratio
(5) 1s improved by a predetermined level during execution, it returns new switching se-
quences that improve network optimisation, If this is not the case, it simply returns

those computed by the LFOP algorithm.

In [66] the MOLFOP method is compared to the Neural Network and Heuristic
methods which was presented by Siti et al. In [54], it is found to achieve similar results
to the Heuristic method which is shown as achieving the best performance. However,

when all cases were compared, the Siti et al. Heuristic algorithm achieved better

AT, when computed using (2).

Loads with variable power factors are used in [67] and the method from [66] is ex-
tended to accommodate it. The measurement that is used to assess the quality of the
balancing achieved is P (5) and neutral current as a percentage of the minimum

norm current as defined in the paper.

MOLFOP optimisation is performed on hourly time series data in [68] which as-

sumes that the load will remain constant for an hour. Therefore, the results presented
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are impacted as they would not be achieved in reality owing to the load frequency be-

ing faster than once every hour (28mHz) which is assumed.

1,—1
1,+1

= ()

m

B:

2.3.3 PV Balancing
PV Balancing is the balancing of single phase PV DG in the LV distribution net-
work through the control of switchers as described in section 2.3.2. The literature re-

view did not uncover any publications on this topic to date.

2.4 Conclusion

This literature review has highlighted relevant publications and projects in the areas
of: DNO connected DG, DG in LV networks, domestic loading and its impact on cable
current and current unbalance. The two significant challenges that face LV networks
relate to the voltage and thermal constraints that are anticipated to be put under pres-
sure due to increases in the take up of DG and EVs in particular. The well documented
solution of DTR for transmission lines that connect DG at voltage levels above LV
have been reviewed and found to be unsuitable for implementation in LV networks.
Therefore, current balancing was explored and academic literature confirmed that it
can be effective in reducing neutral and phase conductor currents. The objective of
Load Balancing has been to reduce losses by correcting system unbalances. Published
research focused on the combinatoric optimisation problem which is presented when
switchers are considered to connect individual loads. Fundamental assumptions such
as: constant current loading and infinite switching frequency have so far masked the
quantification of improvements that load balancing achieves. Practical implementa-
tion of the schemes conjectured in publications are thought to be costly, largely due to
requirements associated with the installation of PSs at every load and the required
communications infrastructure. Finally, the concept of PV balancing was introduced

as the literature review did not uncover any publications on this topic to date.
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2.5 Research Gaps
The research that were highlighted during this literature review and relate to the

scope are highlighted in this section.

UK LCNF monitoring trials uncovered significant phase current unbalance in un-
derground (UG) urban LV feeders, which indicate unequal connections of active single
phase loads and DG to phases. Some of this neutral current can be considered as
locked cable current that could be released through current balancing. The advantages
of load balancing has previously been indicated in [54] but PV balancing has not, as
yet, been assessed. Implementation of either type of balancing would be costly in the
UK if the switching device in [54] were used, due to expansive UG networks meaning
substantial excavation requirements for installation. Therefore, the economic case for
its implementation in the UK is weak, however, innovations to the switching device
could be made and a new type of device conjectured to make implementation more
feasible for the present day by reducing the points of required intervention. Therefore,
modification will focus on a new switching device that can be installed in series along
the feeder rather than at every dwelling location, this innovation will enable one device
to manipulate many single phase connections to improve device balance as outlined in
the objectives in section 1.4. To understand more accurately it's impact on voltage,
losses and cable current when PV, dwelling loads and street lamps operate, a high fi-
delity model will be developed that does not assume constant current loads as some
published research highlighted earlier in this literature review did. The device itself
may prove more costly per unit than the one previously conjectured in [54] due to its
components having higher ratings (short circuit currents and breakaway forces) but the
economic case for implementation when compared to previous schemes reviewed will

be significantly strengthened.
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3 Introduction to Phase Switchers

This chapter introduces the novel device termed the PS that simultaneously recon-
figures the phase connections of multiple dwelling loads and distributed generators on
low voltage distribution feeders. It is shown later in this thesis how such phase connec-
tion reconfiguration allows a substantial increase in both the current carrying capacity
of cables and the penetration of PV distributed generation. A mathematical framework
as well as the terminology associated with PS is also presented in this chapter. Finally,
the process used to model an example feeder is provided and followed by a comment-
ary on the procedure used to validate it. An additional discussion regarding the appro-
priate choice of sampling time employed by the proposed control algorithms is also de-

tailed.

