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Abstract

Electric power systems have served well the consumers need for continuous,
uninterrupted power supply of good quality and at the minimum possible cost.
However, nowadays, the worldwide increasing demand on electric power, coupled with
governmental policy changes towards “green” energy and emissions reduction have led
to significant changes in the electric power generation. These changes have introduced
many serious issues and problems to the electric power systems and although they have
been efficiently addressed in the past years, now they need to be restudied and

reanalysed taking into consideration all new developments.

Distributed generation (DG), constitutes one of the most important developments in
modern electric power systems and introduced many benefits as well as drawbacks. DG
units are connected to the electric power system near load centres, thus, directly to the
distribution network. DG units are larger in number than the more massive
conventional power stations and are linked to the introduction of bidirectional power
flow. As a result, the configuration of the traditional electric power systems and the
networks’ operation have been prominently altered over the last years as soon as DG
was introduced into the electric network. This progress has offered many challenges
that need to be addressed such as those in terms of control and protection of electric

power systems and particularly of distribution networks.

The current PhD Thesis attempts to offer a contribution to the electricity distribution
networks’ studies with particular reference to distributed generation and protection. In
particular, the problems and the issues arising from the installation of DG units in
distribution networks are studied. Research on the methods for improving voltage
profiles and for reducing real and reactive power losses in distribution networks caused
by DGs installation is conducted. Moreover, a decision making algorithm is developed
and proposed for selecting the optimum size and location of DG in distribution
networks. Furthermore, a new technique based on syntactic pattern recognition for the
identification of power system signals used by protective relays is developed in an
effort to contribute in the deterrence and reduction of faults. Finally, extensive studies
in a distribution network have been conducted, with and without DGs, which aimed to
identify the influence of several important parameters in the network’s lightning

performance and with its main goal the limitation of lightning faults.
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Chapter 1

Introduction

1.1 Background

Electric energy plays a vital role in everyday people’s life and in society in general as it
is accountable for development, economic growth and wealth. Everyday new and more
applications are invented and new procedures are adopted which necessitate electric
power for their operation and use. For more than seven decades, electric power systems
have served this increasing need for electric power adequately, having succeeded to
provide consumers with continuous, uninterrupted, of good quality and at the minimum
possible cost power supply. However, nowadays, the worldwide increasing demand for
electric power, coupled with governmental policy for “green” energy and emissions
reduction — responsible for the greenhouse effect — have led to significant modifications
in the electric power generation. These changes have introduced many serious issues
and problems to the electric power systems and although they have been efficiently
addressed in the past years, now they need to be restudied and reanalysed taking into

consideration all new developments.

Distributed generation (DG) — i.e., small scale generation units that mainly use
renewable sources- constitutes one of the most important developments in modern
electric power systems and introduced many benefits as well as drawbacks. DG units
are interconnected with the electric power system near load centres, thus, directly to the
distribution network. DG units are larger in number than the more massive
conventional power stations (typically located closer to an energy source) and are
linked to the introduction of bidirectional power flow, mainly in distribution network,
but in transmission network as well. As a result, the overall perspective, the
configuration of the traditional electric power systems and the networks’ operation

have been considerably reformed over the last years once DG was introduced into the
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electric network construction. All the above have resulted to many challenges that must
be addressed such as control and protection of electric power systems and more

specifically of distribution networks.

The current PhD Thesis attempts to contribute in the analyses that are conducted for the
electricity distribution networks with particular references to distributed generation and
protection. More specifically, the problems and the issues that arise from the
installation of DG units in distribution networks are studied. Then research is carried
out on both a network and a radial distribution system in terms of the improvement of
voltage profiles and of real and reactive power losses reduction in distribution networks
affected by the installation of DGs. A decision making algorithm is developed and
proposed for the optimum size and location selection of a new DG in existing
distribution networks. Furthermore, a new technique is developed to be used by
protective relays, which is based on syntactic pattern recognition in order to identify
power system signals. This newly proposed technique can be applied both in
distribution and transmission networks and could contribute in the prevention and
reduction of faults. Finally, extensive studies have been conducted in a distribution
network, with and without DGs connected, in an effort to identify the influence of
several important parameters in the network’s lightning performance with ultimate goal

the reduction of lightning faults.

1.2  Thesis Objectives

The PhD Thesis objectives of this research are summarized to the following:
a) Study of different problems and issues that arise from the increasing installation of
distributed generation units in the existing distribution networks.

b) Analysis of the impact of distributed generation in voltage profiles and in real and

reactive power losses of distribution networks.

¢) Development of an algorithm for deciding the optimum size and placement of new

DG in distribution networks.
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d) Development of a novel technique to be executed on a dedicated embedded system,
for the syntactic pattern recognition of power system signals’ faults in an effort to

design distribution and transmission networks’ protection in a more efficient way.

e) Analysis on the lightning performance and protection of modern distribution
networks (with distributed generation), taking into consideration significant parameters
such as: grounding resistance, lightning current peak magnitude, position of lightning

hit, different models of surge arresters and different sizes of DGs.

1.3  Outline of the Thesis

The current PhD Thesis is divided into the following six chapters.

This first chapter introduces the objectives of this research work, as well as the outline
of the Thesis. Furthermore, the contribution of this Thesis is described briefly and a list
is provided with the up today author’s publications that were produced based on the

research presented in this Thesis.

In the second chapter, a brief analysis of electric power systems’ structure is presented
with special attention to the role of electricity distribution networks. Following,
different distribution networks’ configurations and main issues are described.
Thereafter, the concept of distributed generation (DG) is presented with the
connections to the distribution networks to be trending upwards. Detailed information
of the variety in DG sizes, the categories and the technologies used and being reported
worldwide is provided. Finally, the advantages and disadvantages accruing from the
DG’s application, are presented, combined with a discussion on different issues that
have emerged from the installation of distributed generation in existing distribution
networks most of which constitute risks and threats that will deteriorate in the near

future as the electricity production from distributed generation increases.

The third chapter consists of the studies conducted on distribution networks with the
aim to identify the impact of distributed generation in voltage profiles and real and
reactive power losses. After the studies, a novel methodology has been developed and

applied on two well-known distribution test systems, i.e., the IEEE 14-bus network
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system, and the IEEE 33-bus radial distribution system. Several simulations have been
conducted on both under study distribution networks, with two different units and sizes
of the most commonly used DG types (PV and wind generator), implemented in
NEPLAN, one of the most reliable power systems software. As a final point, a decision
making algorithm has been proposed for the optimum size and placement of new DG in
existing distribution networks. Useful inferences have been conducted, which can assist
in the future in the implementation and development of distribution networks with

distributed generation, resulting in a more efficient and productive power system.

In chapter four, a novel approach for the recognition and analysis of power systems’
signals applied on protective relays is proposed, in an effort to prevent distribution and
transmission lines’ faults in a more efficient way, thus avoiding and/or eliminating
safety problems and financial losses. A hardware implementation for the real-time
syntactic pattern recognition of power system waveforms has been performed. The
application of the syntactic methods aiming to analyze power system signals and to
measure its parameters is thoroughly studied, as the sub problems of primitive pattern
selection, linguistic representation, and pattern grammar formulation are tackled with.
The proposed (dedicated embedded) system was coded in Verilog hardware description
language (HDL), simulated for validation, implemented and tested on an XILINX
FPGA board system using waveforms and data provided by the Independent Power

Transmission Operator (IPTO) in Greece.

The fifth chapter consists of numerous sensitivity studies conducted on modern
distribution networks (with DG) in an effort to support lightning protection in a more
efficient way. A selected distribution network was modelled and then a series of
simulations have been conducted, with and without the presence of DG units (of
different sizes), calculating the developed overvoltages triggered from lightning hits of
different lightning current peak magnitudes and on different positions of the
distribution network. Furthermore, the impact of grounding resistance in the scale of
the produced overvoltages and the more effective protection of the networks using
different models of surge arresters have been examined. The outcome of these studies

could contribute significantly in the way that new electric utilities are designed and
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could assist engineers in the development of new protection schemes for the modern

distribution networks.

In conclusion, chapter six, summarizes the conclusions that have been extracted and
highlights the contribution of this PhD Thesis in the analysis of electricity distribution
networks’ with particular reference to distributed generation and protection, proposing
areas and topics where attention should be driven and further and add hoc research

should be conducted.

1.4 Contribution

The contribution of the PhD Thesis can be briefly summarized in the following:

e A contribution to the improvement of distribution networks’ voltage profiles
linked with different types of distributed generation has been conducted.

e A contribution to the reduction of both real and reactive power losses of
distribution networks with different types of distributed generation has been
conducted.

e A decision making algorithm for the optimum size and placement of DG in
distribution networks has been developed.

e A linguistic representation of power system waveforms has been defined.

e An attribute grammar capable of modelling power system waveforms has been
presented.

e An attribute grammar evaluator based on a parallel parsing algorithm has been
designed.

e A system for the real-time syntactic pattern recognition of power system
waveforms has been implemented on a FPGA reconfigurable board designed to
be applied on a protective relay.

e The influence of distributed generation in the lightning performance of
distribution networks has been analyzed.

e Sensitivity analyses of significant parameters affecting the lightning

performance of distribution networks, such as grounding resistance, lightning
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1.5

current peak magnitude, position of lightning strike hit, different models of

surge arresters and different DG sizes, have been conducted.
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Chapter 2

Electricity Distribution Networks

2.1 Introduction

This chapter provides a brief illustration of electric power systems’ configuration with
special attention paid in the miscellaneous configurations of electricity distribution
networks (radial, loop and network). Issues such as power loss and voltage drop, are
discussed. Furthermore, the concept of distributed generation (DG) is presented,
providing information for a number of DG sizes, categories and technologies that have
been reported worldwide and are connected to the distribution networks. Benefits and
drawbacks related to DGs are also presented, while problems and issues arising from
constant and increasing installation of distributed generation in distribution networks

are described in detail.

2.2 Electric Power Systems

The structure of a traditional electric power system consists of three main sections:
generation, transmission and distribution that are clearly distinguished by either
stepping-up or stepping-down power transformers. Figure 2.1 presents the structure of a

typical electric power system.

Generation consists of large power stations, which have a typical size of higher than
500 MW power, produced at around 20 kV. The biggest share of the electricity
generation is produced by a small number of large fossil fuel fired power stations
where high temperature is used to produce high pressure steam in boilers used to drive
the turbines which in turn rotate the large generators’ shafts. There are a few countries
around the world that possess nuclear power stations for generating electricity (the

required high pressure steam is produced by nuclear fission instead of burning fossil
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fuels), while almost all countries possess generating units that are using renewable
energy sources (solar, wind, geothermal, biomass, etc.), since these technologies are
considered more environmentally friendly than the traditional sources (coal, oil and

natural gas).
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Figure 2.1: Electric power system [1].

Transmission consists mainly of an overhead transmission network (the percentage of
underground and submarine cables is relative low) that transfers the electric power
from generating units to distribution, which eventually supplies the load [2]. The
transmission network is also interconnected with neighbouring transmission networks
for exchanging electric power due to both financial (electric power trading) and
practical reasons (maintenance scheduling, sharing of generation reserves and
emergencies, 1.e., lack of sufficient electric power, assistance in the grid stability, etc.).
Stepping-up transformers are used to raise the voltage of the generated power in order
to transmission it to long distances. This has a result the reduction of current for a
specific amount of transferred electric power, resulting in the reduction of power losses
and in the more cost-effective construction of transmission network’s infrastructure

(size of conductors, type of towers, etc.).
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Based on the international standards transmission voltage networks operate at 132 kV
or higher voltage. The transmission networks up to 230 kV are usually referred as high
voltage (HV) transmission networks, while transmission voltages above 230 kV are
usually referred to as extra-high voltage (EHV). Finally voltages above 1000 kV are
referred to as ultra-high voltages (UHV). The United Kingdom possesses the following
EHV and HV networks: 400 kV and 275 kV in England and Wales, 400 kV, 275 kV
and 132 kV in Scotland, and 275 kV and 110 kV in Northern Ireland.

Distribution consists of distribution networks and stepping-down transformers that
distribute electricity to different consumers. The distribution network links the
distribution transformers to the consumers’ service-entrance equipment. The primary
distribution lines range from 4 to 34.5 kV and supply the load in a well-defined
geographical area. Some industrial customers are served directly by the primary
feeders. The secondary distribution network reduces the voltage for utilization by
commercial and residential consumers. It serves most of the customers at levels of 230
V (Europe)/120 V (North America), single-phase, and 400 V (Europe)/208 V (North

America), three-phase.

Distribution networks make use of both overhead conductors/cables and underground
cables. The growth of underground distribution has been extremely rapid and up to
70% of new residential construction in North America and Europe is via underground

systems [2].

The model that has been presented in this section and is called the centralized model,
has served well during the past decades its ultimate goal for uninterrupted power supply
to consumers at the best achievable quality. The main characteristic of the centralized
model is the unidirectional power flow from higher to lower voltage levels. However,
the electric power system structure has undergone through major changes worldwide
when privatization took place in the early nineties, resulting to the separation of
generation from transmission and distribution. According to the Parliamentary Office
of Science and Technology [1], the main goal of such a movement was to
accommodate competition in the electricity industry, to deliver better services for
customers, decrease in electricity rates, and to improve efficiency. There were also

significant environmental motives and the need exploit alternative energy sources. As a
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result, the electric power system has evolved from the centralized to the decentralized
model, broadly observed and implemented nowadays, which consists of small scale
distributed power stations, located closer to load centres. This new decentralized model
has introduced the bidirectional power flow, mainly in the distribution networks, but in
the transmission networks as well, altering the philosophy and operation of networks

and introducing many significant problems that need to be further studied and analysed.

2.3 Distribution Networks

As it has already been mentioned in section 2.2, the distribution network is a very
important part of the electric power system. Electric power is transferred through this
network to consumers. The distribution network consists of many different elements
such as: bus bars, overhead lines, underground cables, switches, circuit breakers and
transformers. As electricity demand increases continuously over the past years, the
distribution network is constantly expanding, causing its congestion. Distribution
networks have been initially designed to serve an unidirectional power flow from
higher to lower voltage levels. In the majority of the cases, distribution networks have
been designed in a radial configuration, although there other configurations as well.
There are three different configurations, i.e., radial, loop and network configurations.

Each configuration forms a distinct feeder arrangement and unique type of connection.

2.3.1 Radial Distribution Configuration

The radial configuration is widely used especially for the supply of low-load consumers
and remote areas. The main advantages of this configuration are the simplicity in
operation and design and the reduced construction cost in contrast to the loop and
network configurations. The main disadvantage of the radial configuration is its low
reliability since in the case of a fault, downstream buses (nodes) will be isolated (buses
are only supplied from one side). In order to reduce the duration of interruptions,
overhead feeders can be protected by automatic devices located at the substation or at
other locations on the feeder. These devices reenergize the feeder in cases of temporary

faults [3]. A radial configuration of a distribution network is shown in Figure 2.2.

26



:

Figure 2.2: The radial distribution configuration.

2.3.2 Loop Distribution Configuration

The loop system is used where a higher level of service reliability and continuity of
supply is necessary. Two primary feeders form a closed loop, in order all buses and
loads to be supplied from one feeder or another in the event of a fault. One or more
additional feeders along separate routes may be implemented for critical loads that
cannot tolerate extended interruptions. Switching from one feeder to an alternative can
be accomplished either manually or automatically with the help of circuit breakers
and/or electrical interlocks, used to prevent the connection of a functional feeder with a
faulted one [3]. The main disadvantages of this configuration are the higher cost and
augmented complexity compared to the radial configuration. A loop configuration of a

distribution network is shown in Figure 2.3.
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Figure 2.3: The loop distribution configuration.
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2.3.3 Network Distribution Configuration

A group of radial and loop systems or the expansion of one of them will result in a
network configuration distribution network. Network configuration is used to supply
high-density load areas in downtown sections of cities, where the highest degree of
reliability is needed. Such networks are supplied by two or more primary feeders
through network transformers. These transformers are protected by devices that open
to disconnect the transformer from the network if the transformer or supply feeder is
faulted. Special current-limiting devices are also used at various locations to keep
problems from spreading [3]. A network configuration of a distribution network is

shown in Figure 2.4.
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Figure 2.4: The network distribution configuration.

2.3.4 Power Losses

Electric energy passes from generation to transmission and distribution networks
through overhead lines and underground cables. Losses are unavoidable as long as
power is flowing in the power system. According to the UK Department of Energy and
Climate Change (DECC) [4], an increase of 0.2 % in losses has occurred, from 7.5 % in
2011 to 7.7 % in 2012, represented as percentage of electricity demand. Three types of

losses have been recorded by the DECC: a) 23 % in the transmission network, which
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accounts for 6.8 TWh, b) 73 % in the distribution network, which accounts for

21.1TWh, and c¢) 4 % as theft which accounts for I TWh.

Hence, the distribution network’s losses constitute the largest share of power losses
within the electric power system. This is because it is constructed from many
components such as lines, transformers, substations, capacitors, switches, circuit
breakers. Furthermore, the existence of different load capacities at different load

profiles contributes significantly to these power losses.

Distribution networks present two types of energy losses, i.e., losses in the conductors
due to the magnitude of the current and transformer core losses that are independent of
current. Current related losses are equal to the current squared times the resistance of
the conductor (FR). Accompanying these losses are reactive losses, which are related to
the reactance of the conductor and are given by (FX). The core losses result from the
energy used in transformer cores as a result of hysteresis and eddy currents. These

losses depend on the magnetic material used in the core [2].

2.3.5 Voltage Drop

Voltage drops in distribution networks are a common occurrence when different loads
are connected to bus bars and across long distance lines. As the length of a line
increases, its inductive reactance increases, and there is an increase in inductive
reactive power. However, as inductive reactive power increases, the voltage drop
across the line also increases and the voltage at the far or receiving end of the line
drops. To reduce the voltage drop and support the voltage at the receiving end, more
capacitive reactive power is needed to offset the inductive effect. The equipment that is
usually used to regulate and provide voltage support is voltage regulators and
capacitors. The recent years has been also observed that distributed generation has the

potential to improve voltage if optimally is placed and sized in a distribution network.

2.4 Distributed Generation (DG)

The Electric Power Research Institute (EPRI) makes clear that the origin of distributed
generation is dated back to the early twentieth century, thus it is not a new concept [5].

