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ABSTRACT

Investigation into the effect of wind power based embedded

generators on distribution networks

Wind turbine-generators are usually integrated into utilities’ electrical networks at distribution
voltage levels, and they are commonly known as "Embedded Generators (EGs)". Recently, it has
been reported that the integration of wind power based embedded generators (WPBEGS) into
distribution networks could cause mal-operation of automatic voltage control (AVC) relays. Further
investigation is therefore required to improve the performance of AVC relays in the presence of EGs.
On the other hand, the dynamic effects of WPBEGs on distribution networks (DNs) have been
investigated for many years, but no attempt has been made to evaluate the effects of WPBEGS on the
“Critical Clearing Time (CCT)” of faults on load feeders emanating from the substation where EGs
are connected to the network.

Based on these findings, the work conducted and reported in this thesis covers two main aspects. The
first aspect is related to the effect of EGs on the operation of AVC relays, including the compensation
of voltage drop along distribution feeders. This is preceded by an introduction to the operating
principles of conventional AVC relays. A new model of an AVC relay based on the application of
Artificial Neural Networks (ANN) is then presented. The model is designed and trained to calculate
the AVC voltage that is used to initiate the operation of the tap-changer of an appropriate transformer
as conditions necessitate. In the process of the development of an ANN-based relay, a power flow
program has been specially designed to generate training files using FORTRAN.

The second aspect reported in this thesis deals with the investigation of the effect of WPBEGSs on the
CCT of faults on load feeders. It has been concluded that CCT of faults, which is required to maintain
the stability of WPBEGs can be several times less than that of the operating time of conventional
protection schemes usually used on distribution feeders. The results obtained from the investigation

related to both aspects are presented and discussed.

In summary, this thesis reports on the outcome of the investigation related to the design of an ANN
based AVC relay capable of accommodating EGs and the effect of the dynamic behaviour of EGs on
the CCT of faults on load feeders.

This work has resulted in the presentation of five technical papers at national and international
conferences. One of these papers has been presented at the IASTED International Conference of
Power Energy Systems. A further paper has been submitted for publication in one of the IEEE

transactions, and is currently under consideration.
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Abbreviations

SYMBOL DESCRIPTION

AC Alternating current

ADALINE Adaptive linear networks

ANN Artificial neural network

ATP Alternative transient program
ATR Artificial transmission lines

AVC Automatic voltage control

AVR Automatic voltage regulator
BAM Bi-directional associative memory
BP Back-propagation

CB Circuit breaker

CCT Critical clearing time

CHP Combined heat and power

DC Direct current

DN Distribution network

DTI Department of trade and industry
EG Embedded generator

EMTP Electromagnetic transient program
FC Fixed capacitor

GTO Gate-Turn Off thyristor

[€] Induction generator

IGCC Integrated gasification combined cycle
KN Kohonen networks

MLP Multilayer perceptron networks
NFFO Non-fossil fuel obligations
OLTCT On-load tap-changing transformer
PES Public electricity supply

PURPA Public regulatory policies act

PV Photovoltaic

QF Qualified facility

RBF Radial basis function

REC Regional electricity company

SC Synchronous compensator

SG Synchronous generator

SOM Self organising maps

SvC Static VAR compensator

TACS Transient analysis of control systems
TCR Thyristor controlled reactor

TNA Transient network analyser

TSC Thyristor switched capacitor
TSR Thyristor switched reactor

UM Universal machine

WF Wind farm

WPBEG Wind power based embedded generator
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CHAPTER 1

INTRODUCTION

1.1 General

The rapid increase of oil prices in the early 70’s, has led to the development of high
efficiency combined heat and power schemes [1] whereby the normally wasted heat is used
to generate electric power. Such schemes are referred to as industrial co-generation [2], In
more recent times, as a result of economical and environmental factors, power system
utilities have been encouraged to utilise power generation from what is called "Renewable
energy sources™ such as solar, tidal, wave and wind power [3], The generation of electricity
using wind power in particular has received considerable attention world wide, because of
its negligible impact on the environment and low production cost [4], It has been reported
[5] that, during the 1980's more than 1400 MW ofwind power generation has been installed
in the USA, whereas the installed wind power in Europe reached 500 MW in 1991 [6], A
more recent report [7] has shown that the total installed capacity world-wide has increased
from 6118 MW in 1996 to 7638 MW in 1997, representing a growth of 25% in a span of
one year. Wind turbines that convert wind energy into mechanical energy can drive
generators with capacities reaching 1500 kW [8], In order to generate a significant amount
of electricity using wind power, a number of wind power based generators are usually
installed at one site constituting what is known as a wind farm. Generators which are used

under both schemes, i.e. the industrial co-generation and the generation from renewable
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Chapter 1
energy sources, can be either synchronous or asynchronous types. When these generators
are integrated into utilities' networks at distribution voltage levels [9] they are commonly

known as "Embedded Generators (EGs)" [10],

Distribution networks (DNs) are designed as passive networks, and therefore are not
tailored to collecting power from EGs. The integration of EGs with utilities' networks could
create safety as well as technical problems [11-15], Such problems include contribution to
the fault currents, stability and reliability problems, introduction of harmonics, voltage

fluctuation, and problems associated with automatic voltage control (AVC) of distribution

networks.

Distribution networks are usually equipped with appropriate protective devices to ensure
the quality of power supply to customers and to safeguard staff, public and equipment from
the hazardous consequences of faults or any abnormal operating conditions. The design of
protection schemes for DNs is usually based on two basic principles; they must ensure
selectivity of a minimum amount of disconnected equipment to isolate a fault from the
system and they must operate fast enough to minimise damage to system components [16],
The first principle is achieved by a proper co-ordination of the operating time of protective
devices. This, however, may lead to operating times of protective devices at the up-stream
of a distribution network being as high as 1.5s [9], When EG is connected to a DN, the
operating time of protective devices installed on load feeders may exceed the critical

clearing time (CCT) limit of fault, which is required to maintain the stability of EG.

The voltage magnitude of a distribution network is usually maintained within statutory limits
by using On Load Tap Changing Transformers (OLTCTs) [11], which are controlled by

AVC relays. Conventional AVC relays usually have compounding settings to compensate

2



Chapter 1
for the voltage drops along feeders of a distribution network. The use of compounding
settings, particularly with negative reactance, is also recommended for the stable operation
of parallel transformers [17-19], Unfortunately, it has been reported [3,11] that the
integration ofEGs into utilities' distribution networks could affect the performance of these
relays. It has been found that the voltage measured by a conventional AVC relay can vary
with respect to the correct values depending on the power factor ofEGs and system loads.
Consequently, a proper voltage control of distribution network cannot be achieved. A
solution to this problem is to use an AVC relay that has the capability of automatically
adjusting its compounding setting to compensate for the offset in the measured voltage. An
adaptive model of an AVC relay has been developed [17] for controlling these voltages.
The study described in [17] was focused on the effects of wind power based embedded
generators (WPBEGs) on the proper operation of parallel transformers. Nevertheless,
further investigation is required to consider the effect of the voltage drop across load

feeders on the voltage control of distribution networks that include EG.

1.2 Objectives

The research reported in this thesis has two main objectives. The first is related to the effect
ofEGs on the operation of AVC relays when compensation of voltage drop in distribution
feeders is considered. The main objective behind this investigation is to design a new AVC
relay, suitable for DNs with EGs that can accommodate the compensation of voltage drop
in load feeders. A new AVC model is proposed based on the application of Artificial
Neural Networks (ANN). A power flow program that can be used to generate training data

for the ANN based AVC relay is also developed.
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The second objective concentrates on an investigation into the effect of WPBEGSs on the
CCT due to faults on load feeders. In order to undertake this investigation, it is necessary to
model a typical DN that includes WPBEGs. This modelling is conducted using the
Electromagnetic Transient Program (EMTP). The dynamic behaviour of the WPBEGSs is
investigated following faults on load feeders. The CCT that is required to maintain stability
of EGs is compared with the operating time of conventional protection schemes usually

used on distribution feeders.

1.3 Outline of the Thesis

The structure of the thesis is organised, firstly, to introduce the reader to the main aspects
of the subject under investigation. This includes an introduction to the different types of
embedded generation with a particular focus on the wind power based type. An introduction
to the methods and tools which have been implemented and developed throughout the study
is also included. The investigation and analysis that has been carried out to satisfy the two
main objectives of the project is then presented and discussed. The main findings and the
developed models are also presented. Finally, a conclusion of the reported work with
recommendations for possible future work is provided. The thesis comprises eight chapters

and also includes a number of appendices.

Chapter 1 provides an outline of the project, including an introduction to the problems,
which are expected from the integration of embedded generators into distribution networks,

the objectives ofthe project, and a brief presentation ofthe project research.
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Chapter 2 describes the current global potential of embedded generation, especially that
based on renewable energy sources. Different types of renewable energy sources are briefly
discussed. Wind power based embedded generation, which is the main thrust of this project,
is then presented in some detail. A summary of the reported studies and investigations on

the effects of embedded generation on distribution networks is also provided.

Chapter 3 describes the methods and tools of power system simulation that have been
implemented in this work. These include the calculation of load-flow and losses, which are
carried out to examine the steady-state operation of the investigated distribution network.
Following a general introduction to power system transients and stability analysis, a

specially dedicated computer program, which is known as EMTP [20], is described.

Chapter 4 outlines the general methods of voltage control of distribution networks. Because
this project is mainly concerned with the effects of embedded generation on the voltage
control using tap-changing transformers, the different types of tap-changers are briefly

discussed with emphasis on their structure, advantages and disadvantages.

Chapter 5, an investigation into the dynamic behaviour of wind-power-based embedded
generators is reported. Modelling of the investigated distribution network including
embedded generators is described. The effect of embedded generators on the critical
clearing time (CCT) of faults on distribution feeders has been a particular focus of the
investigation. It has been revealed that induction (asynchronous) generators, which are

commonly used for wind power based embedded generation, can have CCT much lower

5



Chapter 1
than the time required for feeder's protection devices to operate and isolate the fault. A
comparison between the behaviour of synchronous and asynchronous embedded generators

is illustrated and discussed.

Chapter 6 introduces the conventional types of AVC relays, highlighting the problems that
can be caused due to the integration of embedded generators into the DN. The principles of
AVC relays with both the positive and the negative compounding setting arrangements are
discussed. It is shown how the operation of these types of AVC relays can be affected by

the integration of embedded generators into a distribution network.

Chapter 7 describes the development of an ANN based AVC relay that can be used for
voltage control of distribution networks with embedded generators. The structure and
principle of the proposed ANN based AVC relay is discussed. It can be established that the
new model does not require compounding settings compared to conventional relays and
thus avoids possible operational errors. The training data is obtained from a specially
designed load flow program. The results of the training and testing of the proposed AVC

relay model are illustrated and discussed.

Chapter 8 discusses the work and formulates the conclusions that can be drawn from it.

Suggestions for future work are also explored.



CHAPTER 2

EMBEDDED GENERATION

2.1 Introduction

The first use of “embedded generation” could be referenced to the early days of electricity
supply, when small-capacity generators were directly connected to distribution systems in
order to supply local loads. For example, in 1919 there were about 570 separate electricity
systems in the UK operating 430 generating stations [21], Because those distribution
systems were operated separately, a disturbance on one system had no effect on the
operation of the others. Therefore, questions like high quality and reliability of power
supply were not as vital as at the present time. With the increase in demand for electricity,
power stations with much bigger generating capacities have been built all over the word,
especially in USA and Europe. These power stations are not necessarily located close to the
load centres, hence large public transmission systems have been built to allow the
transmission of bulk power from remote power stations to the load centres. Consequently,
these previously isolated distribution systems have gradually become interconnected
through transmission systems. The small generating units became impractical to operate and

they were abandoned.



Chapter 2
Commonly, the majority of industrial plants purchase electric energy from utilities systems.
However, due to the importance of maintaining a continuous power supply to critical loads,
these plants are commonly equipped with standby emergency power generators that can be
operated in case of failure of the public supply. This type of local generation can again be
referred to as embedded generation. However, it is not designed to operate in parallel with
the public electricity supply (PES) and is therefore, not expected to interfere with the

operation of public networks.

Prior to the mid - 1970’s, low cost energy was largely obtained from fossil fuel which in
turn was used for the generation of electricity. As a result of the dramatic rise in energy
costs since that time, industrial enterprises have been encouraged to utilise the energy of
what was normally considered to be ‘waste’ heat to generate electric power [22,23], This
has led to the development of high efficiency combined heat and power (CHP) schemes [1].
Such schemes are referred to as industrial co-generation [2,24], On the other hand, in recent
years, as a result of economical and environmental considerations, power system utilities
have been encouraged to utilise power generation from "Renewable energy sources” such as
solar, tidal, wave and wind power [3], Generators used under both schemes, i.e. the
industrial co-generation and the generation from renewable energy sources, are usually
integrated into utilities’ networks at distribution voltage level, and they are also commonly
known as "Embedded Generators" [9,10,25], For this and other reasons, electric utilities are

under increased customer demand for parallel operation of EGs with the utility’s electric

system.

In the United Kingdom, a combination of legislation and recommendation has been used to
encourage and regulate the integration of different forms of EGs into utilities’ distribution

networks. The energy Act (1983) established a right for persons or companies to use the
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Chapter 2
public supply systems to transmit energy from one location to another or to third parties
[9,21,25], The Electricity Supply Industry requirements for the connection of parallel
private generation are specified in Engineering Recommendation G.59 [9,10,25], Although
the G.59 was intended to apply to generation not exceeding 5 MW and 20 kV, it is
commonly applied to large generating units as well [9], The G75 [25] document is aimed at

covering the requirements for generator connection to 33kV and 132kV networks.

2.2 Types of Embedded Generation

As mentioned above, embedded generation, which is commonly operated in parallel with the
PES, can be divided into two main groups; the industrial co-generation and the renewable
energy based EG. The latter group, particularly the wind energy based EG, is mainly
addressed in the work reported in this thesis. Nevertheless, a short summary about the main

aspects of industrial co-generation and other types of renewable sources is also provided.

2.2.1 Embedded Generation Based on Co-generation.

Most conventional power generation is based on burning a fuel to produce steam. It is then
the pressure of the steam which turns turbines and generates power. The efficiency of such
a method of power generation does not usually exceed 40% [26], Co-generation plant in
contrast, efficiently generates electric power accompanied with the production of steam,
heat, mechanical, or other forms of useful energy [23,24], As mentioned before, the focus
on co-generation has dramatically increased after the oil crises during the first half of 70°s.
Industrial companies have been encouraged to produce electric power from the recovery of

exhaust heat or the combustion of process wastes. In the USA, the Public Regulatory
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Policies Act of 1978 (PURPA) opened the door for non-utilities to enter the wholesale
market as small power producers or co-generators. When a co-generation facility is
classified as a Qualified Facility (QF), it is given, under PURPA, the right to connect to the
utilities grid and to sell excess power to the grid [24], In the UK, following encouraging
progress in the implementation of CHP schemes, the government set a target for CHP of
5,000 MW ofinstalled capacity in the year 2000 [27], By the end ofyear 1995, the installed
capacity of CHP was approximately 3,500 MW, installed on around 1,300 sites, producing

around 5% ofthe UK's electricity requirements.

Both synchronous and induction generators are used in co-generation, however the former
is preferred. Unlike induction generators, synchronous generators are self-excited and can
be operated connected to or independent from the utility’s network at either leading or
lagging power factor [26], Voltage control of synchronous generators is achieved by using
Automatic Voltage Regulators (AVRs). When connected to the distribution network, the
network usually defines the voltage of generator terminals. The AVR in this case is adjusted

to maintain the power factor of the power imported from the network close to unity.

2.2.2 Embedded Generation Based on Renewable

Energy Sources

In the past, the combustion of coal and oil has been the predominant energy source for
electricity generation. However, in the last two decades, two main factors were behind an
increased search for other types of energy resources. The first is economical, which
appeared following the sudden increase of oil prices as mentioned earlier. The second is

environmental, due to the increased impact of combustion of coal and oil on the
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Chapter 2
environment. These factors have promoted the implementation of renewable energy sources
for electricity generation. As an example, following the privatisation of the UK electricity
supply industry in 1990, a number of orders known as ‘non-fossil fuel obligations (NFFOs)’
have been declared for England and Wales. NFFOs force regional electricity companies
(RECs) to secure a minimum amount of their generated or purchased electrical energy from
renewable energy sources [29,33], The British Government has set a target of having 10%
of UK's electricity supply generated by renewable energy sources by the year 2010 [32,33],
until April 1999 only 2% (650 MW) had been achieved, the most common forms being

renewable are geothermal, solar, hydro, biomass and wind energy.

Geothermal energy is the energy stored in the heat that comes from earth's core. It can be
used to directly heat buildings but, for generation of electricity, hot water, at temperature
of around 200° C [34], is brought from an underground reservoir to the surface through
production wells. It is then flashed to steam to turn turbine engines and generate electricity.
The main geothermal based electricity producers are in the USA, Philippines, Mexico and
Italy [35]. In the USA, the geothermal based electric installed capacity is estimated to be in
year 2000 around 3400 MW, whereas, the total forecast in all over the world for the same

year is about 11000 MW [35],

Solar energy is another type of renewable energy source which can be used to provide heat,
lighting, mechanical power and electricity. Heat from solar energy is normally obtained in a
passive way through building elements such as walls, windows and roofs, where no
additional equipment is used other than these elements. It is also obtained in an active way
using glazed solar collectors to heat a heat transfer liquid, which is held in storage tanks. A
heat exchange system is then used to distribute the heat inside buildings [36], This form of

obtaining solar energy is very popular all over the word, and even the legislation in a
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number of countries, such as Egypt [35], requires solar heating systems to be an essential
part of buildings. Solar energy is also converted to electricity using what is called
"Photovoltaic (PV) cells". Using PV cells enables electricity generation directly from
sunlight, without any mechanical motion or the production of harmful emissions to the
atmosphere, making it the cleanest method of electricity generation. PV cells are made of
semiconductor materials such as crystalline silicon [37], Because of the low concentration
of sunlight, a PV cell of 100 cm2 can generate about half a volt of electricity. Therefore,
higher voltages require large areas of bundled PV cells, which are called PV panels. PV
electricity is widely used in telecommunications and for electricity supplies to isolated rural
populations [37], The global tendency is to promote the installation of PV panels for
individual consumers without connection to utility networks, rather than building PV based
power stations that may require connection to the network [35,39], For example, the USA
has set a programme for PV installation over one million roofs in the USA by the year 2010

[35].

Water is the largest practical energy source among the renewable energy sources on earth,
and has been utilised for many years to generate electricity. Hydro turbine-generator units
are usually installed between the upper and lower levels of dams and water falls. The kinetic
energy of the falling water is converted to mechanical energy by the hydro turbine and
hence to electrical energy [26]. Hydropower stations can be classified as small-scale
stations [35,40] with generating capacities not exceeding 30 MW and large-scale stations
with generating capacities reaching 10,000 MW [35], Small-scale hydropower stations are
usually integrated into power systems at distribution levels. Since 1990, the Department of
Trade and Industry (DTI) in the UK has encouraged the development of small-scale
hydropower schemes within the UK [40]. Five schemes have already been installed and
commissioned by 1994, mainly in Scotland.

12



Chapter 2
Biomass, such as forestry, crops, organic waste, domestic sewage, municipal solid and
others [35], is a renewable energy source, which can be used to generate electricity by

different ways [35,41], for example:

a) By direct combustion for steam production,
b) By gasification to provide a fuel gas for gas turbines,

c) By fast pyrolysis to provide a liquid fuel.

A well known method of gasification is called Landfill, whereby municipal waste and refuse
is accumulated in specifically excavated holes in the land, where the bacteria and
decomposing waste produce methane. The gas is then tapped and used to generate
electricity [35], The fast pyrolysis is a high temperature process in which biomass is rapidly
heated in the absence of oxygen. Consequently, it decomposes generating vapours and
aerosols. After cooling and condensation of the vapours, a dark brown liquid is formed,
which has a heating value about half of that of conventional fuel oil [41]. The interest in
biomass energy has been mainly in the USA, Brazil and European countries, especially

utilising integrated gasification combined cycles (IGCC) [42],

2.3 Wind Power Based Embedded Generation

The discussion about wind energy is intentionally separated from the rest of other types of
renewable energy sources because of its direct relevance to the reported work in this thesis.
Wind energy is a substantial form of renewable energy on earth. It develops naturally from
differential heating of the earth's surface by the sun [43], This clean source of energy was
initially used a long time ago. The first wind machines have been reported to exist more than

3500 years ago in Persia and Middle East [35,44], They have mainly been used by Persians
13
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and Arabs to grind seeds to produce flour. Wind turbines, which are also known as
windmills, were made with vertical axes [45], These machines remained unchanged until the
12th century, when horizontal axis mills with tilted wings or sails first appeared. Since then
large-scale development of horizontal axis windmills started to spread in Western Europe to
be used mostly for pumping water and for grinding. From the 19th century another type of
windmill, known as the western wheels, became popular especially in the USA. By the end

of 1930s, about eight million western wheels typed windmills had been installed [45],

Electricity generation from wind energy started in 1925 in the USA [44] and was followed
by Germany in 1940 and Denmark in 1941 [45], Wind turbines at that time were commonly
made with horizontal axes and three aerodynamically formed blades. Although wind power
based generators operated successfully, the lower-price of fossil fuels made wind energy
technology economically uninteresting. However, the dramatic increase in the oil price in
1973 put wind energy back into focus again. Since then, the world has witnessed a rapid
increase in the construction of wind farms. The total installed capacity of wind farms in the
world exceeded 10000 MW in 1998 [46,47], In the same year, the total in Germany was
2900 MW, whereas, in Denmark the total was about 1200 MW comprising 10% of the

electricity consumption ofthat country.

In the UK, the situation of wind power has changed dramatically following the privatisation
of the UK electricity supply industry in 1990. Before then, there were just a few isolated
and experimental wind turbines scattered across England, Wales and Scotland [48], By the
beginning of the year 2000, the total number of the installed wind turbines has reached 786,

generating about 350 MW [49],
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2.4 Structure of Wind Turbine- Generator Units

Modern wind turbines for electricity generation have horizontal axes and fast-running
rotors. Wind turbines with three blade rotors are the most popular, although turbines with
two blades are also used. The most important components of a typical wind turbine-
generator unit are the rotor blades, or wings, the mechanical drive unit, and the generator
[44,45,50-53], Fig. 2.1 depicts these main components. The blades, which are attached to a
low speed, horizontal shaft through a hub, capture the kinetic energy of wind and convert it
into rotational energy. The mechanical drive, which includes a gear box, transfers the
energy, to a high speed shaft which is connected to the rotor of the generator to be

converted into electrical energy.

The reason behind the choice of small number of blades can be explained from the energy
conversion properties of wind turbines. The kinetic energy in the wind flowing through a

wind turbine is given by [45]:
WArNApvl (2.1

where A is the swept area of turbine's blades, p is density of the air and v is the wind speed.

Energy is extracted from the wind as it moves through the turbine's blades. Consequently,
wind speed reduces after the passage through the blades. The more kinetic energy is
extracted, the more wind speed will reduce as it leaves the blades. However, the whole
energy from wind can not be converted, as this will require the wind speed leaving the
blades to become zero. Hence, no energy can then be extracted at all. According to Betz'
law [45, 53], a maximum of 59% of the kinetic energy in the wind, which is known as Betz
limit, can only be converted into mechanical power. The remaining energy must remain in
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the air passing the turbine. Bentz' law also states that, maximum energy conversion occurs,
when the ratio between wind speed after the passage through the blades and that before the
passage is about 33%. In other words, a wind turbine operating at maximum efficiency
would slow the wind by 2/3 of its original speed. The ratio of the power absorbed by a wind
turbine to that of the passing wind is referred to as the performance coefficient [45], or the
power efficiency of the rotor [53], or power coefficient [51]. This coefficient is given as a

function of the wind speed before and after passing the turbine (v/, v2) by:

f 2\ ( s\
C =—1 I & (2.2)
2, Ulj U 3

where Cpis the performance coefficient of the rotor, V; is the wind speed before the turbine,

and v2is the wind speed after the turbine.

Fig. 2.2 depicts Cpas a function of (v2/v,) in a graphical form.

wind rotor
flow blades

kinetic mechanical electrical

energy . energy energy

=>

Fig. 2.1 Schematic diagram of a typical wind turbine-generator unit

16



Chapter 2

0 01 02 03 04 05 06 07 08 0.9 1
v2/vl

Fig. 2.2 Wind turbine's power coefficient, Cp, versus wind speed ratio, v2v1

Consequently, the amount of energy, which is actually converted by a wind turbine is:
K= \C, Ap v 3 (2.3)

According to equation (2.3), if a wind turbine is always operated at a Cp as close to Betz
limit as possible, then the power output ofa wind turbine would be proportional to the cube

ofthe wind speed, v3

The deceleration of wind passing a turbine depends, on the other hand, on the turbine’s
speed, geometry and number of blades, and the angle of wind incidence on the blades [45],
Therefore, the performance coefficient Cp can also be described as a function of two
parameters that consider this dependency. One parameter is called the blade's tip speed

ratio, X, which is given by [45, 55]:
k = (2.4)

where Q is the wind turbine rotational speed in rad/s, R is the radius of the swept area of

the blades, i.e. the length of blades; v is the wind speed, and (Q R) is the speed of the tip of

blades.
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The other parameter is the angle of wind incidence on the blades, a. Variation of a can be
either due to turbine yawing against the direction of wind or by blade pitch variation.
Accordingly, a wind turbine is characterised by curves of power coefficient, Cp, as a function
of tip speed ratio, X for various values of angle, a. This relationship can be obtained by
measurement. It can also be approximated mathematically by non-linear functions. One of the

functions, which is derived for pitch varied turbines has the following form [45]:
(2.5)

where g to c6and * are constants.

Fig. 2.3 shows the relationship in equation (2.5) in a graphical form, whereby the following

values of constants were used [45]:

Ci=05 @—116/
c4=0 ®=21/X
and
1 1 0.035

A A+008ax o +1

05

0 2 4 6 8 10 12 14 16 18

tip speed ratio X

Fig. 2.3 The characteristic curves of a pitch controlled wind turbine.
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As can be seen in Fig. 2.3, the performance coefficient of a wind turbine is highly affected
by the tip speed ratio X, which has a significant effect on the design and operation of wind

turbines.

In general terms, the extraction of wind power from the wind can occur with any number of
blades. However, recalling that the mechanical power output of a rotating mass is given as

the product of the acting mechanical torque and rotational speed of the mass [54], e.g:

Pm= coTm (2.6)

where is the angular speed of the rotating mass and Tmis the mechanical torque acting on

it.

It can be concluded that, either a slow rotation with a high torque, or a fast rotation with a
lower torque can obtain the same amount of power. In a slow rotating wind turbine, high
torque can be obtained using many blades, whereas, in a fast rotating turbine, lower torque
can be obtained using fewer blades. For many reasons, the choice in the design of modem
wind turbines was to the favour of fewer blades and higher speed types. Firstly, it has been
found that the maximum power coefficient of few blades turbines with high rotational speed
is greater than that of many blades turbines [45], Secondly, many blades of high power-
rated wind turbines are very heavy and they can be subjected to large wind forces, especially
when wind blows at a very high speed. This requires stronger, heavier and hence more
expensive turbine towers [53], A low speed wind turbine also requires a higher ratio

gearbox, which add complexity and weight to its design.