3.1  Nomenclature and Key Terminology

LV feeders in the distribution network provide single and multiphase connections
for dwellings and devices to the wider power system. Dwellings are residential houses
or flats that behave as loads, small embedded generators or a combination of the two,
whilst the term devices covers everything else which could include street lamps and
CCTYV cameras for example. All the results reported in this thesis are obtained for the
case of an example UG radial LV feeder. This is a reasonable because UG radial LV
feeders are the most common network configuration found in the UK [40]. Neverthe-
less, it is shown in Section 3.1.9 how PSs could be readily employed in the intercon-
nected networks. Conventional power flow on radial LV feeders was established be-
fore the introduction of small embedded generators and lead to the 'upstream' and
'downstream' definitions which describe the relative position of devices and objects
with respect to each other where upstream is towards and downstream away from the
medium to low voltage transformer. Cables define the path of a feeder and they are in-
terconnected through joints which provide dwellings with their phase connections ef-

fectively making joints buses.
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3.1.1 The Unconstrained Phase Switcher
The PS is a device capable of switching phase connections of individual LV feeder
conductors in the distribution network by adopting one of the six possible unique

switch positions, it shown in the following figure:

by
b,
bs

ds

adz

A

NEUTRAL NEUTRAL

Fig. 7: The Unconstrained LV Phase Switcher
The PS can be installed at any point on an LV feeder other than a service joint loca-
tion, it changes the phase connection of all downstream loads and/or generators in ra-
dial networks. The work presented here focuses on radial LV feeders. Nevertheless, it
is shown in section 3.1.9 that PSs can be readily applied to interconnected networks
where an additional constraint is imposed in order to ensure that the interconnected

substations have consistent phase connections.

Referring to Fig. 7, unconstrained PS operation allows the six switch positions as

defined in the following table:

Switch Position Integer Phase Conductor Connections

(al to bl) and (a2 to b2) and (a3 to b3)
(al to bl) and (a2 to b3) and (a3 to b2)
(al to b3) and (a2 to bl) and (a3 to b2)
(al to b2) and (a2 to bl) and (a3 to b3)
(al to b3) and (a2 to b2) and (a3 to bl)
(al to b2) and (a2 to b3) and (a3 to bl)

QAN AW -

Table 1 Switch Positions of the Unconstrained PS

3.1.2 The Constrained Phase Switcher
The constrained PS only allows switch positions that obey phase rotation which

make it suitable for application on feeders that provide connections to three phase
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loads, the following diagram highlights provides an intuitive insight into it's function-

ality:

g h1

dz hZ

3 b
NEUTRAL NEUTRAL

Fig. 8: The Constrained LV PS

This PS is is identical to the unconstrained PS but has a constrained operation
which allows only three switch positions which are defined as an integer and as a phys-

ical position with reference to Fig. 8 up, centre or down in the following table:

Switch Position Integer / Phase Conductor Connections
Physical Position

1/Up (al to b3) and (a2 to bl) and (a3 to b2)

2 / Centre (al to bl) and (a2 to b2) and (a3 to b3)

3 /Down (al to b2) and (a2 to b3) and (a3 to bl)

Table 2 Switch Positions of the Constrained PS

3.1.3 LV Feeder Phase Connections

The default phase connection information for a given network can be represented
using the phase connection matrix, denoted as P,, whose elements provide either
the number of connected devices of a specific type, such as loads or small embedded
generators, or the total power consumed or injected at a particular bus. For the sake of
simplicity, when the generic term “devices” is used no distinction is being made
between the aforementioned specific types, this matrix has 3 rows and 7, columns,

where 7, is the number of buses.
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Phase Phase
Switcher 1 Switcher 2

1]

Fig. 9: Example Five Bus LV Feeder Network with One
Branch

An example of a simple LV feeder network with 5 buses is provided in Fig. 9 and

its corresponding phase connection matrix P, is given as follows:

1 0
0 0 (6)
0 1

The introduction of 7, PSs into a network effectively partitions that network into
(n+1) segments, each of which contains anywhere between 0 and 7, buses. In

the case of the particular example illustrated in (7), the P, matrix is partitioned into

three block elements corresponding to three matrix segments:

2

1 0 0
0 o| =P, =|0|, P,=
0 1 1

- O
[«B O BN e)
S N O
oo O
~
o

[

(7)

NN OO

Phase Phase
Switcher Switcher 2
1

P, features on the left hand side of equation (7) where the right hand side is par-

titioned block elements which can be represented as segment column vectors as

shown below:
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0 0 1
p,=0,  p.=|2],  P.=|0 (8)
1 2 1

Each of these vectors correspond to a particular network segment created by the PSs
when they are located as shown in Fig. 9, the vectors are found by combining all the

devices in a segment as demonstrated in (7).