However, the continuous increasing demand for electricity, the environmental
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concerns and the government policies have now made it an attractive option. In
addition, technological advancement has made it possible to shift from large central
generation stations powered by fossil fuels, or nuclear power (as is the case in some
countries), to smaller generators most of which are connected to the distribution
system. Such generator technologies can be based on alternative energy sources, with a
concentration on renewable sources such as: wind and solar energy and on non-
renewable sources such as: diesel and gas generator. Figure 2.5 presents an illustration
of DG’s diverse range of technologies [6]. The classification of these technologies has
been made based on DG’s output power, categorising the DG units into “dispatchable”
(generating units that can be turned on or off, or can adjust their power output on

demand) and “non-dispatchable” units.
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Figure 2.5: DG technologies [6].

DG units can be used either in an isolated way, supplying power only for serving the
consumer’s local demand, or in an integrated way, supplying power to the electric
power system. In distribution systems, DG offer many advantages for both consumers
and electric utilities, especially in cases where central generation is not feasible or in
cases where there are serious issues/problems with the transmission network [7]. Figure

2.6 presents traditional and current (with DG) electric power systems.
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Figure 2.6: Traditional and current electric power systems.
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2.4.1 DG definition

In general, there is no consensus among countries or researchers on the term
“distributed generation” (DG) or its definition. In some countries it may be referred as
“embedded generation”, while in others it is known as “dispersed generation” or
“decentralized generation”. The International Energy Agency has introduced all

existing different terms in order to describe DG providing also their relevant

descriptions (Table 2.1) [8].

Table 2.1: Different terms for DG and their description.

Term Description

Distributed generation DG technologies connected close to load centres
with the exception of wind turbines

Dispersed generation DG including wind turbines (stand alone or grid
connected)

Distributed power DG and energy storage

Distributed energy | DG and demand side management

resources

Decentralised power DG connected to the distribution system

In the same way a variety of definitions may be found in the literature that relate to
size, location or the underlying technology. Ackermann et al. in [9] approached this
problem by reviewing a number of different issues so that a more subtle definition for
DG could be reached. The issues were: location, technology, purpose, mode of
operation, ownership, size, power delivery area, DG penetration and environmental
impact. Their definition for DG was: “DG can be defined as an electric power
generation source connected directly to the distribution network or on the customer site
of the meter”. Table 2.2 below shows Ackermann’s et al classification for DG based on

the size [9].

Distributed generation units can be owned and operated by either electric utilities or
consumers and in general provide a variety of benefits to both their owners and the
broader electric power system. The large DG units are typically dispatchable and
communicate with system operators with the same way as traditional central generating

plants do. On the other hand neither electric utilities nor system operators typically
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monitor or control the operation of small DG units (mainly the renewables) and

especially those in residential applications.

Table 2.2: Ratings categories of DG.

Ratings Categories
IW < 5kW Micro-distributed generation
5kW < SMW Small distributed generation
SMW <50MW Medium distributed generation
SOMW < 300MW Large distributed generation

24.2

Distributed Generation Benefits

The installation of distributed generation units promises several potential economic and

technical benefits. The major benefits of the integration of DG units in electricity

distribution networks can be summarized as follows [10-13]:

a)

b)

d)

DG units are usually installed near the load site on the radial distribution
networks. Thus, part of the transmission power is replaced by the injected DG
power, causing a reduction in transmission and distribution line losses, which
minimizes costs related to loss.

The injection of real power and the injection or consumption of reactive power
by DG units improve system voltage profiles and the load factor, which
minimizes the number of required voltage regulators, capacitors and their
ratings and maintenance costs. It must be mentioned that the amount of
improvement depends on the sitting and sizing of DG units.

The increasing power demands, due to load growth, can be covered by DG units
without the need to increase existing traditional generation capacity. This has
also as a result the reduction or delay for building new transmission and
distribution lines and for upgrading the present power systems.

DGs are flexible devices that can be installed at load centres rather than at
substations, where difficulties due geographical constraints or scarcity of land
availability may occur. In addition, DG locations are not restricted by the
government’s choice for potential locations, as is the case when selecting new

substation locations.
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e) DG technology is available in a wide capacity range (i.e., from 3 kW up to 50
MW), giving the possibility to DG units to be easily installed on distribution
networks, both medium and low voltage.

f) DG units require a short period of time to install and pose less of an investment
risk due to their modular characteristics, which enables them to be easily,
assembled anywhere. Each DG unit is totally independent of the others, can
generate electricity immediately after its installation and cannot be affected by
other units’ operation failure.

g) DG technologies produce electric power with few emissions (and sometimes
zero emissions). This feature makes them more environmentally friendly
compared to traditional power plants.

h) DGs can contribute significantly in the reliability and service continuity since
there many different generation plants across the power system in contrast to the
very few large centralized generation units. This can be extremely useful for
consumers that require the highest possible reliability no matter if they have to

pay for higher service costs.

2.4.3 Distributed Generation Drawbacks
The integrating of DG units into electrical distribution systems may also lead to
negative impacts, especially for large scale installations if they are not optimally

handled. The main drawbacks of DG are summarized as follows:

a) The continuous connection of DGs results to a more complex power system.
The control, operation, protection and security of the system changes that result
the need for the conduction of new studies and the development of new
techniques.

b) DGs inject harmonics into the system due to the fact that are connected to the
system using power converters.

c) The connection of DGs could cause overvoltages and disturbances to the
system’s voltage profile, mainly due to mismatched synchronisation with the

electrical supply utilities.
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d) Although the use of DGs results in the reduction of power losses, there are cases
where power losses are increased due to network configurations and nature of
DGs technology.

e) Modifications in the distribution networks’ protection schemes must be done
when DG units are connected, e.g., altering relay settings due to dissimilar short
circuit levels. Disconnection for any reason of the DG units requires that the
distribution networks’ protection schemes settings retrace to their previous state,

1.e. before the connection of DG units.

2.4.4 Issues arising from Distributed Generation use
The impact that the increasing connection of distributed generation (DG) plants has in

the electric power systems, can be summarized in the following issues:

a) Regulation and balancing issues. Larger penetration of renewable energy sources,
in the form of DG, from the strictly technical point of view, depends on two major
issues: 1) grid connection issues, and ii) power system regulation issues. The first issue
addresses the need for network reinforcements, which is more a question of feasibility
and economics, while the second relates to complex balancing issues. Regulation and
balancing issues can only be addressed in coordination between all power system

players on a national and international (interconnection) level.

b) Selective protection coordination issues. The connection of DG increases the
complexity of selective protection coordination. From a technical point of view, the DG
presence in distribution networks may result to conflicts in the normal operation of the
current networks. This is mainly because, unlike the meshed transmission system, the
distribution system is designed as a “passive” radial system, without generators
operating in parallel, or power flow control. In addition, the connection of DG can alter
the fault current during a grid disturbance, which leads to incorrect operation of the

protective system and causes fault detection problems and selectivity problems.

c) Distribution grid stability. Stability issues are important for DG installations. The
DG should be able to remain synchronized after a major fault. Furthermore, a massive

implementation of DG leads to the inertia of the entire system to decrease. Unless fast

35



acting primary control is applied, the system frequency will become significantly

sensitive to disturbances.

d) Islanding effect. When the main line of a utility system, which contains DG is
disconnected, more than one DG continue to operate in the isolated section (island),
thus leading to the islanding effect. Unintended islanding is of paramount importance
for the general public, maintenance personnel and installed equipment, since the

distribution lines remain energized.

e) Distribution system reliability performance. DG affects significantly the
reliability and operational indices of existing distribution networks. The operation of
DG in parallel with the transmission supply system and its performance during

abnormal conditions, such as power supply outages must be taken into account.

f) Management of micro-grids in the new market environment. The micro-grid is
a low voltage network which usually operates interconnected with the main medium
voltage network. In case of emergency the micro-grid can run autonomously being a
solution to the structure for the coordination of the DG units. The investigation of
control approaches, possible configurations and security issues related to the micro-

grids operation is of high importance.

g) Optimum sitting and sizing of DG. Today there is no specific plan, neither for the
sitting nor for the sizing of DG units, in almost all electric power systems worldwide.
This can result voltage fluctuations, causing currents that exceed the line’s thermal
limit, harmonic problems and instability of the voltage profile of some electricity
consumers. In addition, the bi-directional power flows can lead to voltage profile
fluctuation and change the short circuit levels sufficiently to cause fuse-breaker
discoordination. Studies have shown that the installation of DG units in distribution
networks can improve the voltage profiles and contribute significantly in the
minimization of both real and reactive power losses. The specific location and size of
DG units play an important role in both voltage profile and power losses, since
significant penetration of DGs has been shown that it may cause overvoltages or

undervoltages [14].
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h) Lightning performance and protection. The installation of DGs affects
significantly the lightning performance and the lightning protection of distribution
networks, resulting in an increase of lightning faults and consequently an increase of
the fault reimbursement costs for Distribution System Operators. Detailed lightning
studies must be conducted in distribution networks with DG in an effort to evaluate the
influence of DGs and the efficiency of existing lightning protection methods and to
develop and propose new protection schemes that will consider the existence of DGs in

the modern electric power systems.

2.5 Conclusions

In this chapter, the essential theoretical background for the acquisition of this PhD
Thesis has been presented. The structure of electric power systems has been examined
paying special attention to the structure of the distribution network, to the distribution
configurations and their complications in terms of power losses and voltage drop.
Moreover, the general idea of distributed generation has been described in detail and all
the advantages and disadvantages triggered by their installation in distribution networks
have been enlightened. Finally, issues arising from the increasing number of DGs

installation and operation in modern electric power systems have been discussed.
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Chapter 3

Voltage Profiles and Power Losses in Distribution Networks

with Distributed Generation

3.1 Introduction

This chapter presents studies that have been conducted on distribution networks in
order to identify the impact of distributed generation (DG) in voltage profiles and real
and reactive power losses. Related research works published in the technical literature
are described and the concepts of voltage profiles and power losses are analysed. A
methodology has been applied in order to serve the studies that have been conducted.
Simulations have been carried out using the power systems software NEPLAN. Two
well-known distribution test systems have been used in the studies. The first one was
the IEEE 14-bus network system, and the second one was the IEEE 33-bus radial
distribution system. Finally an optimization algorithm for the optimum size and
placement of DG in distribution networks has been developed. Useful conclusions have
been extracted that can assist the future development of distribution networks with

distributed generation resulting in the more efficient and productive use of it.

3.2 Literature Review

The worldwide continuous integration of distributed generation in the electric power
systems is a result of electricity markets’ privatisation, of environment protection from
emissions and of technological progression. The unadvised and uncontrolled
installation of DGs in the distribution network during the past two decades brought in
serious problems and challenges to the distribution networks. Such problems are the
inevitable bidirectional power flow in the modern distribution networks, in contrast to

unidirectional power flow from higher to lower voltages, and the very important
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problems of voltage drop and power losses. Researchers from all over world are
studying the former mentioned problems and have featured various techniques and
methodologies for selecting the optimum sitting and sizing of DGs in an effort to
improve voltage profiles and minimize or even eliminate power losses of modern
distribution networks with distributed generation. Subsequent is a presentation of the

most important latest studies published in the technical literature.

A new particle swarm optimization method has been proposed in [1] aiming to improve
the power quality and the reliability of a distribution system by identifying the optimal
number of DGs that must be connected and their suitable locations in the system. The
proposed method was tested on the IEEE 30-bus system, producing results that have
shown considerable reduction in the total power loss of the system and improvement in

voltage profiles of the buses and in reliability.

Jamian et al. in [2] used multiple types of optimization techniques to regulate the DG’s
output in order to compute its optimal size. Comparative studies of a new proposed
rank evolutionary particle swarm optimization method with evolutionary particle
swarm optimization and traditional particle swarm optimization were conducted. The
implementation of evolutionary programming and particle swarm optimization allowed
the entire particles to move toward the optimal value more rapidly. Their applied
technique has shown a reduction in power losses which can be achieved when an
optimal DG size is selected. Another conclusion made, was that evolutionary particle
swarm optimization showed better results than the conventional particle swarm

optimization due to its reduced iteration numbers and minor consumed computing time.

A study conducted by Kotb et al. [3] used genetic algorithms to optimize the location
and size of different DG units. Three main objectives have been selected, i.e., voltage,
real and reactive power losses, and DG size, aiming to reduce the total power losses
and improve the voltage profiles. A 69-bus radial distribution test system has been used
in their study for testing and verification purposes. The proposed methodology
suggested that the installation of three DG units of the same size in three different
positions of the 69-bus radial distribution test system, resulted in the reduction of

power losses and in voltage profiles enhancement.
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A similar technique that combines a genetic algorithm with particle swarm optimisation
method for the sitting and sizing of DGs in distribution networks has been proposed in
[4]. The suggested technique aimed at voltage improvement, voltage stabilisation and
power loss reduction in radial systems. The genetic algorithm has been used in order to
locate the optimum place for DG installation while the particle swarm optimisation
method has been used so as to compute the DG’s optimum size. A 33-bus radial system

and a 69-bus radial system were used in order to test the proposed technique.

Correspondingly in [5], genetic and particle swarm optimization algorithms have been
exploited for optimal placement and sizing of both a DG and a capacitor. The
performance of these algorithms has been tested by applying the proposed methodology
to a 12-bus radial distribution system. The produced results have shown that the
proposed methodology is more effective and capable of providing better results than

other analytical methods.

Following, Parizad et al. [6] tried to determine the optimum location and size of DG by
reducing losses and stabilising voltage, using two different methods. The first approach
aimed at real power losses through the development of an exact loss formula that
determined the best location for DG installation. In the second approach, a voltage
stability index was used to position DG in the optimum location. Power flow was
computed by applying the forward-backward sweep method. Two distribution systems
of 33-bus (radial) and 30-bus (loop) systems have been exploited in the study. The
proposed techniques revealed significant improvement in terms of voltage profiles and

power losses reduction.

In [7], fuzzy logic has been applied for locating the optimum placement of a single DG
unit and a new analytical expression for DG sizing implemented in radial networks was
proposed. The aim of this study was to improve voltage profile and minimize real and
reactive power losses. Three different distribution systems (a 12-bus, a 33-bus and a
69-bus) were utilized in order to verify that the proposed methodologies could be
applied in radial distribution systems of different sizes and arrangements. The results
disclosed that an optimal size and location of a DG unit with significant reduction in
real and reactive power losses was realisable. Furthermore, a noteworthy voltage

profile improvement was attained. It must be declared that a forward-backward sweep
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algorithm was applied for load flow analysis in contrast to the majority of other

researchers that use the Newton-Rapson method.

Naik et al. [8] introduced a method that aimed to minimise power losses and improve
voltage profiles of a distribution system with a DG unit coupled. They have chosen a
33-bus distribution system to apply their method on. Initially, a voltage sensitivity
index was calculated for all the buses and then the bus with the lowest sensitivity index
was chosen as the optimum place for the DG unit installation. Subsequently, several
DG sizes were tested in order to identify the one that would result to the least possible
power losses. In this study the forward-backward sweep algorithm was selected to

perform the load flow analysis.

An analytical study for the calculation of the optimum size and the allocation of DG
units at optimal positions was presented in [9]. The technique that aimed to reduce the
power losses and to improve the voltage profiles of distribution systems has used a
sensitivity index to identify the best location for the connection of the DG. The 13-bus
IEEE radial distribution test system has been used for verification purposes and the
main conclusion of this work was that minimum losses and a better voltage profile can
be achieved with integrating a single DG unit of optimum size and in an optimum

location rather the integration of several DG units.

A very interesting study has been introduced in [10]. The authors explored the results
of the penetration of mixed distributed generation technologies to a medium voltage
power distribution network. Power flow and short-circuit analyses were carried out to
determine the changes caused by the DG penetration to the currents, losses, voltage
profiles and short-circuit levels of the examined network. Their general conclusion was
that arbitrary DG accommodation leads not only to network sterilisation, but also to the

violation of technical constraints.

Balamurugan et al. conducted load flow and short circuit studies in an effort to
investigate the impact of photovoltaics on the distribution systems [11]. They applied
their analysis on the IEEE 34-bus system, with their main focus on total power losses,
phase imbalances, fault levels and voltage profiles of the system. They have concluded

that when the penetration level was increasing, there was an enhancement of the DG’s
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positive impact in terms of power losses and voltage profile. They have also observed
that the same positive impact was sustained even when DG was installed in several

different places within the distribution system.

3.3 The Impact of Distributed Generation in Voltage Profile and

Power Losses

3.3.1 Voltage Profile

Distributed generation is supposed to support and improve the system’s voltage but the
question that is raised is up to what extent is this statement accurate, since it has been
demonstrated that the penetration of DGs in the distribution system may cause
overvoltages or undervoltages [12]. Furthermore, specific DG technologies vary their
output power level over time, as in the case of photovoltaics and wind generators. As a
consequence, voltage fluctuations occur that in turn deteriorate the power quality

delivered to consumers.

Moreover, overvoltages and undervoltages in distribution networks with DG have been
reported due to the incompatibility of DGs with the existing voltage regulation methods
[12]. In general, the distribution networks are regulated with the help of voltage
regulators, capacitors and the tap changing of transformers. These methods were
designed for radial (unidirectional) power flow and have been proved to be very
reliable and efficient in the past. However, nowadays, the installation of DGs in
distribution networks had a substantial impact on the voltage regulation methods
performance due to the meshed (bidirectional) power flow, introduced by DGs to the

networks.

On the other hand, the implementation of DG had a positive impact on the distribution
networks for the reason that they contribute to the reactive compensation for voltage
control, to frequency regulation and they operate as spinning reserve in the case of

main system’s fault indices [12].

3.3.2 Power Losses
It has been proved that the distributed generation can minimize the power losses (both

real and reactive) of distribution networks due to their installation near the load centers.
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Several studies, most of which were presented earlier, demonstrated that the location
and size of a DG unit play an important role in the power losses elimination.
Consequently, the specific location of a DG in a distributed network and DG’s specific
capacity resulting in minimum power losses is in general identified as the optimum
location. The DG allocation process is very similar to the capacitor allocation
procedure aiming at the power losses reduction. The main difference between the two
processes is that DG units exhibit impact upon both real and reactive power, while the
capacitor banks influence only the reactive power flow. It has been proven, that in the
case of networks with increased power losses, installing a relative small distributed
generation unit strategically connected to the network, may result in substantial power

losses reduction [12].