The least number of blades can be one. Wind turbines with one-blade do exist [53], but not

very widespread. The reason is that these turbines are required to rotate at very high speed
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to extract efficient power from the wind, which make them noisy. They also require a
counterweight to be placed on the other side of the hub from the rotor blade to balance the

rotor, which does not save much ofweight compared to two-bladed design.

Two-bladed wind turbines have the advantage of saving the cost of blades, however, they
require higher rotational speed to yield the same energy output, which is a disadvantage
with respect to noise and visual intrusion [53], They also require a complex hub and rotor
design to overcome heavy shocks to the turbine, which may develop as the blades pass the

tower.

Following many years of experience, the manufacturers of wind turbines have considered
the three bladed turbines as the optimal design. Three bladed turbines overcome the
disadvantages of the single and two bladed turbines and at the same time they do not suffer

from the drawbacks of many blades [45,53],

Wind turbines are usually designed to normally operate at a rotor speed that gains a
maximum power efficiency utilising the aerodynamics of the blades and the wind speed
distribution at the expected site [51], The optimal speed for maximum power efficiency
usually occurs at tip speed ratio from 6 to 10, as shown in Fig. 2.3. Operating at maximum
power efficiency requires that the wind will always be in the turbine’s axial direction. This is
achieved using a yaw mechanism that turns the turbine so that it faces the wind. Wind
turbines are also provided with a method of controlling the power output from the rotor
blades to maintain maximum efficiency and to protect wind turbine-generator units from the
damaging effects of severe winds. There are two main methods of controlling the power
output, the pitch control method and the stall control method [45, 50-53], In the former

method, the angle of the rotor blades is adjusted by a blade pitch mechanism, which is
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activated by the turbine’s control system. When the power output become too high, the
pitch mechanism turns the blades out of the wind, as shown in Fig. 2.4, consequently, the
extracted power from wind is reduced. Conversely, the blades are turned back into the wind
as soon as wind drops again. Fig. 2.3 shows the effect of variation of the pitch angle on the

power coefficient Cp, and hence on the turbine’s power output.

Fig. 2.4 Blade pitch control ofwind turbines

Wind turbines utilising a stall control method, which is also known as passive control, have
rotor blades attached to the hub at a fixed angle. However, the blades are aerodynamically
designed in such a way to insure that turbulence occurs behind the blade whenever the wind
speed becomes too high. The turbulence results in a phenomenon known as stall, whereby
the lifting force of the rotor blade is prevented from acting on the rotor, and hence, the
power output is reduced at high speeds. In order to ensure that the turbine stalls gradually
rather than suddenly, the blades are twisted along their length. The main advantage of stall
controlled wind turbines, that they do not have moving parts in the rotor blades. However,

stall control requires a very complex aerodynamic blades design to avoid stall-induced

vibrations.
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As mentioned previously, the maximum power efficiency of wind turbines is typically
achieved at a tip speed ratio of between 6 and 10 (see Fig. 2.3). Considering that the
practical wind turbines are rated at wind speed around 15 m/s [44,45,53,56], it implies that
the rotational speed of turbine's rotor will be much lower than the rotational speed of the
rotor of typical power generators. Therefore, the mechanical drive unit, see Fig. 2.1, which
is also known as the mechanical drive train [45,50], includes a gear box that converts the
mechanical power of the wind turbine to a high speed shaft. Typical fixed gear ratios range
approximately from 1 : 30 [50] to 1:50 [53], The rotational speed of the high-speed shaft
can be, depending on the number of poles of the generator and the frequency of the

electrical network, between 500 rpm to 3600 rpm.

Once power is delivered to the generator, it is then converted to electrical power. Both
synchronous and asynchronous (induction) generators are used for wind turbine-generator
units. However, most of the wind turbine manufacturers use three-phase asynchronous
generators, as they are very reliable and not expensive compared to synchronous generators.
The investigation, which is reported in this thesis, mainly considers wind turbines with

induction generators.

2.5 Connection of Wind Turbine-Generators to Utilities Network

Wind turbine-generator units are normally connected to the network either directly or
indirectly [45], In the direct connection method, the generator, whether synchronous or
asynchronous, is connected directly to the AC network. A step-up unit transformer is used
to transfer the generator voltage, for example 690 V for induction generators [53], to the
network voltage, which is usually at distribution level [3,9,50], In the case where a

synchronous generator is used, the generator is synchronised with the network, hence the
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angular speed of generator's rotor must remain constant to produce power at the network
frequency. When integrated into a distribution network, a wind turbine-generator unit
usually comprises a weak source compared to other main sources connected to the
network. Therefore, voltage and frequency of the generated power are mainly dictated by
the network, whereas, the generator’s field voltage in case of synchronous generators
provides control of the generated reactive power [29], In the case of an asynchronous
generator, the unit absorbs reactive power required to maintain the magnetic field in the
generator from the network. The network controls the generator voltage and the rotational
speed of the rotor, which is proportional to what is called the rotor slip, is dictated by the

generated power. Fig. 2.1 illustrates the direct connection method.

In the indirect connection method, the wind turbine generator operates in its own mini AC
system, as shown in Fig. 2.5. In this case, the frequency of the generated power can be
variable. Hence, it is possible to run the rotor at a variable speed. Both synchronous and
asynchronous generators can be used. Fig. 2.5 depicts a wind turbine with an asynchronous
generator. The generator's AC current is rectified, i.e. converted into direct current (DC)
using thyristors. The DC current is then converted back into an AC current using an inverter

with the same frequency as the public electrical network.

The advantage of indirect connection is that it is possible to operate the wind turbine at
variable speed, which allows running the rotor at higher speed during gusts, thus absorbing
part of the wind energy until the gust is over. Another advantage is that it is possible to
control the reactive power using the power electronics in the rectifier-inverter circuit
[44,45], The basic disadvantage of indirect connection is the cost of the additional power
electronic components. Other disadvantages include the energy losses in the AC-DC-AC
conversion circuit and the introduction of harmonics by the power electronic devices.
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Variable
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mechanical generator rectifier inverter
drive unit

Fig. 2.5 Schematic diagram ofthe indirect connection method ofwind

turbine generator to the electrical network.

2.6 Effects of Embedded Generators on Distribution Systems

electrical
network

The operation of embedded generators including wind turbine generators in parallel with a

utility’s

[3,9,10,11,15,17,25,30,55-75],

network has been widely investigated during the last two

safety as well as technical problems. These problems can be classified as follows:

b)

c)

d)

f)

Contribution from embedded generatorsinto a fault current.

Stability and reliability problems.

The introduction of harmonics.

Voltage fluctuations.

Requirement for complicated protectionschemes.

The effect of embedded generators on voltage regulation and losses in

distribution networks.

decades

It has been reported that such integration could create
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In order to safeguard the quality of power supply, and to insure the safety of the public and
distribution network, it is important to consider the following requirements for the

integration of embedded generation into a distribution network [9,10,17,25,31,59]:

a) Maintenance of system voltage and frequency within statutory limits.

b) Operation of all equipment within the specified "make and break" fault
ratings.

c) Adequate synchronising facilities in cases where synchronous
generators are used.

d)  Control of excessive circulating currents in neutral conductors or earth
and harmonic or negative sequence currents.

e) Provision of protection to safeguard embedded generators, the system,
and the public.

) Provision of adaptive methods of voltage control of distribution

networks.

2.6.1 Contribution to Fault Currents

The contribution of embedded generators to a fault current depends on the point of
common coupling, type of generator (synchronous, induction, etc.), and type of fault
(symmetrical or unsymmetrical). It also depends on the capacity of EGs compared to the
capacity of utility's network. The contribution into a fault current from a relatively small
generator, which is connected to the low voltage system is not usually a cause of concern.
However, when a larger generator is connected to the medium or high voltage network it
may increase the "make and break" duty levels of equipment [25,58,59], Synchronous

generators usually have an independent source of field current. Therefore, they can provide
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a sustained contribution into a system fault until they are disconnected using an appropriate
protection device. Induction generators, on the other hand, cannot make such contribution,
as they do not have their own field current source. The fault contribution from induction
generators decays very fast as the rotating magnetic field collapses [75], However, for
unsymmetrical faults, like single phase to ground faults, induction generators may feed a

sustained fault current, being supplied by the field current through the healthy phases.

2.6.2 Stability Problems

The dynamic stability of an embedded generator is highly dependent upon the generator's
main parameters [69], e.g. the rotor inertia, impedance of windings, and time constants. The
generator inertia is proportional to the mass of the rotor, which is usually low for embedded
generators, as such generators are usually small. The lower the generator inertia the less
stable it will be during disturbances and vice versa. This can be demonstrated using the
following acceleration equation [54, 76], which describes the motion of the rotor of a

generator due to an unbalance between generator's input and output power:

d 28. 1

2.7
dt2 Jcom 2.7)

where the coefficient J is the total moment of inertia of the rotating masses, in kg-m2, Pais
the accelerating power, which accounts for any unbalance between generator input and
output power, and the left-hand side of equation (2.7) is the rotor acceleration due to the

power unbalance.

The fault clearing time of protection devices associated with distribution networks can be
rather high [9,69], especially when time graded over current relays are used. During this

time generators may accelerate to the extent that it is unlikely they can maintain stability.
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The effect of the generator reactance on stability can be shown using the power-angle

equation, which is given by [26,69]:

sinS (2.8)

=]
I
|

where E is the generator's induced electromagnetic force (EMF) corresponding to the
current in the generator's field winding, V is the voltage of generator terminals, 5 is the

phase angle between E and V, and Xd' is the generator transient reactance.

As can be seen from equation (2.8), the output power, P, is proportional to the sine of angle
5. On the other hand, if E and V are maintained constant, it can also be seen that a bigger
generator reactance would require a bigger angle 5 to produce the same amount of power.
A generator operating at large angle under steady-state conditions may not provide
appreciable decelerating forces on its rotor following a transient disturbance [54], Generator
impedance is proportional to the reciprocal of generator rated power. Therefore, embedded
generators commonly have high impedance compared to the high rated generators, which
are used at main power stations. Then again, the stability margin of embedded generators is

comparably low due to their high impedance.

Another factor that affects the stability of embedded generators is the impedance of the
interfacing link between the generators and the point of their connection to the distribution
network [69], Embedded generators, especially those based on renewable energy sources,
can be connected into a distribution network through long distribution lines that may have a
considerable impedance. When the impedance of this link is added to the generator

impedance, the stability margin of the embedded generators may reduce even more.
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2.6.3 Impact on the Voltage Control

The voltage of 33kV and IlIkV distribution networks is usually controlled using automatic
voltage control (AVC) relays. These relays automatically control the position of the tap
changer of main distribution network’s transformers. Accordingly, the voltage of the low
voltage terminals of these transformers is maintained within specified limits. In order to
control the voltage at a certain point on the network, an AVC relay has compounding
settings that can be in the form of a replica impedance (a resistance and either a positive
reactance or a negative reactance). The relay then predicts the voltage of the remote bus by

measuring the local voltage and the transformer current such that [31,63]:

Vm = Vi1 + It (Rave -j X avc)

where Vmand VL are the calculated relay voltage and the voltage at the local bus
respectively, Itis the current through the transformer and RAvc and XAvc are the resistance

and reactance of the relay respectively.

When this voltage exceeds acceptable limits, the relay operates and changes the position of
the tap changer in such a way to bring back the voltage within the limits. The integration of
an embedded generator into a remote location on the network may change the direction of

the active and reactive power flow through utilities’ transformers leading to errors in the

AVC relay measurement and operation [17,30,31,63,70],

28



CHAPTER 3

SIMULATION METHODS OF

POWER SYSTEMS

3.1 Introduction

Generators, transformers, transmission lines, and loads are the main components that
constitute a typical electrical power system. A power system is capable of generating,
transmitting and distributing electrical energy over a large geographical area. Under normal
operating conditions, an electrical power system is near equilibrium, with only minor
deviations from true steady-state conditions caused by small, nearly continuous, changes in
the loads. The main components of an electrical power system include inductive and/or
capacitive elements that give them the capability to store energy that cannot be stored and
released instantaneously. Therefore, following a disturbance on a power system, the latter
experiences a transient period (or transient condition) when an exchange of energy occurs at
different rates depending on the type of equipment involved and the nature and location of

the disturbance.

In order to design, construct, and operate power systems, engineers need to investigate and
understand the behaviour of individual system elements and also the behaviour of the whole
system during both steady state and transient operating conditions. This process of
investigation is referred to as power system analysis [76-79], which can be carried out

utilising analogue models of power systems or computer based numerical simulation
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methods and tools. Power system analysis includes, but not limited to, the following types of
studies [16,26,76,77,79]:

a) Load flow and losses,
b) Short circuit analysis,
c) System protection,

d) Power system transients and stability analysis.

Power system analysis involves the modelling of the system by means of analogue and
digital simulators. Prior to the development of digital computers, system analyses were
made on analogue models [79], or what is called Analogue Model Power Systems [80], A
model used for transient analysis was also known as the Transient Network Analyser (TNA)
[92], These models comprise scaled single-phase replicas of actual system components, such
as Artificial Transmission Lines (ATR) [81], and voltage sources [79], These models
typically use a voltage of 220 to 880 volts and they may include additional facilities for
specific types of analysis. For example, in order to undertake system protection studies,
analogue models provide adjustable current and/or voltage sources at the relaying point;
they allow control of the duration and type of fault. They also provide a choice of the point-
on-wave at which the fault is applied. Nevertheless, analogue models have a number of

shortcomings:

1)  The are usually large and expensive.

2) Setting up the connections, making adjustments, and reading the data is
tedious and time consuming.

3) It may not be possible to scale all system components without ignoring

some of component's properties.

30



Chapter 3
Analogue simulation methods are still used for specific applications [82], However,
following the development of large digital computers in the 1940s [83], which was
accompanied by a rapid growth of power systems, methods of power system analysis
became based mainly on digital simulation. Digital simulation is about using mathematical
models in software simulating programs that enables engineers to carry out rapid and
accurate studies on large power systems. For instance, a load flow computer program may

handle more than 1500 buses, 2500 lines and 500 transformers [79],

Some aspects of load-flow studies and stability studies will be provided in the following two
sections respectively. This should serve as an introduction to the simulation methods that
are used in this thesis to investigate the effects of integration of wind power based

generators into distribution networks.

3.2 Load-Flow and Losses

A Load-flow study [26,78,79], which is also referred to as power flow study [16,83], is the
basic type of analysis of power systems. It is carried out to examine the steady-state
operation of electrical networks for network planning and optimisation. It is also used for
identifying potential network problems in contingency analysis and for determining initial
steady-state conditions prior to transient-stability calculations [76], For distribution
networks load-flow studies are necessary to determine the capability of a network under

different system configurations and loading conditions [16],

The solution of a load flow study usually provides information about magnitudes and angles

of bus-bar voltages, active and reactive power flows and losses in individual system
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components. It also provides the reactive power injected or absorbed at any point on the
network [78], The basic concept of load flow is formulated using Kirchhoff laws and the
interrelationships between branch currents, voltages, and power. Using the nodal analysis
method for an interconnected electrical system, the node voltages and injected currents are
related by the following nodal matrix equation [26,78,79]:

m - m m ai)
where [V ] is node voltages, [ | ] the injected currents, and [ Y ] is the nodal admittance

matrix.

The nodal matrix equation (3.1) is complex as I, Y, and V include real and imaginary
components. Therefore, for n bus-bars system there will be n complex equations, which can
be separated into real and imaginary parts to obtain 2n real equations. If the injected
currents are known, the voltages can easily be obtained by solving these equations.
However, for a real power system, the injected currents are not known at all buses. Some of
the voltages are known and some of the currents are provided in terms of bus complex
power, P +jQ. To alleviate the problem of solving these equations, bus-bars are divided
into three different bus groups [78]:

a)  Voltage controlled bus. The real power input to the network and the magnitude
of the bus voltage are specified in advance. This corresponds to a typical case to
which a synchronous generator, equipped with an automatic voltage regulator,
is connected. The reactive power output of the generator and the phase angle of
the bus voltage are unknown quantities.

b)  Non-voltage control bus, also known as load-bus. The total injected power,
P+jQ, is specified at this bus. Both P and Q are assumed to be unaffected by
small variations in bus voltage. The unknown quantities for this type of buses

are the magnitude of bus voltages and their phase angle.
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C) Reference bus or slack bus. This is defined because in some circumstances the
system losses are not known in advance of the load flow calculation. Therefore,

the total injected power can not be specified at every bus. Instead, the power is

left unspecified at one bus-bar, which can be used to supply the unknown power
losses, and consequently, maintain a balance of power between generation from

one side and load and losses from the other side. It is also used as phase
reference for the whole system. For convenience, the phase angle at this bus is

usually assumed zero.

The load flow problem does not usually have a unique solution. When a system comprises a
couple of bus-bars (nodes), an exact solution for the load flow can be easily derived
analytically. Conversely, a load flow solution for a system comprising a large number of
nodes can be very tedious. To demonstrate this, consider the simple system shown in Fig.
3.1, where a load of (P+jQ) is supplied via a line of reactance x from a fixed voltage bus,
which is taken as the slack bus. It is required to find magnitude and phase angle of the

voltage at the load bus.

VSZ0 >1 vrze

Fig. 3.1 Single-phase equivalent circuit of a simple system

The complex power/* +jQ is given by [3]:

P +jQ =vrf (3.2)

where f is the conjugate of current/ in the line connecting the sending and receiving buses.
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r= (P jQ)
\/r*

Chapter 3

(3.3)

where V* is the conjugate of voltage Vr. and (P +jQ)* is the conjugate of the load complex

power.

Voltage-drop in the line, AV = V5- Vr, is given by:

All terms in (3.4) are known except Vr. Equation (3.4) can be rearranged to:
V, -MZ0O)WZ-0 =jx(P-jQ)
Or

VVrzZ-e - W2 =jxP +xQ

Equating the real and imaginary parts on both sides of Equation (3.5) results in:

Vs Vrcos9 -V 2- xQ

VsVrsin9 = - xP

Squaring and adding, yields:

F/ VI2(cos29 +sin26) =(VR + Qx)2 +( - Px)2

From which the following equation is obtained:

Vrd +(20x- V2) V2+x2(P2+ Q2 =0

(3.4)

(3.5)

(3.6)
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This is a quadratic equation, which can be solved analytically for Vrto give four solutions.
However, substituting typical values for P + jO and x, it can be shown that only one

solution is practical.

As demonstrated above, analytical calculation of the receiving end voltages of the simple
system, shown in Fig. 3.1, requires solving a quadratic equation, which would give four
solutions. Hence, the calculation for systems with larger number of nodes and lines using
analytical methods will obviously be tedious and impractical. The more practical approach
to handle load-flow computation is to use digital computer based iterative methods. Some
initial estimate values are usually made for the unknown voltages, and then adjusted using
well established iterative algorithms [26,76,78,79,83] until satisfactory solutions are
obtained. The most well known iterative methods are the Gauss - Seidel and the Newton -
Raphson methods [26,78,79], The latter method is more popular than the former, because it
has much better reliability and faster convergence. Therefore, the Newton - Raphson
method is implemented in this thesis to design a load flow program using FORTRAN
programming software. More details about this program can be found in Chapter 6 and in

Appendix A.

3.3 Power System Transient and Stability Analysis

Depending upon the time window involved, power system transient and dynamics can be
divided into four groups defined as: wave, electromagnetic, electromechanical, and
thermodynamic, shown in Fig. 3.2 [76], This classification, however, is not distinct. As Fig.
3.2 shows, the boundaries of two or more groups may overlap. The fastest dynamics are
related to the propagation of waves, or surges, which are caused by lightning strikes or

switching operations in high-voltage transmission lines. The time frame of these dynamics
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can be up to few milliseconds. Electromagnetic effect that take place in machine windings
following a disturbance on the network are usually of a time frame from milliseconds to few
seconds. An even slower group is the electromechanical dynamics, which result from the
oscillation of the rotating masses of generating units and motors, which can last from
around ten milliseconds to several seconds. The slowest dynamics are the thermodynamics
changes, which are related, for example, to the boiler's control reaction in steam power
plants. The time frame of these changes can be between tens of seconds and few hours.
Only two groups of dynamics are of direct interest to the work in this thesis, those are the

electromagnetic and electromechanical phenomena.

Wave Dynamics

Electromagnetic
g Dynamics

Electromechanical
Dynamics

Thermo-Dynamics ~

(E— g — 1 i i i i i i i r
icr/7 to6 0% to4 to'3 102 o™ 1 10 io2 103 04 iobs

Fig. 3.2 Time frame of the basic power system dynamic groups

When a disturbance, such as a short circuit, occurs in a power distribution network,
significant changes take place in the loading of some generators in the system. Changes on
the electrical network are governed by the electromagnetic phenomena that occur within
milliseconds, as shown in Fig. 3.2. On the other hand, the mechanical controls of
generators, which fall in the electromechanical group, may take few seconds. Therefore,
there is the possibility that one or more generators may encounter sufficient variations in

rotational speed that they lose synchronisation with the power network. If a generator loses
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synchronisation with the network, it should be taken off-line to avoid catastrophic
problems. However, this will result in decrease of the available generator capacity and this
will lead to another source of disruption, which will be injected into the power system.
Cascading system failures can lead to widespread power outages, reduce the interconnected
power grid to islands of power service, and even cause physical damage to generating
equipment [77], If a system returns to normal or stable operation after having been
subjected to a major disturbance, then the system is said to be stable, otherwise, it is

unstable.

Different types of transient and dynamic phenomena are usually investigated utilising digital
computer based transient and dynamic simulation programs, and solutions are obtained in
the time domain. Depending upon the period of investigation, system components are
modelled utilising either algebraic or differential equations. For example, if the stability ofa
synchronous generator following a fault on the network was investigated, then the solution
would be dominated by the time constant of generator rotor. This can be in order of 1to 10
s [78], In this case, the mechanical motion ofthe synchronous generator can be described by
a couple of single-order differential equations. On the other hand, the response of the
network and generator stator, which is largely determined by a much smaller time constant,

can be described by a number of algebraic equations.

The number of equations required to solve the transient stability of an electrical network is
usually large. In order to find the solution for systems of differential equations, different
numerical methods are used, such as Trapezoidal method of integration [20,88], Rung-
Kutta methods [78,83], and modified Eurler method [54], The latter is also known as

predictor-corrector method [78,83,88],
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In this thesis, the dynamic behaviour of wind power based embedded generators following a
fault on a load feeder of a distribution network is investigated utilising the electromagnetic
transient program (EMTP). In this program, as explained in the section 3.4, the
"Trapezoidal” rule of numerical integration is used for the simulation of transient problems.
Therefore, the basic principle behind this particular method of integration is explained in

Appendix B.

3.4 The Electromagnetic Transient Program (EMTP)

The ElectroMagnetic Transient Program (EMTP), is a computer program for simulating
electromagnetic, electromechanical and control system transients on multiphase electrical
power systems. The EMTP was developed in the late 1960°s by Dr. Hermann Dommel [84],
for the Bonneville Power Administration. In 1986, Dr. Scott Meyer [85] sponsored an
independent version of the EMTP, which he called the Alternative Transient Program
(ATP). The EMTP is designed to solve algebraic, ordinary and/or partial differential
equations associated with a network. The latter can be modelled in the EMTP using a wide

range of different system components that are provided in the program.

3.4.1 The Solution Method Used in the EMTP

Transient phenomena can only be simulated on digital computers at discrete intervals of
time with a step size of At. It is assumed in the EMTP that the variable of interest is known
at the previous time step (t - At) and that the solution must be found at the current instant
of time (t) (e.g. a step by step numerical solution). This section presents basics of the

solution method for simple components and electrical circuits under transient conditions.
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More detailed information about modelling in EMTP can be found in references such as

[20,84,87,88],

3.4.1.1 Representation of Basic Components

Consider an inductance, L, between two nodes as shown in Fig. 3.3. The voltage-current

relationship for the element shown in Fig. 3.3 can be expressed as follows:

Ak

- = - 3.7
ek-em L~dT (3.7)

The integration of equation (3.7) from a previously defined state at time (t - At) to the

current instant of time (t), is given by:

hm (0= nm (*- A/)+ifr(et-emdl (3.8)
t-A/

Applying the trapezoidal rule of integration to equation (3.8) [88] yields the following:

(O=hm" A0+ [et(/)- ()]+"-[ek(t-At)-em(t- A/)] (3.9

Equation (3.9) can be rearranged as:
(0=~ [«.()-«.()+/*,.(- AO (3.10)
where:
/.. »>-Ao=(< -A0+" K (<-an-«,(/-A(] 3811

The value of the equivalent current source, h,n(t-/St), is known from the past history. The

equivalent impedance network corresponding to Equation (3.10) is shown in Fig. 3.4.
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Fig. 3.3. Inductance between two nodes. Fig. 3.4. Equivalent impedance network

The voltage-current relationship of a capacitance, C, between two nodes, shown in Fig.3.5,

can be expressed as follows:

h,=cA(et-em)

Integrating both sides of Equation (3.12) from a pre-defined time (t

instant oftime (t), yields:

J h(0<*=C( [e(0 - e(<)]-K (t- A/)-
or:

«»(0- QO=[" Ji.(0E*]+e,(i- A)- (/- A

~ O t-At

Using the trapezoidal rule for the integration of Equation (3.14) yields:

(o =" Kk « - « . «

At

where:

Ikm(t -At) =-/*.,(/- AO - 2 M* - Al - em(f- A/)]

(3.12)

- At) to the current

e.(r-Al))

(3.14)

(3.16)

aq.i5)

The value of the equivalent current source, 1km(t-At), is known from the past history. The

equivalent impedance network corresponding to Equation (3.15) is similar to that of an
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inductor as shown in Fig. 3.6.

hJt-At)
C
------ >
""" > km) 1
At
2C

Fig. 3.5 Capacitance between two nodes  Fig. 3.6 Equivalent impedance network

The voltage-current relationship of a resistance between two nodes, shown in Fig. 3.7, can

be directly expressed using Ohm’s law as follows:

h.m=AM 0 -e m0] (3.17)

Fig. 3.7 A resistor between two nodes.

3.4.1.2 Representation of a Simple Electric Circuit

As illustrated above, the lumped R,L and C components can be represented by an equivalent
circuit of a resistive branch and a current source. Then, an electrical circuit can also be
represented using the combination of models of its individual components. As an example,

the electric circuit shown in Fig. 3.8 can be represented by the equivalent circuit shown in

Fig. 3.9.
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Fig. 3.8 Two node electrical circuit

IuO-M)

The nodal equations for the equivalent circuit in Fig. 3.9 are:

[v,(0-e(Q] v,(Q [VAQ-v2Q]_/ (I:A()
, Rn

2LA R

[v2(0-v,(/)]’*\_ . v2(0
R At
2Cyy

[C2(/-ao

C2
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(3.18)

(3.19)

Where lu (t-At) and Ici(t-kt) are the equivalent current sources that represent the history

term from the previous step related to elements L and C respectively. v,(t) and v2t) are the
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2T

instantaneous voltages of nodes 1 and 2 respectively. The resistors —- and ----- are time-
At 2C2

independent, which are constants provided that the calculation time step, At, is constant.