A new segment phase connection matrix P, can be established with 3 rows and
n,+1 columns, where 7, is the number of PSs and p. is the aggregate segment

load vector from (7) for the z” segment (9):
Ps:[pl Py - pnﬁl] 9

3.1.4 Network References — Branches and Transformers

Unless a given LV feeder has a single branch, loads will be connected to the power
system by a network of parallel branches. An example 9 bus 1 branch LV feeder is
provided in Fig. 9 and an example 7 bus 2 branch LV feeder is shown in the following

figure:

Phase Phase
Switcher 1 Switcher 2

Fig. 10 Example 9 Bus LV Feeder Network with 2
Branches

In order to produce a phase allocation matrix with a consistent number of rows and

columns, regardless of the number of branches, a reference branch must be designated.
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This is done by designating a particular branch as the “reference branch”, which im-
poses the new assumption that all dwellings which are connected to a branch other
than the reference branch, are assumed to be connected directly to the reference branch
at the junction where the two branches are joined. The reference branch in Fig. 10 is
identified by the solid lines that represent the phase conductors, the resultant phase al-

location matrix for this example feeder is represented as follows:

0 1

2 0 (10)
0 0

Note that the devices connected to a non-reference branch are highlighted with
dashed lines in Fig. 10 and constitute the 2nd column of the Pb matrix shown in (10).
Also, the underlying assumption of this methodology is that PSs can only be installed
upon the reference branch. This assumption could be lifted if it was determined that
PSs should be installed on more than one branch, but this would increase the number
of rows in the P, matrix and impact upon the mathematical nomenclature detailed

which would require extending to support it.

A consequence of designating a reference branch is that PSs can only be placed
upon it, a convention that can be appreciated on inspection of the particular example
shown in Fig. 10. When the reference branch is designated as that represented by the
solid lines in Fig. 10, the resultant three associated segment column vectors for it are

as follows:

1 1
=3, p,=|0 (1)
0 0

In order to assign PSs with addresses and also to design PS control algorithms that
manage specific problems in particular feeder segments, a transformer is designated as

the reference.
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The PS address in a network is taken from the upstream bus integer and denoted as

[;, where i is the number of PSs between it and the reference transformer plus 1

1

as shown in the following figure:

Phase Phase Phase
Switcher Switcher Switcher
1,=2 1,=6 1,=7
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Fig. 11 Example 2 Branch Network with 3 PSs and 3
Interconnected Transformers (the reference branch is represented
has red blue and green solid lines)

Whereas, details how to mathematically represent a problem for control algorithm

design is provided in section 3.1.9.

3.1.5 Phase Switcher Placement

“PS placement” is a term used throughout this thesis to describe the process of al-
locating locations for PSs to particular places on a given feeder. Using the mathemat-
ical framework presented, PSs can be represented as being installed between any two

adjacent buses of the reference branch.

3.1.6 Switch Configuration Matrices

A switch configuration matrix, denoted as C, describes how the phase connec-
tions of two adjacent segments are interconnected. This matrix has six realisations and
for each, there are two alternative definitions that are dependent on which of it's ter-

minals are taken to be the reference.
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Assuming the reference terminal is that connected upstream for a particular PS,
which is the definition followed in this thesis, then the PS arrangement and the corres-
ponding configuration matrix are given for each of the six possible realisations are

shown in the following table:

Switch Positions that Do Maintain Phase | Switch Positions that Do Not Maintain
Rotation Phase Rotation
Phase Connections | Switch Configuration | Phase Connections | Switch Configuration
Matrix Matrix
o [1 0 0] 0 0 1]
— c,=lo 1 0 }é Cp=l0 1 0
_0 0 1_ _1 0 O_
.................................... 0 0 1 — Lo o
1 O_ 0 1
.................................... " 0 1 O 0 1 0
% Cc=|0 0 1 < C.=[1 0
B 1 0 0 1

Table 3: All possible PS switch positions showing the equivalence of phase connections and Phase
Configuration Matrices

Note that C,, C; and C. respect the phase rotation assumption whilst

C, C; and C, donot.