3.4 Voltage Profile and Power Losses Studies on Distribution

Networks with Distributed Generation

3.4.1 Simulation Process

For the voltage profiles and power losses analysis of distribution networks with
coupled distributed generation, NEPLAN software has been used. NEPLAN software is
programmed to analyse, plan, improve and simulate electricity systems [13]. It consists
of a very friendly graphical user interface and it allows the user to make modifications
to the network’s elements according to specific needs with the help of its extensive

library.

Two different types of DGs (photovoltaic (PV) and wind generator) have been coupled
with the examined distribution networks in order their impact on voltage profiles and
power losses (real and reactive) to be investigated. Four different sizes of PVs and three
different sizes of wind generators, of typical type and commonly used in the
distribution networks, have been selected for the above studies. Table 3.1 presents the

sizes of the seven DG units that have been exploited in the simulations [14].

The studies have been conducted on two different distribution networks. The first one
is the IEEE 14-Bus Network System and the second one the IEEE 33-Bus Radial
Distribution System. For both networks the following computation methodology has

been followed:
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Table 3.1: The sizes of the DG units used in the simulation studies [14].

DG Name Injected real Consumed reactive
power (MV) power (MVar)
DGI1-PV 0.5 -
DG2-PV 1.0 -
DG3-PV 2.0 -
DG4-PV 4.0 _
DGI1-WG 1.65 0.731
DG2-WG 2.0 0.582
DG3-WG 3.0 0.875

a) A load flow analysis is performed to the examined distribution network without
connecting any DG to the network (base case load flow). For each bus the voltage
profile and for each line the real and reactive power losses are calculated. It must be
mentioned that for the load flow analysis, the extended Newton-Raphson method was

used.

b) The buses with the highest priority are identified, as a result of comparing the

calculated voltage profile of each bus with its nominal value.

¢) Each one of the seven DG units is connected to the selected buses and load flow
analyses are conducted calculating the network’s voltage profiles, real and reactive

power losses.
3.4.2 IEEE 14-Bus Network System

3.4.2.1 System Description

The IEEE14-Bus Network System is shown in Figure 3.1 and is consisting of fourteen
buses and twenty lines (branches). The network presents voltage levels of 69 kV in five
buses, 18 kV in one bus and 13.8 kV in eight buses. The maximum and minimum
voltage limits for all buses are considered at = 5 %. The network is fed by three
synchronous condensers and two generators, while it is loaded by total 259 MW and
81.4 MVar connected to twelve buses and of different power factors. Table 3.2 and

Table 3.3 present the load data and line data of the examined system, respectively.
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Figure 3.1: Single line diagram of the IEEE 14-Bus Network System [15].

Table 3.2: Load data of the IEEE 14-Bus Network System [15].

Load Location Real load Reactive load
(bus bar) (MW) (MVar)

LDBUS_2 2 21.7 12.7
LDBUS_3 3 94.2 19.0
LDBUS 4 4 47.8 4.0
LDBUS_5 5 7.6 1.6
LDBUS_6 6 11.2 7.5
LDBUS_7 7 0.0 0.0
LDBUS_9 9 29.5 16.6
LDBUS_10 10 9.0 5.8
LDBUS_11 11 3.5 1.8
LDBUS_12 12 6.1 1.6
LDBUS_13 13 135 5.8
LDBUS_14 14 14.9 5.0

Total load 259 81.4
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Table 3.3: Line data of the IEEE 14-Bus Network System [15].

. Line impedance
Line From To Length - -
Resistance | Reactance | Capacitance
Name bus bus (km)
(Ohm/km) | (Ohm/km) (UF/km)
BRANCH-1 1 2 1 0.922681 2.817083 3.53009
BRANCH-2 1 5 1 2.572368 10.61893 3.289402
BRANCH-3 2 3 1 2.237193 9.425351 2.928370
BRANCH-4 2 4 1 2.766617 8.394595 2.500480
BRANCH-5 2 5 1 2.711389 8.278426 2.273164
BRANCH-6 3 4 1 3.190346 8.142738 2.313279
BRANCH-7 5 4 1 0.635593 2.004857 0.855779
BRANCH-11 6 11 1 0.180879 0.378785 0
BRANCH-12 6 12 1 0.234069 0.487164 0
BRANCH-13 6 13 1 0.125976 0.248086 0
BRANCH-15 7 9 1 0 0.209503 0
BRANCH-16 9 10 1 0.060578 0.160921 0
BRANCH-17 9 14 1 0.242068 0.514911 0
BRANCH-18 10 11 1 0.156256 0.365778 0
BRANCH-19 12 13 1 0.420720 0.380651 0
BRANCH-20 13 14 1 0.325519 0.662769 0

3.4.2.2 Simulation Results
The IEEE14-Bus Network System was modeled with the help of NEPLAN software.
The single line diagram of the network in NEPLAN is presented in Figure 3.2.

A load flow analysis has been performed without connecting any DG (base case load
flow) in order to calculate the voltage profiles at each bus and both the real and reactive
power losses at each line. The base case voltage profiles of the network, as well as the
deviation of the obtained values from the nominal values are presented in Table 3.4,

while the obtained base case real and reactive power losses are presented in Table 3.5.

As it can be observed all buses are over their nominal voltage, but there are only four
buses that violate the upper limit of 105 %, i.e., bus 1, bus 6, bus 8 and bus 12. From
these buses only bus 6 and bus 12 are considered for the placement of DG units in an
effort to improve the voltage profiles and to reduce the power losses of the network,
since bus 1 and bus 8 have no load connected and have a voltage level of 69 kV and 18

kV respectively, which are not suitable for DG connections.
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Figure 3.2: Single line diagram of the IEEE 14-Bus Network System in NEPLAN.
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Table 3.4: Base case voltage profiles of IEEE 14-Bus Network System (with no DG).

Bus No U, (kV) U (kV) u (%)
BUS_ 1 69.0 73.140 106.00
BUS_2 69.0 72.105 104.50
BUS_3 69.0 69.690 101.00
BUS_ 4 69.0 69.803 101.16
BUS_5 69.0 70.090 101.58
BUS_6 13.8 14.766 107.00
BUS_ 7 13.8 14.460 104.78
BUS_8 18.0 19.561 108.67
BUS_9 13.8 14.238 103.17
BUS_10 13.8 14.226 103.09
BUS 11 13.8 14.444 104.66
BUS 12 13.8 14.536 105.33
BUS_13 13.8 14.446 104.68
BUS 14 13.8 14.076 102.00

Table 3.5: Base case power losses of IEEE 14-Bus Network System (with no DG).

Line Pioss Quoss

Name (Mw) (MVar)
BRANCH-1 4.3119 7.3156
BRANCH-2 2.7714 6.1383
BRANCH-3 2.3382 5.2255
BRANCH-4 1.6725 1.1189
BRANCH-5 0.9218 -0.7960
BRANCH-6 0.3986 -2.5180
BRANCH-7 0.4763 0.1871
BRANCH-8 0.0000 1.5094
BRANCH-9 0.0000 1.2674
BRANCH-10 0.0000 4.6951
BRANCH-11 0.1183 0.2477
BRANCH-12 0.0802 0.1669
BRANCH-13 0.2496 0.4915
BRANCH-14 0.0000 0.8592
BRANCH-15 0.0000 0.9860
BRANCH-16 0.0061 0.0161
BRANCH-17 0.0904 0.1922
BRANCH-18 0.0486 0.1138
BRANCH-19 0.0107 0.0097
BRANCH-20 0.1020 0.2077

Total 13.5966 27.4341
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Each one of the seven DG units of Table 3.1 has been connected to bus 6 and bus 12 of
the distribution network and a load flow analysis has been conducted. In total fourteen
load flow analyses have been conducted and the results are presented in Figures 3.3 —
3.12. Figure 3.3 presents the voltage levels of all 13.8 kV buses of the system when PV
DGs are connected at bus 6 while Figure 3.4 presents the voltage levels of all 13.8 kV

buses of the system when PV DGs are connected at bus 12.

Voltage Profiles (PV at Bus 6)
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Figure 3.3: Voltage profiles of the 13.8 kV buses when a DG PV unit has been

connected at bus 6.
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Figure 3.4: Voltage profiles of the 13.8 kV buses when a DG PV unit has been

connected at bus 12.
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Similarly Figure 3.5 presents the voltage levels of all 13.8 kV buses of the system when
wind generator DGs are connected at bus 6 and Figure 3.6 presents the voltage levels of

all 13.8 kV buses of the system when wind generator DGs are connected at bus 12.
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Figure 3.5: Voltage profiles of the 13.8 kV buses when a DG wind generator unit has

been connected at bus 6.
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Figure 3.6: Voltage profiles of the 13.8 kV buses when a DG wind generator unit has

been connected at bus 12.

The results show that both DG types (PV that injects real power to the network and
wind generator that injects real power to the network but consumes reactive power)

have a very small impact to the voltage profiles of the buses. In all cases the DG PV
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units have slightly raised voltage levels, with this slight increase to be proportional to
the DG PV unit’s capacity. On the other hand the DG wind generator units have
slightly improved the voltage profiles for six out of eight 13.8 kV buses with this

improvement to be inverse proportional with the DG wind generator unit’s capacity.

Figure 3.7 presents the total network real power losses, Figure 3.8 presents the total
network reactive power losses and Figure 3.9 presents the total network apparent power

losses of all o network’s lines when PV DG units are connected at different buses.

Similarly, Figure 3.10 presents the total network real power losses, Figure 3.11 presents
the total network reactive power losses and Figure 3.12 presents the total network
apparent power losses of all lines of the network for the case that wind generator DG

units are connected at various buses.

The results show that both PV DG type and wind generator DG type have reduced the
distribution network’s total real and reactive power losses. It is observed that the
amount of reduction is almost the same, for the same type and size of DG, regardless of
the bus that the DG was connected to. However it is proved that the size plays an
important role in the total networks power losses since it has been observed that the

larger the size of the DG the higher the total networks power losses reductions.
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Figure 3.7: Total network real power losses when DG PV units have been connected at

different buses.
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Figure 3.8: Total network reactive power losses when DG PV units have been

connected at different buses.
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Figure 3.9: Total network apparent power losses when DG PV units have been

connected at different buses.
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Figure 3.10: Total network real power losses when DG wind generator units have been

connected at different buses.
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Figure 3.11: Total network reactive power losses when DG wind generator units have

been connected at different buses.
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Figure 3.12: Total network apparent power losses when DG wind generator units have

been connected at different buses.

3.4.3 1EEE 33-Bus Radial Distribution System

3.4.3.1 System Description

The IEEE 33-Bus Radial Distribution System is shown in Figure 3.13. It consists of
thirty three buses and thirty two lines (branches). All buses have a voltage level of
12.66 kV. The maximum and minimum voltage limits for all buses are considered at *
5 %. The network is fed by a synchronous generator, while it is loaded from 3.715 MW

and 2.3 MVar connected to thirty two buses of different power factors.

19 20 21 22

Figure 3.13: Single line diagram of the IEEE 33-bus radial distribution system [16].
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Table 3.6 and Table 3.7 present the load data and line data of the examined system.

Table 3.6: Load data of the IEEE 33-Bus Radial Distribution System [16].

Load Location Real load Reactive load
(bus bar) (kw) (kvar)
L2 2 100 60
L3 3 90 40
L4 4 120 80
L5 5 60 30
L6 6 60 20
L7 7 200 100
L8 8 200 100
L9 9 60 20
L10 10 60 20
L11 11 45 30
L12 12 60 35
L13 13 60 35
L14 14 120 80
L15 15 60 10
L16 16 60 20
L17 17 60 20
L18 18 90 40
L19 19 90 40
L20 20 90 40
L21 21 90 40
L22 22 90 40
L23 23 90 50
L24 24 420 200
L25 25 420 200
L26 26 60 25
L27 27 60 25
L28 28 60 20
L29 29 120 70
L30 30 200 600
L31 31 150 70
L32 32 210 100
L33 33 60 40
Total load 3715 2300

3.4.3.2 Simulation Results
The IEEE 33-Bus Radial Distribution System was modelled with the help of NEPLAN
software. The network’s single line diagram in NEPLAN is presented in Figure 3.14.
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A load flow analysis has been performed without connecting any DG (base case load
flow) in order to calculate voltage profiles at each bus and both real and reactive power
losses at each line. The base case voltage profiles of the network and the deviation of
the obtained values from the nominal values are presented in Table 3.8, while the

obtained base case power losses are presented in Table 3.9.

Table 3.7: Line data of the IEEE 33-Bus Radial Distribution System [16].

Line From To Length . Line impedance
Name bus bus (km) Resistance Reactance
(Ohm/km) (Ohm/km)
BRANCH-1 1 2 1 0.0922 0.0470
BRANCH-2 2 3 1 0.4930 0.2511
BRANCH-3 3 4 1 0.3660 0.1864
BRANCH-4 4 5 1 0.3811 0.1941
BRANCH-5 5 6 1 0.8190 0.7070
BRANCH-6 6 7 1 0.1872 0.6188
BRANCH-7 7 8 1 1.7114 1.2351
BRANCH-8 8 9 1 1.0300 0.7400
BRANCH-9 9 10 1 1.0440 0.7400
BRANCH-10 10 11 1 0.1966 0.0650
BRANCH-11 11 12 1 0.3744 0.1238
BRANCH-12 12 13 1 1.4680 1.1550
BRANCH-13 13 14 1 0.5416 0.7129
BRANCH-14 14 15 1 0.5910 0.5260
BRANCH-15 15 16 1 0.7463 0.5450
BRANCH-16 16 17 1 1.2890 1.7210
BRANCH-17 17 18 1 0.7320 0.5740
BRANCH-18 2 19 1 0.1640 0.1565
BRANCH-19 19 20 1 1.5042 1.3554
BRANCH-20 20 21 1 0.4095 0.4784
BRANCH-21 21 22 1 0.7089 0.9373
BRANCH-22 3 23 1 0.4512 0.3083
BRANCH-23 23 24 1 0.8980 0.7091
BRANCH-24 24 25 1 0.8960 0.7011
BRANCH-25 6 26 1 0.2030 0.1034
BRANCH-26 26 27 1 0.2842 0.1447
BRANCH-27 27 28 1 1.0590 0.9337
BRANCH-28 28 29 1 0.8042 0.7006
BRANCH-29 29 30 1 0.5075 0.2585
BRANCH-30 30 31 1 0.9744 0.9630
BRANCH-31 31 32 1 0.3105 0.3619
BRANCH-32 32 33 1 0.3410 0.5302
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Table 3.8: Base case voltage profiles of IEEE 33-Bus Radial Distribut. Sys. (no DG).

Bus U, (kvV) | UY) | u(%)

No
BUS_1 12.66 | 12.660 | 100.00
BUS_2 12.66 12.625 99.72
BUS_3 1266 | 12505 | 98.77
BUS_4 1266 | 12419 | 98.10
BUS_5 12.66 12.334 97.43
BUS_6 1266 | 12133 | 95.84
BUS_7 12.66 | 12.089 | 9549
BUS_8 1266 | 11.918 | 94.14
BUS_9 1266 | 11.839 | 9351
BUS 10 12.66 11.765 92.93
BUS_11 1266 | 11754 | 92.84
BUS 12 12.66 11.735 92.69
BUS_13 1266 | 11.658 | 92.08
BUS_14 1266 | 11.629 | 91.86
BUS 15 12.66 11.611 91.72
BUS_16 1266 | 11.597 | 91.60
BUS_17 1266 | 11.571 | 91.40
BUS 18 12.66 11.564 91.34
BUS_19 1266 | 12618 | 99.67
BUS_20 1266 | 12573 | 99.31
BUS_21 1266 | 12.564 | 99.24
BUS_22 12.66 | 12.556 | 99.18
BUS_23 1266 | 12580 | 99.37
BUS_24 1266 | 12.497 | 98.71
BUS_25 12.66 | 12455 | 98.38
BUS_26 1266 | 12114 | 9568
BUS_27 12.66 | 12.088 | 9548
BUS_28 12.66 | 11.985 | 94.67
BUS_29 1266 | 11.912 | 94.09
BUS_30 1266 | 11.879 | 93.83
BUS_31 12.66 11.827 93.42
BUS_32 1266 | 11.816 | 93.33
BUS_33 1266 | 11.812 | 93.30

As it can be observed almost all buses except from one retain voltage values lower than
their nominal values, but seventeen buses violate the lower limit of 95 %. From these
seventeen buses only bus 6, bus18 and bus 33 are candidates for the placement of DG

units, in an effort to improve the voltage profiles and reduce the power losses of the
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network. Bus 18 presents the lowest voltage profile within the network (91.34 %), bus
33 presents the lowest voltage profile in the second longest branch of the network and
bus 6 presents a voltage profile within limits but has been selected for its

“nodal”/strategically point within the network.

Table 3.9: Base case power losses of IEEE 33-Bus Radial Distribution Sys. (no DG).

Line Ploss Qoss

Name (MW) (Mvar)
BRANCH-1 0.0107 0.0054
BRANCH-2 0.0231 0.0118
BRANCH-3 0.0159 0.0081
BRANCH-4 0.0148 0.0075
BRANCH-5 0.0301 0.0260
BRANCH-6 0.0019 0.0062
BRANCH-7 0.0116 0.0083
BRANCH-8 0.0041 0.0030
BRANCH-9 0.0035 0.0025
BRANCH-10 0.0005 0.0002
BRANCH-11 0.0009 0.0003
BRANCH-12 0.0026 0.0021
BRANCH-13 0.0007 0.0009
BRANCH-14 0.0004 0.0003
BRANCH-15 0.0002 0.0002
BRANCH-16 0.0002 0.0003
BRANCH-17 0.0001 0.0000
BRANCH-18 0.0008 0.0007
BRANCH-19 0.0107 0.0054
BRANCH-20 0.0001 0.0001
BRANCH-21 0.0000 0.0001
BRANCH-22 0.0031 0.0021
BRANCH-23 0.0050 0.0039
BRANCH-24 0.0012 0.0010
BRANCH-25 0.0015 0.0008
BRANCH-26 0.0018 0.0009
BRANCH-27 0.0060 0.0053
BRANCH-28 0.0039 0.0034
BRANCH-29 0.0017 0.0009
BRANCH-30 0.0015 0.0015
BRANCH-31 0.0002 0.0002
BRANCH-32 0.0000 0.0000

Total 0.14830 0.10420
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Each one of the seven DG units of Table 3.1 has been connected to bus 6, bus 18 and
bus 33 of the distribution network and a load flow analysis has been conducted. In total
twenty one load flow analyses have been conducted and the results are presented in
Figures 3.15 — 3.20. Figure 3.15 presents the voltage levels of all buses of the system
when PV DGs are connected at bus 6, Figure 3.16 presents the voltage levels of all
buses of the system when PV DGs are connected at bus 18, while Figure 3.17 presents

the voltage levels of all buses of the system when PV DGs are connected at bus 33.