Rearranging Equations 3.18 and 3.19 into a matrix form yields:

L v1+ 1 1
2LA N a2 R\2 (oA + e(t)
| A/ V.(0 uft- -
1 1 1 o ) f2L'l (3.20)
Vi Lv2(0j Uut)
Rn Rn l«(i-AO
i A/l
Ucl

Equation (3.20) can then be solved for the node voltages Vi(t) and \20).

In general, the linear algebraic equations that describe the state of a system at time t are

given by [20]:

[YI[v(D)] =[i(1)]-[1] (3.21)
where
m is the nodal conductance matrix,
[ y(t) ] isthe column vector ofthe node voltages at time t,
[i(t) ] isthe column vector of injected currents at time t,

m is the column vector equivalent current sources, which are

known at time (t-At).
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The solution of Equation 3.21 for the node voltages is given by:

m (3.22)

As can be seen, the transient calculations can be accomplished by solving a system of linear
equations at each time step. During the transient calculation, the coefficient matrix [F]
remains constant unless the configuration of the network is changed, due to for example,

switching operations.

3.4.2. Simulation of System Components in the EMTP.

Electrical systems are described in the EMTP by nodes, branches, switches and sources as
follows [86]:
» Each node is identified in EMTP by a 6-character alphanumeric name, except
ground, which identified by a blank.

» Branches (lines, cables, transformers or any other linear or non-linear element)
are identified by their data and the names of nodes to which they are connected.
Branch data are arranged in what is called “branch cards.”

e Switches, which are considered as special branches, are also described by the
names of nodes to which they are connected within the switch data cards.

» Sources usually have two terminals, and one of these must be ground. The
ungrounded terminal is identified by a 6-character name in the specified field.

Most sources are described using a single data card format.

A branch can be a lumped R-L-C series element, a transmission line, a cable line, or a

transformer. Different models that are used to simulate transmission lines and cables
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include:

e Lumped - parameter coupled n equivalent model

» Constant - parameter model, where a line is represented by incremental sections at
steady- state power frequency.

» Double - Circuit Distributed Line Model with Zero-sequence coupling.

* Rigorous, frequency - dependant model (Jose Marti) which accounts for the
frequency dependence of transmission line parameters over the wide range of
frequencies that are present in the signals during transient conditions [89],

» Second order, recursive - convolution model (Semiyen model) [90],

Transformers are represented in the EMTP program using one of the following three
models:

e Lumped R-L-C series connected circuit

» Transformers as coupled impedance

e Saturable Transformer Component Model. This model is suitable for the transient

analysis of inrush currents, ferroresonance and similar phenomena.

Saturation and magnetising-current effects of transformers are required for the transient
analysis of inrush currents, ferroresonance and similar phenomena. The *“Saturable
Transformer Component” model is designed in such a way that these effects are internally
modelled as a pseudo-nonlinear reactor, which has two or more segments. It uses what is
referred to as "the star-circuit representation” [20] as shown in Fig. 3.10. The primary
winding is modelled as an uncoupled R-L branch connected between Busl and star point S,
Ri and Li in Fig. 3.10. Each of the other windings, from the second to the N*. is modelled
as a two-winding transformer, which comprises a cascade connection of an ideal
transformer that represents the transformation ratio, and an R-L branch. Saturation and
magnetising effects are represented as a single non-linear reactor, Lm in the primary winding

circuit. Core losses are modelled as a linear resistance, R m which is assumed in parallel
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with the saturation branch.

The data required to model saturation is generated from the saturation curve corresponding

to the transformer to be modelled.

ni :n2 R2 L, BUs 2

Induction generators are simulated using one of the EMTP models called the Universal
Machine (UM) model, which has been proposed by Lauw and Meyer [91] in 1982. The UM
model is an electromechanical energy conversion device, which can be connected to an
electrical network and a mechanical system. It can be used to represent 12 major types of
electric machines, e.g. single-phase, two-phase and three-phase synchronous or induction
machines and dc machines of different types [20], Generally, any electric machine has two
types of windings: one is referred to as armature windings and the other called the field
structure windings. In induction and synchronous machines, armature windings are
commonly stationary on the stator, whereas, in DC machines, they are on rotor. Field
structure windings in synchronous machines are usually on the rotor, while in DC machines,

they are on the stator. In induction machines, they are on the rotor, either in the form ofa
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short-circuited copper or aluminium bars, which known as squirrel-cage, or in the form of a
wound rotor with slip-ring connections to the outside. The UM theory is based on a
generalised machine model where the two groups of machine windings, i.e. armature and
field windings, are represented by equivalent electrical coils, which are assumed on the
direct, quadrature, and zero-sequence axes. A UM model may include up to three armature
windings and any number of windings on the field structure. The mechanical side of a
machine can be included in the model by an equivalent electric network with lumped R,L,C
elements, which is then treated by the EMTP as a part of the overall electric network. The
electromagnetic torque appears as a current source in the equivalent electric network. Table

(3.1) shows the equivalence between mechanical and electrical quantities [20],

Table (3.1) Equivalence between mechanical and electrical quantities [ATP theory].

Mechanical Electrical
T (torque acting on mass) [Nm] i (current into node) [A]
©(angular speed) [rad/s] Vv (node voltage) [V]
0 (angular position of mass) [rad] g (capacitor charge) [C]
J (moment of inertia) [kgmZ] C (capacitance to ground) [F]
K (stiffness coeficiant) [Nm/rad]  1/L (reciprocal of inductance) [1/H]
D (damping coefficient) [Nms/rad] 1/R (conductance) [S]

Each mass on the shaft system is represented by a capacitor. If there is damping
proportional to speed on this mass, a resistor is put in parallel with the capacitor. The
flexibility in this model enables the modelling of induction generators in detail and allows

changes in the input torque to be considered.

A Synchronous generator (SG) can also be simulated in the EMTP using the UM model,
however, another machine model which is known as Type59 is found more suitable for this
work. It is a three-phase dynamic synchronous machine model, which represents the details
of the electrical part of a generator as well as the mechanical part of the generator and its
associated turbine [86], The Type59 model allows the dynamics of the prime mover (e.g.
governor and turbine) to be included in the simulation. This is achieved using the Transient
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Analysis of Control Systems (TACS), which is specially developed in the EMTP, and can
easily be interfaced with the control circuitry of the SG Type95 model. The voltage applied
to the field winding can also be controlled using TACS. Another advantage of the Type59
model is that the required control machine variables (e g. rotor speed and field voltage) are

obtained directly.
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VOLTAGE CONTROL OF

DISTRIBUTION SYSTEMS

4.1 Introduction

One of the main objectives in the design and operation of a distribution system is to achieve
an acceptable level of quality of electricity supply [16], The power quality issue is
concerned with all voltage deviations and disturbances, such as sustained under-voltages
and over-voltages, harmonics, voltage flicker, voltage sags and sustained interruptions. It is
also concerned with deviations of system frequency. There are number of standards and
regulations which bind electricity suppliers to maintain power quality indices within
acceptable limits [93-95], During the normal operation of a power system, the deviation of
voltage is caused by voltage drop in distribution lines and transformers. In order to prevent
the development of sustained under-voltages or over-voltages that may affect the normal
operation of consumer’s equipment, electricity supply authorities are required to use a
means of voltage regulation that maintains voltages within the statutory limits. According to
the IEC recommendations 60038 [93] and the British Standard BS EN 50160 [94], a
nominal voltage of 230/400 V should operate until 1January 2003 with a permitted voltage
tolerance range of +10/-6 %. After January 2003, the permitted voltage tolerance will be
amended to the range 0f£10%. Voltage levels above IkV and not exceeding 35kV have to

be maintained to within +10% from the nominal voltage of the system [93], Two main
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methods of voltage regulation are commonly used [17,26,76,96], these are:

1) Injection of reactive power

2) Change the voltage-ratios of transformers.

Voltage regulation based on the former method is achieved indirectly by adjusting the
reactive power flow through a regulated point on the network. The basic idea behind
voltage regulation using reactive power injection and the main methods of reactive power
injection are summarised in Appendix (C). More details about these methods can be found

in the literature, such as [26, 76, 97, 98],

The latter method of voltage regulation is achieved directly by changing the voltage ratio of
transformers in the network. The reported work in this thesis is mainly concerned with the
effects of integration of embedded generation on the voltage control of distribution systems
when this method of regulation is used. Particularly, the effects of embedded generation on
the operation of the AVC relays, which control the operation of on-load tap changers, are

investigated.

4.2 Voltage Control Using Tap-Changing Transformers.

Transformers are mainly used to link those parts of a power system that operate at different
voltage levels. In addition to that, transformers are also used for voltage control. Since the
voltage ratio of a transformer is directly proportional to its turns-ratio, voltage control is
achieved by adjusting the latter by changing the number of turns of one or more of

transformer’s winding(s). For this purpose, a tap- changing device is used to switch the
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required number of turns into the circuit until the output voltage falls within statutory limits,
as shown in Fig. 4.1. This method constitutes the most popular and widespread form of

voltage control at all voltage levels [26],

Transformers with tap changing devices fall into two main categories [99,100]:
a) Off-load Tap-Changing Transformers, and

b) On-load Tap-Changing Transformers (OLTCTs).

Fig. 4.1 The principle of tap-changer transformer.

Tap changing using an Off-load tap-changing device can only be carried out when the
transformer is not energised. The simplest and cheapest arrangement of this type is that
where transformer tapping is terminated just below the oil level in transformer's tank and tap
changer is operated manually by an internal handle [100], The drawback to this arrangement
is that it requires removing the transformer tank cover each time tap changing is required. A
more convenient arrangement is commonly used where taps inside the tank are connected to
an internal selector which is operated by an external handle. Because of the simple structure

of transformers with Off-load tap-changers, they are widely used in distribution systems
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with nominal voltages ranging froml IkV to 33kV. The commonly used range of tapping is

+5% ofthe nominal voltage in 2.5% or 5% steps [16,100],

On the other hand, OLTCTs are used to provide voltage control of high-voltage distribution
systems under varying load conditions. Therefore, the structure of this type of tap changing
devices is more complicated when compared to that of the Off-load tap-changer. An On-
load tap changer can be situated in the same tank as the main winding or in a separate tank.
The taps are usually on the high voltage side of the transformer, because transformer
current on this side is lower than that on the low voltage side, consequently, the current
carrying parts of the tap-changing device are smaller and simpler. In addition, a transformer
with high voltage tapping can provide a smoother voltage control because of the greater

number ofwinding turns.

4.2.1 Electrical Connection of Tapping Windings to Main Winding

Taps of star-connected windings are usually closer to the neutral end of the winding [99], as
shown in Fig. 4.2. Consequently, the voltage of the tap terminals with respect to the ground

is smallest, which is preferable from the insulation viewpoint.

When tapping is applied to delta-connected windings, the tapped turns are located either at
the line-end or in the middle of the main winding [99], as shown in Fig. 4.3 and Fig. 4.4
respectively. The line-end connection requires that tappings be properly isolated against
dielectric stresses. On the other hand, the mid-winding arrangement reduces the dielectric
stresses but it alters other parameters such as transformer impedance and winding insulation

integrity.
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Fig. 4.2 Tapping of Star-connected windings at the neutral end.

Fig. 4.3 Line-end tapping arrangement in Delta-connected windings.

Fig. 4.4 Mid-winding arrangement of tapping in Delta-connected windings.
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4.2.2 On-load Tap Changing Circuits

The circuit of OLTCTs usually includes two important features [96,99-101]:
a) A facility to prevent short circuiting of the tapping section during tap
changing, and
b) A duplicate circuit, which is used to avoid breaking the circuit by
providing an alternative path to carry the load current while tapping
the other circuit.
Based on the method used to incorporate these two features, four types of tap changing
circuits are commonly used [96,99-101]:
a) Duplicate winding tap changer.
b) Centre-tapped reactor tap changer.
C) High-speed resistor tap changer.

d)  Thyristor controlled tap changer.

4.2.2.1 Duplicate Winding Tap Changer.

The duplicate winding tap-changer is considered as the earliest design of on-load tap-
changer and it is no longer used in power systems [100,101], Nevertheless, the principle of
this design is discussed in this section for completeness and to highlight its main drawbacks.
This type of tap changer required two parallel tapping windings, as illustrated in Fig. 4.5.
Each winding is provided with a selector switch and a diverter switch. To change from one
tap to another the diverter switch of one of the parallel windings, say Si, is opened to
transfer the load through the other winding. The selector switch, S3, is then moved to the

new position. After that, Si is closed. At this stage circulating current flows in the parallel
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windings due to the difference in tap positions. The same procedure is applied to the second
winding until the two windings are set at the same tap position. A disadvantage of this
method is that the parallel windings need to be designed to carry the full load current in turn
during the tap changing process, which increases the size of the transformer. Using two
parallel windings also makes the transformer more expensive. Another disadvantage is that
the leakage reactance of the windings must be suitable to maintain the circulating current

within reasonable limits.

Fig. 4.5 Principle of Duplicate Winding Tap Changer

4.2.2.2 Centre-Tapped Reactor Tap Changer

The arrangement for this method is shown in Fig. 4.6 [96,100], As can be seen in this
figure, two selector switches and two diverter switches are used in this arrangement to
avoid breaking the load current and the mid-point tapped reactor L is used to prevent short
circuiting of the tapping section during tap changing. Suppose it is required to change from

tap 1to tap 2; First, diverter switch Si is opened, consequently load current will only flow
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through the second circuit. The selector switch Sz is then changed to position 2. Si is then
closed. This condition will cause a circulating current to flow through the reactor because
of the difference in the voltages between terminals S3 and S4. The voltage of the reactor's
mid-point will be approximately intermediate between the voltage at tap 1 and tap 2. By
designing the reactance to maintain the circulating current within acceptable limits, this
intermediate position is utilised to double the number of tappings. Changing the position of
the second circuit follows the same sequence as for the first circuit utilising diverter switch
S2 and selector switch S4. The centre-tapped reactor tap-changer however has the following
disadvantages:

a) A severe duty is imposed on the diverter switches because a zero
current breaking of the circuit occurs at peak voltage as the current

lags voltage by 90° in reactive circuits, hence,

b) Frequent maintenance of the contacts is required, which means that

the transformer needs to be taken out of service more often.

Fig. 4.6 Principle of Centre-Tapped Reactor Tap Changer
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4.2.2.3 High-Speed Resistor Tap-Changer

As the name implies, in high-speed resistor tap-changers a resistor is used to limit the
circulating current during the tapping operation. The different arrangements of high-speed
resistor tap-changers [96,99-101] can be divided into two main types: the Pennant Cycle
type and the Flag Cycle type. In the former type a single resistor is used to reduce
circulating currents, whereas two resistors are used in the latter. The principle of a flag
cycle high-speed resistor tap-changer is depicted in Fig. 4.7. This type of tap changer
comprises two selector switches, SI, which is used to select the odd taps, and S2, which is
used to select the even ones. It also comprises a diverter switch, S3, with two shunt

resistors, R1 and R2.

Fig. 4.7 Principle Flag Cycle High Speed Resistor Tap Changer
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In order to change from position 1to position 2, switch S2 is firstly moved to position 2.
Then, switch S3 moves from its position short-circuiting a and b to the position short-
circuiting b and c, and finally to the position short-circuiting ¢ and d. The resistors R1 and
R2 carry the load current in turn during the tap change and they limit the circulating current.
Consequently, it is important to operate the tap changer as fast as possible to avoid
overheating the resistors. Unlike the case with reactor tap changers, high- speed resistor tap
changers operate at near zero current and near zero voltage as the current through a resistor
is in phase with the voltage. This advantage helps in reducing arcing that may appear at the
diverter contacts. Therefore, a contact life of 250,000 operations is common for this type

compared to 10,000-20,000 for reactor tap-changers [104],

4.2.2.4 Thyristor Controlled Tap Changer

Although the shunt resistors described in section 4.3.2.3 can significantly reduce arcing at
the diverter contacts, it has been reported that some contact erosion and oil contamination
could still take place [104], New methods of arc suppression using thyristor assisted
mechanical tap-changers [104-105] and solid state tap-changers [106-109] have been
proposed and tested under laboratory conditions. Thyristor assisted tap-changers increase
contact life, however they do not reduce the switching time as they still utilise mechanical
diverter switches [110], Solid state tap changers, on the other hand, eliminate mechanical
parts, and therefore operate faster. A drawback of solid state devices is that they suffer from
high conduction losses that reduce the efficiency of tap changers. A new type of tap-
changer has been described [110,112] which uses a fast acting vacuum switch selector and
Gate-Turn-Off (GTO)/vacuum switch diverter. Fig. 4.8 depicts this tap changer scheme

[110,112], The diverter comprises two solid-state GTO based AC switches A and B, and
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two vacuum switches Vi and V2 connected in parallel with A and B respectively, as shown
in Fig. 4.8. For the selector switches (Si - S4 or more) vacuum switches are used to obtain a
faster response. Tap changing is performed using the AC switches A and B, which transfer
load current from one tap to the next on a current zero using an improved snubber in the
GTO circuit [111]. The vacuum switches do not therefore make or break the load current.
The configuration of each AC switch, which comprises four diodes and one GTO, is shown
in Fig. 4.9 [111]. The four diodes are required since the GTO cannot block high reverse
voltages [112,113], The auxiliary current diverter transfers load current from vacuum
switches Vi or V2 to the parallel switches B or A, respectively, allowing VI or V2 to be
opened under no-load conditions. As an operational example, assume initially that SI and
Vi are closed and it is required to change the tap to the second position, which is connected

to S2 The following sequence is then applied [112]:

a) Close S2. No current pass through S2 as V2 is still open,

b) On the next current zero crossing, turn on switch A and divert the current from
switch Vi to switch A using the auxiliary current diverter.

c) Open Vi. Since current flows through A, Vi does not break any current.

d) On the next current zero, turn off switch A and turn on switch B. Current now
flows through Sz and B.

e) Close switch V2 and then using the auxiliary diverter, transfer the current flow

to switch V2
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Fig. 4.8 Principle of GTO/Vacuum Switch Diverter Tap Changer

Fig. 4.9 AC switch arrangement

Chapter 4
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THE DYNAMIC BEHAVIOUR OF WIND POWER

BASED EMBEDDED GENERATORS

5.1 Introduction

The development of an accurate model of a wind farm connected to a distribution system is
a crucial stage that should be considered prior to investigating the impact of wind power
based embedded generators on distribution systems. Different system operating conditions
require different modelling and simulation strategies. A number of wind turbine-generator
models have been proposed in the last few years [114-123], These models can be classified
into two main groups. In the first group, the components of the turbine-generator units, as
well as components of the wind farm, are represented in detail [114-118], Such models are
suitable to assist the design and configuration of wind farms. The second group comprises
simplified models, which are able to simulate the dynamics of the wind farm with respect
to the system [119-123] with reasonable accuracy. An approach based on a simplified

model of wind turbines is used in this project.

5.2 Modelling of Wind Turbine - Generator Units using the EMTP

In order to produce significant amount of power, a wind farm usually comprises several

wind turbine-generator units. A wind turbine-generator unit includes blades, a mechanical
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drive unit, or drive train and a generator, see Fig. 2.1. The generator, which is commonly
of the asynchronous type, is represented in the EMTP using the UM model. This model is
found particularly attractive [124-126] because the mechanical side of the machine can be
conveniently represented using an equivalent electric network consisting of lumped RLC
elements, which is then solved as part of the whole electric network. The blade torque
developed by wind speed is transmitted to the generator via the drive train [115], In order
to simplify the analysis, it is assumed that the mechanical torque on the turbine’s shaft
follows the same pattern as that of wind speed [115], Hence, the driving force of the wind
is simulated by the mechanical torque applied on the shaft, which is in turn represented
using the EMTP by an equivalent current source. The inertia of the rotating components of
the wind turbine is included within the inertia of the generator rotor. Therefore the rotating
mass of the wind turbine-generator unit in total is represented by a capacitor connected to

the generator model, as described earlier in section 3.4.2.

5.3 Description of the Distribution System under Consideration

A "typical™ distribution system is used within this project to investigate the effects of the
dynamic behaviour of wind power based embedded generators. The distribution system
consists of the Grid, a wind farm and a substation. The substation is represented by a
20MVA, 132/33kV transformer with an impedance of 10%. The wind farm is assumed to
have sixteen wind-turbine-generator units each rated at 600kwW and 690V (see Fig. 5.1). In
order to simplify the simulation of the wind farm, and at the same time maintain the
flexibility of varying the injected power, the generating units are represented using three
wind turbine-generator blocks. The first block, as can be seen in Fig. 5.1, represents two
600 kW units, while the second block represents four 600kW units and the third block

represents ten 600kW units. All units are assumed connected at the same bus (No. 4). A
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10MVA, 690V/33kV step-up transformer with an impedance of 10% is assumed between
buses 3 and 4. A 33kV feeder of 10km is assumed connecting the wind farm with the main
substation. A 20km feeder is assumed connecting the main substation to two groups of
loads. One group connected at the middle of the feeder, at bus 5, and the second group

connected at the remote end, at bus 6.

A similar distribution system was used with a gas turbine EG in order to compare its
behaviour with that of wind based plant. This time the wind farm is replaced by a gas-
turbine synchronous generator (SG) unit. It is assumed that the SG is rated at 10MVA and
IkV. It is also assumed that the generator is interfaced with the 33kV system through a
10MVA, IllkV/33kV step-up transformer with an impedance of 10%. The rest of the
system is assumed similar to first one. Fig. 5.2 shows a schematic diagram of the

considered system with synchronous embedded generation.

Fig. 5.1 Schematic diagram of the considered distribution system that

includes a wind farm.
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Fig. 5.2 Schematic diagram of the considered distribution system

that includes a synchronous generator.

5.4 Modelling of the Distribution System in the EMTP

o din . . - . .
The distribution syéré?ﬂ uhder consideration, shown in Fig. 5.1, is modelled using the
EMTP software. The utility system (Grid) connected at the 132kV terminals of the main
transformer is simulated by a source behind an equivalent impedance, Zeg, which can be

calculated using the following equation:

where V is the line voltage of bus 1, see Fig. 5.1, S is the system short circuit level at

busl.

The resistive, R*q, and reactive, Xeg components of the equivalent impedance are found as

follows:
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R,q=2Z,qecos(tan_I(X /R))
X =Zgesin(tan (X /R))

where X/R is the ratio of equivalent impedance of the system at bus 1

The short circuit level at bus 1 is assumed to be 1800 MV A at maximum generation and
1000 MVA at the minimum. It is also assumed that the X/R ratio of the system is equal to

10. Based on these assumptions, the equivalent impedance is calculated for the maximum

and minimum generation conditions. For maximum generation:

= 1322_ 4 g5 ohm
9 1800

R™ =9.68 mcos(tan~" 10) = 0.9632 ohm

X™ =968 ssin(tan~' 10) = 9.632 ohm

For minimum generation:

7 = 1322=n 424~
9 1000

R™n =17.424 «cos(tan_110) = 1.734 ohm

X™ =17.424 ssin(tan_110) = 17.34 ohm

Transformers are represented using the “Saturable Transformer” model. As mentioned in
chapter 3, this model considers both the connection group and the saturation phenomena of
transformers. However, in this study, saturation is not included in the simulation and the

magnetising current of the transformers is neglected; copper losses and core losses are also
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neglected. The per unit value of the reactance of a transformer is converted to ohms as

follows:

ohm

A rating
where Ar, dmis the winding reactance in Ohms, At,pu is the winding reactance in per unit,

Vbese is the voltage of transformer terminals, and Srang\s the transformer rating.

The inductance of the transformer is then calculated by:

where/is the system frequency.

The reactance of individual transformer windings is usually not available. However, the
total reactance in per unit values, which is defined based on transformer's rating, is usually
provided by the manufacturer. Therefore the total reactance is assumed equally divided
between the primary winding, A}, and the secondary winding, At [20], This approach is
used to calculate the winding reactances of the three considered transformers. The winding

reactance ofthe 20MVA transformer at the main substation are given by:

A, = 0.5x0.Ix -]:;-36%-2:43.56 ohm
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and

332
X2- 0.5x0.1x -—--- =2.7225 ohm
2 20

The inductance of the windings of the 20MV A transformer:

r 43.56 r
L = omomoemeeees =0.138 F{enry
2x50x;r
2.722
) = 2es 0.00867 Henry
2 2x 50x/r

Similarly, the reactance and inductance of the windings of the 10MVA transformer at the
wind farm respectively are:

X X=5.445 ohm

X 2=0.0024 ohm

Z, =0.0173 Henry

Z2=7.6*10~6 Henry

Similarly, the reactance and inductance of the windings of the 10MVA transformer for the
synchronous EG respectively are:

XX=5.445 ohm

X2=0.605 ohm



Chapter 5
and

Z, =0.0173 Henry

L2=0.00193 Henry

The distribution lines used in the system of Figs. 5.1 and 5.2 can be classified as short lines
as their lengths are less than 80km. Consequently, their shunt capacitance is so small as to
be neglected without affecting the accuracy of simulation [79], Based on this fact, the
33kV feeders are represented in the EMTP using lump RLC models that include the
resistance, R, and the reactance, X, of the line only, with typical values of 0.185 ohm/km

and 0.324 ohm/km, respectively.

As mentioned before, induction generators at the wind farm are represented using the UM
model. Typical data for the equivalent circuit of a 600 kW induction generator, shown in
Table 5.1, are used in the simulation. Data for the groups of two and five generators are
calculated by a linear scaling [127] of the data related to a single generator. In order to
account for the required power factor correction, a 138kVAr, shunt capacitor bank is

assumed connected at the terminals of each generator.

The Synchronous generator in the second system is represented using the Type59 model,
as described in chapter 3. The dynamics of the gas turbine and its associated governor
control is included in the simulation using TACS. In order to control the field voltage of
the generator, an excitation control scheme is also included in the simulation using TACS.
The required control interface with the machine variables (e.g. rotor speed and field

voltage) is also included.
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Table 5.1. Data for a 600 kW induction generator

Item Explanation of symbols used

) .
under "ltem” column 1 gen. 2 gens(,) §gens(/ Units

P, Nominal power ofthe generator 600 1200 3000 kwW
u,, Nominal voltage ofthe generator 690 690 690 Vv
PF  Power factor at full load 0.9 0.9 0.9 -
Qcap  Nominal power factor correction 138 276 690 KVAr
J Moment of inertia 10.5 21 52.5 kgm?2
H Inertia constant (MVAsec/ MVA) ' rrr 3.7 3.7 -

Ri Stator resistance at nominal duty 0.0073 .00365 .00146 ohm
X,  Stator reactance at nominal duty 0.0750 .0375 0.015 ohm
r2 Rotor resistance at nominal duty 0.0065 .00325 0.0013 ohm

X2 Rotor reactance at nominal duty 0.09 0.045 0.018 ohm

Rm  Loss resistance at normal duty 0.08 0.04 0.016 ohm

Xm Magnetising reactance at normal 3.25 1.625 0.65 ohm
duty

r)scaled values from the values for one machine,,”) Total inertia for the turbine-generator unit including
blades, hub, shaft, gearbox converted to the high speed and the generator inertia.
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5.5 Effects of Embedded Generation on the Critical Clearing

Time of faults

5.5.1 Introduction

Prior to the introduction of embedded generation into distribution systems such systems are
considered passive, i.e. their role is confined to transferring the electrical energy received
from the transmission system to consumers. The design and protection of these systems are
based on this description. For example, protection schemes of distribution feeders are

usually designed based on the following two basic principles [16]:

a) They must insure minimum disruption of supply, i. e., the removal of a fault
from the system should be achieved with minimum tripping of equipment.

b) They must be fast enough to minimise damage to system components.