If the reference segment is assumed to be located downstream from the PS then the

resulting switch configuration matrices are simply the transposes of the those shown in
Table 3.

3.1.7 Phase Switcher Cascading and some Resultant Properties

Two non-adjacent segments in any network are interconnected via several PSs. Indi-
vidual configuration matrices of these PSs can be combined, by simple multiplication,
in order to provide the equivalent single PS configuration that describes how the

phases of any two non adjacent segments are interconnected. Generally, for a network
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that employs 7, PSs, there are n,+1 segments and the corresponding number of

pairs of non-adjacent segments is given by that shown in (12):

D (12)

Throughout this thesis, the special case where there are no PSs impacting on device
phase connections or, when all PSs are set to C,, the term 'straight through config-
uration' is used. An example of cascading two phase PSs is shown in Fig. 12 where a
colour scheme is used to help illustrate the effect. In this example both PSs have
identical switch positions but the combined impact on non adjacent segments is the

equivalent to the single switch position C..

Fig. 12 Cascading Phase Switchers

This can also be demonstrated algebraically by multiplying the corresponding

switch configuration matrices:

0 0 I||]0 0 1| (0 1 O
CpCy={1 0 Of|1 0 0|=[0 0 1|=C, (13)
0 1 0f|0O 1T O] |1 O O
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In general case, the resultant equivalent switch configuration from combining two

phase PSs is given in Table 4.

CA CB CC CD CE CF
CA CA CB CC CD CE CF
CB CB CC CA CE CF CD
CC CC CA CB CF CD CE
C, C, C, C, C, C, C,
C, C, c, C, C, C, C.
CF CF CE CD CC CB CA

Table 4 Equivalent single phase switch position when two are combined

Note that the combining of two phase PSs is commutative if both PSs satisfy phase

rotation assumption, otherwise it is non-commutative:

C,Cy=C#C,=C,C, (14)

Another two interesting observations from Table 4 relate specifically to switch posi-
tions that do not respect the phase rotation assumption. Firstly, the result of combining
two phase PSs with any switch position that does not respect phase rotation results in a

switch position that does respect phase rotation. For example, see (15) below:

C, C,=C (15)

Also, if combining two phase PSs with identical switch positions that do not respect

phase rotation the result is the straight through configuration:

C,C,=C,C,=C,-C,=C,=1I (16)

Results reported in this thesis were obtained under the assumption of phase rotation.
This significantly reduces the number of possible combinations that need to be evalu-
ated and, therefore, reduces the computational burden of the controller, especially if

complex networks with large number of individual PSs are considered. However, the
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methodologies reported in this thesis can be readily extended to the cases where phase

rotation assumption can be removed.

Three PS realisations that respect phase rotation also possess some useful proper-
ties. Firstly, as mentioned before, their multiplication is commutative as shown in (17),

(18) and (19) below:

C,C,=C,C, (17)
C, C=CC, (18)
C,C.=C.C, (19)

Another very important property is that:

c,=C' (20)
The implication of this is that:
C,C.=C,C;'=I=C, (21)
Similarly:
C.C,=C.C.=I=C, (22)

Physical interpretation of this result is that C, provides phase shift of 120 degrees
in one direction whilst C. provides phase shift of 120 degrees in another direction.
Therefore, when these two operators are combined, the resultant phase shift is equal to
0 degrees, which is also realised by implementing C ,.

Also, note that:

C.C.C.,=C,C.=I=C, (23)
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C,C,C,=C.C,=I=C, (24)

This property can be explained from physical interpretation in that if 3 consecutive
rotations of 120 degrees are applied, then this results in a full-circle rotation of 360 de-

grees which is equivalent to 0 degrees.

Due to the fact that matrix multiplication is associative, equivalent single switch
positions can be obtained for any finite number of interconnected phase PSs, as exem-

plified below:

CC'CA'CB'CB:(CC'CA)'(CB'CB):CC'CCZCB (25)

3.1.8 Feeder Switch Position

The term “feeder switch position” is used throughout this thesis to describe a
unique combination of PS switch positions for a specific PS placement realisation. To
illustrate this point, the example network from Fig. 9 is shown below in two unique

feeder switch positions:
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Phase Phase
Switcher 1 Switcher 2
Phase Phase
Switcher 1 Switcher 2
o] X
-0—o0 o—o

Fig. 13 Two Unique Feeder Switch Positions of the Example Network shown in
Fig. 9

The number of feeder switch positions expressed as X,, can be calculated from
the number of allowable switch positions denoted by s and the quantity of PSs de-

ployed represented by 7, on the feeder by applying the following equation:

x,=s" (26)
Where s is three for the constrained PS and six for the unconstrained PS.