Similarly, Figure 3.18 presents the voltage levels of all buses of the system when wind
generator DGs are connected at bus 6, Figure 3.19 presents the voltage levels of all
buses of the system when wind generator DGs are connected at bus 18 and Figure 3.20
presents the voltage levels of all buses of the system when wind generator DGs are

connected at bus 33.

The results show that both DG types (PV that injects real power to the network and
wind generator that injects real power to the network but consumes reactive power)
have a significant impact to the voltage profiles of the buses. In all examined cases the
DG PV units have increased the voltage levels, with this increase to be proportional to
the DG PV unit capacity. On the other hand the DG wind generator units had presented
a totally different impact on the voltage profiles of the distribution network. The
improvement that has been achieved in the voltage profiles was not proportional to the
DG wind generator unit capacity. The smallest sized wind generator DG unit (1.65
MW) has slightly improved the voltage profiles of all buses, while the largest sized
wind generator DG unit (3 MW) presented a better improvement in voltage profiles
from the 2 MW wind generator DG unit, only when was connected at bus 6 (middle
point of the network). In the other two positions the improvement that was achieved
from the 2 MW wind generator DG unit was much better than this of the 3 MW wind
generator DG unit that has caused in several buses undervoltages much below from the
acceptable lower limit. Finally something that concerns both types of DG units (PV and
wind generator) and has been observed throughout the studies is that the connection
position of DG unit is of paramount importance, not only to the bus that the DG is
connected and to its neighboring buses, but also for the whole network since it can

result to a totally different performance.

61



Bus Voltages (PV at Bus 6)

- —
12.6 \ /\‘
\ \
1234567 8 9101112131415161718192021222324252627282930313233
Bus Number

Bus Voltage (kV)

[EEY
N

11.6

e ). SMW PV e IMW PV e 2MW PV s AMW PV

Figure 3.15: Voltage profiles of network buses when a DG PV unit has been connected

at bus 6.
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Figure 3.16: Voltage profiles of network buses when a DG PV unit has been connected

at bus 18.

62



Bus Voltages (PV at Bus 33)
14

-
: /

12,5

Bus Voltage (kV)

12

11.5

1234567 8 9101112131415161718192021222324252627282930313233
Bus Number

e ). SMW PV e IMW PV e 2MW PV s AMW PV

Figure 3.17: Voltage profiles of network buses when a DG PV unit has been connected
at bus 33.

Bus Voltages (WG at Bus 6)

N NN
AN =

Bus Voltage (kV)

[EEN
N

~——
11.6
123456 7 8 9101112131415161718192021222324252627282930313233
Bus Number
=] 65MW WIND  ====2MW WIND  ====3MW WIND

Figure 3.18: Voltage profiles of network buses when a DG wind generator unit has

been connected at bus 6.
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Figure 3.19: Voltage profiles of network buses when a DG wind generator unit has

been connected at bus 18.
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Figure 3.20: Voltage profiles of network buses when a DG wind generator unit has

been connected at bus 33.
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Figure 3.21 presents the total network real power losses, Figure 3.22 presents the total
network reactive power losses and Figure 3.23 presents the total network apparent
power losses of all lines of the network when PV DG units are connected at different

buses.

Similarly, Figure 3.24 presents the total network real power losses, Figure 3.25 presents
the total network reactive power losses and Figure 3.26 presents the total network
apparent power losses of all lines of the network when wind generator DG units are

connected at different buses.

The results have shown that the size of the connected DG, independently from the DG
type, plays an important role in the total network power losses since it has been
observed that the bigger the size of the DG the bigger the impact on the total network
power losses of the system. Furthermore, the position that is installed the DG unit (of
any type) is of paramount importance, since its influence on the total power losses of
the network (both real and reactive) is totally different. Moreover it has been observed

that the impact to the total power losses is proportional to the size of the DG unit.

More specifically the examined PV DG units have succeeded to reduce both real and
reactive power losses only when they have been connected in bus 6 (middle point of the
network). In the other positions all different PV DG unit sizes have resulted in the
increase of both total real and reactive power losses of the system, except the 0.5 MW
unit, that has resulted almost the same amount of system’s total real and reactive power

losses.

On the other hand none of the examined wind generator DG units have succeeded to
reduce the total real and reactive power losses of the system, except of the case where
the 1.65 MW DG unit has been connected in bus 6 (middle point of the network). The
installation of the rest examined wind generator DG units, to the selected positions of
the distribution network, have resulted in a huge increase of the total system real and

reactive power losses.
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Figure 3.21: Total network real power losses when DG PV units have been connected

at different buses.
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Figure 3.22: Total network reactive power losses when DG PV units have been

connected at different buses.
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Figure 3.23: Total network apparent power losses when DG PV units have been

connected at different buses.
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Figure 3.24: Total network real power losses when DG wind generator units have been

connected at different buses.
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Figure 3.25: Total network reactive power losses when DG wind generator units have

been connected at different buses.
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Figure 3.26: Total network apparent power losses when DG wind generator units have

been connected at different buses.
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3.5 Development of a Decision Making Algorithm for the Optimum

Size and Placement of DG in Distribution Networks

A decision making algorithm for the optimum size and placement of a DG unit in
distribution networks has been developed. The algorithm that is relative simple, flexible
to changes and modifications can estimate the optimum DG size and can define the
optimal location for a DG unit (of any type) to be installed, based on the improvement
of voltage profiles and the reduction of the network’s total real and reactive power
losses. The algorithm has been implemented in MATLAB and the load flow analysis is

performed with the use of NEPLAN, one of the most reliable power systems software.

The flow chart of the developed decision making algorithm is presented in Figure 3.27,

and has the following structure:

Step 1: Define Network Model, Distributed Generation (DG) parameters, and number
of test DGs.

Step 2: Perform Load Flow analysis to obtain steady-state base case parameters for Bus

voltages and line losses.

Step 3: Sort Buses in ascending order of voltage deviation from nominal voltage for

DG placement in the same order.

Step 4: For each test DG, connect DG at given Bus, Perform Load flow analysis and

store results as a scenario.
Step 5: Repeat Step 4 for every Bus in ordered list.

Step 6: Sort all Load flow scenario results for all DGs placed at all buses according to

lowest line losses or best voltage profile.

Step 7: Select scenario with lowest line losses or best voltage profile for optimum DG

size and placement.
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Figure 3.27: The flow chart of the proposed decision making algorithm.




3.6 Conclusions

This chapter analyses the studies that have been conducted on voltage profiles and total
real and reactive power losses of two typical and widely implemented distribution
systems, i.e., the IEEE 14-bus network system, and the IEEE 33-bus radial distribution
system. A methodology has been applied to both networks where seven different DG
units of different type and size have been installed at selected positions for both
networks, targeting to observe improvements on the voltage profiles and reduction in
the network’s total power losses. The produced results have demonstrated that the size
of a DG unit is strongly associated with the type of the examined network and with its
installation location. Finally, a simplified decision making algorithm for the optimum
size and placement of DGs in distribution networks has been developed and has been

implemented.
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Chapter 4

Syntactic Pattern Recognition of Power System Signals

4.1 Introduction

This chapter presents a hardware implementation for the real-time syntactic pattern
recognition of power system waveforms that will be applied to the implementation of a
protective relay that would efficiently prevent safety problems and economic losses
caused by faults presented in power systems (distribution and transmission networks).
The way that syntactic methods are applied to the recognition of power system signals
and to the calculation of its parameters has thoroughly been examined and solution to
the sub problems of selecting primitive patterns, defining a linguistic representation and
formulating a pattern grammar is presented. The model used in order to formulate the
pattern grammar is that of Attribute Grammars that are able to handle syntactic as well
as semantic rules. Consequently, the proposed system is based on a proposed extension
of Earley’s parallel parsing algorithm. The proposed architecture was described in
Hardware Description Language (HDL - Verilog), simulated in order to validate its
functionality, synthesized on an XILINX FPGA board system and tested using
waveforms and data provided by the Independent Power Transmission Operator (IPTO)

in Greece.

4.2 Research Incentives

Power systems are large and complex systems where faults frequently occur that may
cause safety problems to personnel, as well as to equipment, and lead to significant
economic losses. An efficient protective relay would efficiently prevent these problems
and losses. According to [1] microprocessor-based digital protective relays

significantly improve protection relays since: i) the time needed to estimate the criteria
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signals is shorter, ii) high accuracy may be achieved regarding the way input signals are
filtered-out, iii) sophisticated corrections are applicable, iv) the protective relay can
easily communicate and exchange data with systems connected to network responsible
to protect and control, and v) the system may execute numerous self-monitoring tasks.
Nevertheless, regarding safety, dependability and performance digital relays did not
significantly improved system protection; as digital relays are based on the main
principles using the criteria known for decades. In addition, safety, dependability and
performance problems mainly are caused by balance between the safety demand, and
performance and the dependability requirements. In case secure as possible regarding
its algorithm, then it is proved to operate slowly. While, in case a relay is designed to
react as fast as possible, it tends to operate incorrectly. There are basically two key
factors that influence the limited recognition power of the classical relaying principles.
First one is to improve the recognition process itself, while the second way is to
increase the performance of the implementation. Previous approaches [1] in facing the
problem of improving protective relays in power systems were mainly software

implementations based on artificial neural networks.

In this chapter, with respect to the first key factor, the methodology of Syntactic Pattern
Recognition (SPR) is followed and with respect to the second key factor, an efficient
hardware implementation on FPGA (Field Programmable Gate Array) is proposed.
Based on the up today publications in the technical literature, this is the first time that
power system signals are recognized based on SPR techniques executed on a dedicated

embedded system.

Attribute Grammar may be the underlying model of designing a system for the
aforementioned application. In [1-7] the methodologies based on Artificial Intelligence
(AI) applied to power system protection are reviewed and the application of artificial
neural networks and fuzzy logic techniques is presented. A considerable number of
applications and concepts have been presented including fuzzy logic approach to
differential transformer protection and artificial neural networks application to the
transformer protection, CT (current transformer) and CVT (capacitor voltage
transformer) transients correction, and fault-type classification. However, the

implementations presented are software approaches and do not succeed the maximum
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possible performance. In [8] a real-time system implemented on an FPGA board is
presented that tracks time varying waveforms distortions in power systems based
mainly on a proposed amplitude tracking algorithm derived from amplitude
demodulation. However, the frequency of the fundamental signal is assumed constant
but in power systems, the fundamental frequency of the current and voltage is not

always exactly the nominal value.

Although the SPR appears appropriate to the problem of protection relays and the
calculation of power system signals’ parameters, insufficiently progress has been made
up to the present time [1]. The proposed methodology presents the application of the
SPR method to recognition of power systems waveforms and to the measurement of

power system parameters.

In the field of SPR, the recognition part is that of parsing an input string derived from
the linguistic representation of the input signal using a predefined grammar, titled
pattern grammar. The pattern grammar describes the patterns to be recognized in a
formal way. One of the main sub tasks in any SPR application is the formulation of the
pattern grammar. The proposed project methodology aims to give solutions to the sub
problems of primitive pattern selection, linguistic representation, and pattern grammar
formulation for the waveforms received by a protection relay. On top of that, a parallel
hardware attribute evaluator, dedicated to power system signals is presented. In the
case of power systems waveforms where additional morphologies may appear due to
errors and numerous parameters’ calculations should to be executed, grammars that
may describe syntax and semantics as well are essential tools for the building of the
pattern grammar. Hence, an efficient attribute grammar evaluator that parses the
produced by the signal input strings is essential. The contribution of this chapter is

summarized at the following:

I.  Define the linguistic representation of waveforms received by a protection relay.

II. Define an attribute grammar capable of modeling the power system signals
using the linguistic representation of point L.

III.  Design an efficient attribute grammar evaluator based on a proposed extension

of Earley’s [9] parallel parsing algorithm using the architecture presented in

[10] for the application specific proposed grammar.
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The proposed architecture was described in Verilog, simulated in order to validate its
functionality, synthesized on an XILINX FPGA board system and tested using
waveforms and data provided by the Independent Power Transmission Operator (IPTO)

[12] in Greece.

4.3 Literature Review

In the following sub sections theoretical issues regarding grammars and parser
implementations will be analyzed, in order to introduce the reader to necessary basic

concepts useful in the following sections.

4.3.1 Languages and Grammars

Every formal language can be described using a grammar, which is a set of syntax rules
for string construction. These rules describe how valid strings can be generated
according to the language’s syntax. All grammars have been classified by Noam
Chomsky [13] in four major categories, known as the Chomsky hierarchy. One
important category is that of Context Free Grammars (CFG), which can easily be

extended with attributes or actions in order to handle probability evaluation.

4.3.1.1 Context Free Grammars

A CFG [14] G can be defined as a set G=(N, T, P, S), where N is the set of non-
terminal symbols, T is the set of terminal symbols, P is the set of grammar rules and S
(S € N) i1s the start symbol - the root of the grammar. V = N U T is defined as the
vocabulary of the grammar. Grammar rules are written in the form B — v, where B € N
and y € V' (string consisting symbols ftom V). Typically, capital letters A, B, C, ...
denote non-terminal symbols, lowercase a, b, c, ... terminal symbols, Greek lowercase
a, B, v, ... strings of terminals and non-terminals. The notation a B means that 3 can be
derived from a by applying rules of P. Every derivation begins with a sequence that
consists only of the start symbol S; otherwise it is called partial derivation. In each
derivation step, either the leftmost or the rightmost non-terminal symbol of the string is
replaced by the right hand side (RHS) of a production rule that has the specific non-
terminal at its left hand side (LHS). The same procedure should be followed until there

are no more non-terminal symbols left in the string but on the contrary it consists of
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only terminal symbols. Parsing is the task of examining a string of symbols for
syntactic accuracy. Recognizer is the algorithm that determines if an input string o =
ajaas ... a, (string length equals to n) may be produced by a given grammar. In case
recognizer produces a parse tree as well, then the algorithm is a parser. The parse tree is
an ordered tree with root S, leaves the terminal symbols of input string, and nodes the

syntactic rules that participate in the derivation process.

4.3.1.2 Augmenting Context Free Grammars

The expressive capabilities of CFGs may be augmented by associating attributes to
each symbol of the grammar. The attribute signifies an explicit context-sensitive
property of the corresponding symbol. This augmented CFG is called Attribute
Grammar (AG) and is also defined as a set AG = (G, A, SR, d), where G is a CFG, A =
UA(K) where A(K) is a finite set of attributes. Symbolization K.w represents an attribute
w of symbol K. A(K) is dived into two separate sets; AS(K) is the set of synthesized
attributes and AI(K) is the set of inherited attributes. Attributes whose values are
calculated using attributes at descendant nodes are called synthesized attributes.
Attributes whose values are calculated using attributes at the parent and left nodes
inherited attributes. No inherited attributes are assigned to the start symbol. Each of the
syntactic rule of the CFG consists of semantic rules SR(p) that define attributes
according to other attributes of terminals and on terminals existing in the same
syntactic rule. Function d(a) returns the domain of the attribute a. The method
attributes will be calculated depends both on the tree traversal methodology and the

attributes’ dependencies to other attributes.

4.3.2 Parsing Algorithms and Implementations

Numerous parsing algorithms have been presented in the literature. A considerable
number of parser implementations are mainly based on three widely known parsers
presented by Cocke-Younger-Kasami (CYK) [15], Earley [9], and GLR [16] and their

modifications [17-19] and improvements via parallelization [20, 21].

The CYK and Earley algorithms are “almost” identical [17] regarding complexity,
since both use “dynamic programming” methods in which derivations matching longer

portions of the input are built up by concatenating previously computed derivations
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matching shorter portions. However the CYK algorithm necessitates the grammar to be
represented using Chomsky Normal Form (CNF). This prerequisite is not limiting the
general form of the CYK algorithm as all GFG can be represented in CNF. However,
the transformation of a CFG G into an equivalent one in CNF G’ may not be
accomplished without a penalty. The size of the a grammar G’ after the transformation

in CNF can be at worst case of size |G’| = |G|2 [22-24], where |G| is the size of the

CFG, defined as zrepl r|, where |r| is the length of rule r, i.e. the number of right hand

side symbols (rhss) plus 1 (the left hand side symbol - lhss). However, the
transformation time does not affect the performance of an algorithm as this
transformation occurs only one time at the pre-computational level and the
transformation time does not affect the execution time of the system and it is actually
minor in relation to the other tasks of the same level. Yet, in case the produced
grammar G' is greater than G, the execution time will radically increase, since it is
grammar size (|G'|) depended. Furthermore, in case a grammar transformation is not
necessary, along with the proposed automation of the design process, the pre-

computational level consists only the task of hardware synthesis.

Both Earley and GLR algorithms can parse any CFG, examine the input string from left
to right and do not need any backtracking during the parsing process. They are mainly
used for the recognition of natural languages and can also be used for CFG that are
ambiguous or need infinite look-ahead. They both have time complexity of O(x’) in
general and have the time complexity of O(n) for LR(k) grammar. In case the grammar
1s highly ambiguous and SCFG (Stochastic Context Free Grammar) is used, the time
complexity of GLR is higher than Earley’s algorithm. However, GLR is preferable for
parsing applications such as software reverse engineering [19] and communication
protocols [25]; to the best of the author knowledge there is no hardware implementation

for the GLR parser.