The first principle is achieved by an appropriate protection co-ordination. This however,
may require the operation time of protective devices at the up-stream of a distribution
network to be as high as 1.5s [9], On the other hand, the CCT limit required to maintain the
stability of EG, such as a wind farm, can be much lower than the operating time of the
above mentioned protective devices. This will be investigated in this chapter, but before
proceeding with the investigation, it is important to explain the meaning of CCT with

respect to synchronous generators and induction generators.
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5.5.2 The Concept of Critical Clearing Time of Faults

5.5.2.1 CCT of Faults in Case of Synchronous Generators

During normal operating condition, a synchronous generator (SG) embedded into a
distribution network usually runs at synchronous speed with a rotor angle of 60
corresponding to an electrical output power, Pe, and mechanical input power, Pm The
output power, Pe, which is transferred from the generator to the system, is approximately
proportional to the square of the terminal voltage of the generator [54]. When a fault
occurs on the network, Pe suddenly reduces due to the sudden change in network voltage.
This leads to the acceleration of SG to account for the difference between Pmand Pi-

according to the well known swing equation [54]:

d28
—-+iPn.~ 5.1
Jii=HiPn.~Pt) (5.1)

Where o is the synchronous angular speed of rotor in electrical radians, tis the time, H is

the inertia constant ofthe rotating mass and 5 is the rotor angle.

This in turn causes the SG to gain kinetic energy, which is normally stored in its associated
rotating mass. When this happens, the rotor angle increases. For example, when a three-
phase fault occurs at the terminals of the generator, Pereduces to zero and consequently,

the rotor angle increases with time according to the following equation [79]:

A P
S=-A-=-12+50 (5.2)
4H 0

When the fault is cleared at time tc, which corresponds to a rotor angle sG the power

demand by the system re-establishes and the generator finds itself generating power greater
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than Pe due to the new rotor angle position. If the input mechanical power remains
unchanged, the extra power is supplied from the kinetic energy of the rotating mass.
However, the rotor angle continues to increase due to the moment of inertia, but because
the input power this time is less than the output power, the generator begins to decelerate
passing its synchronous speed. The oscillation of the speed (and consequently the rotor
angle 5) continues for a while, but eventually settle down to a new steady-state condition
and the system is considered stable. Alternatively, 5 continues to increase and the
generator eventually loses synchronism with the network. The system in this case is
considered unstable. There is a maximum rotor angle, below which the SG can retain a
stable operation. This position is known as critical clearing angle. The corresponding
maximum clearing time is known as the critical clearing time (CCT) for synchronous

generators.

5.5.2.2 CCT of Faults in Case of Induction Generators

Unlike SGs, induction generators (IGs), which are commonly used in wind turbine-
generator units, do not have field windings to develop the required electro-magnetic field
in air-gap inside the machine. Therefore, they cannot work without an external power
supply. The electro-magnetic torque (Te) developed inside an induction machine at any
given speed is proportional to the square of the terminal voltage as follows [128]:
Te=KsV?2 (5.3)
where A-is a constant value and depends on the parameters of the machine, s is the

machine slip.

It can be seen from (5.3) that Teis bound to reduce following a fault condition. On the

other hand, the dynamic behaviour of the rotor is governed by the swing equation given
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below [54,91]:

(5.4)
dt m *

where J is the moment of inertia of the rotating mass, Tmis the mechanical torque applied

to the rotor of the associated wind turbine and oois the rotor speed.

It can be concluded from equation (5.4) that if the mechanical torque is maintained
constant, then any reduction in the electro-magnetic torque, for instance due to a fault
condition, causes the rotor to accelerate. This in turn leads to an increase in the Kkinetic
energy of the rotating mass. When the fault is cleared and system voltage recovers, the
magnetic field inside the air-gap of the machine starts to build up. This causes a flow of
high current from the network into the machine. This current in turn causes a voltage drop
across the interfacing link between the induction generator (in this case the wind farm) and
the substation, leading to a reduction in the voltage at the generator (wind farm) terminals.
The resulting electro-magnetic torque acts on the rotor in a direction opposite to that of
mechanical torque applied by wind turbine(s). If the electromagnetic torque resulting from
the newly established rotating magnetic field becomes higher than that of the mechanical
torque acting on the rotating mass, the rotor speed is forced to reduce. The generator
eventually retains its normal operating condition following a few oscillations, otherwise,
its speed continues to increase until it is tripped by appropriate protection devices. When
this happens the generator terminals usually experience a sustained voltage dip.
Investigation into this phenomenon [124-126] has revealed that there is a maximum time
during which the fault needs to be cleared, otherwise the induction generator loses its

stability. Such time will thereafter be referred to as the CCT for induction generators.
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5.5.3 Effects of WPBEGSs on the CCT of Faults

The dynamic effects of the integration of WPBEGSs into distribution networks have been
investigated for many years. A summary of the reported effects of such integration has
been given in chapter 2. However, no attempt has been made to examine the performance
of an induction generator following a fault condition on a load feeder. Consider the system

shown in Fig. 5.3, whereby a three-phase fault is assumed on the load feeder at point F.

©
Substation 0j-Q-CZHDO1
© 2x600 kKW
: lo
@ 12w 33kV line I - G2
>- -C=
o!lo(JE>-or0-c |4I 500 KW
© - K © o - CB' r
[cm f .. G8
Grid load — 10 x600 kW
feeder
Wind farm
© ©

Load 2

Fig. 5.3 A three-phase fault at point F on the load feeder ofthe network that

includes a wind farm.

As previously explained in section 5.5.1, according to the basic principles of protection
schemes of distribution feeders [16], the fault should be isolated by disconnecting only the
faulted feeder. In other words, the fault described above should not cause the disconnection
of other equipment from the network, including the wind farm. Therefore, protection relays
upstream of the faulted feeder should initiate a trip signal that opens the circuit breaker
CBI and isolates the fault from the rest of the network before other equipment is tripped
unnecessarily. However the operating time of these relays is usually co-ordinated with the

operating time of other down stream relays on the feeder. As mentioned previously this can
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make the tripping time to isolate the fault as high as 1.5s [9], Such an operating time may
exceed the CCT for an induction generator at the wind farm (see section 5.5.2.2), with the

consequences described in the preceding section.

To further investigate this scenario, a three-phase fault with 180ms duration is assumed on
the load feeder at location F. Fig.5.4 shows the variation of voltage of the terminals of
induction generators at the wind farm, i.e. at the 690V bus-bar shown in Fig. 5.3, following
the described fault condition. It can be seen from Fig.5.4 that, at the instance of fault, the
magnitude of the voltage is dropped to approximately 25% of its pre-fault value. This
value is simply the voltage drop along the link between the wind farm and the main
substation, which is caused by the contribution of IGs to the fault current. As the voltage at
the terminals of an IG drops at the instance of fault, the electro-magnetic field stored in the
air-gap of the generator starts to reduce, causing further reduction of the terminal voltage.
This process continues until the voltage becomes zero or the fault is cleared. In the case
shown in Fig. 5.4, the voltage of the generator terminals continues to decrease during the
fault until it becomes, at the time when the fault is cleared, about 10% of its pre-fault
value. As the fault is cleared, the terminal voltage increases, but not to the pre-fault value.
The reason for this is due to the high current drawn from the network by IGs in order to
recover the electro-magnetic torque, causing a voltage drop along the link between bus 2
and bus 4. However it can be seen that in this case the voltage recovers to its pre-fault

value approximately 1.5s after the isolation ofthe fault.
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Fig. 5.4 Variation of terminal voltage of IGs at the wind farm due to a

three-phase on the network with duration of 180ms.

According to Equation (5.3), the electromagnetic torque (Te) developed inside an induction
machine is proportional to the square of the terminal voltage; hence, Tealso reduces during
the fault. However, when the fault is cleared and the voltage at the generator terminals
recovers, the electromagnetic torque also recovers to its pre-fault value, provided that the
machine remains stable (see section 5.5.2.2). Fig. 5.5 shows the variation of the
electromagnetic torque inside the air gap of the 2x600 kW induction generators following
the above fault condition. Based on Equation (5.4), such variation of torque leads to a
variation in the rotor speed of the generator, as illustrated in Fig. 5.6. On the other hand,
the recovery of the electromagnetic torque after the clearance of the fault normally requires
a high current to be drawn from the network and Fig. 5.7 shows the variation of the total
current of the wind farm during and following the fault under consideration. As can be
seen in Fig. 5.7, following the removal of fault, the total current drawn from the network
can be as much as twice the pre-fault steady state current. However, the pre-fault current is
recovered approximately after 1.5s from the isolation of the fault. It can also be concluded
from this investigation that the 180ms clearing time is less than the CCT of faults for the

considered distribution network that ensures the stability ofthe connected wind farm.
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Fig. 5.5 Variation of electromagnetic torque inside the air gap of
2x600 kW IG due to a three-phase fault on the network with

duration of 180ms.

Fig. 5.6 Variation of rotor speed ofthe 2 x 600 kW IG due to a three-

phase fault on the network with duration of 180ms.

Fig. 5.7 Variation of the total current of the wind farm due to a three-

phase fault on the network with duration of 180ms.
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This investigation was repeated for different values of fault clearing time on the load
feeder. It has been found that, for the system under consideration, 1Gs cannot retain their
pre-fault operating conditions when the clearing time exceeds 200ms. Consequently, this
time is considered as the CCT of the fault under consideration. This investigation has also
shown that if the fault is cleared after a time greater than the CCT, the speed of the IGs
continues to increase. Consequently, induction generators continue to draw high inrush
currents from the network until they are disconnected. This high current can cause
sustained voltage sag at the generator terminals. Fig. 5.8 shows the variation of such
voltage due to a three-phase fault with duration of 250 ms. The terminal voltage of IGs
does not regain its pre-fault value and remains below 0.8 pu (80%) of its nominal value.
Such a condition would normally result in the operation of under voltage relays, which are
commonly installed at the terminals of 1Gs. The corresponding total current drawn by the
wind farm is shown in Fig. 5.9. Clearing of the fault at 250ms leads to unstable operation

of the wind farm; this eventually leads to its disconnection from the network.

The results obtained from this investigation show that in order to retain the pre-fault
operating conditions of the wind farm; it is vitally important that the fault should be
isolated within 200ms. However, as has previously been explained, the operating time of
protection relays at the source of the load feeder, which are expected to initiate a tripping
signal to isolate the fault, may reach 1.5s [9], This investigation has shown therefore that
unless faults on load feeders are cleared within the CCT for IGs, the wind farm will be
disconnected. This in turn would lead to a violation of the first and basic principle related

to the protection of distribution networks, as discussed in section 5.5.1.
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Fig. 5.8. Variation of terminal voltages of IGs at wind farm due to a

three-phase fault on the network with duration of 250ms.

Time (s).

Fig. 5.9. Variation of the total current of wind farm due to a three-

phase fault on the network with duration of 250ms.
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5.5.4 The Impact of the Magnitude of Injected Power by IGs on the CCT

Two case studies have been considered in order to determine the impact of the magnitude
of the power injected by 1Gs on the CCT. The first case corresponds to operating the wind
farm with two turbine-generators, i.e., the injected power is only 2x600 kW (1.2 MW). The
other case corresponds to operating the wind farm at its full capacity, i.e. the injected
power is 16x600 kW (9.6MW). In both cases, a three-phase fault is assumed to occur at
point F on the load feeder (see Fig. 5.3). Simulation of the fault is repeated in both cases
for different clearing times of fault until the CCT for each case is obtained. It was found
that the CCT for the first case was 580ms, whereas that for the second case was found to
be 200ms. Fig. 5.10 shows the variation of post-fault voltage at bus 4 corresponding to the
two conditions outlined above. In both cases, the faults are cleared at their respective CCT,
i.e. at 580ms and 200ms, respectively. The red coloured curve corresponds to the 1.2MW
power injection and the blue coloured curve corresponds to the 9.6MW case. The
difference between the two curves shown in Fig. 5.10 can be explained as follows: It is
well known that a solid-three-phase fault at point F on the network causes the voltage of
bus 2 to collapse to zero. However, the voltage at bus 4 does not collapse to zero, because
of the voltage drop along the link between bus 2 and bus 4, which is proportional to the
current contribution by the wind farm during the fault condition which is in turn
proportional to the machine size. For the case of 1.2MW IGs, the voltage of bus 4 falls to a
value near to zero at the instance of fault. After that, it continues to reduce to zero during
the fault. When the fault occurs in the case of 9.6MW IGs, the voltage drop along the link

is high during the fault condition and consequently the voltage of bus 4 falls only to

approximately 25% at the instant of fault.
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Fig. 5.10 The effect of power injected by wind farm on the CCT.

The difference in the CCT in the two cases is due two main factors. The first factor is that
following the fault the rotating masses of IGs start to accelerate and additional kinetic
energy is stored in its rotating mass, which appears in a form of mechanical torque on the
rotating masses. The larger the number of wind turbine-generator units operating at the
mstance of the fault, the higher the stored total kinetic energy. To regain the pre-fault
conditions, it is required to overcome the stored kinetic energy by an opposing
electromagnetic energy in a form of electromagnetic torque acting on the rotating masses
in such a way to decelerate them. The second factor has been briefly explained above, i.e.
when the fault is cleared and the terminal voltages recover, IGs start to draw a high current
from the network to re-establish the electromagnetic torque. However, the high current
causes a voltage drop along the link between the main substation and the wind farm,
consequently affecting the magnitude of the re-established electromagnetic torque.
Therefore, in the case of 1.2MW, because the post fault voltage is high, the newly re-
established electromagnetic torque is proportionally high. Hence, the rotors of the two
units in this case are allowed to accelerate for a time up to 580ms, and yet the re-

established electromagnetic torque is able overcome the mechanical torque due to the
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stored kinetic energy and maintain their stability. On the other hand, in the case of 9.6MW,
the post-fault terminal voltage is low, less than 0.8pu as shown in Fig. 7.10. Therefore, the
rotors of the 16 units can only accelerate for a time up to 200ms before they lose their

stability.

It can be concluded that the CCT of the considered fault depends on the magnitude of the
power injected by the wind farm. It has been found that the CCT of faults with only two
wind turbine-generator units are connected is 580ms, whereas that for all the sixteen units
are assumed connected is 200ms. Therefore, for the wind farm under consideration, the
corresponding CCT is expected to be between 200ms and 580ms depending on the number
of IGs in service. This range is obviously below the previously mentioned time that is
required for time graded protection relays to isolate the fault (1.5s). Consequently the
likelihood of a wind farm losing its stability due to a three-phase fault on the load feeder is

still high, regardless of the magnitude ofthe power injected.

5.5.5 Effect of the location of faults on the CCT

The distribution network shown in Fig. 5.3 is considered again in order to determine the
effect of fault location on the CCT. A three-phase to ground fault is assumed to occur at
three different locations on the load feeder. These are, at point F, i.e. Okm from bus 2, at
half the distance between bus 2 and bus 5, which is 5km from bus 2, and at bus 5, which is
10km from bus 2. For each of these locations, the study is repeated for different values of
power injection from the wind farm. It is observed that the corresponding CCTs are greatly
affected by the location of fault on the load feeder. Fig. 5.11 summarises the results
obtained from this investigation. This figure illustrates that as the distance of fault from the

main substation increases, the CCT of the fault increases. For example, consider the
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condition whereby the injected power by the wind farm is 1.2 MW. Fig. 5.11 shows that
the CCT due to fault locations at Okm, 5km and 10km from bus 2 are 580ms, 700ms and
870ms, respectively. This means that the further the fault location from bus 2 is, the greater
the CCT. This can be explained as follows: the further the fault from bus 2, the greater the
impedance of the fault current path. Thus, the further the fault from bus 2, the greater the
voltage at the terminals of IGs at the wind farm due to the high voltage drop in the circuit
between fault location and the wind farm. This in turn leads to progressively higher
electromagnetic torque as the fault location moves away from the wind farm, which helps
in preventing the rotor of 1Gs from experiencing rapid acceleration. This obviously enables

IGs to remain stable for longer during fault conditions, i.e. longer CCTs.

It is also observed from this study that the magnitude of the injected power by the wind
farm has greater effect on the CCT when the fault occurs at a greater distance from the
main substation. For example, for a fault at bus 2, the difference between the CCT in case
of 1.2MW injection and that for the case of 9.6MW injection is 380ms (see Fig. 5.11).
However, when the fault is assumed at bus 5, i.e. 10km away from bus 2, the difference

between the CCT due to both cases is found 500ms.

Fig. 5.11 The effect of location of fault on the CCT.
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5.5.6 Effects of Embedded Synchronous Generators on the CCT

The idea behind this investigation is to compare the CCT of faults due to WPBEGs with
that related to an embedded gas-turbine driven synchronous generator (SG). The network
shown in Fig. 5.12 is similar to that shown in Fig. 5.3, except that the wind farm is
replaced by a gas turbine-generator unit with power rating equal to the total ratings of the
WPBEGs. To investigate the CCT of faults in this case, a three-phase to ground fault with

200ms duration is assumed on the load feeder at location F, as can be seen in Fig. 5.12.

Substation
© 100©
© t © 33kV line
-0 Q_<S>t>_© 10 MVA
®© -< 2 )0 cB1
Synchronous embedded
Grid load generator
feeder
Load 1 7 — >Load 2

Fig. 5.12 A three-phase fault at point F on the load feeder of the

network that includes a synchronous generator.

Fig.5.13 shows the variation of the voltage at the terminals of the synchronous generator
following the fault. It can be seen from Fig. 5.13 that, at the instance of fault, the
magnitude of the voltage is dropped to approximately 30% of its pre-fault value. Unlike
the previously explained cases, the voltage collapse is less severe than in the case of
induction generators, because a synchronous generator normally has its own power supply
for the field circuit. Fig. 5.13 also shows a slight increase in the terminal voltage during the
fault. This is due to the action of the excitation control circuit, which controls the voltage

magnitude at the generator terminals. In this case, the excitation control increases the field
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current to increase the voltage at the terminals of the generator.

After the fault is cleared, the voltage at the generator terminals recovers. However, its
magnitude overshoots its pre-fault value due to the action of excitation control. The voltage
then decays to the pre-fault value after a period of oscillation. As previously explained in
section 5.5.2.1, one of the parameters used when investigating the performance of SG is
the angular position, 8, of the rotor with respect to the Grid voltage. According to Equation
(5.1), when a fault occurs on the network, the rotor of the SG starts accelerating and the
angular position ofthe rotor with respect to the Grid reference voltage starts to change. The
variation of 8 versus time following a fault can be used to indicate whether the SG remains
stable or not after the clearance of the fault. This variation can be obtained by solving the
differential equation (5.1) for the angle 8. In the case under investigation, the SG retains its
stability after the isolation of fault. The solution of Equation (5.1) leads to sinusoidal
oscillations of 8 with time [79], Fig. 5.14 shows the variation of the angular position of the
rotor following the considered fault condition. As can be seen in Fig. 5.14, the pre-fault
value of 8 is 40°. This value starts to increase following the application of the fault.
However 8 continues to increase even after the fault is cleared due to the surplus Kinetic
energy, which the rotor gains during the fault, until 8 reaches 50°. After that, the angle 8
oscillates with an exponentially decaying envelope versus time until it regains its pre-fault
or another steady-state value, as can be seen in Fig. 5.14. It is found that the CCT in this

case is 360ms compared to 200ms in the case of IGs.
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Fig.5.13  Variation of the terminal voltage of synchronous generator
following a three-phase, 200ms duration fault on the network.

Fig.5.14  Variation of rotor angle of synchronous generator following a
three-phase, 200ms duration fault on the network.

This investigation was repeated for different values of fault clearing time. It has been
observed that for the considered fault condition, the SG cannot maintain its stability when
the clearing time becomes slightly greater than 360ms. Thus, this time is considered as the
CCT of the fault under consideration. It has also been found that if the fault is cleared at
time greater than the CCT, the speed of the SG continues to increase and consequently, the
angular position of the rotor with respect to the network continues to increase and the SG
eventually loses synchronism with the network. Fig. 5.15 and 5.16 show the variation of
the terminal voltage of the generator and its corresponding rotor angle following a three-
phase fault with duration of 400ms. It can be seen from Fig. 5.16 that the rotor angle

continues to increase. The oscillation of the terminal voltage during post fault period that
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can be observed in Fig. 5.15 is due to the oscillation of the power transfer between SG and
the network, which is proportional to the position of the rotor of SG. This condition is

obviously unstable.

In conclusion, it has been observed from this investigation that the performance of the SG,
following a three-phase fault on the load feeder is different from that of IGs at the wind
farm, discussed in the previous section. It has also been found that the CCT of faults in this
case is mainly decided by the variation of the rotor angle, whereas, that related to 1Gs is
decided by the variation of the terminal voltages of the 1Gs. The CCT for the investigated
fault condition in the case of a SG is found greater than that for the case of IGs. This
indicates that the integration of a wind farm using IGs into a distribution network has a

greater effect on the protection of load feeders compared to the case of SGs.

Fig.5.15 Variation of terminal voltages of SG following a three-phase,
400ms duration fault on the network.
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Variation of rotor angle of SG following a three-phase,
400ms duration fault on the network.
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USE OF AUTOMATIC VOLTAGE CONTROL (AVC)

RELAYS TO CONTROL OLTCTs

6.1 Introduction

An explained previously in chapter 4, voltage regulation of distribution networks can be
achieved either by the injection of reactive power or by changing voltage-ratios of
transformers. The second method is the most popular and widespread form of voltage
regulation, whereby voltage control is achieved directly using tap-changing devices that
switch in or out the required number of winding turns of a transformer to regulate the
voltage. Automatic voltage control (AVC) without the interruption of the power supply is
usually achieved using AVC relays that automatically control the operation of the tap
changer of on-load-tap-changing transformers (OLTCT). In order to control the voltage of a
certain point on the network, conventional AVC relays have compounding settings, which
can be in a form of impedance (a resistance and either a positive reactance or a negative
reactance). The compounding is used to compensate for the voltage drop in the distribution
lines that link the transformer terminals to the remote points on the network [16,100], In the
case of two or more transformers operated in parallel, compounding with negative reactance
is recommended to ensure stable operation of the tap-changers [19], AVC relays with a
compounding setting operate properly for passive distribution networks, i.e. when power

flows only in one direction from the grid to consumer's loads. However, when embedded
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generators are integrated into a distribution network, the power flow through the main
distribution transformers can be either from the grid to a distribution network, or in the
opposite direction, and AVC relays therefore may not operate correctly and may affect the
proper operation of the tap-changers of parallel transformers [3, 17], This is because
conventional AVC relays with compounding settings are sensitive to the direction of power
flow in the controlled transformers. In order to overcome the problems related to the
operation of parallel transformers, an adaptive AVC relay was developed by Fan Jiang [17],
This relay was not designed to compensate for the voltage drop in load feeders however and
in the work reported in this thesis, an attempt is made to design an AVC relay based on the
application of artificial neural networks (ANN) which will compensate for the voltage drop
along load feeders. In this chapter, the behaviour of conventional AVC relays as applied to a
network with embedded generators is discussed. Then, in chapter 7, the proposed ANN

based AVC relays is presented and discussed.

6.2 Voltage Control of single OLTCTs Using AVC Relays

6.2.1 The Principle of Conventional AVC Relays

An AVC relay is usually connected to the low voltage side of a main distribution
transformer, and arranged to operate the tap changer, which is commonly installed at the
high voltage side ofthe transformer as mentioned in Chapter 4. The operating principle of an
AVC relay is illustrated by the schematic diagram shown in Fig. 6.1 [16,19,100], The AVC
relay is capable of maintaining system voltage within a bandwidth around a target voltage,

f tatd, for any load condition.
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Fig. 6.1 Schematic diagram ofan AVC relay

As can be seen in Fig. 6.1, the AVC relay is supplied by the secondary side voltage of the
transformer using a measuring voltage transformer (VT). It is also supplied by the current at
the secondary side of the transformer using a current transformer, CT. A voltage-detecting

unit then calculates the controlled voltage ofthe AVC relay using the following equation:

\Ac= \/,—I (Rave #)@é (6.1)

where \ACis the voltage determined by the AVC relay, i.e. the AVC relay voltage, \Ss the
secondary side voltage of the transformer, / is the current at the secondary side of the
transformer, and Racij)@Cis the relay compounding setting, which consists of a positive

resistance, Ric,and either a positive reactance or a negative reactance, Xa&

The AVC relay voltage is compared with the upper and lower limits of a control bandwidth.
Whenever the voltage falls outside these limits for a time longer than a pre-set time delay,
the relay initiates a signal to operate the tap changer of the transformer to correct the voltage

to be within the specified limits.
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6.2.2 AVC Relays Using Positive Compounding Settings

An AVC relay with positive compounding settings employs a resistor and a positive
reactance. It is used for voltage control of distribution networks with single transformers.

The voltage calculated by the AVC relay with positive compounding is given by:

\Ac-VsH(Rac+Xaq (6.2)

The term subtracted from Vs on the right hand side of Equation (6.2) is used for the
compensation of the voltage drop across the load feeder (see Fig. 6.1). This is achieved by
settings FhCand )@Cequal to the values HanXm,respectively. In this case, the controlled
voltage \AﬂNi“ be equal to the voltage of the load busbar, V,as demonstrated in the phasor

diagrams of Fig. 6.2.