Taking a particular example of a network with 2 constrained PSs, the resulting num-

ber of possible switch position combinations is equal to 9 which are shown in Table 5.
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Ca,Ca Cb,Ca Cc,Ca
Ca,Cb Cb,Cb Cc,Cb
Ca,Cc Cb,Cc Cc,Cc

Table 5 All possible PS Combinations of 2 constrained PSs

Observing Table 5 it is clear that each feeder switch position is characterised by two

switch configuration matrices ordered in a manner that reflects the physical location of
the corresponding PSs on the LV feeder. In general, for the case of 7, PSs installed at
fixed locations on the network, the particular feeder switch positions are described by

the n -tuple object X structured as follows:
X(X, X, X,) (27)

Where X is the switch configuration matrix corresponding to the ;" PS in-
stalled on the network. As already mentioned, the convention used in this thesis is that
the order of the PSs is imposed according to their proximity to the reference substation

end of the feeder.

Note that the “straight through™ configuration is the default state of a feeder without

PSs which can be represented as the following, rather simple, feeder switch position:
X(I,1I...,1T) (28)

The straight through configuration is denoted as X' for the remainder of the thesis

and is one of X, possible realisations. The set containing all the permitted feeder

switch positions is denoted as:
(X} (29)

In order to fully characterise a given feeder switch position it would be necessary to
also specify the locations at which the PSs are installed. Such additional information

can be incorporated into the extended 2n -tuple object denoted as X" -
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X(X,.0,,X,.L,,....X,.1,) (30)

The additional 7, elements of X refer to specific locations where the PSs are

installed.

3.1.9 Calculating the Phase Allocation Matrix for a Feeder with Phase
Switchers

The calculation of phase allocations for any load connected to a substation via #;
PSs can be mathematically computed by cross-multiplying the intermediate switch
configuration matrices. For the particular case where switch positions are constrained
to the three that respect phase rotation, the cross-multiplication of 7, matrices will
result in a single phase configuration matrix that is one of the three that respect phase
rotation. Therefore, for any radial network of any topology, and with any number of
PSs, all of which are assumed to respect phase rotation, loads in each segment can be
thought of as connected directly to the substation via a single phase PS that respects

phase rotation.

The resultant phase allocation matrix PZ for any feeder switch position can be

found by computing n,+1 partitioned block elements P, that reflect each seg-

ment as follows:

Pz,n_: Pb,n (31)

ng
[1x,
=0

Where X, is the switch configuration matrix of the PS located nearest to the
transformer designated as the reference. However, when a PS is not located next to the
secondary transformer which is assumed in this thesis, X, is equal to the identity
matrix I. The phase allocation matrix can then be simply constructed from the res-

ultant partitioned block elements as shown below:

* * %* %*

P=pP, P, . P (32)

n+1)
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Where n,+1 is the number of segments.

A phase mapping matrix can be constructed which is denoted as M and is con-

structed as follows:

M=[I X, X, X, .. []x] (33)
i=1

Where X denotes the configuration matrix that corresponds to the ;” phase PS
in the network. This matrix has 3 rows and 3 (ns+ 1) columns where 7, is the num-

ber of PSs and (n,+1) is the number of segments. Therefore, the phase mapping
matrix is composed of block elements each of which refers the phase connection in-
formation of the aggregate segment loads to the reference segment. Since it is as-
sumed that there is no PS between the substation and the first segment, which is also
the reference segment, the first block element in the phase mapping matrix is the iden-

tity 3-by-3 matrix.

In this thesis it is determined that the cable constituting the thermal hot spot of the
feeder is located in the segment next to the substation. However, the methodology re-
ported in the thesis can be readily generalised to the cases where cables located in
other segments are considered to be the thermal hot spot. In the case of a radial net-

th

work for which the thermal hot spot is not in the first but in the ;" segment away

from the substation, the corresponding phase mapping matrix is given as:

_ra3x3(j—1) 3%3 -
M=[0V Peox o xox L []X)] (34)
i=j

Where N is the number of segments and is equal to 7,+1 . Note that the first
j—1 block elements of the phase mapping matrix are equal to zero to reflect the
fact that the realisations of the PSs located upstream from the reference segment do not

affect the phase currents in the reference segment.
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In order to explicitly provide information related to the number of PSs in a given

network and their particular switch positions, the phase mapping matrix can be de-
noted as M(Xsz,Xyn-,X,,) . Therefore, M (C,,C,,C,) is an example of

the phase mapping matrix for a network that is comprised of 3 PSs, all of which are in

the straight through configuration.