Taking into consideration the above mentioned comparisons, the efficient hardware
implementation of Earley’s algorithm presented in [21] as well as the fact that main
intention is to implement hardware parser for power system signals augmented with
attributes, where this algorithm is more suitable, the proposed implementation is based

on [9].
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4.3.2.1 Earley’s Parsing Algorithm

A top-down parser was presented in 1970 by Earley [9], using a symbol “.” called dot
(implicitly known before Early) in all rules (called dotted rule). The value of the dot is
to separate the rhss of the rule into two subparts. For the subpart on the left of the dot, it
has been verified that it can generate the input string (or substring) examined so far.
However, for the subpart on the right of the dot, it still remains to be checked whether
or not it can generate the rest of the input string. When the dot is at the last position, the
dotted rule is called completed [9]. Earley’s algorithm makes use of three operations,
known as predictor, completer and scanner. The algorithm examines the input string o
=a; a; a3 ... a, from left to right. While an input string symbol a; is examined, a new set
S of states is built that signifies the progress of the recognition process at this point of
recognition. Earley’s algorithm constructs (n+1) sets (numbered from O to n). Every
state is a triple {r,j,f} where r is the rule enumeration, j represents the position of the
dot in the rule and f shows the set that the state was first created. Each state may be
represented using the formalism i: X — £ Yy, i.e. the syntax rule X — {Yu with the dot
in the jth position (|¢|=j) that was created in the fy, set belongs to set S;. Earley’s top-
down parser is a dynamic programming procedure, which in each step computes all the
sets of states that have recognized a part of the input and are possible states to
recognize the whole input string. While the input symbols are read one after the other,
new sets that consist of dotted rules are built. By applying the three operations to each
set of states, the existence of the dotted rule S — &, signifies that the input string is a

sentence of the grammar.

The predictor operation checks if there is a state in the set that has a non-terminal
symbol right after the dot and adds to this set all the rules that have this non-terminal at

their left part adding first a dot at the beginning of the right part of the rule.

The completer operation checks if there is a state in the set that contains a completed
dotted rule. The completer compares the non-terminal symbol at the left part of that
rule (lhss) with the symbol at the right of the dot at each dotted rule that belong to the
set indicated by f. If they match (successful completer), completer takes these dotted
rules and adds them to the current set, after moving the dot one position to the right in

these states.
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The scanner operation checks if there is a state in the set that has a terminal symbol to
the right of the dot, compares it to the next input symbol, and if they match, scanner
adds this dotted rule to the next set but first it moves the dot over the non-terminal

symbol.

Path is a series of states connected by predictor, scanner, or completer. A path is
considered to be constrained by a string a if the terminals immediately to the left of the

dot in all scanned states, in sequence, form the string a.

The operation ® that was initially presented by Chiang & Fu [20] may evaluate the
order in which dotted rules are generated, during the recognition of the input string.
This operation may have as inputs either two sets of dotted rules or a terminal symbol
and a set of dotted rules and generates as result a set of dotted rules. Chiang & Fu’s
[20] version of Earley’s [9] algorithm is a parallel parsing algorithm that given of a
CFG G recognizes an input string of length n by creating a (n+1/) x (n+1) parsing table
PT. The elements pt(i, j) of parsing table PT are sets of dotted rules

4.3.2.2 Hardware Implementations

In [21] an efficient architecture for the hardware implementation of the CFG parsers
was presented. The efficiency of this architecture is based on an innovative
combinatorial circuit responsible for the implementation of the fundamental operation
® . The time complexity of this circuit is O(logz(|Gl)), (|G| represents the size of the
CFG). According to this architecture the cells of the parse table were computed in
parallel using the presented combinational circuit Cg. Cg 1is constructed from the
“characteristic” equations of the underlying CFG G, which are algorithmically derived.
The usage of multiple Cg circuits and the union of their outputs lead to the parallel
evaluation of pi(i, j). Consequently, there are two levels of parallelism 1) a cell-level
parallelism i.e. the parallel execution of the ® operations for each cell and ii) an
architecture-level that corresponds to the tabular form of Earley’s algorithm. The
proposed system recognizes an input string of length n in O(nlog>(|G|)) time. Due to
the hardware nature of the implementation, the system presented in [21] attains a

speed-up factor, compared to software approaches, that equals to two orders of
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magnitude for small grammars and to six orders of magnitude for large real life

grammars.

Based on the implementation of the combinatorial [21] circuit mentioned above for the
syntax part of the attribute grammar, in [26] an efficient implementation of an attribute
evaluator system was proposed. A special purpose hardware module was responsible
for the semantic part of the Grammar. This module traverses the tree and evaluates the
attributes using a stack that permits to achieve the attribute evaluation just by executing
simple push and pop operations on particular stacks. Therefore, the presented system is
designed using special purpose hardware, increasing the performance, as all sub-
modules are synthesized into one FPGA board, reducing needless time for data
transportation between sub-modules. In addition portability has been achieved. The
hardware nature of the system allows the fast recognition of a considerable number of

input strings that should be processed concurrently.

4.4 The Syntactic Approach in Power System Signals

4.4.1 Primitive Pattern Selection

In the literature, there are various segments have been presented as primitive such as
lines and triangles. Lines are low level and triangles are difficult to extract. In regards
to the linguistic representation of power system signals we have chosen the peak as
primitive pattern. Peaks have also been used during recognition of a considerable
number of signals such as ECG (ElectroCardioGram) [27]. This choice [28-29] seems
to be a natural one because power system signal are mainly sinusoidal. Figure 4.1
shows the. Peak pattern may be defined by three specific points: the left peak boundary,
the peak extremum, and the right peak boundary. The left arm of the peak is consisted
of all points among the left peak boundary and the peak extremum. The right arm of the
peak is consisted of all points among the peak extremum and the right peak boundary.
Series of peaks will be represented as IT;I1,... where IT, of iy peak. A peak can be other

positive or negative and in what follows it will be symbolized as p or n respectively.
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Figure 4.1: Positive and negative peak patterns.

Each sample point of a power system signal is presented as a couple (x;, yi), where y; is
the amplitude in volts or amperes of the sample point i1 and x; is the corresponding time.
Attributes are assigned to all primitive patterns. Throughout the primitive extraction
task the values of these attributes are evaluated in order to be used during the
recognition task of the parser. These attributes are used during the recognition of the
patterns as well as during the evaluation of their parameters. Consequently, they are
used in a quantitative way for qualitative and quantitative purposes. Each peak II; has

seven attributes. These attributes are symbolized as {Xji, Vi, Xmi, Ymi> Xri> Y1i> €i}, Where:

Xli> Yii coordinates of the left boundary of the peak IT;.
Xmi> Ymi coordinates of the peak extremum of the peak IT;.
Xsis Vi coordinates of the right boundary of the peak IT;
€ energy of the peak II; defined as:

q
e =, Vi = ¥i1)?
Z”" 4.1)

where: p=x; +1and q = x,;
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For example, the normal e, i.e., €yormal for a sinusoidal, when frequency is equal to 50

Hz and amplitude is 230 V, is 64,428.36.

4.4.2 Linguistic Representation

The alphabet of terminal symbols T = {p, n} has been selected for modelling the power
system waveforms, where p represents a positive peak and n a negative peak. Thus, a
string of symbols from the set T such as pnpnpn or npnpnp denotes a power system

waveform. Corresponding attributes are associated with each terminal symbol.

4.4.3 Pattern Grammar AGpgw

In SPR, the recognition task is basically reduced to that of parsing a string that is the
linguistic representation of the patterns to be recognized with a parser that utilizes a
dedicated grammar, called pattern grammar. The pattern grammar defines the patterns
in a formal way, and the design of the pattern grammar is always the crucial sub
problem in any SPR application. The proposed methodology aims to give solutions to
the sub problems of primitive pattern selection, linguistic representation, and pattern

grammar formulation for the waveforms received by a protection relay.

In the case of power systems waveforms, where added morphologies exist due to
errors, and where complicated measurements of the various parameters have to be
achieved, grammars having strong expressive capabilities to describe syntax and
semantics are needed as an underlying model for the construction of a pattern grammar.
As a result of their capability in relating structural and statistical features and their
power to handle syntactic and semantic information Attribute Grammars has been
chosen as the tool of the proposed application. Attribute Grammar AGpsw presented in

Table 4.1 is proposed for the recognition of power systems waveforms (PSW).

AGpsw is consisted of the non-terminal symbols belonging in set N = {S, PS, SP, SN}
where start symbol is the non-terminal symbol S, PS is the symbol indicating the start
of the waveform to be recognized, SP is the symbol indicating the start of a subpart of
the waveform starting from a positive peak and SN is the symbol indicating the start of
a subpart of the waveform starting from a negative peak. The terminal symbols
belonging in set T = {n, p} where n denotes positive peak and n denotes negative peak;

vocabulary of the grammar is equal to V = N U T. The syntactic rules of the grammar
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are presented in the column entitled “Syntactic Rules” of Table 4.1, while the semantic

rules in the next column of the same table.

Table 4.1: Syntactic and semantic Rules of AGps.

No

Syntactic Rules

Semantic Rules

S— PS

S.fr = (PS.c/2) * (1/(PS.f- PS.s))
S. - (€normat * PS.c)/ ( PS.e)

PS — SP

PS.c=SP.c
PS.s =SP.s
PS.f=SP.f
PS.e =SP.e

PS — SN

PS.c =SN.c
PS.s =SN.s
PS.f=SN.f
PS.e =SN.e

SP—>SP] SP2

SP.c = SP;.c + SP>.c
SP.s = SP;.s
SP.f: SPz.f
SP.e = SP;.e + SPj.e

SN — SN] SN2

SN.c = SN,.c + SN».c
SN.s = SN;.s
SN.f: Ssz
SN.e = SN;.e + SNy.e

SP—p

SP.c=1;

SP.s = p.xl;
SP.f = p.xr;
SP.e = p.e;

SP—>p n

SP.c =2;

P.s = p.xl;

P.f = n.xr;

SP.e = p.e + n.e;

SN —n

SN.c = 1;

SN.s = n.xl;
SN.f = n.xr;
SN.e = n.e;

SN—n p

SN.c =2;

SN.s = n.xl;
SN.f = p.xr;
SN.e = n.e + p.e;
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Terminal symbols p, n have the attributes presented in section “Primitive Pattern
Selection”, while the non-terminal symbols have the attributes c, s, f and e where ¢
attribute is used as a counter in order to store the number of peaks (either positive or
negative) recognized till that point; s attribute is used to store the start point of the
recognized substring; f attribute is used to store the last point of the recognized
substring; and e attribute is used to store the sum of the energy e of peaks recognized
till that point according to equation 4.1. In addition, start symbol S has two additional
attributes called fr and noise (error) so as to calculate the frequency of the recognized
waveform and the ratio of the normal energy e (€normal) the waveform should have over
the actual energy e the waveform has. It should be noted that all attributes are

synthesized.

4.5 System Description

In the case of power systems, large time-series of input data are created due to the high
sampling frequency. For example, when the scanning frequency is set to 800 Hz, a new
sample is created every 1.25 ms leading to 48,000 samples per second. Given that the
frequency of power system signals is 50 Hz (or 60 Hz in some countries), a unique
peak is represented every 8 samples and a full period every 16 samples (800/50).
Consequently, 6,000 sets of 8 samples that each describes a unique peak are created
every second. Since every peak is described by a terminal symbol n or p, a powerful

parser is needed able to recognize input strings of length 6,000 per second.

The proposed system [30] is based upon the attribute evaluator presented in [26] that is
capable to achieve such a performance. Having chosen this system, certain
modifications had to be performed in order to convert it to a suitable parser for the
specific application. The main modifications imposed on the parser were focused on the
two following tasks: a) extending it in order to recognize the presented grammar
AGpsw and b) modifying the architecture so as to cope with such long input strings in

real-time.

Regarding the first task, according to the methodology presented in [26], the basic

modules and the data structure had to be tuned. Specifically, the structure of the
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fundamental operator ® , the various bit vectors, the size of the parse table PT and the
mask bit-vectors were adjusted to the needs of the grammar AGpsw. Regarding the
second task, more crucial improvements had to be made. The design of the original
parser does not support the recognition of such long input strings. For that reason, it
was decided to split the long input string to multiple substrings of smaller predefined
length. Hence, the values of specific attributes of the start symbol of a parse tree
recognizing a subpart of the input string should be inherited by the start symbol of the
next substring. This task is twofold; the hardware parser had to be changed by adding a

new hardware module as well the grammar itself.

The first rule of AGpsw presented in Table 4.1 had to be augmented with further
semantic rules, as shown in Table 4.2, where the three basic attributes S.fr, S.noise and

S.c, have three instances: the current, the previous and the next state.

Table 4.2: Extended start rule of AGpsw.

No | Syntactic Rules Semantic Rules
0 |S—PS S.fr = (PS.c/2) * (1/ (PS.f - PS.s));
S.noise =1 - (€normar * PS.c)/ ( PS.e);
S.c=PS.c;

* . * .
S.next.fr = S.fr*S.c+S.previous. fr * S.previous.c .

S.c+S.previous.c

. S.noise* S.c+ S.previous.noise* S.previous.c
S.next.noise = ;

S.c+S.previous.c

S.next.c = S.c + S.previous.c

Clearly, the current state refers to the values of the examined substring, the previous
state refers to the accumulated values of the substrings recognized so far and the next
state refers to the values that will be transferred to the next stage of recognition
substring and stored as previous state. The control of this transfer is managed by a
dedicated hardware module that is embedded in the extended system. It should be noted
that all syntactic rules are accordingly augmented by actions using the methodology
presented in [26], leading into the correct tree decoration. The sub tasks of the proposed

implementation are shown in Figure 4.2.
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Figure 4.2: Sub tasks of the proposed implementation.

4.5.1 The Combinatorial Parser

The method in which set of dotted rules are constructed in parallel, during the
recognition and parsing task of the given input string, may be efficiently performed by
the operator ®. This operator was initially proposed by Chiang & Fu [20]. It is a binary
operator that generates a new set of dotted rules takes when either two sets of dotted
rules or a terminal symbol and a set of dotted rules are given as input. When the
construction of all dotted rules sets is completed, this parallel parsing algorithm may
determine if the given input string oo =a; a, a3 ... a, (n 1s the length of the input string) is
a sentence that may be produced by a CFG G. The parsing task is completed when a
(n+1)x(n+1) parsing table PT is constructed whose elements pi(i, j) are sets of dotted

rules.

Operation ® is defined [20] as follows:

Let’s assume that Z = Predict(N) = U ,_,, Predict(4) and

AeN

Predict(A)={A—y.0|A—y5e€R and y—— A}, Jis empty string

Given the sets o f dotted rules Q and U and the terminal symbol b, operator ® is
defined as follows.

O ®U={A—>DBy|A—>SDBreQ,f—>A,and D—> u.eU},

*

and {B— ¢CéneZand E—— 1, C—— A}

0®b={A—>DLy|A—>SbBycQ, f—A

and{B — ¢CEn|y =21, B—>¢.CéneZand E——>1,C
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Further details regarding the hardware implementation of operator ® may be found in
reference [21]; therefore that implementation will not be analytically described since

that it would be a repetition of what is presented in [21].

The proposed system includes three major sub modules: i) the Extended Parallel Parser,
i1) the Tree Constructor and iii) the Attribute Evaluator. The recognition task is handled
by parser that constructs the parse table as well, based on the examined input string.
Once the parsing task has finished, a parse tree is created and then, while the parse tree

is being traversed, all the attributes values are evaluated.

The following subsections, analyze the implementation details of all main sub-modules

of the proposed architecture.

4.5.2 Extended Parallel Parser

Architecture for the efficient hardware implementation of CFG parsers was presented
in [21]. The efficiency of this parser derives from the proposed combinatorial circuit
that implements the operator ® proposed by Chiang & Fu [20]. Time complexity of this
implementation for a grammar G of length |G| is O(log2(|Gl|)). The PT (Parsing Table)
may be filled using the architecture presented in Figure 4.3(a). The cells of PT may be
constructed in parallel by the use of multiple ® operators, which are implemented by
the combinational circuit Cgy. The PT cells of the main diagonal of the table are
initialized to the set Z=Predict(N), where N is the set of non-terminals symbols.
Previously presented architectures parallelize the construction of the PT in regards »
which is the input string length. The parallelization is accomplished by evaluating at
each execution step all the cells p#(i,j) that exist to the same diagonal line (diagonal line
is a line parallel to the main diagonal.). The construction of cell p#(i,j) is performed
using the equation shown in Figure 4.3(b) that make use of all the cells p#(i,k) and
pt(kyj) for which (i+1)<k<(j—1) (see Figure 4.3(b, c)) should already have been
computed. At m” execution step f.,, processing element P, computes pt(x—m,x) and
during the m™  communication step t.m, Py transmits pt(x—m,x) together with
pt(x—m,x—1), pt(x—m,x—2) via bit-vector u (see Figure 4.3(a)). In addition, all cells that

have already been evaluated by processing P, may be used, through bit-vector ¢, in
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order to evaluate the cell that belongs to the same column. Consequently, all processing
element P, progressively evaluate the cells of the x™ column. By the use of multiple Cg
circuits the operators can be executed in parallel. The union of their outputs produces
pt(i,j) (see Figure 4.3(c)). Each processing element P, takes as input the a, input
symbol.

Therefore, the proposed architecture has two levels of parallelism:

1) A cell-level parallelism i.e. the parallel execution of the ® operations for each

cell, and

i1) An architecture-level parallelism that corresponds to the tabular form of

Earley’s algorithm.

pt(0,0)

11

ptgri,i+].} @ pti+l, _| U

ptlii+2 ® ptis2,j U

DI ptiij-1 ® pt j-Ljl y
u i 1 I I 1
[ ptj-1i] ®a
: | : i, i
] : I
] f | i
4] ] | i
f ¥
b : ] mamnnl
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! , ] |
i " |
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) 3 | i I
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Figure 4.3: Parsing architecture presented in [21] for n=3.

The time complexity of the recognition task of the proposed implementation for an
input string of length n in O(nlog2|nG|)). Considering the hardware implementation of
the system proposed in [21], this system achieves a speed-up factor from two orders of

magnitude for small grammars to six orders of magnitude for large real life grammars



compared to other software implementations. The characteristic equations of the
examine grammar are use in order to construct Cg. The design - architecture of the

combinational circuit Cg including its crucial sub circuits is shown in Figure 4.4.

u bit vector T bit vector

h bit vector

q bit vector

Figure 4.4: Architecture of the combinational circuit Cg including its crucial sub

circuits.

After selecting the parsing system proposed in [21], various modifications had to be
performed in order to of convert it to an appropriate parser for our application. Initially,
this architecture should be extended so as to construct the parse tree which is a
requirement for the attribute evaluation. The main parameter in this problem is that the
parser should maintain its combinatorial nature that offers the abovementioned speed-

up. Consequently, all modifications are made based on this requirement.

Storing the origin of the creation of each dotted rule is the most essential modification.
According to ® operator definition, a dotted rule may be the output of an operation
among two sets of dotted rules or among a set of dotted rule and one terminal symbol.
Then the construction of cell p#(i,j) is the union of the output of a multiple operations

among two sets of dotted rules and the output of one operation among a set of dotted
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rules and a terminal symbol (see Figure 4.3(c)). During the construction of a cell p#(i,)),
n—1 operations between two sets of dotted rules are required. Therefore, each dotted

rule may have n potential origins is, where 7 is the length of the examined input string.