Fig. 6.2 (a) Phasor diagrams of the network in Fig. 6.1
(b) Phasor diagram of AVC relay with positive
compounding settings
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The advantages of this arrangement are that the compounding settings are very easy to
choose, the calculated voltage directly accounts for the voltage drop across the load feeder,
and the control is not affected by the power factor of the load. However, this arrangement is
not suitable for parallel transformers, as the calculated voltage in this case is affected by

circulating currents that may exist [3],

6.2.3 AVC Relays Using Negative Compounding Settings

An AVC relay with negative compounding settings employs a resistor and a negative

reactance. The voltage determined by the AVC relay is given by:

\Ac-V&H(Rmv4 Xag (6.3)

The phasor diagram of Fig. 6.3 depicts the vectors of \ACusing the negative compounding
settings. As can be seen in Fig. 6.3, compounding with negative reactance can also be used to
compensate for the voltage drop in the load feeder. However, unlike the case with the
positive reactance arrangement, the values of th and )@C,which can be used to obtain
\AC: \‘, are not equal to the values H HXm, and defining their values involves some
difficulty. It is also clear that there is no unique solution for the values of FhCand )@C,
which can be used. The calculated voltage, \AL; obtained from using the negative
compounding arrangement is sensitive to the amplitude of the load current, / [19], it is also
sensitive to the load power factor [17], Hence, for a network with a single transformer, the
negative compounding arrangement offers no advantage over the positive compounding
arrangement in compensating voltage drop in lines. However, it will be shown later that the
negative compounding arrangement offers one of the cheapest solutions for having a stable

operation of parallel transformers.
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-X A

Fig. 6.3 Phasor diagrams of the network in Fig. 6.1 and AVC relay with
negative compounding settings

6.3 Voltage Control of Parallel OLTCTs Using AVC Relays

6.3.1 Circulating Currents induced in Parallel OLTCTs

When two or more transformers are considered to operate in parallel, particular attention
must be paid to ensure that the transformers have the same p.u. impedance as expressed
based on their ratings [100], This should ensure that transformers share the total load
proportional to their ratings. They also need to have equal transformation ratios. This
requirement is very important to avoid undesirable circulating currents between
transformers. Unfortunately this is not always possible to achieve in practice. The reason is
that transformers may have different numbers of taps resulting in different transformation
ratios. Even when the number of taps is equal, there are conditions when parallel

transformers operate at different tap positions, resulting in different transformation ratios.
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Consequently, circulating currents are set up between transformers. Consider the case of two
transformers operating in parallel and assume that a circulating current flows between them,

as shown in Fig. 6.4. The total current of each transformer under this condition is given by:

EX~VS
In- (6.4)
'T1
and
JT2 ~ ¥r2 (0.5)

where E\ is the busbar voltage Vh referred to the low voltage side using the transformation
ratios of OLTCT 1land Zn is the impedance of OLTCT 1 E2 and Zn are the corresponding

values for OLTCT 2.

VH OLTCT 1 'S

Fig. 6.4 Current distribution in two parallel transformers

Applying the superposition theorem, currents In and |® can be decomposed into two
components, i.e. a load current component and a circulating current component. The load
current component is the portion of the total load current h that flows though each
transformer which is decided by the impedances of the transformers. The circulating current
component is proportional to the voltage difference between the secondary voltages of the

95



Chapter 6

two transformers. This in turn depends on the difference between the transformation ratios of

the two transformers. Assume the ratio of OLTCT1 is lower than that of OLTCT2. This

results in Ej becoming greater than E2, which causes a circulating current flowing from

OLTCTL1 to OLTCT2 as shown in Fig. 6.4. As can be seen in this figure, the circulating

current through OLTCT1 flows in the same direction as the load current component,

whereas, in OLTCT2 it flows in the opposite direction of its own load current component.

Thus, currents in the parallel transformers can be written as:

£
oo LEa o, (6.6)
Zn +Z1T,
and
ILZ;i
Z.,%z,

Substituting (6.4) in (6.6) and (6.5) in (6.7), we obtain:

AL~ fj?2 _ ILZT2 4 (6.8)
Zn Zn +7Z,,
and
Fz '\45 1IL"7T\ j
_ - 6.9
z2  ZN+712 9

From (6.8) and (6.9), the circulation current can be given as:

i ~E2
A Zn+ZT
or
Tt aw
a
= (6.10)
e =" onszm

where a,i and a,2 are the transformation ratios of OLTCT1 and OLTCT2, respectively.
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It is worth noting that because the reactance of each of the two transformers is much larger
than its resistance, the circulating current lags behind the voltage Vh by approximately 90°.
Fig. 6.5 depicts the phase relation between the currents and voltages of the circuit shown in
Fig. 6.4. The circulating current hire has a significant effect on the behaviour of AVC relays,

as will be explained in the next sections.

E2

circ

Fig. 6.5 Phasor diagrams of circulating currents in parallel transformers

6.3.2 AVC Relays with Positive Compounding Settings for Parallel

Transformers

Fig. 6.6 shows an example of a substation represented by two parallel transformers and a
feeder connecting the substation to a variable load. Let us assume that both transformers
have the same rating, and both are atthe  tap position. Assume also that both transformers
are equipped with an AVC relay with positive compounding, which is set to compensate for
the voltage drop along the feeder. The measured voltages of these relays are expressed as

follows:

97



Chapter 6

and

where Zac-RacHXacand Rac=Rland Xac=X.

Figure 6.6 Schematic diagram of a distribution network with two parallel transformers

Consider the situation when the measured voltages of the two AVC relays fall below the
lower limit ofthe control bandwidth. Owing to equipment tolerances, one of the transformers
may operate to step down its tap changer to a new tap position before the other. Stepping
down the tap changer reduces the number of turns of transformer's primary winding, and
consequently reduces its transformation ratio (see Appendix D for more details). Let us
assume that OLTCTL1 operates first, then circulating current flows in the direction shown in
Fig. 6.6. The measured voltages of the AVC relays following the operation of the tap

changer of OLTCTL1 are given by:
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yAlSél = '\/S ( h + L +AVC

_ys B hz_ 7Avc - arc ’YAVC (611)
= Mava "~ Iltire ZAvc

and

Vavez = Vs '\L * Woive IZA}VC

ys --%-ZAVC +}circ ZAvc (6.12)

yAVCZ ’-‘FZcirc ZAVC

Equations (6.11) and (6.12) are illustrated by the phasor diagram shown in Fig. 6.7.

When the tap changer of OLTCT1 completes its operation to the lower (k-1)™tap position,
the voltage is expected to return back to be within the bandwidth limits. However, due
to the effect of circulating current, this voltage decreases further down, as can be seen in Fig.
6.7. At the same time, the other voltage V(2 increases to a value beyond the upper limit of
the controlled bandwidth. In the situation just described, one tap changer continues tapping
down towards the lowest tap position, whereas, the other tap changer continues tapping
towards the highest tap position. In other words, the tap changers of the two transformers are

diverting instead of converging and consequently, proper voltage control can not be

achieved.
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V7 g LK

Upper limit

lower limit

@ (b)

Fig. 6.7 Voltage control of two parallel transformers using positive compounding setting
(a) Phasor diagrams of AVC relay 1 (first to operate)
(b) Phasor diagram of AVC relay 2 (second to operate)

6.3.3 AVC Relays with Negative Compounding Settings for Parallel

Transformers

A practical and economical solution to the problem of tap changer divergence of parallel
transformers can be achieved using AVC relays with negative compounding settings.
Consider the network depicted in Fig. 6.6 again. This time however let us assume that each
transformer is equipped with an AVC relay with negative compounding setting to
compensate for the voltage drop along the line. The measured voltages of these relays are

then expressed as follows:

(6.13)
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and

'VAVCZ :ys h -AlvV (6.14)

where Zaix; - R.avc 'j X ave

As discussed in the previous section, if the measured voltages of the two AVC relays fall
below the lower limit of the control bandwidth, one of the transformers operates to step
down its tap changer to new tap position before the other. Let us assume again that OLTCT1
operates first. The resulting circulating current flows in the direction shown in Fig. 6.6. The
measured voltage of the AVC relays of the two transformers following the operation of the

tap changer of OLTCTL1 are given by:

}/A!%l:}/s L+ "AVC (6.15)
2 y

Vavel™ 'icirc Aave

and
N - - h -1 6.16
y Avc2 y\é circ  'AVC (6.16)

AAVC2 + lcirc Z AVC

where Zaiv~ Ravc-j Xiae

The phasor diagrams shown in Fig. 6.8 illustrate the effect of circulating current on the

calculated control voltages of both relays.

101



Chapter 6

@ ©

Fig. 6.8 Voltage control of two parallel transformers using negative compounding settings
(a) Phasor diagrams of AVC relay 1 (first to operate)
(b) Phasor diagram of AVC relay 2 (second to operate)

When the tap changer of OLTCT1 operates to the (k-1)Utap position, the relay 1 voltage

V ] increases due to effect of circulating current, as can be seen in Fig. 6.8. At the same

time, it can be seen from the same figure that the voltage of the other relay, V*c2, decreases

and consequently, the tap changer of OLTCT 2 is also forced to step down to a correct
position. Thus the two transformers follow each other, resulting in a stable voltage control
operation. Compounding with negative reactance therefore has two functions; firstly to
compensate for the voltage drop along the distribution lines, and secondly, to compensate for
the effects of circulating currents in parallel transformers. However, as mentioned before, the
negative compounding arrangement is sensitive to the magnitude and phase angle of the
measured currents. Therefore, when this arrangement is implemented, it is assumed that the
load power factor does not change appreciably. The relay settings are therefore commonly

set to small values to minimise the error that can be induced due to the variation of the
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measured currents [18,19], Consequently, a complete compensation for voltage drop in

feeders may not always be achieved.

6.4 Design of a Load Flow Program

In order to investigate the effect of the integration of embedded generators on the
performance of AVC, it is necessary to perform a load flow analysis in order to calculate
network voltages and currents for various loads. Load flow calculations are performed on
power systems operating under balanced three-phase steady-state conditions. Many
commercial programs for load flow calculation are available nowadays. However, these
programs perform the calculation under fixed system loading conditions. To investigate the
operation of an AVC relay, it is necessary to have a program which can automatically
perform load flow calculation for various loading conditions. It is also necessary to have a
program to which the models representing AVC relays can be linked, thus allowing
appropriate tap-changing of OLTCTs to be achieved as the system load changes. In this
project, a load flow program is written in FORTRAN 77 using the Newton-Raphson method.
The basic formulation of this method is described in Appendix (A). The program is designed
to calculate bus-bar voltages and branch currents, as well as power flows and power losses in
the network branches. The program is linked with AVC relay models that can be
implemented for any OLTCT in the network. The tap-changing process of the OLTCT s
represented in the load flow program as an equivalent circuit, whose parameters are
dependent on the transformation ratio of the OLTCT under consideration. The details of the
representation ofan OLTCT in the load flow program are given in Appendix (D). Input data,
including the network topology, bus data, branch data, and AVC relays settings are presented
to the load flow program during the execution of the program. Such data is obtained from a

separate input-data file, which can easily be prepared using a file editor. System loads are
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represented in the program by their real and reactive power values P and O respectively, both

of which are variable. The following operations are executed every time the load changes:

a) Steady-state currents and voltages of the network are calculated using the

Newton-Raphson algorithm.

b)  Whenever the voltage of the AVC relays exceed the limits of a specified
bandwidth, the transformation ratio of the involved transformer is adjusted to

represent the tap-changing operation.

c) Results of calculations are saved in different output files. One of the files
provides data for graphical presentation of the results. Another file stores the

result in a table form to be used as inputs for the training of the neural network

based AVC relay, as will be explained later in Chapter 7.

Table 6.1 shows an example of the content of the input data file for a network with seven

buses and six branches.
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Table 6.1 A list of a load flow input data file

C-
C Load flow data file
C Base MVA
100.00
C number of buses, branches, and voltage controlled buses
760
C Bus data
C PV buses
C No P (MW) Q (MVAR) Qmax (MVAR) Q min (MVAR) Vnominal (L V)
1 2.0000 1.0000 1.000 0.0000 33.0000
C PQ buses
C No P (MW) Q(MVAR) &shunt (pn) Bshunt (PU) vnominal (hV)
2 .0000 .0000 0.0 0.0 33.0000
3 .0000 .000 0.0 0.0 11.0000
4 .0001 .000 0.0 0.0 11.0000
5 .0001 .000 0.0 0.0 0,6900
6 .0000 .000 0.0 0.0 11.0000
7 .0001 .000 0.0 0.0 0.4000

C Branch data

from to R(pu) X(pu) B(pu) (0.0 for lines, per unit ratio for transformers)
12 0218  0.2212 .0000 .000

.0000 1.000  .0000 1.00

1.5290 2.6780 .0000 .000

.0000  1.0000 .0000 1.00

0.7645 1.339  .0000 .000

6 7 .0000  1.0000 .0000 0.97

C Relay compounding settings

o o1 b w

oUuh WNRQO
WA wN

(Ravc, X avc)
(2.0,-1.0)
C Voltage control limits
C Upper, Lower
1.02, 0.98
C incremental load used to change the load at any desired busbar
C AP (MW), AQ (MVAR)
0.0005, 0.00024216
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6.5 The effect of Integration of Wind Power Based Embedded

Generators on the Performance of AVC relays

Consider the distribution network shown in Figure 6.9. It comprises a substation, which is
represented by two parallel OLTCTs, and two distribution feeders. One of the feeders is
connecting a load busbar to the substation while the other is connecting the substation to a
wind farm. Busbars are identified by a number from one to seven, as shown in Fig. 6.9. The
nominal voltage of each busbar is also shown in brackets beside each bus number. Therefore,
busbars will be referred to in future discussions by their numbers. The voltage of each bus
will also be referred to by its number. For example, the voltage of bus 1 will be referred to as
V(I), and so on. The tap-changers of the two OLTCTs at the substation are controlled by
individual AVC relays, AVC1 and AVC2. In order to maintain the network voltages within
the statutory limits, it is assumed that the voltage of bus 6 is required to be controlled within

a bandwidth of+2% of its nominal value.

The performance ofthe AVC relays is investigated using the previously described load flow
program for cases when the wind farm is either connected or disconnected from the network.
For the purpose of this investigation, the power factor of the variable load at busbar 7 is
assumed constant and equals to 0.95 (lagging). Each ofthe AVC relays is assumed equipped
with negative compounding to compensate for the voltage drop along the load feeder

connecting buses 3 and 6.

In the first step of this investigation, the wind farm is assumed disconnected from the
network by opening circuit breaker (CB) A (see Fig. 6.9). The load flow program is then run
allowing the load at bus 7 to change from zero to its rated power and back again to zero. Fig.

6.10 shows the voltage profile of bus 6, V(6), and the AVC1 relay, Vavci. The latter voltage
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is determined using Equation (6.1). Fig. 6.10 shows the variation of each of these voltages
verses the power of the load at bus 7 in a form of loop. The lower part of each of these
curves corresponds to the load increase from zero to its maximum value, whereas, the upper
part corresponds to the decrease of the load back to zero again. The two arrows seen in Fig.
6.10 show the direction of the variation of the above voltages in response to the load
variation. As can be seen in Fig. 6.10, when the load at bus 7 increases from zero to
maximum, the voltage at bus 6 decreases. This is obviously due to voltage drop along the
load feeder. At the same time, the AVCL1 relay Voltage, Vavci, also decreases as expected
from Equation (6.1). However, as Vavci reaches the lower control limit, i.e. 0.98pu
represented by the lower dashed line shown in Fig. 6.10, AVCL1 relay initiates a signal to
operate the tap-changer of OLTCT1 in such a way to boost the voltage. It has been observed
that AVC2 behaves similarly to that of AVC1. Fig. 6.10 shows that the operation of tap-

changers of OLTCT1 and OLTCT2 occurs at approximately 1.2MW, 2.4MW and 3,5MW.

When the load decreases from its maximum value back to zero, both voltages, V(6) and
V avci, increase. Again, whenever Vavci reaches the upper control limit, shown by the upper
dashed line in Fig. 6.10, AVC1 relay initiates a signal to operate the tap-changer of OLTCT1
in such a way to prevent V(6) exceeding the upper limit. Fig. 6.10 shows that this action
occurs twice at approximately 2.2MW and 1.0MW. Comparing V(6) with VAvci in Fig.
6.10, it can be concluded that AVC1 relay at the substation has properly calculated the
voltage of the remote bus 6, hence a proper voltage control of the controlled bus is achieved

over the whole range of load variation.

The general behaviour of the system and AVC relay voltages that will be presented in the
reminder ofthis chapter and in chapter 7, will be similar to those described above. Therefore,

the curves depicted on such illustrations will not be explained in such detail, to avoid

107



Chapter 6

unnecessary repetition.

1(33kV) 4 (11KV) 5 (69°V)
. 10 km
Grid <3 > H 3
Wind farm
6 (L1kV) 7 (400V)

5km Z:

<2 > 7
Variable

3 (IIkV) load

Fig. 6.9 Schematic diagram of a distribution network with embedded generators

The second step of this investigation involves the connection of the wind farm to the network
by closing CB A. As previously mentioned in chapter 2, wind power based EG commonly
employ induction (asynchronous) generators, which normally operate at a leading power
factor. This means an EG of this type injects active power into the network but absorbs
reactive power from the network. Thus, it is assumed that the wind farm provides the
network with 4 MW total generation at leading power factor of 0.95. The performance ofthe

AVC relays in this case is depicted in Fig. 6.11.

As demonstrated in Fig. 6.11, the integration of a wind power based EG with a leading
power factor into the network causes an offset to the voltage measured by AVC relays. As
can be seen in Fig. 6.11, while the measured voltage falls within the control limits, 0.98pu
and 1.02pu, the controlled voltage, V(6), remains outside the limits of the control bandwidth

in the range from 0.915pu to 0.96pu. The voltage difference between Vavci and V(6) at all
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load conditions is fixed and approximately equal to 0.06pu, which means that the calculated
voltage is always higher than the voltage of the controlled busbar. It has also been found that
the voltage of AVC2 behaves similarly to that of AVCL1. The reason tor this difference is due
to the contribution of the power injected by the wind farm into the power demand of the
load, which results in the measured complex current through the OLTCTs differing from
actual complex current in the load feeder. Hence, the voltage drop along the load feeder is
wrongly calculated by the AVC relays [17]. Consequently, the network voltages fall outside
the specified limits and the AVC relay cannot detect this error or make the necessary
correction. It can then be concluded that AVC with negative compounding cannot perform

properly when an EG is integrated into the network.

Fig. 6.10 Voltage control of network without the wind farm using
AVC relays with negative compounding settings

109



Chapter 6

Fig. 6.11 The effect of the wind power based EG on the performance of
AVC relays with negative compounding settings
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THE APPLICATION OF ARTIFICIAL NEURAL
NETWORKS TO THE VOLTAGE CONTROL OF

DISTRIBUTION SYSTEMS WITH WPBEG

7.1 Introduction

As previously mentioned in chapter 6, the integration of wind power based embedded
generators (WPBEG) into a distribution network may cause problems to the operation of
AVC relays. One such problem is the error introduced in calculating the magnitude of the
voltage of AVC relays, resulting in malfunctioning of these relays. This may be explained
due to the non-linear relationship between the compounding settings of the relays, which are
required to compensate for voltage drop along distribution lines, and the power factor of the
load of OLTCTs. In order to solve these problems, an attempt is made in this work to design

an AVC relay based on the application of an artificial neural network (ANN).

The term “artificial neural network™ has emerged following many years of research to
understand and mimic the behaviour of human brain. The first attempts were reported in the
early 1940's [129-131], Since then, different algorithms and types of artificial neural
networks have been proposed [129-134], However, the interest in ANN has dramatically
increased following the invention of the Multilayer Perceptron (MLP) Networks by Parker in

1982 and Rumelhart in 1985 [131,138], A MLP network requires training before it can be
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implemented to perform a useful task. One of the popular methods commonly used for the
training of MLP networks is referred to as the "Back-Propagation (BP)" algorithm [129-
138], A MLP network based on the BP training algorithm is commonly known as Multilayer
Back-Propagation Network. This type of ANN has been particularly attractive for
applications in power systems, being used for more than 80% of such applications [137],
More details about the MLP networks and the other types of ANN can be found elsewhere

[129-138],

In order to design an automatic voltage control (AVC) relay based on the application of
ANN, a Multilayer BP network has been implemented [139,140], The ANN based AVC
relay has been designed utilising a specially dedicated neural network design tool called the

“NeuralWorks”. Further details about this tool can be found in reference 134.

In the following section, some of the reported applications of ANN in power systems are
summarised. An AVC relay based on the application of ANN is then presented and
discussed. The performance of the relay is tested for different configurations of the
distribution network previously investigated. The results are demonstrated and discussed.

Hereafter, WPBEGs will simply be referred to as embedded generators (EGSs).

7.2 Application of ANN in Power Systems

The application of ANN in power systems has grown widely during the last few years [130],
ANNSs have proved to be robust and have tremendous capabilities to learn complex nonlinear
relationships that can effectively be used in solving problems which are otherwise difficult to
solve. ANNs has been found to be useful for different types of power systems applications,

such as load forecasting [141], fault classification and protection [142-149], power system
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dynamic and stability studies [150-151], and control of power and voltage of electrical
networks [152,153]. Some of the proposed techniques have already been constructed and

installed on real systems to evaluate their performance under service conditions [142].

The short-term load forecasting technique proposed in [141] made use of ANN proceeded
with a Fuzzy-based classifier, which was implemented to pre-classify training data.
Classification of data was based on weather conditions, seasons in a year, days, and time.
Data of every class was then utilised for training a separate MLP network; i.e. a number of
ANNSs was used in parallel for the load forecasting. The training of the ANN was achieved
off-line to predict the short-term load forecast using historical data, which were obtained
from a local utility. A performance test ofthe proposed ANN has shown that the error, which
is referred to as "mean absolute percentage error (MAPE)" [141], between actual load

measurement and that predicted by the ANN model did not exceed 2%.

The work proposed in [142-147] has demonstrated the effectiveness of ANN for fault
classification and protection applications. For example, in [142] an ANN is proposed to
overcome problems that occur when a distance relay detects a fault on a transmission system,
which is composed of an overhead line (OHL) and a cable. The difference in the properties
of OHLs and cables may cause the distance relay to over-reach or under-reach, whereas, a
properly trained ANN can accurately predict the location of fault. Data for training and
testing of the proposed ANN [142] is obtained by fault simulation utilising the EMTP
program. Under-reach of distance relays due to fault arc resistance is the problem addressed
in the work proposed in [143]. An ANN based distance relay that can properly operate for a
fault with arc resistance is proposed. Training data, which includes the measured impedance
of the faulted line at the relay location, is obtained by fault simulation. The performance of

the proposed ANN based distance relay was found to be very good. Problems that face
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conventional phase comparison relays, which are used in combination with distance relays,
are reduced using ANN [144,145], An ANN based on a phase comparison device has the
ability to operate properly without having the serious effect caused by variations of source
impedance. It has also been shown that an ANN based distance relay can operate properly
when the voltage and current signals contain DC offsets [146] and when these signals are
affected by the mutual coupling between parallel transmission lines [147], It is worth noting
that the MLP network that is based on the BP training algorithm is implemented in the

reported works in [141-147],

In order to improve the performance of ANN based fault classification and protection
devices, training methods, based on Genetic Algorithm (GA) techniques, are proposed in
[148,149], In these reports, the weights of MLP networks are calculated and updated using

GA until the output error is minimised.

With regard to the application of ANN to power system stability and dynamic studies,
research has been focused on the development of ANN based tools that can accurately
provide an advanced and fast warning on the likelihood of unstable operation conditions
[150,151], On-line assessment of power system stability is difficult to achieve using different
numerical techniques, because such techniques usually require relatively long computational
time. In contrast to this, the ANN based techniques, which can be off-line trained, have the
ability to evaluate system stability, when implemented on-line, much faster than
conventional methods. Having fast and on-line assessment of system stability helps power
system operators undertake proper preventive actions fast enough to safeguard the stability
of the system. The proposed ANN specially developed for security assessment reported in

both references [150,151] is also ofthe MLP type with BP training algorithm.
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The application of ANN for voltage control of power systems and voltage stability problems
is also reported in the literature [152,153], In order to co-ordinate the switching of shunt
capacitors and on-load-tap-changing devices, a combined ANN and fuzzy dynamic approach
has been proposed in [152], The model has been designed to provide a 24 hour
power/voltage control strategy. This approach is therefore similar to the load forecasting
technique described in [141] in the sense that it merely provides the operator an assessment
on the future demand of reactive power of power system. Hence it is not designed to initiate
operation of tap-changing devices or switching on or off shunt capacitors. H Schmidt has
implemented the ANN to assess voltage stability problem in electrical power systems [153],
Firstly, he has studied the dynamics of the voltage stability problem. This was achieved by
producing a dynamic model for a power system, which enabled him to run a dynamic
simulation in the time-domain. The results of the dynamic simulation were then used to train
a MLP network, which is used to assess the possibility of the occurrence of voltage collapse

on the system.

7.3 First Attempt of Designing ANN based AVC relay

Voltage control using an AVC relay is achieved using two main steps. The first step involves
the calculation of the voltage of AVC relay, Vavc, using equation (6.1), from measured
values of currents and terminal voltages of the associated OLTCT. In the second step, the
calculated relay voltage is compared with a reference voltage (Vlaget)- If the deviation of the
relay voltage from a reference voltage exceeds a specified bandwidth, say 2%, the relay
initiates a signal to operate the tap-changing device of the transformer in such a way as to
ensure that the controlled voltage is brought back within the bandwidth. The bandwidth is
usually chosen so that its value should be greater than that due to a single step change ofthe

tappings ofthe controlled OLTCT.

115



Chapter 7
The idea behind an ANN based AVC relay is to design an ANN that can perform the
calculation related to the first step mentioned above, i.e. design an ANN that can process
input signals and calculate the relay voltage, VavcmHence the problem from the viewpoint of
neural computation is a prediction problem. The ANN is expected to learn the nonlinear
relationship between the power factor of transformer load current and the AVC relay
compounding settings that would result in a proper voltage control of the distribution
network with integrated embedded generators. The design of an ANN that performs such a
task can be accomplished in three stages, e.g. determination of the structure, or topology of
the ANN, training of the ANN, and testing its performance. An ANN based AVC relay is
required to process the measured system parameters, such as the magnitude and phase angle
of busbar voltages and transformer currents and the active and reactive power required for
calculating the AVC relay voltage, VavcmConsequently the structure of the ANN must
include an input layer to be used as a buffer for the inputs, at least one hidden layer, because
ofthe non-linearity ofthe problem, and an output layer with a single neuron for holding the
relay voltage, Vaitr- Therefore, a three-layer network, similar to that shown in Fig. 7.1, was

implemented. The meaning of symbols used in this figure are explained below.

Fig. 7.1 A three-layer BP network
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yi is the output of the ilhneuron in the input layer,
w,j is the weight of connection between the ijhneuron in the input layer and

thej neuron in the hidden layer,
Xj isthe input into thej'hneuron in the hidden layer, where

Xij="Wij,
yi is the output of thef hneuron inthe hidden layer,
y0 s the final output ofthe ANN.
F is a nonlinear function, for example a logistic or a hyperbolic tangent function,

n and m are the number of neurons in the input and hidden layers, respectively.

The following logistic function is used to process the input signals in the neurons of the

hidden and output layers [129-134]:

1

y (7.1)

B (I + e~sum)
where sum is sum of the input signals into a neuron in the hidden or output layers, andy is

the output of that neuron. For example, the sum of input signals into the j'h neuron in the

hidden layer, see Fig. 7.1, is given by:

simtj - (7_2)

Neurons in the input layer do not participate in the training process [129-132], Neurons in
this layer only pass input signals to the neurons in the hidden layer. Therefore, transfer
functions are not used in the neurons constituting the input layer. The number of input
signals into the ANN dictates the number of neurons in the input layer. It has been found in
this work [139, 140] that an input layer with three neurons is sufficient for the required

ANN. The number of neurons in the hidden layer needs to be chosen carefully and can be
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decided during the training process of the ANN, whereby an optimal number can be found
that would provide the best training and performance of the ANN. When the number of
neurons in the hidden layer is not sufficient, proper training can not be achieved, and when
the number is too big, the training process may lead the ANN to memorise the training
patterns rather than having the ability to adopt the relationships among them [129, 130]. A
facility in the NeuralWorks software, which is called "save best" [134], optimises the number
of neurons in the hidden layer by automatically training the ANN with a different number of
hidden neurons. It then saves the network that provides minimum error as the best network.
The optimal number of hidden neurons for this investigation is found equal to ten [139,140].
A three-layer ANN is constructed using the NeuralWorks software, as illustrated in the
screen dump of the graphical interface of the NeuralWorks, which is shown in Fig. 7.2. As
can be seen in the lower left part of Fig. 7.2, the ANN comprises an input layer with three
neurons, a hidden layer with ten neurons, and an output layer with a single neuron. A bias
neuron is also employed to add more flexibility to the ANN. The other features of the ANN
shown in Fig. 7.2 will be explained later in section 7.5 when the training of the ANN is

discussed.