In this thesis a simulated radial network is used to demonstrate the benefits of em-
ploying PSs. However, PSs can also be applied to interconnected networks. For such
networks the product of the switch configuration matrices of the PSs that are placed on
a path connecting adjacent substations must be equal to the identity matrix (straight
through configuration) to ensure that the phase connections between transformers
match, otherwise a line to line fault would be encountered. This can be represented as

a constraint that applies to interconnected networks as follows:

[Tx=1 (35)

Where 7, denotes the number of PSs that interconnect adjacent substations.

Constraint (35) reduces the number of permitted switch positions to a third, assum-
ing phase rotation is respected. The following figure gives the example of when 2 PSs

are deployed:
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1] ’ﬂ

Fig. 14 Valid feeder switch positions that maintain constraint (35)

Constraint (35) reduces the number of possible combinations from 9 to 3, which

arc: M(CA’CA)’ M(CB’CC) and M(CC’CB)'
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4 Network Modelling

This section details the methodology used to model the example feeder and how it
was validated using data from the real network. The example feeder used in this thesis
to show the impact that PSs have on unlocking cable current and maximising PV pen-

etration is shown below.
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Fig. 15 Example LV Feeder

This network is the subject of a DNO monitoring trial [70] which enabled the
model of it to be validated by comparing the data it generated in simulation with real
measured values. The real values consist of five minute mean measurements for
phase and neutral conductor currents, and phase to ground voltages taken at the loca-

tion highlighted in Fig. 15.
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This section discusses modelling decisions that were made and goes on to detail

how the real measured data was used to validate the model.

4.0.1 Power Flow Analyser

OpenDSS [26] was selected as the power flow analyser as it is capable of unbal-
anced three phase power flow which is required to simulate the impact of PSs.
OpenDSS is a state of the art power flow analyser with a convenient com interface to
MATLAB which is a powerful data analysis tools. Moreover, OpenDSS is open
source and can be driven over the com interface by Python which itself is open source
therefore, there is no commercial obstacle to researchers who may wish to extend this

research by applying the same methodology.

4.0.1.1 The Simulation Process Using MATLAB and OpenDSS
The process that was used to simulate PSs when employed on the example feeder is
provided in this section. The flow chart shown in Fig. 16 details the process that was
repeated for every discrete time interval where, functions carried out by MATLAB and
OpenDSS are highlighted with numbered blue and red arrows respectively that are ex-
ecuted chronologically and fully defined in Table 6.

OpenDSS

Fig. 16 MATLAB and OpenDSS Power Flow Snapshot
Simulation
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Definition

1

MATLAB loads the input data for the discrete time sample into the workspace.

2) |MATLAB creates a text file containing the OpenDSS script describing the example
feeder at the discrete time sample which incorporates the following input data:
- Feeder switch position (used to set the line connections at PS locations).
« Load profile data.
3) |Matlab instructs OpenDSS via com interface to compile and solve the circuit defined in
the text file in snapshot mode.
4) | OpenDSS solves the circuit defined in text file in snapshot mode.
5) |OpenDSS confirms solution as complete to MATLAB via com interface.
6) MATLAB instructs OpenDSS via com interface to export circuit solution data to a text
ile.
7) |OpenDSS exports data to a text file.
8) |OpenDSS confirms data export as complete to MATLAB via com interface.
9) |MATLAB imports data to workspace.
10) |Repeat from 1) until all time samples have been evaluated.

Table 6: MATLAB and OpenDSS Power Flow Snapshot Simulation

4.0.2 Loads

Each load in the example feeder model was configured as a constant power load

with a pf of 0.97 to match the measured local aggregate from [20]. Unique load pro-

files were generated using [15] for each dwelling in the example feeder and used as in-

puts for power flow simulations documented in this thesis. Two example load profiles

which were generated from [15] are provided in the following figure:
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Fig. 17 Two unique synthetic load profiles created for an
occupancy level of three persons using [15]

The most common type of dwelling in the network was found to be the two bed-
room house, and as data on the occupancy level of each dwelling was not available, it
was assumed that each dwelling was occupied by three people. To provide the reader
with an indication of the impact of this assumption, the example feeder was surveyed
using google street view where it was found to actually consist of: two, three, four bed-

room houses and, one and two bedroom flats.