For example, in case n = 2:

pt(0,2) = (p1(0,1) ¥as) U (p1(0,1) ®pt(1,2))

Hence all dotted rules in cell p#(0,2) may have derived from one of the three
applications of operator ®. Consequently, a vector of bits of length n, called source bit
vector, is essential so as to keep the origin of the dotted rule in the cell. f\For the
abovementioned case, if bit source[1] = 1, then cell p#(0,2) has been generated due to
operation pt(0,1) & pt(1,2). In the event when more than one bits of bit-vector source
are set due to operations among sets of dotted rules that specifies that the grammar is

ambiguous.

During each execution step, the parser evaluates the dotted rules for the cells that exist
in the same diagonal. When an execution step ends, a column of the PT is considered
constructed and hence these data along with the source bit-vectors may be transferred
to the next module that is the parse tree constructor, as shown in Figure 4.2. It should
be noted that owing to the fact that the parser is executed in parallel, during an
execution step, all generated dotted rules are generated and stored into the PT.
Therefore in the PT is stored a considerable number of dotted rules. Most of these
dotted rules will be proved to be useless in regards to the recognition of the examined
input string. Moreover, only completed dotted rules should be utilized during the task
of the construction of the parse tree, as a result only completed dotted rules are
transferred from the PT to the tree constructor module. The selection of the completed
dotted rules is really trivial and fast using to a bit-vector mask in which the bits that
represent the positions of the completed dotted rules are set. The main architecture of
the parser is shown in Figure 4.3(a) and the architecture of ® operator is shown in

Figure 4.4.

As mentioned above, the first task is evaluation of the PT, given the input string using
the proposed parser shown in Figure 4.3. In this figure, the main diagonal is not

presented, as it has the initial pre-computed rules i.e. set Z. After the parsing task has
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finished, i.e., all columns of the PT are evaluated and transformed to the next module;
the task of parse tree construction is starting. This task starts from the top right cell of
the PT, where a dotted having at the lhs the start symbol is required to be found. When
this dotted rule is reached, it will be located as the root of the parse tree and the dotted
rules that created that dotted rule will be fetched, using the source bit-vector and by
applying the appropriate masks. The outcome is then for the moment stored in bit-
vector called MASKED (Figure 4.5) which at the end should be kept as tree branch.
Since there are two separate cases: a dotted rule derived from two dotted rules or a
terminal symbol rule and a dotted, in the source bit-vector could have been stored one
or two cell position. The same methodology is performed for all dotted rules found till
it’s found a dotted rule that belongs to the major diagonal of PT; this fact signifies the
closure of the specific. Following the same procedure, the parse tree is generated
branch by branch. In Figure 4.5 an analytic flowchart of the methodology to generate

the parse tree given a PT is shown.

Apply the mask for s there a 1 in thé Apply the mask for
Top Right Cell. MASKED bit-vector the right most 1 that Logic OR between
s Yes» . »| the result and the
Store the result in that hasn't been hasn't been MASKED
MASKED processed? processed yet
No y
: :
ASK Seek for the next cell Fetch the mask for
> Stom‘:‘ ‘:D o »{ based on the current »| the right most bit of
P cell source MASKED
Is there a 1 in the
vl TERT SR MASKED bit-vector o| Store MASKED as
that hasn't been tree part
MASKED
processed?
| v
No Yes Yes
y L3
Apply the mask and Logic OR between Apply the mask for
the right most 1 that
store the resultin —{ the result and the &
MASKED MASKED DeIVE huen
processed yet
s there a 1 in the Apply the mask for
MASKED bit-vector Yes,| the right most 1 that Soae OF hythees i
that hasn't boen Biod hasn’t beon ';:'s:‘:;, * ¢ ;:ucct 4
processed? processed yot one: !
|
-No

Figure 4.5: Flow chart of the methodology proposed to construct the parse tree.

92



It has to be clarified that completed rules belonging to the parse tree are distinguished
from others dotted rules that coexist in a PT cell and therefore in the same bit-vector.
This can be accomplished by the use of bit-vector masks for every single rule. The
masks are constructed having in mind that a parent node in the parse tree has children
nodes that have as left hand side symbol (lhss), of the corresponding rule, non-
terminals that exist in the right hand side symbol (rhss) of the parent node.

An example will be given, in order to explain this procedure. Let’s consider the rule B
— CD that exist at the parent node. Then the rules at the children node may only have
C or D as lhss. Hence, a mask for the examined dotted rule should be created that
accepts just the rules having these non-terminals as lhss. As the masks have a bit vector
format can easily be created using just AND gates. The creation of the masks takes
place mechanically at the same time when the whole proposed system is. It should be
clarified that by using masks parser complexity is not influenced, as only some
additional AND gates are added to the final system and consequently the combinatorial

nature and extreme performance of the parser is retained.

Using the flowchart of Figure 4.5 an FSM (Finite State Machine) has been created that
actually is the Parse Tree Constructor. All parameters and constants of the FSM such as
number of cells and bit-vector lengths are initially set by specific software that also

designs the masks of the examined grammar.

The sub-modules Parser and Parse Tree Constructor generate the parse tree and initially
its nodes are not decorated by attributes. Attribute Evaluation is the task/sub-module

responsible for the decoration of the tree with attribute.

Regarding the attribute evaluation task a stack based approach has been adopted
presented in [26]. A stack is created for each attribute synthesized or inherited exist in
the grammar. The procedure of decorating the tree with attributes starts from the root.
Primarily, all initial values of attributes are pushed into the corresponding inherited
attribute stacks. The procedure followed for every node, including the root node, is to
evaluate the attributes of the children nodes and then to evaluate the current node. The
evaluation of the children nodes begins from the leftmost towards the rightmost. All the

AG semantic rules are converted to push and pop actions, following a methodology
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explained below. In every node, the push and pop actions dictated by the semantic rules
are executed, beginning from the evaluation of inherited attributes and afterwards
continuing with the synthesized. Because of the top-down and leftmost to rightmost
nature of the algorithm, while pushing the inherited attributes into the stacks the tree is
traversed towards its leftmost leaf. When reached, its synthesized attribute is evaluated
and the parent (or the right sibling) node can start evaluating its synthesized attributes
too. For functions between attributes stored into the same or different stacks, dedicated
components are used that output the result which is then pushed into the appropriate
stack. As expected, the end of the entire procedure is denoted by the evaluation of all
the root node attributes. The path followed for the decoration of a simple parse tree is

shown in Figure 4.6.

Figure 4.6: Parse tree traversal.

As already mentioned, the AG semantic rules are converted to push and pop actions.
Regarding the synthesized attributes, every time the tree traversal reaches a leaf or a
node whose descendant nodes attributes have already been evaluated, the synthesized
attributes of the rhss are popped. These synthesized attributes are at the top of the
corresponding stacks. Then, the synthesized attribute of the parent node is calculated

according to the corresponding semantic rule and is pushed into the appropriate stack.
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In this way, it is ensured that at the top of the synthesized attributes stacks, attributes of

the children nodes (up to the current child) are placed in sequence.

Regarding the inherited attributes, a pop is done the first time the node is traversed and
the inherited attribute I is needed. If in a rule an inherited attribute is used by more than
one rhss, then the same number of pushes should be done into the corresponding stack.
This is something reasonable, since every time a value from the stack is needed it has to

be popped and therefore leaves the stack.

Finally, for the AG semantic rules that impose value transfer (for the same attribute),
no action is required for either inherited or synthesized attributes because the

equivalent actions would be a successive pop and push into the same stack.

The architecture for the semantic evaluation stage is shown in Figure 4.6. The parse
tree should be traversed top-bottom and from left to right. Each branch is represented
by a bit-vector of length p, where p is the number of syntactic rules. For example, the
first branch (rules 0, 2 and 3) of that parse tree is represented by the bit-vector
0000000000000001101. When the attributes of a branch of the tree should be
evaluated, the corresponding bit-vector is loaded to bit-vector TreeBranch. 1t is noted
that the sequence of the syntactic rules in a branch of the tree it is not indicated in the
representative bit-vector. For that reason when the platform reads the given input
grammar sorts the syntactic rules appropriately so that the more significant bit that is
set, should be evaluated first. Each module responsible for the attribute evaluation of a
rule is enabled via signal En (Enable), which is driven by the result of the logical gate
AND that takes as inputs the value of the corresponding bit of bit-vector TreeBranch
and the signal EnN (Enable Next) that is set by the previous module. When a module
finishes its execution (evaluation of attribute) sets signal EnN, in order to allow the next
module to be executed. A module is going to be executed when En=EnN=1. In case the
corresponding bit of bit-vector TreeBranch is 0, then En=0 and when the input EnN is
going to be set the module will not be executed but it will just set its EnN in order to
allow the next module to be executed. The input EnN of the most significant bit is
always set as it has the greatest priority. Each module communicates via the control and

data bus with the stacks it needs in order to evaluate the attributes. The whole process is
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synchronized by a Control Unit which at each clock step enables one of the semantic
submodules. Then the enabled submodule sends the corresponding control signals to
the appropriate stacks, in order to execute the correct push or pop operations.
Moreover, the Control Unit is responsible for advancing the semantic evaluation

procedure.

The architecture presented in Figure 4.3 has been described in Verilog as a template.
The platform using the parameters of the grammar modifies this template by defining
all needed constants such as the length of the bit-vector TreeBranch. If complex
functions are dictated by the semantics, special submodules are required. Therefore,
these submodules cannot yet be produced automatically but have to be application
specific functions provided by the user. In case semantic rules consist only of simple

arithmetic expressions, they can be automatically generated (Figure 4.7).

TreeBranch
DoBnn
1
En En | En En En
Semantic Semantic Semantic Semantic Semantic :
manti
Rules of Rules of Rules of Rules of Rules of Se tic
Rule4 [EN Rule3 [EN Rule2 [ENN Rulet [EN Rule0 submodules
S
Control Unit Control bus

< 7 7 >

Stack1 Stackm

Figure 4.7: Semantic Evaluator architecture.
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4.6 Results

The functionality of the proposed system has been tested using various waveforms and
data provided by the Independent Power Transmission Operator (IPTO) [12] in Greece.
Part of the data provided by IPTO is shown in Figure 4.8.

In this subsection, the time required for the parsing of 50 peaks by the proposed system
will be presented. Nevertheless, a subset of the examined waveform consisting of the
first 8 peaks will be used so as to to explain all distinct tasks of the proposed system.
The eight peaks are part of a voltage waveform VA measured by IPTO in November of
2008 and presented in Figure 4.9, where the first 0.08 sec are shown of a voltage

waveform having 84 kV amplitude.

The sampling frequency is 800 Hz; hence, there is one sample every 0.00125 sec. In
this toy scale example 64 samples are presented. For the waveform presented in Figure
4.9, the data gathered during the tokenize phase (first main task of the system: Pattern
Extraction & Linguistic Representation) and their attribute values are presented in

Table 4.3.
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Figure 4.8: Subset of data provided by IPTO.
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Figure 4.9: Examined waveform subset.
Table 4.3: Syntactic and semantic Rules of AGpsw.
Peak # p/n Attributes
1 X1 = O,yl] = 6.4;xm1 = 0.005,ym1 = 84.4;
P X7 = 001,y = -5.1;¢; = 475337
) 1 Xp = 0.01 s V2 = -5.1 s Xm2 = 0.015 s Ym2 = -84.5
X = 0.02 s V2 = 4.2; € = 4,342.27
3 X3 = 0.02,y13 =42 s Xm3 = 0.025 s Ym3 = 85.1
P X3 = 0.03, 95 = 4.6;¢; = 4,446.02
4 1 X4 = 0.03 s Y4 = -4.6 s Xmd = 0.035 s Vmd4 = -84.7
Xrga = 004,y = -4.6; ¢4 = 4,327.67
5 x5 = 0.04,y;5 = -4.6;x,5 = 0045, y,,5 = 84.3
P X5 = 0.05,y,5 = -5.1;e5 = 475337
6 n X6 = 0.05 ,» Yie = -4.6 s Xm6 = 0.055 s Ym6 = -83.9
X6 = 0.06,y,6 = 4.5;e = 4,294.13
7 x;; = 0.06,y7 = 4.5; x,7 = 0065, y,; = 83.7
P X7 = 007,y = -4.4; ¢, _ 4268.55
8 n X8 = 0.07 VI8 = —4.4;xmg = 0.075 s VYm8 = -83.4
x;g = 0.08,ys = 4.3;es = 4,241.35

Obviously, the produced input string is pnpnpnpn and the parse tree generated (second
main task of the system: Pattern Recognition & Parse Tree Construction) after the

recognition task is that of Figure 4.10.
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After creating the parse tree, our system evaluates the attributes of the symbols (third
main task of the system: Attribute evaluation) traversing the tree using the

methodology and the stack based technique presented in [26].

In case the input string symbol is greater than 10, our system splits the input string into
subparts of length 10. Consequently, for the examined waveform of 50 peaks the input
string has been divided into 5 substrings of length 10 and the overall noise (error) has
been accumulated using the extended semantic rules of Table 4.2 and presented in
Figure 4.11, where y axis depicts the existing percentage of noise (error) while input

symbols are gradually recognized (x axis).

Y
S,
P
P )

Figure 4.10: Parse tree for input string pnpnpnpn.

The time required by our system to recognize the input string of length 50 is about
250,000 nsec, while the partial time required per substrings of length 10 are presented
in Figure 4.12 and is close to 50,000 nsec. All examples were implemented and
executed on a Xilinx Virtex-5 ML506 FPGA board running at 100 Hz. Given that an
input string of length 50 may be recognized in 250,000 nsec, then any input string of
length 200,000 (50/250,000 nsec) may be recognized during a second. The
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performance of the propose system fulfils the limitation set at the beginning of previous

section, i.e., input string of length 6,000 per second.

Noise (error) evaluation

2,50%

2,00%

1,50%

1,00% /
0,50% /

0-2 0-19 0-29 Q-39 0-49

0,00%

Figure 4.11: Noise (error) evaluation by gradually recognizing substrings.
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Figure 4.12: Performance evaluation of recognizing 50 peaks.
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4.7 Conclusions

This chapter presents an application of the SPR theory to the recognition of power
system signals and to the measurement of its parameters. A hardware implementation
has been developed on a Xilinx Virtex-5 ML506 FPGA board running at 100 Hz in
order the functionality of the proposed system to be tested using waveforms and data
provided by the Independent Power Transmission Operator (IPTO) in Greece. The
proposed methodology will be applied to the implementation of an efficient protective
relay that would efficiently prevent safety problems and economic losses caused by

faults presented in power systems.
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Chapter 5

Lightning Protection of Modern Distribution Networks

5.1 Introduction

Any distribution network (lines and electrical equipment) is exposed to many stresses
on a daily basis, caused by atmospheric discharges and switching overvoltages,
triggering interruptions to the electric networks’ normal operation, equipment damage
and failure, several safety issues, unsatisfied consumers and an increasing maintenance
and operation cost for Distribution Systems Operators. Even though plenty of research
has already been conducted during the past years in this research area and many
efficient practices and methodologies have been presented in the technical literature for
lightning protection of distribution networks aiming to the minimization of lightning
faults, the evolution and modification of modern networks, with constant and
cumulative integration of distributed generation (DG) units, has offered ground for

further research, study and analysis.

This chapter demonstrates numerous sensitivity analyses that have been conducted on
modern distribution networks (with DG) in an effort to contribute to a more efficient
lightning protection. At first, a typical distribution network has been modeled, then a
series of simulations have been conducted and subsequently the developed
overvoltages triggered from lightning hits of different lightning current peak
magnitudes and on different positions on the distribution line have been calculated. The
impact of several grounding resistances in the developed overvoltages, as well as the
protection of the lines through different surge arresters’ models has been examined. As
a final point, the presence or not of DG units, of different sizes, in the distribution
network has been studied, leading to the extraction of very important conclusions,
which will significantly support and assist electric utilities design engineers in the

development of new protection schemes for modern distribution networks.
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5.2 Literature Review

Lightning strikes and switching surges are the main sources of power supply
interruptions, equipment damages and malfunctions. Shield wires, surge arresters and
increased insulation levels (critical flashover voltage) are the most commonly used
protective measures, in order to secure the system’s reliability and reduce overvoltage

faults of distribution networks [1].

Shield wires are commonly placed over the phase conductors, are grounded at every
distribution lines’ pole and their goal is to intercept lightning strikes that could
otherwise terminate on the phases [1]. The objective of surge arresters, a device that
presents high resistance for normal operating voltage and low resistance in case of
overvoltages, is to lead the lightning or switching current to the ground. Surge arresters
are installed on every pole and phase of a distribution line, according to the observed
lightning level of the area and the calculated or observed lightning outage rate of the
line. The increased insulation level (critical flashover voltage) forms the optimum
lightning protection scheme for distribution lines from lightning induced voltages. The
insulation level which is subject to the line’s grounding resistance, plays also a major
role in the distribution lines lightning protection. A more effective lightning protection
scheme for distribution networks and the limitation or even elimination of faults caused
by lightning, constitute the main objectives of all electric utilities on a global basis;
therefore many motivating and break-through studies have been conducted and

published in the technical literature.

Han, Seo and Kim analyzed the lightning overvoltages subject to the location of
overhead shield wires [2]. They have modeled the Korean distribution system and they
have performed numerous simulations considering only direct lightning. Their
observations have proved the effectiveness of shield wires in lines lightning protection

and have contributed in the validation of the Korean standards.

The evaluation of the effectiveness of shield wires in reducing the magnitudes of the
surges induced by nearby strikes on distribution lines has been presented in [3]. The
specific study is based on both computer simulations and test results obtained from

scale model experiments, and took into consideration a combination of several
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parameters such as the relative position of the shield wire with respect to the phase
conductors, the grounding interval, the ground resistance, the strike current steepness,
and the relative position of the strike channel with respect to the grounding points.
Interesting results have been presented that could assist in the development of electric

utilities’ lightning protection schemes.

An external ground design applied on a distribution system for lightning performance
improvement has been proposed in [4]. Simulations were conducted for the evaluation
of lightning in terms of pole top voltage, critical current and backflashover rate. The
study results revealed that the proposed external grounding system design can reduce
significantly the effects of lightning and in turn improve the reliability, an extremely

useful inference, especially for areas with high lightning outage rates.