As mentioned previously, the BP algorithm has been used for training of the proposed ANN.
This algorithm is one of the known supervised training algorithms [129-134], In order to
train an ANN using the BP algorithm, it is usually fed with data, which consists of an input
vector of patterns and the corresponding vector of desired outputs patterns. As far as the
ANN presented in this work, the vector of input patterns includes network parameters, which
can be measured at the low voltage side of the involved OLTCT. The corresponding vector
of outputs of the ANN includes the desired values of the AVC relay voltage, \AGThe
training data files are prepared by simulating voltage control of the considered distribution

network using conventional AVC relays. Several cases have been considered, whereby in
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some of them a wind farm is assumed connected to the network; while in other cases, the

wind farm is assumed disconnected. The load flow program, which has been described in

chapter 6, is used for this purpose. To demonstrate the procedure of designing and training

the ANN based AVC relay, consider the simple distribution network shown in Fig. 7.3. It

comprises a substation, which is represented by a 33kV/lI IkV OLTCT, a variable load, and a

wind farm with a capacity of 4AMW. A load feeder and an 1lkV/415V transformer are used

to connect the variable load with the substation, while another feeder is used to connect the

wind farm with the substation. In this system it is assumed that the OLTCT is controlled by a

conventional AVC relay with positive compounding arrangement. Bus-bar voltages shown

in brackets in Fig 7.3 correspond to bus-bar nominal voltages.
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Fig. 7.3 Schematic diagram of a distribution network with a wind farm

7.4 Load Flow Simulation to Obtain Training Data for the ANN

Voltage control of the network shown in Fig. 7.3 is simulated using the load flow program
specifically developed for this purpose using FORTRAN (see section 6.4). Several cases
have been considered. A summary of these cases is shown in Table 7.1. In each of these
cases, the load is allowed to incrementally change from zero to 4.5MW and back again to
zero. Following each incremental change of the load a load flow calculation is executed and
the results are recorded in data files, each of which constitute sets of rows of input and output
patterns. These results include input signals that can normally be measured in a real network
at the transformer low-voltage side. Such signals include the magnitude of busbar voltages,
the transformer currents, the phase angle between the busbar voltage and the transformer
current and active and reactive power flows in the transformer. The measured current and its
phase angle with respect to the measured voltage are used to convert it into real and
imaginary components. The AVC relay compounding settings are adjusted in each case
study so that a proper voltage control is ensured whether the wind farm is connected or not.

Wind farms commonly operate at a leading power factor as asynchronous (induction)

120



Chapter 7
generators are usually employed in wind turbine-generator units, nevertheless, conditions
when synchronous generators operating at lagging power factor are also considered. It is
therefore, assumed that the wind farms may operate at any power factor ranging from 0.95
lagging to 0.95 leading. It is also assumed that the power factor of the variable load can
change between 1 and 0.9 (lagging). In order to cover all possible operation conditions,
different combinations of EGs and load magnitude have been considered. The total number

ofthe recorded rows of input/output pairs generated in this way is 2500.

It has been found that not all the recorded signals are simultaneously required for the training
of the ANN under consideration [139,140], It has also been found that the results can be
separated into two groups of inputs, each comprising three signals, which are sufficient to
achieve good training of the ANN. The signals used in the first group include the amplitude
of voltage, the real and imaginary components of transformer current, while the signals used
in the second group consist of the voltage, which is the same as that used in the first group,
and the measured real and reactive power though the transformer. These two groups are

therefore saved with the corresponding AVC relay voltage in two separate data files.

As mentioned earlier, the training of an ANN should give it the ability to adopt the common
relationships among input and output patterns, and not memorising them. In order to achieve
this requirement, pairs of the generated input/output patterns are randomly separated into two
groups and saved in two separate files. The first file, which contains 70% of the simulation
results, is used for the training process of the proposed ANN based AVC relay, while the

second file, which contains the remaining 30% is used for the testing stage of the ANN.
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Table 7.1 Load flow conditions of the distribution network including embedded generation

and variable loads, used to create a training file for an ANN model.

Case Embedded Generation Varia)le Load Comp. mpedance

No P(MW) PF Max. PF Rave Xavc
1 0 - 45 10 0.4 0.8
2 0 - 4.5 0.95 0.4 0.8
3 0 - 4.5 0.9 0.4 0.8
4 4 0.95 lead 45 1.0 0.2 0.8
5 4 0.95 lead 4.5 0.95 0.2 0.8
6 4 0.95lead 4.5 0.9 0.2 0.8
7 4 1 4.5 1.0 0.2 1.0
8 4 1 4.5 0.95 0.2 1.0
9 4 1 4.5 0.9 0.2 1.0
13 4 0.95lag 45 1.0 0.0 14
14 4 0.95lag 45 0.95 0.0 14
15 4 0951lag 45 0.9 0.0 14

7.5 Training and Testing of the ANN based AVC Relay

Vtarget,
PU
1.0+ 2%
1.0+ 2%
1.0+ 2%
1.0+ 2%
1.0+ 2%
1.0+ 2%
1.0+ 2%
1.0+ 2%
1.0+ 2%
1.0+ 2%
1.0+ 2%

1.0+ 2%

Before presenting the training data to the ANN, they should be first normalised to avoid

saturation ofthe calculated outputs [134], Normalisation of input patterns is performed in the

NeuralWorks software using the following equation [134]:

(*, ("max - *min) + (*min*/.n«x " An»x*,.min))
I, norm

XI,max _xl,nun

where:
X, nomis the normalised input to neuron / in the input layer,
X. m&x is the maximum value of input / in the training/testing data set,

X, mn is the minimum value of input i in the training/testing data set,
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Rmax is the upper limit of the implemented transfer function,
Rmex- 1 for the logistic or hyperbolic tangent functions,
Rm,, is the lower limit of the implemented transfer function,

Rmin= -1 for the logistic or hyperbolic tangent functions.

The training is performed using the normalised values. In the implementation stage, the relay
voltages calculated using the ANN based AVC relay are then de-normalised to their

corresponding real values using the following equation [134]:

(v, O, ™ _7 min) + (£)me>;,.min * AINV,max))

y j,real

where:
y ifreal is the de-normalised output of neuronj in the output layer,
yi, na& is the maximum value of desired outputj in the training/testing data set,
yit,jin is the minimum value of desired outputj in the training/testing data set,
Dmax is the upper limit of the implemented transfer function in the output neurons,
Dmex = 1 for the logistic or hyperbolic tangent functions,
Dnin is the lower limit of the implemented transfer function in the output neurons,

Dmin~ 0 for the logistic function and Dnin= -1 for the hyperbolic tangent functions.

As mentioned above, the BP training method is employed in this work, whereby the delta
rule of learning is applied to minimise the root mean square (RMS) error between the
predicted and desired controlled voltages of the AVC relay. The training of the ANN based
AVC relay was achieved by presenting it with randomly selected pairs of patterns from the
training data file 80000 times. Presenting the training patterns for this number has resulted in
a maximum RMS error not exceeding 2%. After the training process, the performance of the

ANN is examined by presenting it with the data patterns from the test file. A snap shot of the
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graphical interface of the NeuralWorks software has been previously shown in Fig. 7.2. As
mentioned above, Fig. 7.2 depicts the three-layer ANN whereby the input layer is shown at
the bottom, then the hidden layer, and finally the output layer. Fig. 7.2 also shows a number
of graphical instruments, which are available in the NeuralWorks software that has been used
in this work to monitor the process of the training of the ANN. The rectangular window at
the top of Fig. 7.2 is one of these instruments that illustrates the error between the predicted
(calculated) and desired outputs. This window shows the RMS error corresponding to 100
input patterns, which have been successively presented to the ANN. The same instrument
also indicates that the maximum error, which has been reached when the patterns in the test
file were presented to the ANN, was 0.0085. The next instrument located below the previous
one illustrates the correlation between the general relationships which the ANN has learned
in the training process and those relationships found in individual input patterns. This
indicator is usually very low when training has just started. However, when the ANN begins
to visualise the general properties in the training data, the correlation index starts to increase.
If the correlation remains close to one in the test mode, this indicates that the ANN has
successfully generalised the learned relationships over the space from which the input
patterns of the training data file are obtained. It can be seen in Fig. 7.2 that the correlation
among the training patterns for the considered ANN is always close to one, which provides
evidence that the ANN has been properly trained. Another instrument, which is known as
“network weights”, shows the distribution of values of network weights in a graphical form,
as depicted in the window which is located at the bottom right-hand corner of Fig. 7.2. The
horizontal axis in this window shows the range of weight values extending from -2 to 2,
which is divided into equal intervals. On the top of each interval, there is a graphic bar,
which has a width equals to the width of the interval. The height of each bar equals to the
number of connections in the ANN, which have a weight value falling within the

corresponding interval. All the bars in the graph are automatically scaled by the
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NeuralWorks program according to the value of the highest bar. As can be seen here, some
connections have positive weight values, while other connections have negative weight

values.

Fig. 7.4 depicts a comparison between the desired values ofthe voltage ofthe AVC relay and
those calculated by the ANN for 100 input patterns which have been presented to the ANN
from the test data file. As can be seen in Fig. 7.4, the predicted values of Vavc match the

desired values very well.

As a result of the training process ofthe ANN, a final set of weights, which correspond to the
connections between neurons in successive layers, is produced. After the training and testing,

the set ofweights is saved into a text file in a form ofa table.

Desired----- Predicted Patterns

Fig. 7.4 A comparison between desired values of AVC
relay’s controlled voltage and those predicted by
an ANN based relay
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7.6 Integration of the ANN based AVC Relay into the

Load Flow Program

After designing, training and testing the ANN-based AVC relay using the NeuralWorks
program, it is included in the load flow program to further investigate its performance. As
mentioned above, the final values of weights ofthe ANN are saved in a separate data file. On
the other hand, the simulation of a conventional AVC relay used in the specifically
developed FORTRAN load flow program is replaced by the ANN based AVC relay. Thus,
the ANN computation is included in the program in a form of a subroutine. The load flow
program is modified in such a way that when it is executed, weights are loaded from the data
file into the memory ofthe computer and assigned to their corresponding connections in the
ANN based AVC relay. When the load is incrementally changed during voltage control
simulation, network voltages and currents are calculated, as previously explained, using the
Newton-Raphson algorithm. The ANN subroutine is then used to calculate the voltage of the
AVC relay. The calculated voltages and currents, which are required for calculation of the
relay voltage, V avc, are passed to the ANN subroutine as arguments in the subroutine calling
function [154,155], The subroutine returns the calculated voltage, Vavc, which is then
compared with the target voltage, Viarget If the deviation of Vavc from Viarget exceeds
specified limits, a proper tap-changing action is performed. Fig. 7.5 shows a flow chart of the
load flow program, which can be used to simulate a distribution network with the ANN

based voltage control.

Thus, the modified load flow program can be used as a tool to investigate the performance of
the ANN based AVC relay as the variable load connected to the network (see Fig. 7.3) is
changed from zero to its maximum value. It also allows the testing of whether a proper

voltage control can be achieved using the ANN based AVC relay or not.
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Fig. 7.5 Flow chart of the load flow program to simulate voltage

control using ANN based AVC relays
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7.6 Performance of the ANN based AVC Relay Compared to an
AVC Relay with Positive Compounding in a Network with EG

In order to test the performance of the proposed ANN based AVC relay and to compare it
with that of conventional relay having positive compounding, it is integrated into the
specifically developed load flow program as mentioned previously. The load flow program is
then used to simulate different operating conditions related to the system shown in Fig. 7.3.
Consequently a voltage profile of the system as controlled by the proposed ANN based AVC
relay is determined. Several load flow cases are simulated including the distribution system
operating with and without EGs. The connected load is changed in each simulated case from
zero to its maximum value and back again to zero. The same voltage profiles are also
determined using a conventional AVC relay with positive compounding. The settings of the
conventional relay compounding in terms of Ravc and Xavc are 0.4pu and o.spu,
respectively. These values, which provide 60% compensation of the voltage drop along the
load feeder, are found sufficient to maintain the network voltages within the statutory limits.
Figures 7.6 to 7.11 show examples in pairs of the test results obtained from the ANN and
conventional based AVC relays. These figures show the variation of voltage of bus 5, V(5),
and the AVC relay voltage, Vavc, in response to the change of the load at bus 6. As
previously explained in Chapter 6, the lower part of each curve corresponds to the increase
of the load from zero to 4.5MW, whereas the upper part corresponds to the decrease of the
same load back to zero after it has been allowed to reach its maximum value. Figures 7.6 and
7.7 show the variation of voltages of V(5) and V avc when the network is assumed operating
without EG by using the ANN based relay and conventional relays respectively. Figures 7.8
and 7.9 represent the same but assuming an EG with leading power factor of 0.98 is
integrated into the network. Fig. 7.10 and 7.11 show the voltages V(5) and Vavc when an
EG with a lagging PF of 0.98 is assumed connected to the network. In all these cases, the

variable load is assumed to have a constant lagging PF of0.97.
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Fig. 7.6 represents the behaviour of the ANN based AVC relay, whereas, Fig. 7.7 represents
the behaviour of a conventional relay. By comparing these two figures, it can be observed
that the performance ofthe ANN based relay in this case is similar to that of the conventional
one. The relay voltage, Vavc, of both the ANN-based and conventional relays vary within
the upper and lower control limits of the bandwidth, which are shown by horizontal dashed
lines in Figs 7.6 and 7.7. By comparing Fig. 7.6 and 7.7 it can also be seen that the profile of
the voltage of bus 5, V(5), is the same for both cases and it is also well controlled. The same

figures show that the voltage V(5) is maintained within the range of 0.96pu and 1.02pu.

Load (MW)

Fig. 7.6 Performance of ANN based AVC relay, network without EG and
PF of load = 0.97 (Lag.)
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Load (MW)

Fig. 7.7 Performance of conventional AVC relay with positive
compounding, network without EG and PF of load = 0.97 (Lag.),
0.4 and XAC—0.5

It has been found that when an EG with a leading power factor of 0.98 is integrated into the
network the performance of both relays differ slightly. It has been observed that when the
ANN based AVC relay is used the relay initiates a signal to operate the tap-changer of the
OLTCT by a single tap in such a way to boost the voltage of bus 5. This action occurs even
before the load at bus 6 is increased, which indicates that the amplitude of voltage of bus 5,
V(5), has decreased below the lower control bandwidth limit, which is in this case 0.98pu,
and therefore causing the AVC relay to operate. The reason for the reduction of the
amplitude of V(5) is due to a voltage drop in the OLTCT, which results from the flow of
power through the OLTCT when the EG is connected to the network. Consequently, the
voltage of buse 2, and hence, bus 5 decreases. Fig. 7.8 shows the profile of the AVC relay
voltage, Vavc. and the voltage ofbus 5, V(5), when the ANN based relay is used. As can be
seen in this figure, the initial values of these voltages, i.e. when the load at bus 6 is zero, is
about Ipu. By comparing the voltage profiles in Fig. 7.6 with those shown in Fig. 7.8, it can
be seen that the performance ofthe ANN based AVC relay is not affected by the integration

of EG.
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On the other hand, it has been observed that when the conventional AVC relay is used, the
voltage ofthe AVC relay, Vavc. and that of bus 5, V(5) deviate, as shown in Fig. 7.9. This is
due to the effect of the EG on the relay as previously explained in chapter 6. This simply
means that the conventional AVC relay does not have the ability to detect the reduction of
the voltage of bus 5 below the lower control limit. It can be seen from the figure that the

voltage ofbus 5, V(5), is 0.98pu, even though the variable load at bus s is equal to zero.

Fig. 7.8 Performance of ANN based AVC relay, network with WPBEG.
PF of EG = 0.98 (lead) and PF of load = 0.97 (Lag.)

Fig.7.9 Performance of conventional AVC relay with positive
compounding, network with WPBEG. PF of EG = 0.98 (lead)

and PF of load = 0.97 (Lag), Rave= 0.4 and X ave = 0.8
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Fig. 7.10 and 7.11 show the performance of the ANN based and the conventional AVC
relays when an EG with a lagging power factor of 0.98 is integrated into the network. It can
be seen that the behaviour of the ANN based AVC relay is similar to the case that
corresponds to the integration of an EG with a leading power factor, which is explained
above. The AVC in this case also initiates a single step operation of the tap-changer to adjust
the voltage of bus 5to lpu when the load value is still zero as can be seen from the voltage
profile of V(5) in Fig. 7.10. The conventional AVC does not react in the same way.
Consequently the performance ofthe ANN based AVC relay is considered to be better than

that ofthe conventional relay.

The general conclusion from this investigation is that the performance of the proposed ANN
based AVC relay is found to be similar to that of the conventional relay with positive
compounding for the case studies corresponding to the network operating without EG.
However, when EG with either leading or lagging power factor is connected to the
investigated network, the proposed ANN based relay exhibits better performance than that of

the conventional relay.

Fig. 7.10 Performance of ANN based AVC relay, network with EG. PF of
EG =0.98 (Lag.) and PF ofload = 0.97 (Lag.)
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Fig.7.11  Performance of conventional AVC relay with positive
compounding, network with EG. PF of EG = 0.98 (Lag.) and PF
of load = 0.97 (Lag), Ravce~- 0.4 and x ave —0.8
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7.8 Comparison between the Performance of ANN based AVC
Relay with that of Conventional Relay with Negative

Compounding on a Network with EG

The performance of the proposed ANN based AVC relay with regard to the control of
voltage magnitude of a distribution network that includes a wind farm is also compared with
that of conventional AVC relay equipped with negative compounding. For this purpose, the
distribution system shown in Fig. 7.3 is considered again, assuming this time that a
conventional AVC relay with negative compounding is used. Practically, this situation
represents the case when two transformers are initially operated in parallel, but one of them
is temporarily switched out of service. Case studies similar to those described in the previous
section were repeated, whereby, the load at bus 6 is allowed to change from zero to its
maximum value and back again to zero. Figures 7.12 to 7.14 show examples of the results
obtained from the simulation. Fig. 7.12 shows the corresponding voltages of bus 5, V(5) and
the voltage of the AVC relay, VAvc, for the case when the network is operated without the
EGs. Whereas, Fig. 7.13 corresponds to an EG with a leading power factor (PF) of 0.98

integrated into the network, whereas Fig. 7.14 represents an EG with a lagging PF of 0.98.

By comparing the performance of the corresponding ANN-based relay previously discussed
in section 7.7 and presented by figures 7.6, 7.8 and 7.10, it can be observed that when no
wind farm is connected to the considered network, the performance ofthe ANN based AVC
relay (Fig. 7.6) is similar to that related to conventional AVC relay with negative
compounding (Fig. 7.12). However, the integration of EG operating with either leading or
lagging power conditions into the network, causes a deterioration in the performance of the
conventional relay, as can be seen in Figures 7.13 and 7.14, respectively. For example, the

voltage of bus 5, V(5) in both figures is always below the lower control limit set at 0.98pu.
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On the other hand, it can be seen that the performance ofthe ANN based relay for the same
cases has not been affected by the integration of the wind farm into the network and remains
capable of properly controlling the voltage of the network, as shown in figures 7.8 and 7.10,
respectively. The reason of the such high-quality performance exhibited by the ANN-based
relay is because the training of the ANN is made using training patterns that are obtained
from load flow case studies corresponding to the network operating with and without EG. As
previously explained in section 7.4, the training patterns are generated using a conventional
AVC relay to simulate the voltage control of the investigated network, whereby its
compounding settings are continuously adjusted to account for the connection or
disconnection of EGs. Thus, the ANN based AVC relay has been trained to properly control

network voltage, whether EG is connected to the network or not.

From these results, it can be concluded that an ANN based AVC relay can perform better
than a conventional relay with negative compounding arrangement when EG is connected to

the distribution network.

Fig.7.12 Performance of conventional AVC relay with negative
compounding, the network without EG. PF of load = 0.97 (Lag.),
Ravc~ 10 and xave =-1.0
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Fig.7.13 Performance of conventional AVC relay with negative
compounding, the network with EG. PF of EG = 0.98 (lead) and
PF of load = 0.97 (Lag.), Rave= Lo andxave = -1.0

Fig.7.14 Performance of conventional AVC relay with negative
compounding, the network with EG. PF of EG = 0.98 (Lag.) and
PF ofload = 0.97 (Lag.). Rave= LO and x ave = -1.0
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7.9 Performance of an ANN based AVC Relay on a
Network with an Integrated Wind Farm and
Distributed Loads

In a typical distribution network consumers usually have their electricity supply via MV/LV
distribution transformers. Such transformers are normally connected to the feeders
emanating from the main substation and are located at different distances from the main
substation. The load connection in this fashion may be referred to as distributed load. Loads
of such networks may change independently. Consequently voltage drops along load feeders
cannot be guaranteed to be identical. For this reason, the voltage control of a distribution
network with an integrated wind farm and distributed loads is investigated. The network is
shown in Fig. 7.15. This figure shows that the network comprises a 33kV/I IkV substation,
which is represented by a 20MVA OLTCT, a radial load feeder connected with two groups
of variable loads via MV/LV transformers with voltage ratio of 11k\V/0.415 kV. One group
is represented by the load L2 with a total power of 2MW and the second group is represented
by the load L3 with a total power of 2MW. Loads L2 and L3 are assumed connected at skm
and 13km respectively from the substation. In order to simplify the model, a bulk load, LI,
with a total power of 4AMW is assumed connected to the substation to represent other load

feeders. Another skm feeder is assumed connecting the substation with 5 MW WPBEGs.

An ANN based AVC relay is considered for the voltage control of the network shown in Fig.
7.15. Therefore, an ANN is designed to calculate the voltage of the AVC relay. The ANN
model is similar to that shown in Fig.7.1, it also comprises three layers, e.g. an input layer
with three input neurons, a hidden layer with ten neurons and an output layer with a single

neuron.
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Fig. 7.15 Schematic diagram of a distribution network with

distributed loads and embedded generators

A training data file is obtained using the FORTRAN-based load flow program whereby the
voltage control of the network is simulated for different operating conditions employing a
conventional AVC relay. Settings ofthe relay compounding are adjusted in each case in such
a way to continuously provide proper voltage control. The target voltage for control is
assumed equal to 0.98pu, and the calculated voltage is allowed to vary by = 2%. During the
simulation loads at the three locations, Li, L2, and Ls, are allowed to change in incremental
steps simultaneously from zero to their maximum values and back again to zero. The
calculated results at every step are saved in a training data file. The input patterns for the
ANN based AVC relay are derived from the voltage of bus 2, V(2) and the real and
imaginary components of the transformer current, It. The output is the calculated AVC relay
voltage, Vavc- Table 7.2 shows a summary of the simulated cases. For the reason explained

previously in section 7.5, the training file is divided into two separate files by randomly
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selecting pairs of input and output patterns for each file. A data file containing 50% of the
patterns is used in the training process, whereas another file containing the remaining 50% of
patterns is used in the testing mode. Following a satisfactory training and testing, the finally
generated matrix of weights is saved in a data file. The FORTRAN load flow program,
which includes a subroutine of the ANN based AVC relay, as described in section 7.6, is
implemented in this investigation without any modification, because the structure of the

ANN has not changed.

Table 7.2 A summary ofthe simulated cases used for training and

testing the ANN based AVC relay shown in Fig 7.13.

Ca Maximum Load, MW EG, MW Voltage

se  Load power factor, PF (lagging) PF (leading) setting
No and control
bandwidth

LI L2 L3 PF PF

1 2 2 2 .95 0 0.98+2%
2 2 0 2 .95 0 0.98+2%
3 0 0 2 .95 0 098 2%
4 4 0 2 .95 0 098+£2%
5 4 2 2 .95 0 : 0.98+2%
6 2 2 2 .95 0 .98 098+£2%
7 2 0 2 .95 5 .98 098+2%
8 0 0 2 .95 5 .98 098+2%
9 4 0 2 .95 5 .98 0.98+2%
10 4 2 2 1 5 .98 098+2%
1 2 2 2 1 0 098+2%
12 2 0 2 1 0 098+2%
13 0 0 2 1 0 098+2%
14 4 0 2 1 0 0.98+2%
15 4 2 2 1 0 : 0.98+2%
16 2 2 2 1 0 .98 098+2%
17 2 0 2 1 5 .98 0.98+2%
18 0 0 2 1 5 .98 098+2%
19 4 0 2 1 5 .98 098+2%
20 4 2 2 1 5 .98 098+2%

The performance ofthe proposed ANN based AVC relay is first tested by running the ANN
model in the NeuralWorks program in the test mode. An example of the test results is

illustrated in Fig. 7.16, from which a comparison between the desired voltage of the AVC
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relay and that predicted by the ANN model can be made. For this case, the maximum power
of Li, L2 and L3 are assumed equal to 3 MW, 0 MW, and 2 MW, respectively. The power
factor of the three loads is assumed the same and equals to 0.98 (lag). As can be seen in Fig.
7.16, the two curves match very well, indicating that a very good training of the ANN-based

relay is achieved.

Desired-----Predicted Load (MW)

Fig. 7.16 A comparison between desired values of controlled voltage of AVC
relay and those predicted by an ANN based relay.

The performance of the ANN based AVC relay is further investigated using the FORTRAN
load flow program. Several case studies are simulated, including the wind farm either
connected to or disconnected from the network. Figures 7.17 to 7.20 show two examples in
pairs of the test results obtained from the ANN and its conventional counterpart. These
figures show the variation of voltage of bus 6, V(6), and the AVC relay voltage, VAvc, in
response to the change of the loads Li, L2 and L3. Figures 7.17 and 7.18 shows the results of
the case when the loads Li, L2 and L3 are assumed to have a maximum of 4 MW, 2 MW,
and 2 MW, respectively, and all have the same power factor of 0.98 (lag). As previously
explained in Chapter 6, the lower part of each curve corresponds to the increase of the total

load from zero to its maximum of 8MW, whereas the upper part corresponds to the decrease
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ofthe same back to zero after being allowed reaching its maximum value. Fig. 7.17 and 7.18
show the voltage of AVC relay, V avc, and the voltage of bus 6, V(6), for the case when the
network is operated without EGs, and with control from the ANN based and conventional
relays, respectively. As can be seen in Figs 7.17 and 7.18 the voltage of the both AVC relays
has the same profile. For example both are confined between the upper and lower control
limits shown by the two dashed lines. It can be seen that although the voltage of bus 6, V(6),
shown in both figures is gradually becoming slightly higher than the relay voltage, V Avc, its
value is maintained for the whole range of load variation between 0.96pu and 1.02pu. This
represents an over-compensation ofthe voltage drop along the link between bus 2 and bus 6,
which is done intentionally in this case. The reason is that the variable loads, Li, L2 and L3,
are allowed, in this case, to change to their maximum values thus representing an extreme
case of operation. This case implies that the total current that flows through the OLTCT,
which is used by the AVC relay to calculate the voltage drop along the link, is equal to its
maximum expected value. It is found that by allowing some degree of over-compensation
leads to preventing large under-compensation when the operational condition is reduced to
the other extreme case; e.g. when only the minimum load, say L2 or L3, is connected to the
network. In other words, due to the nature of distributed loads whereby each load may vary
independently, the controlled voltage may be subjected to a small offset either above or
below the voltage of bus 6. The error between the voltage of the AVC relay and the voltage
of the controlled bus, V(6), is difficult to avoid because it is difficult to calculate the voltage
drop along a load feeder correctly when the loads are distributed at different locations. If the
load currents through individual feeders or at least through the feeder which connects the
substation with the controlled remote bus, is provided to the AVC relay, this problem might
be alleviated. However this may require additional equipment to be installed in the
substation; such equipment may include current transformers, additional control circuitry,

etc. and such action may not be economically justified. Nevertheless, it is found that in
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general, even with the above-described offset, the profile of voltages of the considered

network is continuously maintained within the statutory limits.