4.0.3 Photo Voltaic Generators

PV was modelled as a negative constant power load with a unity pf driven by syn-
thetic PV profiles obtained from [16] for the month of the year relevant to the simula-
tion. The same PV profile was used for each dwelling considered to have an active
PV installation to replicate it's synchronous local behaviour. The power rating 3.8kW
was assumed for all dwellings with active PV installations as this is the maximum

value permitted without consent in the G83 engineering recommendations [18].

4.0.4 Cables
The resistance R, inductive reactance X and capacitance € matrices were

used to specify the cable parameters in OpenDSS and were constructed as follows:
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R: Rm RS Rm Rm , X: Xm XS Xm Xm , C: CC’ Cg CC’ CC’ (36)
R, R, R R, X, X, X, X, c. C, C, C,
Rm R"’l R"’l RS X"’l X”l X"’l XS CC CC CC Cg

Since the cable lengths in the example feeder were short, sequence component data
that was obtained from a DNO was used to find the matrix elements as shown in (36)

through the application of the equation outlined below [38].

» :(2R1+R0), » :(RO—RI), ¥ :(2X1+X0), ¥ _(X—X)) 7

' 3 " 3 * 3 " 3
Where the subscripts s, m, 1 and 0 denote the self, mutual, positive sequence
and zero sequence components respectively. Conductor to conductor capacitance
C, was modelled by equating it to the positive sequence component whilst, con-
ductor to ground capacitance was assumed to be negligible and set to zero as shown

below.

c=C,, C,=0 (38)

Approximation of cable properties from sequence component data is inevitable due

to the sparsity of data held by DNO's, a fact noted by Thomson and Infield in [22] who
also reported the sensitivity of such approximations to network nodal voltages to be in-
significant. Most cables detailed in the DNO data obtained for the example feeder
have four conductors but of those that had three, the specific electrical properties of the
neutral conductor were not included. Therefore, all cables were modelled incorporat-
ing the assumption that the phase and neutral conductors have equivalent electrical

properties.
Excluding service cables which were not modelled due to the negligible impact of

PSs on their neutral currents, the example feeder was found to contain 5 unique cable

types, the longest and shortest of which were 262m and Im respectively and the mean
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length was 14.6m. The conductor sizes and the corresponding parameters used to

model the cables is provided in the table below:

Conductor Size Parameters
(Resistance, Reactance, Capacitance)
(Qlkm, Qlkm, nFlkm)
70mm’ R,=0.6916, R, =0.3483, X =0.0908, X,k =0.0166,
C,=0.00011, C,=0
0.6in°~38.7mm- R.=0.7813, R,=0.3246, X ,=0.0664, X, =0.0134,
C,=0.00013, C,=0
35mm> R =0.6393, R =0.4380, X ,=0.1625, X ,h=0.0194,
C,=0.00008, C,=0
0.lin’~70mm> R =0.6916, R =0.3483, X =0.0908, X, 6 =0.0166,
C,=0.00011, C,=0
0.4in°=322.58 R =5783, R,=0.3903, X =0.1146, X, =0.0137,
0.4in’~300mm’ C,=0.00012, C,=0

Table 7: Example feeder cable parameters

4.0.5 Single Phase Voltage Sources
Single phase voltage sources were used to model grid connections at the head of the
feeder, this was primarily done for validation as it enabled the real world measure-

ments to be precisely applied as an inputs, this is described in section 4.2.

4.0.6 Phase Connection Data

The DNO GIS data of the example feeder included the phase connection informa-
tion for 76% of dwellings and street lamps. When p is the measured average real
phase power of the feeder over 24 hours and ; is the phase integer, the remaining

24% were randomly allocated whilst satisfying the following relationships:

Zn:

d

. P, ..
D, pt L]

PPt &y, 5y ¥
Z Pb,[l,i}+z Pb,[z,i]+z P,
i=1 i=1

i=1

(39)
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o
pj ; b,[}.i]

)20 250 2SR O O
Z Pb,[l,i}+z Pb,[z,i]+z P, s
i=1 i=1 i=1

(40)

Where n is the number of feeder buses and the phase allocation matrices are rep-

resented by de and °P, for dwellings and street lamps respectively.