Bhattarai et al. investigated the protection of wood pole distribution lines using surge
arresters [5]. Different arrester configuration and spacing were tested, proving that lines
can effectively be protected against lightning when adequate selection of surge arresters
is done. They have presented very interesting results for both earthed and unearthed

crossarm cases.

In [6] the lightning performance of overhead distribution lines was studied in terms of
shield wires and surge arresters. Special attention was paid on induced voltages caused
by lightning strikes on neighboring trees or adjacent objects and on the impact of
grounding resistance and shield wire size in distribution lines’ lightning performance,

leading to beneficial results.

Similarly, the influence of grounding resistance and pole topology in the distribution
networks’ lightning performance was examined in [7]. Two different distribution
networks types were studied, i.e., with and without shield wire, and both, direct
lightning and backflashover were considered. It was observed that in the special case
the networks were equipped with shield wire, the soil resistivity variation had a great
impact on the backflashover, while the performance of unshielded networks was not

influenced by the soil resistivity.
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A methodology aiming to assist in the assessment of the optimum surge arrester for the
lines lightning protection, has been presented in [8]. The methodology takes into
consideration the arrester’s risk of failure that is subject to several factors such as: the
striking point, the lightning current waveform, the arrester itself and the system
configuration. Therefore, for selecting the optimal arrester, all stresses must be

estimated in the best possible way.

A statistical approach employing numerical integration and assessing the effect of
several line parameters, soil resistivity, shielding of neighboring objects and lightning
crest current distribution on the lightning performance of distribution lines was
proposed in [9]. Direct lightning and induced voltages were simulated in this study. The
proposed approach was implemented with the help of an application software and the

given outcomes were in close consistency with filed data.

Another statistical method (Monte Carlo) for lightning performance studies of
unshielded distribution lines was presented in [10]. In this study the effects of shielding
from nearby objects, grounding resistance, critical flashover voltage and ground flash
density were considered. Useful conclusions have been extracted while several

mitigation steps for lightning performance enhancement were suggested.

In [11] an attempt to develop a practical procedure for determining the insulation level
of overhead distribution lines was made. Laboratory test data were used and useful
conclusions were obtained for both dry and wet conditions with positive and negative
polarities of the impulses in an effort to contribute in the goal of a more effective

lightning protection scheme for distribution lines.

Araujo et al. [12] studied the performance of a distribution lines’ protection system
(that was constituted by surge arresters), against lightning overvoltages, in the presence
of distributed generation. Their study has provided interesting results and conclusions
confirming the fact that distributed generation influences the effectiveness of lightning
protection systems, thus its presence must be considerably taken into account and

thoroughly studied in order to eliminate lightning faults.
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5.3 Modern Distribution Network Configuration

5.3.1 Distribution Lines

The appropriate circuit representation of the lines is a critical issue, in order to
guarantee the quality and the reliability of the lightning performance studies. In
general, distribution lines cannot be modelled as lumped elements, since some of the
line parameters depend on frequency. For electromagnetic transient studies the
equations used for the estimation of the parameters of the line for steady state analysis
are not appropriate, so the line parameters must be computed using auxiliary
subroutines available in different electromagnetic transients programs. The majority of
the simulation tools use basic types of line models, i.e., constant parameter models and
frequency-dependent parameter models. The first category includes positive and zero
sequence lumped parameter representation, Pl-section representation and distributed
parameter (Bergeron model) line representation. In the frequency-dependent model
category, the most used models are frequency dependent line models for transposed and
untransposed lines using constant modal, frequency dependent modal or no modal

transformation matrix.

A typical line PI model is presented in Figure 5.1.

L R

Figure 5.1: The PI model.

PI model is a simplified model for transient analysis studies, appropriate mainly for
distribution lines or transmission lines of short length. In fact, PI model constitutes a
discrete approximation of the constant distributed parameter model. PI model uses
lumped parameters, which can result to false oscillation. The above disadvantage can

be limited by connecting in parallel R-L elements.
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Distributed and frequency dependent parameter models are best for transient studies.
They use traveling wave solutions, which are valid over a much wider frequency range

than Pl-circuit models.

JMarti frequency-dependent model is more appropriate for the study of lightning
performance of distribution lines, since it improves the reliability and the accuracy of
the obtained results by approximating the characteristic admittance and the propagation
constant by rational functions, in order to convert from mode domain to phase domain

[13].

In the current work, the distribution line is represented by distributed parameters based
on the Bergeron’s traveling wave method [14]. The lossless distribution line is
characterized by two values: the surge impedance and the wave propagation speed

given by equations (5.1) and (5.2).

7 - L
A
6.1
1
V= Lc
5.2)
where:

L is the per-unit length inductance, and

C is the per-unit length capacitance.

The circuit representation of distribution lines is performed by using the Distributed
Parameter Line Model of Simulink, based on the Bergeron’s theory. The Distributed
Parameter Line block uses an N-phase distributed parameter line model with lumped
losses, based on the Bergeron’s traveling wave method. The lossless distributed line is
characterized by the surge impedance Z¢ and the phase velocity v, according to the

equations:

Z.=l-¢ (5.3)
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V= (5.4)

L

Vic

where:

[ is the per unit length inductance of the line, and

c is the per unit length capacitance of the line.

The model considers that the voltage at the start of the line should arrive at the end of

the line without changes, after a time given by the equation:

T= (5.5

v

d

where:

7 is the transport delay of the voltage wave,

v is the propagation velocity of the wave, and

d is the length of the line

By lumping R/4 at both ends of the line and R/2 in the middle and using the current

injection method the circuit of Figure 5.2 is extracted.

is il‘
-
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Figure 5.2: Two-port equivalent circuit model of a line.

The equivalent circuit of Figure 5.2 is governed by the equations:

(8 = (50 - (S e (t—1) —h- i, (t = D) + (5 - (et =) —h-ig(t 1)) (5.6)
1+h 1+h 1+h

Irh(t):(T)'(T'es(t_‘[)_h'is(t_T))+(i_h)'( 'er(t_T)_h'ir(t_T)) (57)

Z
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Z=Zc+- (5.8)

__Zc-r/4
Zc+r/4

(5.9)

where:

r is the per unit length resistance of the line.

The grounding resistance of the line is modeled as a lumped resistor, the wooden poles
are modeled by a parallel combination of a resistor and a capacitor, while the insulators

were modeled as voltage-dependent flashover switches [7].

5.3.2 Shield Wires

Overhead shield wires constitute the most common method, in order to improve the
lightning performance and reduce the number of faults in distribution lines. Their role
is to intercept lightning strikes, that otherwise would terminate on the phase
conductors. Shield wires offer effective protection, when low values of ground
resistance are achieved. When lightning strikes the pole structure or overhead shield
wire, the lightning discharge current, flowing through the pole and pole ground
resistance, produces potential differences across the line insulation. If the line
insulation strength is exceeded, flashover occurs, i.e., a backflashover. Since the pole
voltage 1s highly dependent on the pole resistance, consequently grounding resistance is

an extremely important factor in determining lightning performance [1].

5.3.3 Metal Oxide Surge Arresters

The lightning performance of an electrical installation can be improved by installing
surge arresters. The main scope of an arrester is to protect equipment from the effects
of overvoltages. Metal oxide surge arresters present a highly non linear voltage-current
characteristic, i.e., the arresters present high resistance for normal operating voltage and
low resistance in case of overvoltage, in order to pass the lightning or switching current
to the ground. The most significant technical characteristics of surge arresters

according to the IEC 60099-4 are [15-17]:
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* Continuous operating voltage (U.). Designated rms value of power frequency
voltage that may be applied continuously between the terminals of the arrester.

* Rated voltage. Maximum permissible rms value of power frequency voltage
between arrester terminals at which is designed to operate correctly under
temporary overvoltages.

* Discharge current. Impulse current which flows through the arrester.

¢ Residual voltage (U,). Peak value of the voltage that appears between arrester
terminals when a discharge current is injected.

* Rated discharge current. Peak value of lightning current impulse, which is used
to classify an arrester.

* Lightning impulse protective level. Voltage that drops across the arrester when
the rated discharge current flows through the arrester.

* Energy absorption capability. Maximum level of energy injected into the

arrester at which it can still cool back to its normal operating temperature.

Figure 5.3 shows the cutaway of a typical metal oxide surge arrester, which consists of
the electrodes, the varistor column, an internal fiber glass and the external insulation.
Metal oxide surge arresters have dynamic behaviour, which is strongly depended on the

frequency of the injected impulse current. Analytically:

* The residual voltage of the arrester increases as the current front time decreases
[18, 19].

* The residual voltage reaches its maximum before the current maximum.

Figure 5.3: Metal oxide surge arrester cut (1: electrodes, 2: fiber glass, 3: varistor

column, 4: external insulator) [20].
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The most used frequency dependent metal oxide surge arresters models are the IEEE
model [21], the Pinceti-Gianettoni model [22] and the Fernadez-Diaz model [23]. The

last two models are simpler forms of the IEEE model.

The IEEE Working Group 3.4.11 [21] proposed the model of Figure 5.4, including the
non-linear resistances Ay and A;, separated by a R-L filter. For slow front surges the
filter impedance is low and the non-linear resistances are in parallel. For fast front
surges filter impedance becomes high, and the current flows through the non-linear
resistance A,. Ly is associated with magnetic fields in the vicinity of the arrester. Ry
stabilizes the numerical integration and C represents the terminal-to-terminal

capacitance.

The equations for the above parameters are given as follows [21, 16, 17]:

L;=(15d)/n pH (5.10)
Ri=(65d)/n Q (5.11)
Ly=(0.2d)/n pH (5.12)
Ro=(100d)/n Q (5.13)
C=(100n)/d pF (5.14)
where:

d is the length of arrester column in meters, and

n is the number of parallel columns of metal-oxide disks.

Lo L1

LT L

Figure 5.4: The IEEE model [21, 16, 17].
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The Pinceti-Gianettoni model has no capacitance and the resistances Ry and R; are
replaced by one resistance (approximately 1 MQ) at the input terminals, as shown in
Figure 5.5 [22, 16, 17]. The non-linear resistors are based on the curves of [21]. The

inductances Ly and L; are calculated using the equations [22, 16, 17]:

I - l Vi =Visio v uH (5.15)
4 Vr(g/zo)

Ll _ i Vr(l/Tz) _Vr(8/20) 'Vn MH (516)
12 Vr(8/20)

where:

V. 1s the arrester’s rated voltage,
Visr20) 1s the residual voltage for a 8/20 10 kA lightning current, and
Visr) 1s the residual voltage for a 1/7, 10 kA lightning current.

Lo L
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< Fr. L

Figure 5.5: The Pinceti-Gianettoni model [22, 16, 17].

The advantage of this model in comparison to the IEEE model is that there is no need
for arresters’ physical characteristics, but there is only need for electrical data, given by

the manufacturer.

The Fernandez — Diaz Model is also based on the IEEE model, Ay and A; are separated
by L;, while L is neglected (Figure 5.6). C is added in arrester terminals and represents
terminal-to-terminal capacitance of the arrester. This model does not require iterative
calculations since the required data are obtained from the manufacturer’s datasheet.

The procedure for the computation of the parameters is given in [23, 16, 17]. The V-I
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characteristics for Ag and A; are calculated using manufacturers’ data, considering the

ratio Iy to I; equal to 0.02. The inductance L; is given as:

!

L=nlL (5.17)

where:

n is a scale factor, and

L, is given in [23], computing the percentage increase of the residual voltage as:

1% -V
AV (%)=—1D) 18720 400 (5.18)

res
r(8/20)

where:
Visr20) 1s the residual voltage for a 8/20 lightning current, and

V./m) 18 the residual voltage for a 1/7; lightning current with the nominal amplitude.

Lo
2’0 g g S——

—C R0§ Ao n1

Figure 5.6: The Fernandez-Diaz model [23, 16, 17].

5.3.4 Distributed Generation Units

The implementation of distributed generation (DG) in the modern distribution networks
is uninterrupted and is expected to increase in the coming years due to the many
advantages that they present as it has extensively been analyzed in Chapter 2.
Distributed generation that is mainly based on renewable energy sources, such as
photovoltaics and wind generators, are mainly located near to consumer centres and
provide a bidirectional flow. In this Thesis, and for the simulations that have been
conducted, DG units where modeled as synchronous generators that inject into the

network only real power (PV type).
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5.4 Lightning Protection Studies for Modern Distribution Networks

5.4.1 System Configuration
The distribution network is consisting of unshielded wooden poles of 9.2 m height with
average span length of 70 m. The wooden poles and the conductors’ geometries are

shown in Figure 5.7. Data from a real distribution line of nominal voltage of 20 kV

(phase-phase, rms) has been used in these studies.

A B C
O O O
[ [ [

A (-1.15,9.2), B (0.35,9.2), C (1.15,9.2)

Figure 5.7: Unshielded wooden pole of a typical 20 kV distribution line.

The distribution line uses porcelain insulators of basic insulation level (BIL) of 125 kV.
The characteristics of the three horizontally placed phase conductors are: Al, 3 x 95
mm?, Rjjpe = 0.215 Ohm/km and Xji,e = 0.334 Ohm/km. The distribution line that has a

total length of 8 km is represented by distributed parameters based on the Bergeron’s

traveling wave method.

In Table 5.1 the characteristics of the 20 kV surge arrester are cited and will be used in

the examined distribution line.
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Table 5.1: Surge arrester characteristics.

Maximum Continuous Operating Voltage 19.5kV
Rated Voltage 24 kV
Nominal Discharge Current 10 kA
Maximum Residual Voltage (8/20 ps, 10 kA) 67 kV
Energy Capability 60 kJ

The grounding resistance of the line is modeled as a lumped resistor, the wooden poles
are modeled by a parallel combination of a resistor and a capacitor, while the insulators

were modeled as voltage-dependent flashover switches [7].

The under study distribution line is connected with three distributed generation (DG)
units of PV type (inject real power to the line) and are considered as synchronous

generators connected to the distribution network by transformers.

The injected to the distribution line lightning current is modeled as a double
exponential waveform, with peak magnitude of 10 kA, rise time 1.2 ps and time-to-half

value of 50 ps.

The simulation model of the under study distribution network is shown in Figure 5.8.
The examined distribution line, which has been considered as unshielded, has been
divided in four different segments with length of 2 km each, in order different positions
to be defined (A, B, C, D, E) along the line’s length. At these positions surge arresters
were installed and the developed overvoltages for each position were calculated. Each
one of the three DG units connected at points A, C and E were generated real power of
500 kW.

sogmant 1 5 gmant 2

o gprert 3 o cegirent 4

D D D

Figure 5.8: Simulation model of unshielded distribution network with DGs.
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Four different sensitivity analyses, i.e., Sensitivity analysis for lightning strike hit

position, Sensitivity analysis for lightning current peak magnitude, Sensitivity analysis

for surge arresters models, and Sensitivity analysis for distributed generation sizes,

were conducted to the distribution network for different scenarios in relation to the

distribution line’s grounding resistance that was varying from 1 to 60 Ohms.

MATLAB Simulink has been used in order the pre-described sensitivity studies to be

performed.

5.4.2 Sensitivity Analysis for Lightning Strike Hit Position

A sensitivity analysis is conducted to the distribution network for each one of the six

scenarios presented in Table 5.2.

Table 5.2: Simulation scenarios.

No Surge arrester position DG unit position

A B C D E A B C
1 0 0 0 0 0 0 0 0
2 1 0 1 0 1 0 0 0
3 1 1 1 1 1 0 0 0
4 0 0 0 0 0 1 1 1
5 1 0 1 0 1 1 1 1
6 1 1 1 1 1 1 1 1

(1 denotes the installation of equipment, O denotes the absence of equipment).

Lightning discharges with lightning current magnitude of 10 kA were applied at

position A as shown in Figure 5.9. The obtained overvoltages at each one of the five

different positions (A, B, C, D, E) are shown in Figures 5.10 — 5.14.

segment 1 B segment 2 C segment 3

D segment 4

Figure 5.9: Simulation model of distribution line with DG that is hit in position A.
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Figure 5.10: Developed overvoltage at position A, for lightning hit at position A, in

relation to grounding resistance.
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Figure 5.11: Developed overvoltage at position B, for lightning hit at position A, in

relation to grounding resistance.
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Figure 5.12: Developed overvoltage at position C, for lightning hit at position A in

relation to grounding resistance.
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Figure 5.13: Developed overvoltage at position D, for lightning hit at position A, in

relation to grounding resistance.
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Figure 5.14: Developed overvoltage at position E, for lightning hit at position A, in

relation to grounding resistance.

Lightning discharges with lightning current magnitude of 10 kA were applied at
position C as shown in Figure 5.15. The obtained overvoltages at each one of the five

different positions (A, B, C, D, E) are shown in Figures 5.16 — 5.20.

segent 1 o gt 3 I oo et 3 o segrrent 4

L D jele)

Figure 5.15: Simulation model of distribution line with DG that is hit in position C.
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Figure 5.16: Developed overvoltage at position A, for lightning hit at position C, in

relation to grounding resistance.
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Figure 5.17: Developed overvoltage at position B, for lightning hit at position C, in

relation to grounding resistance.
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Figure 5.18 Developed overvoltage at position C, for lightning hit at position C in

relation to grounding resistance.
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Figure 5.19: Developed overvoltage at position D, for lightning hit at position C, in

relation to grounding resistance.
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Figure 5.20: Developed overvoltage at position E, for lightning hit at position C, in

relation to grounding resistance.

Based on the obtained results it can be observed that in cases where no arresters were
installed on the distribution line, the variation of the grounding resistance had no effect
in the developed overvoltages. This was something that was expected since the poles
were made of wood, there were no active (under voltage) parts of the line connected to
earth and the line was unshielded. However the overvoltages were attenuated as the

distance from the lightning hit point was increased.

The installation of surge arresters in all available positions, in contrast to the
installation of surge arresters to three (A, C, E) out of five positions, has shown that the
developed overvoltages were reduced, although not significantly. Nevertheless the use
of surge arresters in the examined distribution line is necessary for grounding resistance
values greater than 40 Ohms since in these cases the overvoltages have exceed the

value of the basic insulation level of the line.

Finally based on the obtained results has been proven that the presence of distributed
generation power plants affects significantly the magnitude of the developed

overvoltages. In all examined cases the presence of DGs resulted in increased
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overvoltages, something that must be taken seriously into account from electric utilities

design engineers for the lightning protection of the modern distribution lines.