Comparing Fig. 7.17 with Fig. 7.18 shows that the performance of the ANN based AVC
relay in the considered case is similar to that of the conventional relay and that the voltage of

bus 5 is properly controlled using either relays.

Fig.7.17 Performance of ANN based AVC relay, network without
EG. Li =4 MW, L2=L3=2 MW, PF of load = 0.98 (Lag.).

Fig.7.18 Performance of conventional AVC relay; network without
EG. L, =4 MW, L2=L3=2 MW, PFofload = 0.98 (Lad.).
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As in the previous case, Fig. 7.19 and Fig. 7.20 show the profile of Vavc and V(s) due to the
voltage control of the network with an integrated wind farm using the proposed ANN based
and conventional relays respectively. It is assumed that the wind farm is injecting into the
network a total power of 5 MW at a leading power factor 0f0.98. The maximum loads of Li
and L3 are assumed the same and equal to 2 MW with a lagging power factor of 0.98,
whereas load L2 is set to zero. As can be seen in Fig. 7.19, the AVC relay voltage, V avc, and
the voltage of bus 6, V(6), match very well. This indicates that a proper voltage control is
achieved. On the other hand, Fig. 7.20 shows that there is a difference between Vavc and
V(6) over the whole range of load variation between zero and its maximum value when
controlled by a conventional relay. The elimination of such a difference would require the re-

adjustment of the relay compounding settings.

In conclusion, it is found that when the loads in the considered network are assumed
distributed at different locations, the proposed ANN based AVC relay performs the voltage
control of the network properly irrespective whether an EG is connected to the network or
not. Such performance, in many cases, is similar to that of the conventional relay and in other
cases, it is even better. It is also observed that the calculated AVC relay voltage using both

types ofrelays is slightly affected by the way the loads are distributed in the network.
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.7.19 Performance of ANN based AVC relay, network with EG.
L2=0 MW, Li =L3=2 MW, PFofload = 0.98 (Lag.), EG
=5 MW, and PF of EG = 0.98 (lead).

Voltage (pu)

Fig.7.20 Performance of conventional AVC relay; network with EG.
L2=0 MW, Li = L3=2 MW, PF of load = 0.98 (Lag.), EG
=5 MW, and PF of EG = 0.98 (lead).

Chapter 7
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7.10 The Effect of Voltage Source on the Performance of the
ANN based AVC relay

As previously mentioned in Chapter 4, according to the IEC recommendations 60038 [93], a
voltage level of 33kV should be maintained to within +10% of its nominal value. This
applies to the voltage of the interfacing circuit between the grid and the high voltage side of
the OLTCT (see Fig. 7.3). Therefore the effect of the deviation of the magnitude of the
voltage at bus 1 on the performance of the proposed ANN based AVC relay covered in
section 7.7 is investigated. Two examples of results are depicted in Fig. 7.21 and Fig. 7.22.
The former shows the process of voltage control of the considered network using the ANN
based AVC relay assuming the voltage at bus 1equals 90% of its nominal value, i.e. 90% of
33kV. Whereas, the latter shows the same but this time assuming the voltage magnitude of
bus 1 is fixed at 110% of the nominal value. In both cases, it is assumed that a 4MW wind
farm with a leading power factor of 0.98 is connected to the network. The variable load at
bus 6 is then changed, as previously explained, from zero to a maximum of 4.5 MW and
back again to zero. The power factor ofthe load in these cases is assumed 0.97 (lagging). As
can be seen from Figs 7.21 and 7.22, the performance of the proposed ANN based relay is
not affected by the variation ofthe voltage ofthe main source, i.e. the grid. These results are
found to be similar to these obtained when the voltage at bus 1 is assumed equal to Ipu, as
can be seen by comparing Figs. 7.21 and 7.22 with Fig. 7.8. The only observation is that in
the process of simulation of the above-described operating conditions, the proposed AVC
relay initiates tap-changing action(s) in such a way to compensate for the variation of the
source voltage. This action is not shown on Figs. 7.21, 7.22 because it occurs before the
variable loads in the network start to change. This indicates that the proposed ANN based
AVC relay is capable of adapting itself to the variation of the source voltage, and hence

managing to properly maintain the voltage of the network.
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Load (MW)

Fig. 7.21 Performance of ANN based AVC relay, network with EG and
voltage of bus 1 equals 90% of the nominal. PF of EG = 0.98
(lead) and PF of load - 0.97 (Lag.)

Fig. 7.22 Performance of ANN based AVC relay, network with EG and
voltage of bus 1 equals 110% of the nominal. PF of EG = 0.98
(lead) and PF of load = 0.97 (Lag.)
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7.11 Performance of the ANN Based AVC Relay on a Network

with Parallel transformers and an Integrated Wind Farm

Until now, the designed ANN based AVC relay has been implemented for the voltage
control of a distribution network assuming there is a single transformer in the main
substation. The results of the training and testing of the ANN based relay have shown that a
proper voltage control can be achieved irrespective whether a wind farm is connected to the
network or not. This section reports on an attempt that has been made to design an ANN-
based AVC relay suitable for the voltage control of a distribution network that includes a

wind farm and parallel-connected transformers is reported.

7.11.1 The Training of ANN-Based AVC Relays for Two
Parallel-Connected Transformers Using an Equivalent

Transformer Model.

A distribution network similar to that shown in Fig. 7.3 is considered in this investigation
with the exception that two OLTCTs are assumed connected in parallel between buses 1 and
2, as shown in Fig 7.23. The voltage control of this network is considered using two of the
ANN based AVC relays previously described in section 7.3, one on each OLTCT. In order to
prepare data for the training of the ANN based AVC relays, the two parallel OLTCTs are
represented in a FORTRAN load flow program using a model based on replacing the two
transformers by one equivalent transformer. For this purpose, it is assumed that both
transformers have identical power ratings and identical tap positions. It is also assumed that
both AVC relays initialise the operation of the corresponding tap changer simultaneously.
The equivalent impedance of the two parallel OLTCTs is simply calculated as half the

impedance of one transformer. It is also assumed that identical transformers at similar tap
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positions equally share the total load current. Based on these assumptions, the network
shown in Fig. 7.23 is used to prepare the training data for ANN based AVC relays, AVC1
and AVC2. For this purpose, the FORTRAN load flow program is modified to calculate the
current through each OLTCT following each incremental change of load. Several load flow
cases have been simulated including cases where the wind farm is assumed connected or
disconnected. Based on a random selection of patterns the data file containing the results of

the simulation is then equally divided into a training and test files.

Fig. 7.23 Schematic diagram of a distribution network with two
parallel transformers and embedded generators

The ANN, which has been previously described in section 7.3 is then trained and tested
using the NeuralWorks software. Results of the training and testing are found to be almost
the same as those obtained from the ANN based AVC relay that was trained for a network

with a single transformer, as described in section 7.5.

The load flow program, originally developed with a provision of a single ANN based AVC

relay, is modified to include two AVC relays which are accommodated using one ANN
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subroutine. This modified program is then used to investigate the performance of the two
ANN based AVC relays, AVC1 and AVC2. Two cases have been examined. In the first
case, it is assumed that the two AVC relays initiate the operation of the tap-changing devices
of both transformers simultaneously. The results have shown that the behaviour ofthe ANN
based AVC relays for the two parallel OLTCTs is similar to that obtained for the single
transformer previously discussed in section 7.7. In the second case, it is assumed that the
operation of the tap-changing device of one transformer occurs after a time delay from that
of the other. It is found in this case that the behaviour of the ANN based AVC model is not
as it should be, because the operation of the tap-changing devices of the two transformers
diverge into opposite directions. The reason for this improper operation is due to the effect of
circulation current, which is developed when the two transformers operated at two different

tap positions (see section 6.3).

From these results, it has been concluded that it possible to control the voltage of the

considered network using the proposed ANN based AVC relay, provided the tap-changers of

both parallel OLTCTs are initiated simultaneously by the proposed relays.
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7.11.2 Consideration of the Inclusion of Circulating

Current in the Training Data File

It has been shown in the previous section that the proposed ANN based AVC relay can
properly control the voltage of a distribution network, including a wind farm and two parallel
transformers, provided that tap changing occurs in both transformers simultaneously.
However, in practice, owing to equipment tolerances, one of the transformers may operate to
change its tap position before the other; resulting in circulating current flowing through the
two transformers, as explained previously in chapter 6. In order to consider the effect of
circulating currents in the design of an ANN based AVC relay, they are added to the input
patterns in the training data file. This has been achieved by making the following

modifications to the FORTRAN, load flow program:

(@) The program calculates the circulating currents in parallel transformers based on the
tap ratio and impedance of transformers using equation 6.10. The real and imaginary
components ofthese currents are then calculated.

(b) Each ofthe two parallel transformers is controlled using a separate AVC relay.

(c) The voltage of AVC relays is not calculated using the conventional relay, instead it is
simply assigned the value ofthe calculated voltage of a remote busbar, for example the
voltage of bus 5 in Fig. 7.23.

(d) The measured transformer voltages, currents (including the circulating currents) and
the voltage of a remote bus are saved in a data file, as explained previously. As in the
previous studies, the load is allowed to change from zero to its maximum value and

back again to zero in incremental steps.
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The voltage control of the network shown in Fig. 7.23 is then used to simulate several case
studies that represent different operating conditions ofthe network. These case studies can be
classified into three groups as shown in Table 7.3. The target voltage magnitude is assumed
to be 0.99pu and a bandwidth of £ 2% of the nominal voltage is assumed. It is worth noting
that during the simulation two sets of pairs of input/output patterns are saved successively in
a data file following each incremental change of load. One set comprises the voltage
magnitude of bus 2, real and imaginary components ofthe current through OLTCT1, the real
and imaginary components ofthe circulating current and the voltage magnitude of bus 5. The
second set of patterns includes the same signals, except that the real and imaginary
components through OLTCT1 are replaced by the currents in OLTCT2, as shown in Table
7.4. For example, row 1 in Table 7.4 corresponds to OLTCT1 and row 2 corresponds to
OLTCT2. Rows 5 and 6 correspond to the OLTCT1 and OLTCT2, respectively assuming
that OLTCT2 operates before OLTCTL1. Hence, as can be seen in Table 7.4, the circulating
currents in both transformers are in opposite directions. It is therefore important that
measurements related to both transformers are presented to the ANN for the cases when

either ofthe OLTCTs is operated first, and hence included in the training data file.

Table 7.3 Simulated load flow cases to generate training data files for ANN.

Group Case Embedded gen. Maximum load at bus 7. Voltage
limits
MW PF MW PF
1 0 4.5 1.0 0.99 + 2%
A 2 0 4.5 0.95 (Lag.) 0.99 2%
3 0 - 4.5 0.9 (Lag.) 0.99+*2%
4 4 0.95 (lead) 4.5 1.0 0.99 + 2%
B 5 4 0.95 (lead) 4.5 0.95 (Lag.) 0.99+2%
6 4 0.95 (lead) 4.5 0.9 (Lag.) 0.99+2%
7 4 1.0 4.5 1.0 0.99 + 2%
C 8 4 1.0 4.5 0.95 (Lag.) 0.99 2%
9 4 1.0 4.5 -0-9_,.(Lag.) 0.99 + 2%
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Table 7.4 An example of an output data file for ANN training.

V2 Ied  linag  ldrod, il IGraimegirery Vavecksired
99057 01151 -.00609 .00000  .00000 97031
99057 .01152 -.00610 .00000  .00000 97031
99032 01177 -.00626 .00000  .00000 96957
99031 .01178 -.00626 .00000  .00000 96957
99855 01183 .00209 -.00416 -.83209 97753
99856 .01204 -.01483 .00416  .83209 97753
99839 01209 .00199 -.00425 -.83204  .97689
99839 01230 -.01493 00425 .83204  .97689
99812 .01235 .00182 -.00434 -83197  .97615
99813 .01257 -.01510 .00434 83197  .97615
99787 01261 .00165 -.00443 -.83189  .97541
99787 01283 -.01526 .00443 .83189  .97541
99762 .01287 .00150 -.00452 -83182  .97468

In practice, the operation of tap-changers of parallel OLTCTs can occur either
simultaneously or with some time delay. In order to cater for these two possibilities, the case
studies described in Table 7.3 are simulated for the two different conditions. Figures 7.24,
7.25, 7.26 depict the desired voltage of the AVC1 relay, Vavci, and the voltage of bus 5,
V(5), corresponding to cases 3, 6, and 9 listed in Table 7.3, respectively. As can be seen in
all these figures, the curves representing the profile of the voltage at bus 5 and the AVC1
relay voltage, Vavci, over lap and they therefore appear as a single curve. This behaviour is
obvious as the relay voltage, VAvCi, and similarly Vavc2, are simply assigned the
corresponding value of the voltage of bus 5, V(5), instead of using Equation (6.1) to

calculate them.
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Fig. 7.24 Voltage control of the network shown in Fig. 7.23 corresponding
to case 3 in Table 7.3, when the voltages, Vawvci and Vavc: are
assumed equal to the voltage of bus 5.

Fig. 7.25 Voltage control of the network shown in Fig. 7.23 corresponding
to case 6 in Table 7.3, when the voltages, Vavci and Vavc?2 are
assumed equal to the voltage of bus 5.
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Fig. 7.26 Voltage control of the network shown in Fig. 7.23 corresponding
to case 9 in Table 7.3, when the voltages, Vavci and Vavc2 are
assumed equal to the voltage of bus 5.

Based on the above results a new ANN based AVC relay is designed, which takes into
account circulating currents by including them in the vector of input signals. The new ANN
comprises an input layer with five neurons, one hidden layer with ten neurons and an output
layer with a single neuron. The number of neurons in the hidden layer is optimised to ten
using the "save best" facility in the NeuralWorks software, as previously described in section
7.3. Several attempts have been made in training the ANN. In each attempt, the training data
corresponding to the cases of either one of the groups of Table 7.3 or a combination of two
or more groups is used. It has been found that the training, which is based on using
individual groups, is very successful. The same has been observed when the training of the
ANN is based on combined data related to Groups A and B. However, the training of the
ANN based on using a combination of data related to Group C and those related to either A
or B has not been successful. It seems that the general relationships among the training
patterns in Group C are not coherent with those in Groups A and/or B, leading to the ANN

being unable to generalise the relationships of the three groups combined together.
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Therefore, the training of the ANN based AVC relay is performed using the training patterns

contained only in Groups A and B.

Following satisfactory training of the ANN, the latter is converted to the FORTRAN load
flow program to be used to calculate the voltages of AVC1 and AVC2. A table of the ANN
weights is also saved in a data file. Using the load flow program, the performance of the
proposed ANN is then investigated by simulating several case studies, including the network
operating with or without the wind farm being connected to the network. In each of these
cases, the variable load at bus 6 is changed from zero to maximum and back again to zero.
The performance test has been conducted assuming simultaneous tap-changing operation of
OLTCT1 and OLTCT2 as well as with a time delay. Examples of the results of the
investigation are depicted in Figures 7.27, 7.28, and 7.29. These figures show the variation of
the AVC1 relay voltage, Vavci, and the voltage of bus 5, V(5), in response to the change of
the load at bus 6. These figures correspond to the case studies 3, 6, and 9, described in Table
7.3 assuming the two OLTCTs operate their tap-changers with a time delay between them.
Let us first consider Figs 7.27 and 7.28. It can be seen from these figures that the AVC relay
voltage, Vavci, is matching the voltage of bus 5, V(5). Thus, the amplitude of the latter is
properly maintained within the limits of the control bandwidth shown by the two dashed
lines in Figs. 7.27 and 7.28. A similar performance has also been observed regarding the
AVC2 relay. The tap-changers of the parallel OLTCTs are allowed to operate at two
different times, hence circulating current is induced each time the tap positions of the two
transformers are different from each other, as previously explained in chapter 6.
Nevertheless, it is observed that both tap-changers have successfully operated to the same tap

position without being affected by the existence of circulating current.
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Fig. 7.27 Voltage control of the network using an ANN based AVC relay
corresponding to the operation conditions of case 3 in Table 7.3

Fig. 7.28 Voltage control of the network using an ANN based AVC relay
corresponding to the operation conditions of case 6 in Table 7.3

Fig. 7.29 corresponds, as mentioned above, to the network conditions described in case 9 in
Table 7.3. In this case it is assumed that a 4MW of EG with unity power factor is connected
to the network. This case belongs to group C which, as previously explained, has not been
used for the training of the proposed ANN based AVC relay. As can be seen in Fig. 7.29

there is an error of approximately 0.008pu between the AVCL1 relay voltage and the voltage
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of bus 5 over the considered load variation. As can be seen in Fig. 7.29 the performance of
the ANN based relay in this case is not as good as desired. The voltage of bus 5 in this case
is maintained for the whole range of load variation within 0.96pu and 1.Olpu instead of
being between 0.97 and 1.01. However, when this performance is compared with that of a
conventional AVC relay, it is observed that a substantial improvement has been achieved
utilising the proposed ANN based AVC. To demonstrate this improvement, simulation of
case 9 described in Table 7.3 is repeated using a conventional AVC relay with negative
compounding. The result of this simulation is depicted in Fig. 7.30. It can be seen in Fig.
7.30 that the error between the AVCL1 relay voltage and that ofbus 5 is approximately 0.05pu
resulting in the voltage of bus 5 being well below the lower limit of the control bandwidth to
the degree that it becomes outside the specified statutory limits when the load at bus 6 is
changed to values close to its maximum value. Therefore by comparing Fig. 7.29 with 7.30
one can clearly notice the improvement in the voltage control using the proposed ANN-

based AVC relay.

Based on the results of this investigation it can be concluded that an ANN based AVC relay
can be used for the voltage control of a distribution network which includes a wind farm and
parallel transformers at the main substation. To achieve this, it is required to provide the
ANN based relay with five signals comprising the magnitude of voltage of transformer
terminals, the real and imaginary components of transformer current, and real and imaginary

components ofthe circulating current flowing through the parallel transformers.

157



Chapter 7

Fig. 7.29 Voltage control of the network using an ANN based AVC relay
corresponding to the operation conditions of case 9 in Table 7.3

Load (MW)

Fig. 7.30 Voltage control of the network using conventional AVC relay with
negative compounding corresponding to the operation conditions of
case 9 in Table 7.3
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CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

Since the early 70’s, electrical power generation derived from renewable energy sources,
such as solar, tidal, wave and wind power, has been continuously increasing. The generation
of electricity from wind power in particular has received considerable attention world-wide,
because of its negligible impact on the environment and low production costs. A recent
report [7] has shown that the total installed capacity of wind turbine-generator units world-
wide has increased from 6118 MW in 1996 to 7638 MW in 1997 which represents a growth
of 25% in a span of one year. In 1998, the total installed capacity of wind power plants in
the world exceeded 10000 MW [46,47], which represents a further growth of 25%. In
order to generate a significant amount of electricity using wind power, a number of wind
power based generators are usually installed at one site constituting what is known as a
wind farm. Generators, which are used to generate electricity from renewable energy
sources, are usually integrated into utilities’ networks at distribution voltage levels and they

are commonly referred to as "Embedded Generators (EGs)".

Utilities” distribution networks (DNs) however, may not be properly designed to receive
power from EGs. It has been reported that the integration of EGs into a DN could create

safety as well as technical problems. Such problems include contribution to the fault
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currents, stability and reliability problems, introduction of harmonics, voltage fluctuation,

and problems with the automatic voltage control (AVC) of DNs.

In this work two main aspects related to the integration of wind power based embedded

generators (WPBEGS) into a distribution network have been investigated:

(@) The effect of WPBEGs on the critical clearing time (CCT) of faults on load feeders
and,
(b) The effect of WPBEGSs on the operation of AVC relays, including compensation for

the voltage drops along distribution feeders.

Protection schemes for DNs are usually designed based on two basic principles [16].
Namely, they must ensure selectivity of a minimum amount of disconnected equipment to
isolate a fault from the system and they must operate fast enough to minimise damage to
system components. The first principle is achieved by a proper co-ordination of the
operating time of protective devices, usually implemented by time graded protection
schemes. This, however, may lead to having operating times for the protective devices at
the up-stream of a distribution feeder as high as 1.5 s [9], When a wind farm is integrated
into a DN the critical clearing time (CCT) of a fault on a load feeder is dictated, as
explained in this thesis, by the stability of IGs at the wind farm. This CCT may, in many
cases, become shorter than the time required for protective devices installed on the feeder to

isolate the fault.

To investigate this problem it was necessary to be familiar with different types of embedded
generation; particular emphasis being placed on the wind power based generators. Similarly,

familiarity with the appropriate methods and tools that are commonly used in power system
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studies was essential. The electromagnetic magnetic transient program (EMTP) has been
employed to model a typical distribution network, which includes a wind farm. A model in
EMTP, called the “Universal Machine (UM)” model, has been used to simulate the 1Gs at
wind farms. The EMTP also allows representation of the mechanical side of a wind turbine-

generator unit by an equivalent electrical circuit.

In order to compare the behaviour of EGs, which employ IGs, with that of EGs using
synchronous generators (SGs), a distribution network that includes a gas turbine-generator
unit has also been modelled using the EMTP program. A gas-turbine-SG unit has been
simulated using a model in EMTP called the “Type95” model. This model allows the
inclusion of the gas turbine, its associated governor and excitation controls in the simulation

using a facility in EMTP called “Transient Analysis of Control Systems (TACS)”.

The concept of CCT of faults for the cases when either embedded SGs or embedded IGs
are integrated into a distribution network has been extensively discussed. It is well known
that the CCT of faults in the case of embedded SGs is defined by the maximum rotor angle,
above which SGs are considered unstable. In the case of embedded IGs, the concept of
CCT is different from that related to SG. In this work, it is defined as the time below which
the IG retains its pre-fault voltage after the removal of the fault. This however requires the
setting of a minimum electromagnetic torque in the machine, which can overcome the
external mechanical torque applied by wind on the machine rotor when the fault is isolated.
When the CCT is not exceeded, the electromagnetic torque developed in the air-gap of the
IG will be sufficient to retain its normal operation. This, in turn, does not cause a sustained
voltage dip at the terminals of the machine. Otherwise, a sustained voltage dip occurs at the

terminals of the 1G and the latter is eventually isolated from the network by a trip signal
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initiated from an associated protection device, such as under voltage, over current, or

frequency relays.

The results of investigating the effects of WPBEGs on the CCT of a fault on a load feeder
have revealed that there are conditions at which such a fault would lead to the disconnection
of the 1Gs at the wind farm. Furthermore, the network would also be subjected to a voltage
dip with amplitude lower than the statutory limits. It has been revealed that the CCT of
faults, especially three phase faults, on a load feeder can be as low as 200ms for the system

under consideration.

On the other hand, it has been found that the amount of injected power from a wind farm
has a considerable effect on the CCT. The smaller the injected power is, the higher the
CCT, and vice versa. The location of a fault on a load feeder has also an effect on the CCT.
The CCT increases when a fault occurs at a greater distance from the substation. However,
the highest CCT value found in this investigation is approximately 900ms. This value
corresponds to a three phase to ground fault on a load feeder at a distance of 10 km from

the substation and a minimum injected power of 1.2MW by the wind farm.

A comparison between the effect of embedded SGs and embedded 1Gs of the same capacity
on the CCT has revealed that the former gives rise a greater CCT than that of the latter. For
example, a three phase to ground fault on a load feeder close to the substation resulted a

CCT for embedded SGs of 360 ms and 200ms for embedded I1Gs.

As mentioned previously, the second aspect of the investigation reported in this thesis has
focused on the effects of the integration of WPBEGs on the operation of AVC relays, when

compensation for the voltage drop across load feeders is considered. Consideration of the
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latter is important, especially when load feeders are long enough to cause a substantial
voltage drop. According to the IEC60038 [93], the statutory voltage limits for 33kV and
IIkV distribution networks is = 10% of the nominal voltage. When a 33kV/IIkV
substation is considered to supply electricity to a distribution network, the voltage at the
33kV side of transformers at the substation is allowed to vary within the statutory limits.
Thus, if voltage control using the AVC relays at the substation do not consider the voltage
drop across the IIkV load feeders, a substantial decrease of voltage at remote buses could
be experienced. In this thesis the effect of WPBEGs on the performance of AVC relays,
when a voltage drop in the load feeders is considered, has been investigated. The
performance of conventional AVC relays, which can be based on positive and negative
compounding settings, has been analysed. Prior to this, an overview of the main methods of
voltage control of distribution networks has been provided. According to the basic
principles, voltage control of a distribution network is usually achieved either indirectly, by
injection of reactive power to the network, or directly, by adjusting the transformation ratio
of transformers at distribution substations. The latter is commonly adopted in distribution
networks using an on-load tap-changing transformer (OLTCT), whereby AVC relays are

employed to automatically initiate the operation of the tap-changer ofthe OLTCT.

It has been demonstrated that the integration of WPBEGs may cause an error in the
calculation of AVC relay voltages when compensation for voltage drop along load feeders
is taken into account. This error is more likely to occur when negative compounding is

used, as is normally the case for parallel connected transformers.

After identifying the problem, a new AVC relay based on the application of artificial neural
networks (ANN) has been proposed. The design of an ANN based AVC relay has been

achieved through the following steps:
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(a) Generate a training data file using a specifically developed FORTRAN load flow
program.

(b) Design, train and test the proposed ANN using the NeuralWorks software.

(c) Convert the trained ANN into FORTRAN code to act as an AVC relay

(d) Integrate the converted ANN code into the FORTRAN load flow program.

(e) Test the performance of the proposed ANN based AVC relay to control the voltage

magnitude of a DN, which may or may not include a wind farm.

As mentioned above, in order for an ANN based AVC relay to operate properly, it must be
properly trained. The proposed ANN based AVC relay is based on off-line training. Hence
training data files have been prepared utilising a specifically developed load flow program
using FORTRAN software. Using this program, voltage control of a distribution network
that includes WPBEGs has been simulated. For this purpose, a model of a conventional
AVC relay has been included in the load flow program to adjust the transformer tap ratio
whenever the controlled voltage exceeds specified statutory limits due to the variation of
loads. In order to properly control the voltage of the considered network, the relay
compounding setting has been adjusted for the condition of connecting or disconnecting a

wind farm.