4.1 Simulation Sample Period

The simulation sample period was chosen so that simulations could evaluate the im-
pact of phase PSs on the variables of interest, namely: phase to neutral voltage and
cable cable current. This section details how these variables are assessed in the real

world and how this resulted in the selection of a Smin simulation sample period.

4.1.1 Phase to neutral Voltage

DNO's are responsible for feeder phase to neutral voltages which is represented
here by the variable /' and mandated to stay below 253V by the ESQCR [8]. The
term OV is used in this thesis to describe the condition when the phase to neutral

voltage exceeds 253V as shown below:
V=253 (41)

Where [ represents the bus address.

BS50160 [9] sets out the requirements of how supply voltage voltage variations

should be measured to determine compliance with the ESQCR [8]. The BS states that

95% of 10min mean r.m.s values of U, in a period of a week should be equal to or

less than 253 V.

The term “phase to neutral voltage” is abreviated to “bus voltage” for the remainder

of this thesis.
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4.1.2 Ampacity

BSIEC60287 [71] is the standard that defines the calculation for a cable's current
carrying capacity, otherwise known as ampacity, this variable is an expression of the
permissible current rating in a cable's phase condyuctor and is represented by the vari-

able I

4.1.3 Conclusion

A literature review uncovered a recent relevant study conducted by Navarro et al.
[25] which examined the sensitivity of data granularity in the detection of OV events,
it was found that a 60min period significantly underestimates occurrences by 11%

when compared to Smins.

Of the two aforementioned variables, it is the bus voltage that sets the minimum re-
quirement of 10mins for the simulation sample period in order to detect OV, because
the consequence of a longer period would render simulations incapable of detecting
OVs. Therefore, owing to the minimum requirement imposed by BS50160 [9], a S5Smin
simulation sample period was chosen as it allows simple conversion to a 10min period
to test compliance with the BS, whilst also being substantiated in recently published

literature.

4.2 Model Validation
This section first describes some real network data measured and recorded on the

example feeder then, how it was used to validate the OpenDSS model.
The real network data was logged as part of the DNO project [20], it consists of

Smin mean r.m.s. measurements of voltages and currents taken at the location high-

lighted in Fig. 15 on Thursday 1* November 2012 and is shown below:
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Fig. 18
Left: Real Feeder bus voltage Data Right: Real Feeder Current Data

Dotted lines indicate 24 hour mean values

Validation of the OpenDSS model was performed by comparing data it generated in
simulation when load profiles for a weekday in November and the real measured
voltage data were used as an inputs. The real voltage data was used to replicate as pre-
cisely as possible the conditions in the real network, although it should be noted that
the implied underlying assumption here is that any imbalance in the connection of
loads to phases has a negligible impact on phase voltages and that voltage unbalance is

inherited entirely from the HV network.

Data obtained from the OpenDSS model validation simulation alongside the real

measured data is presented in the following figure:
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Fig. 19
Left: OpenDSS Model Simulated Feeder Current Data Right: Real Feeder Current Data

Dotted lines indicate 24 hour mean values

The two data sets are not identical and this was expected due to the natural vari-
ation, or diversity in the behaviour of people activating loads day to day. The average
values of both data sets are represented in the figures by dotted lines and are shown to
be similar. The maximum difference in the average values was found on the Red
phase which was approximately 5 amps. The synthetic data set assumed that each
house was populated by three persons, which in reality is not the case, this variation
could account for the small difference in the average current values. Another signific-
ant difference can be identified in the neutral currents between 17.00 and 18.00, where,
in the simulation there is a spike which is absent from the real data set. Inspection of
the phase currents in the simulated data reveals that this is attributed to the low red
phase current during this period. Therefore, the variations between the two data sets
identified in Fig. 19 can be accounted for by differences between the synthetic and real
load profiles, which could be attributed to the natural differences in human behaviour

from day to day.

The corresponding real and simulated phase current trends are provided in the fol-

lowing figure:
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Fig. 20 Real and Simulated Conductor Currents from the Example Network

A comparison of each of the trends shown in Fig. 20 relative to each other is

provided in Table 8 where the real data is shown as being very similar to the simulated

data. Out of the 6 comparisons, 4 have an error of 2.1% or less, which provides assur-

ance that the balance of loads to phases in the simulated network is close to that of the

real network. Also, this provides confidence that the assumption applied of 3