5.4.3 Sensitivity Analysis for Lightning Current Peak Magnitude

A sensitivity analysis has been conducted to the distribution network for four different
lightning current peak magnitudes, i.e., 10 kA, 20 kA, 30 kA and 40 kA. The lightning

discharges were applied at position A as shown in Figure 5.9.

Two case studies were considered. In the first one, arresters were installed at positions
A, B, C, D, E and none DG unit was connected to the network. In the second one,
arresters were installed at positions A, B, C, D, E and all three DG units were
connected to the network. The obtained overvoltages at each one of the five different
positions (A, B, C, D, E) for the first case study (no DG) are shown in Figures 5.21 —
5.25, while the obtained overvoltages at each one of the five different positions (A, B,

C, D, E) for the second case study (with DG) are shown in Figures 5.26 — 5.30.
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Figure 5.21: Developed overvoltages at position A for different peak lightning current

magnitudes in relation to grounding resistance (no DG).
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Figure 5.22 Developed overvoltages at position B for different peak lightning current

magnitudes in relation to grounding resistance (no DG).
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Figure 5.23: Developed overvoltages at position C for different peak lightning current

magnitudes in relation to grounding resistance (no DG).
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Figure 5.24: Developed overvoltages at position D for different peak lightning current

magnitudes in relation to grounding resistance (no DG).
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Figure 5.25: Developed overvoltages at position E for different peak lightning current

magnitudes in relation to grounding resistance (no DG).
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Figure 5.26: Developed overvoltages at position A for different peak lightning current

magnitudes in relation to grounding resistance (with DG).
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Figure 5.27: Developed overvoltages at position B for different peak lightning current

magnitudes in relation to grounding resistance (with DG).
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Figure 5.28: Developed overvoltages at position C for different peak lightning current

magnitudes in relation to grounding resistance (with DG).
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Figure 5.29: Developed overvoltages at position D for different peak lightning current

magnitudes in relation to grounding resistance (with DG).
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Figure 5.30: Developed overvoltages at position E for different peak lightning current

magnitudes in relation to grounding resistance (with DG).

Based on the obtained results it can be observed that the variation of the grounding
resistance had a proportional effect in the developed overvoltages. As it was expected,
the overvoltages were attenuated as the distance from the lightning hit point was
increased. The installation of the DG units to the network has shown that the developed
overvoltages were significantly increased. In cases were the lightning hit point is close
to the position that overvoltages are obtained (e.g., position A and B) it has been shown
that the presence of DGs could result in a lightning fault for grounding resistance
values of even a few Ohms, i.e., 10-20 Ohms. The overvoltages are much lower as the
distance from the lightning hit point is increased but still they can result in lightning

faults, since the obtained values are greater than the basic insulation level.

5.4.4 Sensitivity Analysis for Surge Arresters Models

A sensitivity analysis has been conducted to the distribution network for the three
different surge arresters models, i.e., the IEEE, the Pincety, and the Fernandez model.
The lightning discharges with lightning current magnitude of 10 kA were applied at

position C as shown in Figure 5.15.
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Two case studies were considered. In the first case study, arresters were installed at
positions A, C, E and none DG unit was connected to the network. In the second case
study, arresters were installed at positions A, C, E and all three DG units were
connected to the network. The obtained overvoltages at each one of the three different
positions (A, B, C) for the first case study (no DG) are shown in Figures 5.31 — 5.33,
while the obtained overvoltages at each one of the three different positions (A, B, C,)
for the second case study (with DG) are shown in Figures 5.34 — 5.36. It must be
mentioned that although the overvoltages at positions D and E have been calculated,
these are not presented in this Thesis, since they are symmetrical and identical with

these in positions A and B.

The obtained results have shown that all three surge arresters models have similar
performance and the calculated overvoltages values are very close to each other. As the
distance from the hit point increases the overvoltages are reduced. The presence of DGs
results in higher overvoltages. Finally it has been shown that the effectiveness of each
surge arrester model is different depending on the presence, or not, of DGs to the
network, therefore a careful selection of surge arrester model to be used in the lighting
studies of electric utilities design engineers must be done, in an effort to obtain accurate

results.
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Figure 5.31: Developed overvoltages at position A for different surge arresters models

in relation to grounding resistance (no DG).
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Figure 5.32: Developed overvoltages at position B for different surge arresters models

in relation to grounding resistance (no DG).
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Figure 5.33: Developed overvoltages at position C for different surge arresters models

in relation to grounding resistance (no DG).
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Figure 5.34: Developed overvoltages at position A for different surge arresters models

in relation to grounding resistance (with DG).
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Figure 5.35: Developed overvoltages at position B for different surge arresters models

in relation to grounding resistance (with DG).
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Figure 5.36: Developed overvoltages at position C for different surge arresters models

in relation to grounding resistance (with DG).

5.4.5 Sensitivity Analysis for Distributed Generation Sizes

A sensitivity analysis has been conducted to the distribution network for four different
combinations of distributed generation sizes, i.e., a) DGA=500 kW - DGp=500 kW -
DGc=500 kW, b) DGA=500 kW - DGg=1 MW - DGc=500 kW, ¢) DGx=1 MW -
DGg=500 kW - DGc=1 MW and d) DGs=1 MW - DGg=1 MW - DGc=1 MW. The
lightning discharges with lightning current magnitude of 10 kA were applied at position

A as shown in Figure 5.9.

Three case studies were considered. In the first case study, arresters were installed at
positions A, B, C, D, E. In the second case study, arresters were installed at positions
A, C, E and in the third case study no arresters have been installed. The obtained
overvoltages for position A and for all four different distributed generation size
combinations are shown in Figures 5.37 — 5.40, the obtained overvoltages for position
C and for all four different distributed generation size combinations are shown in
Figures 5.41 — 5.44, while the obtained overvoltages for position E and for all four

different distributed generation size combinations are shown in Figures 5.45 — 5.48.
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Figure 5.37: Developed overvoltage at position A, for lightning hit at position A, in
relation to grounding resistance for DG sizes 500 kW - 500 kW - 500 kW.
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Figure 5.38: Developed overvoltage at position A, for lightning hit at position A, in
relation to grounding resistance for DG sizes 500 kW - 1 MW - 500 kW.
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Figure 5.39: Developed overvoltage at position A, for lightning hit at position A, in
relation to grounding resistance for DG sizes 1 MW - 500 kW - 1 MW.
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Figure 5.40: Developed overvoltage at position A, for lightning hit at position A, in
relation to grounding resistance for DG sizes | MW - 1 MW - 1 MW.

136



140

120
—
100

80

60

Uc (kv)

40
20

0 10 20 30 40 50 60
Rg (Ohm)

no arresters - with DG arresters A,C,E - with DG

arresters A,B,C,D,E - with DG = BIL

Figure 5.41: Developed overvoltage at position C, for lightning hit at position A, in

relation to grounding resistance for DG sizes 500 kW - 500 kW - 500 kW.
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Figure 5.42: Developed overvoltage at position C, for lightning hit at position A, in
relation to grounding resistance for DG sizes 500 kW - 1 MW - 500 kW.
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Figure 5.43: Developed overvoltage at position C, for lightning hit at position A, in
relation to grounding resistance for DG sizes 1 MW - 500 kW - 1 MW.
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Figure 5.44: Developed overvoltage at position C, for lightning hit at position A, in
relation to grounding resistance for DG sizes | MW - 1 MW - 1 MW.
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Figure 5.45: Developed overvoltage at position E, for lightning hit at position A, in
relation to grounding resistance for DG sizes 500 kW - 500 kW - 500 kW.
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Figure 5.46: Developed overvoltage at position E, for lightning hit at position A, in
relation to grounding resistance for DG sizes 500 kW - 1 MW - 500 kW.
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Figure 5.47: Developed overvoltage at position E, for lightning hit at position A, in
relation to grounding resistance for DG sizes 1 MW - 500 kW - 1 MW.
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Figure 5.48: Developed overvoltage at position E, for lightning hit at position A, in
relation to grounding resistance for DG sizes | MW - 1 MW - 1 MW.
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The obtained results have shown that the different sizes of the DG units connected with
the distribution network produce different overvoltages at different positions of the
network that are proportional related to the size of the DG units. The higher the size of
the DG, results in higher overvoltages that are abridged as the distance from the
lightning hit increases. Moreover, it has been proven that low ground resistance
quantities can result in the limitation of produced overvoltages, therefore special
attention must be paid while designing a grounding system, since it is the most
effective measure for modern distribution networks’ lightning protection. Furthermore,
it has been presented, that the presence of DGs in distribution networks demonstrates a
significant impact in existing lightning protection systems. Thus, novel lightning
protection schemes have to be applied, taking into consideration the constant and rising
installation of DGs, in the effort to minimize or even eliminate the produced
overvoltages caused by lightning strikes which in turn lead to unexpected faults and

undesired power supply interruptions.

5.5 Conclusions

In this chapter sensitivity analyses conducted on a distribution network with or without
distributed generation (DG) units of different sizes have been presented, in order to
study the impact of DGs to lightning protection schemes of modern distribution
networks. In all the above studies, real data from a typical distribution line were used.
Factors that influence significantly the efficiency of the protection systems towards the
developed overvoltages such as: the installation of surge arresters, the surge arresters’
installation position, the distribution line’s grounding resistance, the lightning current
peak magnitude, the position of lightning strike hit, different models of surge arresters
and different DG sizes were examined in the conducted analyses. The obtained results
can be very useful in electric utilities’ design and to researchers in an effort to
upgrade/modify the existing lightning protection processes and systems so as to adapt

and accommodate the presence of distributed generation.
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Chapter 6

Conclusions

6.1 Conclusions

The increasing demand for electric power and the necessity for more efficient and
environmental friendly electric power generation resulted in the development of
distributed generation (DG) units, using several technologies, and their installation into
the electric power systems. The integration of these small scale generation units, which
mainly use renewable energy resources, into the traditional and existing electric power
system affected primarily the distribution network, since the majority of DG units is
coupled close to the load centres. All the above resulted in reassessment and change in:
the philosophy, the traditional configuration and the operation of the networks (e.g.,
bidirectional power flow in contrast to the unidirectional power flow from higher to
lower voltage levels) leading in turn to potentially considerable challenges in terms of
control, security and protection of the entire electric power system and especially of
distribution networks. Additionally, all the above new facts combined with continual
modifications of distribution networks brought about a series of other significant
problems that must be addressed and further studied in order consumers to continue to
be well provisioned with uninterrupted power supply of high quality and at the

minimum cost.

The present PhD Thesis contributes in the research conducted worldwide aiming for
more efficient and secure electric power systems, focusing on the modern electricity
distribution networks with particular references to distributed generation and
protection. All through the Thesis, the impact of DG on voltage profiles and power
losses in distribution networks is analysed, the decision problem of the optimum size
and placement of new DGs in existing distribution networks is studied, while protection

related issues were studied, such as: the real-time syntactic pattern recognition of power
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system waveforms applied on protective relays and the lightning protection of

distribution networks with DGs.

Within the current PhD Thesis the later described structure has been followed. Firstly,
the arrangement of electric power systems, the electricity distribution networks and the
concept of DG have been presented. The issues and problems that have risen from the
installation of DG in existing distribution networks have been examined. Then studies
have been conducted on distribution networks in order to identify the impact of DG in
voltage profiles and real and reactive power losses, providing very useful inferences
and observations relevant to the placement, sizing and type of the interconnected DG.
A decision making algorithm has been proposed for the optimum size and placement of
DG in existing distribution networks. Following, a novel approach has been presented,
designed for tracing power systems signals in a more efficient way that are then applied
on protective relays. A hardware implementation for the real-time syntactic pattern
recognition of power system waveforms has been executed. Finally, several sensitivity
studies were conducted taking into account many crucial parameters that affect vitally
the lightning performance of distribution networks in an effort to assist in a more

efficient lightning protection of modern distribution networks (connected with DG).

6.2 Contribution

The contribution of the present PhD Thesis are hereupon summarized:

e A contribution to the improvement of distribution networks’ voltage profiles

linked with different types of distributed generation has been conducted.

Thorough studies have been conducted on typical distribution networks (both of
network and radial configurations) interconnected with DGs of different types and
sizes. Voltage profiles before and after the installation of a DG have been evaluated and
useful observations as well as deductions have been extracted that will contribute

considerably in the development and design of modern electric power systems.
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e A contribution to the reduction of both real and reactive power losses of
distribution networks with different types of distributed generation has been

conducted.

Studies have been conducted on typical distribution networks (both of network and
radial configurations) linked with DGs of different types and sizes. The total real and
reactive power losses of the network have been calculated and measured and any
reduction of losses associated with the installation of DG has been analyzed. Useful
observations and deductions have been extracted that will contribute in the

development and the design of modern electric power systems.

e A decision making algorithm for the optimum size and placement of DG in

distribution networks has been developed.

A relative simple decision making algorithm has been proposed that indicates the
optimum size and position for a new DG unit to be implemented within an existing
distribution network. The algorithm that is implemented in MATLAB and uses
NEPLAN power systems software for load flow analysis, is mainly influenced by the

improvement in voltage profiles and the reduction of real and reactive power losses.

e A linguistic representation of power system waveforms has been defined.

The application of the syntactic methods for the detection and analysis of power system
signals and for measuring its parameters is thoroughly examined. Peak has been chosen
as primitive pattern because power system signal are mainly sinusoidal. This pattern is
that part of a signal which is demarcated by three characteristic points. The first point is
called left peak boundary, the second peak extremum, and the third right peak
boundary. The left arm of the peak is consisted of all points among the left peak
boundary and the peak extremum. The right arm of the peak is consisted of all points
among the peak extremum and the right peak boundary. The alphabet of terminal
symbols has been selected for modelling the power system waveforms, where p
represents a positive peak and n a negative peak. Thus, a string of symbols such as

pnpnpn or npnpnp denotes a power system waveform.
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e An attribute grammar capable of modelling power system waveforms has been

presented

Each sample point of a power system signal is presented as a couple (x;, yi), where y; is
the amplitude in volts or amperes of the sample point i and x; is the corresponding time.
A set of attributes is assigned to each primitive pattern. The values of these attributes
are calculated during the primitive extraction phase and they are utilized during the
recognition process. They contribute both to the recognition of the patterns and to the
measurement of their parameters. That is, they are used in a quantitative way for

qualitative and quantitative purposes. A set of seven attributes is assigned to each peak.

e An attribute grammar evaluator based on a parallel parsing algorithm has

been designed.

The proposed attribute grammar evaluator is based upon the methodology presented in
a previous study that is capable to achieve the requested performance. Having chosen
this system, certain modifications had to be made into the direction of converting it to a
suitable parser for the specific application. The main modifications imposed on the
parser were focused on the two following tasks: a) extending it in order to recognize the
presented grammar AGpsw and b) modifying the architecture so as to cope with such

long input strings in real-time.

e A system for the real-time syntactic pattern recognition of power system
waveforms has been implemented on a FPGA reconfigurable board designed

to be applied on a protective relay.

In the case of power systems, large time-series of input data are created due to the high
sampling frequency. For example, when the scanning frequency is set to 800 Hz, a new
sample is created every 1.25 ms leading to 48,000 samples per second. Given that the
frequency of power system signals is 50 Hz (or 60 Hz in some countries), a unique
peak is represented every 8 samples and a full period every 16 samples (800/50).
Consequently, 6,000 sets of 8 samples that each describes a unique peak are created
every second. Since every peak is described by a terminal symbol n or p, a powerful
parser is needed able to recognize input strings of length 6,000 per second. The

proposed system, described in Verilog hardware description language (HDL),
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simulated for validation, synthesized and tested on an XILINX FPGA board, is capable

to achieve such a performance.

e The influence of distributed generation in the lightning performance of

distribution networks has been analyzed.

Several studies on the lightning performance of distribution networks with DG coupled
have been conducted. The influence of DG in the efficiency of the current protection
schemes (e.g., usage of surge arresters) has been acknowledged. Useful remarks and
deductions have been extracted, which will significantly assist the challenging task of
electric utilities design engineers to preserve the effective lightning protection of

distribution networks.

e Sensitivity analyses of significant parameters affecting the lightning
performance of distribution networks, such as grounding resistance, lightning
current peak magnitude, position of lightning strike hit, different models of

surge arresters and different DG sizes, have been conducted.

Several extensive sensitivity analyses on the factors that affect the lightning
performance of distribution networks with DG coupled have been conducted. From the
sensitivity analyses valuable interpretations and deductions have been extracted and
attention should be driven upon those conclusions for the design and implementation of

a novel distribution system’s lightning protection scheme.

6.3 Further Work

Further work of the current PhD Thesis could be the following:

a) The study of the impact of several network types containing transmission and
distribution lines, as well as the study of the impact of different types (e.g., DGs
that inject both real and reactive power) and sizes of DG in the improvement of
voltage profiles and limitation of real and reactive power losses. Furthermore,
the implementation of the developed decision making algorithm for the

optimum size and placement of DG units in several distribution networks in
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b)

c)

order to evaluate its performance and effectiveness. Finally, the decision
making algorithm could be further developed in order to be capable to allocate
simultaneously two or even more DG units of different type and size and even
be combined with an existing optimization algorithm and/or with a load flow

estimation methodology.

The Context Free Grammar formalism can be further extended by adding
inexactness to each of the production rules. Some of the most famous inexact
models are the probabilistic, the certainty, the possibility-necessity and the
fuzzy model. Future work could be the extension of the proposed grammar
AGpsw with the probabilistic model and thus forming a Stochastic Context Free
Grammar (SCFG). For each non-terminal symbol, a probability will be placed
on the set of productions for that symbol. Hence, a rule with probability p is
written as A — vy [p], meaning that p is the probability that the specific
production rule is chosen. The addition of probabilities would increase the
expressive power of the proposed grammar permitting the evaluation of more

useful parameters of the examined waveform.

The sensitivity analyses that have been conducted for the examination of the
lightning performance of distribution networks with DG coupled can be further
analyzed by taking additional types and parameters under consideration such as:
shielded networks, backflashovers, induced overvoltages, different lightning
waveforms and insulation levels, etc. The outcomes of these sensitivity analyses
could be coded with the help of a user friendly software tool in order to assist
the work of electric utilities design engineers for the design of efficient
lightning protection schemes for modern distribution networks. Distribution
networks are expected to expand immensely in the subsequent years due to the

increasing number of DG units installations.
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