An ANN has been designed for the voltage control of a DN, which includes a single
transformer at a main substation and a wind farm connected to the substation through a
feeder. The proposed AVC relay is based on "Multilayer Back-Propagation” ANN
comprising an input layer with three input neurons, a hidden layer and an output layer with a
single neuron to provide the voltage of the relay. It has been designed utilising special

software called "NeuralWorks". The training of the ANN has been achieved by presenting it
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with the training data files generated by the load flow program. Testing of the ANN has
revealed satisfactory results. It has been found that it is sufficient to present the ANN with
input signals, which are commonly used as inputs to conventional AVC relays, and yet
obtain a good performance. Such signals include the magnitude of the transformer terminal
voltage at the low voltage side and either the real and imaginary components of the

transformer current or the transformer real and reactive powers.

After the ANN based AVC relay has been trained it is converted into a FORTRAN code
and integrated into the specifically developed load flow program. The performance of the
proposed AVC relay has been investigated by simulating voltage control of the considered
network for the cases when a wind farm is connected or disconnected. The results from this
simulation have shown that the ANN based AVC relay can provide a better performance
compared with that of conventional AVC relays whether equipped with positive or negative
compounding. One of the main advantages of the proposed ANN based AVC relay is that it
does not include compounding settings similar to the conventional relay consequently
removing the necessity of readjustment every time a wind farm is connected or disconnected

from the network.

An ANN based AVC relay has also been developed for the voltage control of a distribution
network that includes a wind farm as well as two parallel transformers at the main
substation. It has been found that the same ANN based AVC relay used for a single
transformer can also be trained and used for the voltage control of a network with two
parallel transformers. However, this requires that the tap changing device of both
transformers operate simultaneously. It has been found that such relay cannot work
appropriately when one of the transformers operates before the other due to the effect of

generated circulating current.
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This problem is solved by modifying the ANN based AVC relay whereby the circulating
current in parallel transformers has also been taken into account by including it as an input
to the ANN. After the training of the modified ANN, its performance has been investigated
by considering two parallel transformers controlled using two independent modified ANN
based relays. It has been found that a stable operation of the two parallel transformers has
been achieved. However, the voltage calculated by such an ANN based relay is found not
always to be as accurate as desired. Nevertheless, the relay managed to properly control the

voltage of the investigated network whether a wind farm was connected or not.

In summary, the dynamic effect of WPBEGs on the CCT of faults on load feeders has been
investigated. An ANN based AVC relay has been designed which compensates for voltage
drop across load feeders. Such a relay is characterised by not having compounding settings
and therefore removes the necessity for readjustment (as the case with a conventional relay)
and can at the same time be used when a wind farm is connected or disconnected to a

distribution network.

Based on the obtained results, five technical papers have been presented at national and
international conferences. One paper has been submitted for publication in one of the IEEE
transactions, and is currently under consideration. Appendix (E) contains a list and copies of

the published papers.
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8.2 Future work

Regarding the investigation of the effects of integration of wind farms into a distribution

network on the CCT of faults that may occur on load feeders, the problems that may rise

due to such integration have been illustrated in this thesis. The following points are

suggested for consideration in any future work:

(a)

(b)

To simulate wind turbine-generator units utilising more detailed models. For example,
it may worth considering modelling the mechanical components of a wind turbine
using separate masses. There may be advantage by considering torsional and damping
effects in the simulation.

To find solutions to the problems highlighted in this thesis aiming at either eliminating
or at least reducing their effects. For example an investigation may be suggested to
address the implementation of dynamic reactive compensation techniques, such as
SVC and STATCOM devices, and also the application of adjustable speed machines

in wind turbine-generator units.

An ANN based AVC relay has been proposed for the voltage control of a distribution

network with WPBEGs when the voltage drop along load feeders is examined. In any future

work in this direction, the following may be suggested for consideration:

(a)

Development of a more general ANN-based AVC relay model for the voltage control
of DN that includes parallel transformers. For this purpose, it is suggested that the
application of other types of artificial intelligent techniques is considered. This may
provide the benefit of combining such as the "Fuzzy logic network” and ANN. This

may help in the pre-processing of input signals or the automatic adjustment of weights
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ofan ANN in such a way to suit various operating conditions of the DN, i.e. whether
EGs are connected or disconnected. Consequently, an improved performance of the
ANN based AVC may be achieved.

(b) The proposed ANN based AVC relay has been developed, trained and tested in off-
line mode utilising the specially obtained program "NeuralWorks". Its performance
has been investigated using a specifically developed load flow program. The structure
of the proposed ANN based relay has been identified, and a final table of weights has
been obtained. It is therefore suggested for future work that the proposed ANN, and
its table of weights is downloaded into a microprocessor. Then laboratory and field

tests could be performed to confirm its performance.
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Appendix A

The Newton-Raphson Method for Load Flow Calculation

The Newton-Raphson method is a well known iterative method for finding the roots of an
equation such asf(x) = 0. The method can be illustrated assuming that after iteration k an
estimated value of x* for the solution off(x) is calculated and the associated error is equal

to Ax* Thus, the exact solution will be (x* + Ax*), so that:

J(x*+AXx*) =0 (a.l)

Expanding the left had side of (a. 1) into Taylor series at x* yields:

k
aefank _](AX*)Z(de)

[dX] 2 [dx1)

Provided that the error is relatively small, the terms containing (Ax*) to the power 2 and

higher can be ignored, so that:

I(x*) + A VT 0
<dxj

Thus, the approximate value ofthe error will be:

P (x*)
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An improved approximation of the true solution (X* + Ax*) will then be given by:

kA « X - fixl) (a.2)

KaX;

Equation (a.2) is the Newton-Raphson algorithm for the solution of a one-dimensional

equation. To apply this algorithm to a multi-dimensional equation, assume that such an

equation is given as:

f(X) = 0 (a.3)

where X is the vector of variables [xy, ¥\ x? ... X,]-

If Xk is the estimate for the solution at iteration k and AXk is the corresponding error, then

the true solution is (Xk+AXK) and:

f(XK+AXK) = 0 (a.4)

Expanding the left side of (a.4) as a Taylor series about Xk and neglecting the higher

derivative terms, results the following:

df, af, af,
+ Ax,— + .. + Ax, * 0

or, dx2 dxn

E2 4 Ay 2 4+ Axn afz 0

5X, dx2 dxn

af,, afn afp
+ AX, — + .. + AXx, * 0

5X, mdx2 dxn

which can be written in the matrix form as:
[f(XK)] + [Jk] [AXK] [0] (a.5)

187



Appendix A

where J is a two dimensional matrix known as Jacobian matrix, which is given by:

M1 Mi
dx] dx2
M1 M
dxx dx2

M1
Sx:, dx2

Solving (a.5) for the error vector, results in:

[AXK] * -[JT 1[f(XK)]

Mi
dx3

Mi
dx2

M1
dx2

Mi

M1
dxn

The multi-dimensional form of the Newton-Raphson algorithm is therefore given by:

[Xkt]] = [XK]

[IKr[f(X K)]

(a.6)

To apply equation (a.6) to the load flow problem, it is first necessary to choose the

variables to be contained within the vector X and then to write the load flow equations in a

form similar to that of (a.3). In a power flow problem the following variables are to be

calculated:

a) The magnitude of the voltage and its associated phase angle for each PQ

busbar.

b) The phase angle ofthe bus voltage of each PV busbars.

The swing (slack) bus is omitted from the iterative solution as the amplitude and phase of

the voltage of this bus is already defined and the injected power into this bus can be

calculated afterwards.
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Assuming that there are Npg PQ busbars and Npv PV busbars, the total number of

unknown variables will be 2Npg+ Npv. Vector X can be partitioned into two vectors:
o
x] = \
DI =\

where 0 is the vector of voltage phase of PQ and PV buses and V is the voltage magnitude

vector of PQ buses.

The function f(X) can be formulated from the real and reactive power mismatches, errors,
at all nodes (buses) except the slack bus. The power mismatch can be found by summing
all complex power that enters a bus. Assuming that li is the vector of injected currents at

bus i, the complex power mismatch is given by [27,79,84]:

AX. = AP+JAQ, = P? +jQ? YY .V.Z6. (a.7)

&~ ]

1=
where :

AS', is the mismatch in the total complex power of bus i,
APt is the mismatch in the active power of bus i,

AQi is the mismatch in the reactive power of bus i,

P “p is the specified active power at bus i,

Q'p is the specified reactive power at bus I,

Yjj is the (i,j)thelement of the nodal admittance matrix of the considered system,
Yij = Gjj +jBij,
Vit Vj are the complex voltage of bus i and j respectively,

6, G are the phase of voltages at bus i and bus j respectively.
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Expanding and decomposing equation (a.7) into real and imaginary parts yields the real

and imaginary power mismatches:

A5 = RRA\bos<? Hi,sinW = 0 (@8)
Afi :er-"sn(G,Sin B,cos«, =0 (a.9)

where 6t] = 6, - §.

Equation (a.8) is applied for PQ and PV buses, whereas, (a.9) is applied for PQ buses only.
Hence the number of equations in the set of f(X) = 0 will be 2N pg + Npv, which is the same

as the number of unknown variables.

From (a.8) and (a.9), it can be said that the load flow problem is about finding the
magnitude and phase angle of bus voltages such that the power mismatch at all buses are
minimised. The Newton-Raphson numerical method can be used to solve this problem.
During an iterative solution of the system equations, the terms subtracted from P*pand Q p
in the right-hand side of (a.8) and (a.9) will be the estimated injected powers based on the
currently estimated voltage and angle. Noting that when i=j, sin 6,j)= 0, and cos = 1, the

estimated power at iteration k can be written as:
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Using the Newton-Raphson method, the change in power mismatches, which are produced
by changes in the bus voltages and angles, are given by the Jacobian matrix equation:

AP

(a. 10)
AQ

The Jacobian matrix, J, is obtained by differentiating the mismatch equations (a.8) and
(a.9) with respect to #and V. For more convenience, J is partitioned into four submatrices

H, N, M, and L as follows:

w H N A0~
aq M L _AV_

where the elements ofthe submatrices H, N, M, and L are given by [84]:

=i S5t + BitV,2

- > ~Vi(GiJsin0ij-BiJdcose,j)VJt i*j
Mu == e = Pk + GiiVi2
Mt - = Vi(Gij cos0ij +B:j sin QJ)VJ, i* |
Au - T SBP< - —pi ~ Guv,2
> dVi P
SAP:
y _ - .
J dvj K
- vm ° - i V-
La C vt Qt + Bi,v
wn
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Assuming that for the kc*literative all bus votages and angles are known, all the elements of
the Jacobian matrix can be calculated. The power mismatch for the kth iterative can also be
calculated using (a.8) and (a.9). Then, the correction for the magnitude and angle of bus
voltages is found rearranging (a. 10) as follows:

A0 AP
AV AQ

where J'1is the inverse of the Jacobian.

Thus, voltage magnitude and angles for the k+1 iteration is given by:

Vrd= Vik + LV,

0kj = 6\ + A6

As mentioned before, iteration is repeated until the power mismatches are reduced to

acceptable values.
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The Trapezoidal Rule for Numerical Integration

Numerical methods are usually used whenever analytical methods are either inconvenient
or impossible to perform. Numerical integration and differentiation methods, in particular,
are widely implemented for power system analysis. They are used for solving differential
equations, which are formulated to describe the behaviour of power systems under
transient and dynamic operating conditions. The problem of numerical integration is the

numerical evaluation of integrals of the form:

(b.1)

where a and b are given limits and / is a function given analytically by a formula or
empirically by a table of values. Geometrically, J is the area under the curve/between a

and b, as shown in Fig. (b.l).

AV

Fig. b.l Geographical interpretation of a definite integral

When it is possible to find a differentiable function F whose derivative isf i.e.
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F ’(x) - f(x), thenJean be evaluated using the following formula:

J=£/(*) dx = F(b) - F(d) (b-2)

However, when the function is complicated and no analytical integration can be found,
numerical methods of approximate integration are used, whereby the integrated function is
approximated by functions that can be easily integrated. One of these methods, which is
widely used is known as the “Trapezoidal Rule”. Using the Trapezoidal rule of
integration, the area under the integrated function/ can be obtained by dividing the interval
of integration @ <X < b into n subintervals of equal length each of which is h, such that

b-a
. The function is then approximated by a broken line of segments (cords), as
n

shown in Fig. b.2.

Fig. b.2 The Trapezoidal rule of integration

The area under the curve of/between a and b can then be approximated by the sum of n

trapezoidal areas, which are given below:

/()] [*HU (X)) - I )+ ()]
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and the sum of these areas formulates the trapezoidal rule:

J=J1(*)dx»h 21fia) +/(*i)+f(X2)+me+/(Xx,_,) +"1-/((;>) (b.3)

Compared with analytical solution, the result obtain by the application of trapezoidal rule
is associated with a certain amount of error. The error induced in single interval, say

between xi and X is given by [89]:
£ = - (X212XI) ["(*) = Xj< X <x2 (b.4)

where

[ (x) isthe second derivative of function/ at point x

It can be seen from (b.4) that as the width of the subintervals h decreases, i.e. the number
of subintervals increases, the error of Trapezoidal integration reduces, hence, more precise
results are obtained. However, increasing the number of intervals results in longer
computational time. Therefore, the contradiction between the need for more precise results

and faster computation requires a compromise.

195



Appendix C

Voltage Regulation Using Reactive Power Injection.

Voltage regulation based on the injection of reactive power is achieved indirectly. The

idea behind this method is based on the direct relation between the voltage of a node

and the flow of reactive power into that node. This relation can be explained using the

simple distribution system shown in Fig. cl(a). A phasor diagram that represents the

transfer of power through the system is shown in Fig cl(b). From this figure, the

relation between the voltage at the sending end, E, and the voltage at the receiving end,

V, is given by [26]:

E2=(V+AV)2+SV2

=(F +7?/cos™ + A7sin €2 + (X1 cos$ Rl sin §2

2
(y . RP .XQ)\] 4 fXP RQ
| vV oV , Vv
Hence,
AT RP+X0
\Y
And
sy = XP-RQ
V

Since SV « V. +AV, Equation (c. 1) can be approximated to:

(cl)
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N
E2«fV+5p+XQ 2
\Y
Or
E - \}- )(A‘W< RP XVO (c.2)

The arithmetic difference between the voltage at the sending end and that at the
receiving end approximately equals the voltage drop in the distribution system. It can be

seen from (c.2) that this voltage drop is related to the flow of active and reactive power.

The transfer of reactive power through a distribution system causes high power losses,
IR. It also reduces the ability of the system to transfer active power due to thermal
limitations of the system components. Therefore, instead of transferring reactive power
through the system, means of reactive power injection, which are known as “reactive
power compensation”, are usually installed close to load centres. In general, three
methods of reactive power injection are implemented in power systems, based on the

use of;

a) Static shunt capacitors,
b) Synchronous compensators,

c) Static reactive power compensators

These methods are mainly used for reactive power compensation that alleviates the
problem of transfer of reactive power through the distribution system. On the other
hand, because of the relation between the reactive power flow into a node and the

voltage of that node, they are also indirectly used for voltage control.
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EZS VzZO'

@)

SV

Fig. c. 1 Power transfer through a transmission system

c.l Voltage Control Using Static Shunt Capacitors

Static shunt capacitors consist of either fixed capacitor banks or switched capacitors.
The selection of the amount of shunt capacitors is dependent on the required range of
voltage control and the lagging reactive power (VAR) demand by the load. Using fixed
capacitor banks is the simplest and less expensive way of VAR/Voltage control.
However, in the case of widely fluctuating loads, fixed capacitors may lead to either
over-compensation or under-compensation. The former may cause over-voltage
problems, whereas the latter may cause under-voltage problems. Switched capacitors
overcome the disadvantage of fixed capacitors. In this case a number of switched shunt-
capacitors are connected to a node and a control algorithm is used to switch them in or

out as required. The control algorithm of switched capacitors can be based on time
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switches, temperature controls, voltage controls, current controls, active and reactive
power controls or a combination of these methods [97], One drawback of shunt
capacitors is that the VARs produced by them are proportional to the square of the
node’s voltage, consequently, as the voltage falls, the VARs also fall reducing the

effectiveness of shunt capacitors.

The effect of shunt capacitors on the voltage amplitude can be demonstrated using the
simple distribution system shown in Fig. c.2a whereby a shunt capacitor is added at the
receiving end, as shown in Fig. c.2a. If the power of the shunt capacitor, Qc, is assumed
equal to the reactive power demand, Q, the relation between the voltages E and V
should then be as shown in the phasor diagram in Fig. ¢.2b. By comparing to the phasor
diagram in Fig. c.Ib with that in Fig. c.2b, it can be seen that, adding a shunt capacitor
to the receiving end has increased the amplitude of the voltage V. This also resulted in

a reduction in the voltage drop across the line.

I+ p +jq

. R+jX n-
il Icl] |
EZS JQc _ vzo®

@

Fig. c.2 Power transfer through a transmission
system with shunt capacitors
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c.2 Voltage Control Using Synchronous Compensators

A synchronous compensator (SC) is a synchronous motor running without a mechanical
load. Depending on the value of excitation, a SC can absorb or generate reactive power
[98], which allows it to operate for all load conditions. The advantage of an SC over
shunt capacitors is that when used with a voltage regulator, the compensator can
automatically run over-excited at times of high loads and under-excited at times of light
loads, consequently, providing a smooth VAR/voltage control. Synchronous
compensators have some disadvantages compared with static shunt capacitors. Their
losses are much higher than those of shunt capacitors and hence, their efficiency is
lower. Because of the rotating parts of an SC, its failure rate is higher and maintenance
is more difficult than the other types of compensators. The cost of SC installations is
also relatively high. The use of SC is therefore justified only in particular circumstances

when proper control can not be achieved with the application of other control methods.

c.3 Voltage Control Using Static VAR Compensators

Static VAR compensators (SVCs) have been used in power systems since the
1970s[76], Their role is to adjust the amount of reactive power compensation to the
actual system needs. A flexible and continuous reactive power compensation can be
achieved in both the capacitive and inductive regions using shunt capacitors and/or
shunt reactors. Shunt capacitors can be either fixed (FC) or thyristor-switched (TSC),
whereas, shunt reactors, can be either thyristor-controlled (TCR) or thyristor-switched

(TSR). Fig. ¢.3 shows examples of typical configurations of SVCs.

It is worth noting that thyristors generate high harmonics and therefore SVCs are
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usually equipped with additional harmonic filters to smooth current waveforms.

The reactive current of an SVC can be regulated by controlling the firing angle of the
thyristors. The thyristor firing circuit used in SVCs are usually controlled by a voltage
regulator, which attempts to keep the node voltage constant by controlling the amount,

and polarity, of the reactive power injected into the node.

The cost of SVCs is typically several times that of an uncontrolled bank of shunt

reactors or fixed capacitors [76], Consequently, they are only used in those parts of a

system where heavy fluctuations of load occur and compensation in both inductive and

capacitive VARs is required.

Fig. ¢.3 Typical configurations of SVCs

201



Appendix D

Representation of OLTCT in the Load Flow Program

A two-winding OLTCT, similar that shown in the schematic diagram of Fig. d.l(a), can be
represented by an ideal transformer, which represents its transformation ratio, connected in

series with the transformer’s admittance”,, as depicted in Fig. d. 1(b).

V. OLTCT 2

(b)

Fig. d. 1 Schematic diagram ofan OLTCT.

In Fig. d.I(b) atis the per unit value of the transformation ratio based on the transformer

ratio at the nominal tap position.
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The transformation ratio at the nominal tap can be expressed in terms of its turns ratio as

follows:

vl = nt

V2 n2 (.

where Ni is the number of turns on the primary winding and N2 is the number of turns on

the secondary. V] and V2 are the terminal voltages of transformer's primary and secondary

windings. The transformation ratio at tap position k can be given by:

(d.2)

where is the voltage of the secondary side terminals when the transformer is at tap

position Kk, AN is the number of turns on the tapping winding corresponding to one tap step.
k equals zero if the tap is at nominal position, otherwise it can be a positive or a negative

number depending on position of the tap with reference to the nominal position.

Hence, the transformation ratio ofthe OLTCT at tap position k as a per unit value based on

the ratio at the nominal tap, can be obtained by dividing equation (d.2) by equation (d.I):

- 1+ K (d.3)

AN,
where-'-&l-_l-is the per unit change in the number of turns of the primary windings, or the per

unit step voltage, due to one step change in the tap position.
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To develop an equivalent circuit of an OLTCT that accounts for the operation of tap the
changer, assume that the calculation of the parameters shown in Fig. d.lI(b) is performed

in per unit values. The injected current at bus 2 can then be expressed as follows:

\at y;

=—a—\/l +y,V2 (d.4)

)

The injected current at node 1, can also be determined by:

(d.5)
and substituting (d.4) into (d.5), yields:
(d.6)
a, at
Equation (d.4) and Equation (d.6) can be arranged in a matrix form as follows:
YL -h.
V a1 a >r
: ’ (d-7)
la. i y fa
at 7’

Equation (d.7) can be represented by a IT-circuit, as shown in Fig. d.2, which has the

following general equation:

OH\P P >r
. -T2 T2 7a

(d.8)
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Vj yR2 V3

Fig. d.2 Equivalent circuit ofan OLTCT.

From (d.7) and (d.8), it can be seen that:

(d.9)
a, y:Q
d. 10)
*2
yD=y, ~yp
y.(a,-V (d11)
a,

As can be seen from Equations (d.9), (d.10), and (d Il), the admittance values of the
equivalent circuit are proportional to the tap ratio a,. This equivalent circuit is implemented
in the load flow program to consider the effect of tap changing on the voltage control by

including it in the general nodal admittance matrix.
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List and copies of the published papers

Based on the results obtained during the course of this work, the papers listed below have

been presented at different conferences, as indicated in the list and published in their

proceedings. A copy ofeach ofthese papers is attached to this appendix.

(a)

(b)

(c)

(d)

S K Salman and | M Rida, "Investigating the electrical integration of wind power
based embedded generation using ATP," Proceedings of the 33rd Universities Power

Engineering Conference, UPEC'98, Edinburgh, UK, September 1998, pp. 407 - 410.

S K Salman and | M Rida, "Impact of integration of wind farms into a utility network
on relay settings of the utility feeders,” Proceedings of the ERA Technology's
International Conference "Quality and Security of Supply in Electrical Networks,"

London, UK, February 1999, pp. 2.3.1 - 2.3.8.

S K Salman and | M Rida, "Application of artificial neural networks for the voltage
control of distribution networks,” Proceedings of the 34th Universities Power

Engineering Conference, UPEC'99, Leicester, UK, September 1999, pp. 529- 532.

S K Salman and | M Rida, "Investigating the electrical integration of wind power
based embedded generation into utilities' networks," Proceedings of the IASTED
International conference of Power Energy Systems, Las Vegas, USA, November

1999, pp. 134- 139.
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S K Salman and I M Rida, " ANN-based AVC relay for voltage control of
distribution network with and without embedded generation,” IEEE Proceedings of

the DRPT'2000 Conference, City University, London, UK, April 2000, pp.263-267.

S K Salman and | Rida, "Investigating the impact of embedded generation on relay
settings of utilities' electrical feeders,”. This paper has been submitted for publication
in the IEEE Transactions on Power Delivery, which at the time of writing this thesis

is being considered.
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INVESTIGATING THE ELECTRICAL INTEGRATION OF WIND
POWER BASED EMBEDDED GENERATION USING ATP

Hr S K Salman and I M Rida

The Robert Gordon University, Aberdeen, UK.

ABSTRACT

In the recent years wind power based embedded generation (WPBEG) has received considerable attention world-
wide. Generators of such power plants are usually connected to utilities' electrical networks at distribution levels
However, the integration of such power plants at distribution levels could create technical problems that require
aPpropriate investigation both during steady-state and dynamic condition. Digital simulation programs are usually
employed for such investigation. One of these programs is the Alternative Transient Program (ATP). In this paper
*he simulation of a distribution system that includes WPBED using the ATP is described. The model is employed to
'nvestigate effects of wind speed variation on generator output and also the behaviour of the system during different
types of disturbances such as fault conditions.

INTRODUCTION used induction generators. The later arc modelled
using a Universal Machine (UM) model. Such model
~ind energy is one of the most promising renewable provide a linkage between the mechanical and
energy resources. It has been estimated that electrical parts of a generator-turbine unit. Variation
generation of electricity using wind energy resource in of wind speed is modelled using a facility in ATP
Scotland can be as much as 7500 MW (1). In Resent called Transient Analysis of Control Systems
lears this source of energy has become very attractive. (TACS)'. A control circuit that initiates the
The technology for the generation of electricity by disconnection of wind turbines in cases when terminal
Wind turbines is even operationally proven. Wind voltages or rotor speed exceed their limits is also
hirbines that convert wind energy into mechanical modelled using TACS facilities. The model is then
energy can now drive generators with capacities utilised to investigate the behaviour of the system for
Caching 1500 kW [2], Several wind turbines are different types of disturbances.
Usually installed at on site constituting what is known
as wind farms. Generators of wind farms are MODELLING ELECTRIC POWER
eommonly connected to electrical networks at SYSTEMS USING ATP
distribution levels [3] and referred to as Embedded
Generators (EGs). However, existing distribution The ATP is one of the versions of the well-known
tystems are originally designed as supply networks ElectroMagnetic Transient Program (EMTP) which
and may not be tailored to collecting power from EGs has been used for several years for power system
12). Therefore, the integration of wind farms with analyses under transient and dynamic conditions. The
utilities distribution networks may create safety as theoretical basis of the solution method in ATP is
"ell as technical problems. Such problems include based on a step-by-step procedure [5],
contribution to the fault currents, stability and
Pliability problems, introduction of harmonics, The existing facilities in ATP
voltage fluctuations, and problems to the automatic The ATP is composed of a library of models of
"oltage control (AVC) of distribution networks [4], network components such as lines, transformers,
generators, etc. that can be used to simulate electrical
In order to address these problems, distribution networks. One of these models is the Universal
systems that include wind power based EGs requires Machine (UM) proposed by Lauw and Meyer [6] in
"Uvestigation during both steady-state and dynamic 1982. It is an electromechanical energy conversion
conditions. Digital simulation programs are usually device that can be used to simulate the electrical and
deployed for such investigation. One of these mechanical components of electrical machines. The
Programs is the Alternativ e Transient Program(ATP) UM model can be used to represent 12 major types of
electric machines, eg. single-phase and multiple-
In this paper the ATP is used to simulate a phase synchronous or induction machines and dc
distribution network that includes a wind farm which machines [7], The mechanical side of the machine
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can be included by an equivalent electric network with
lumped RLC elements, which is then solved as part of
the complete electric network. For each mass
connected to the shaft system, a node is created in the
equivalent electric network, with a capacitor placed
between the node and the ground to represent the
moment of inertia of that mass. A mechanical torque
on that mass can be simulated by a current source
connected to that node [5], The Transient Analysis of
Systems, TACS, is another facility that is
in ATP software package which allows
models of control and protection components to be
included in the simulation. The control circuitry
whose behaviour is to be simulated must first be
a block diagram. Recognised block
diagrams can be transfer functions, limiters, algebraic
functions, logical operators, and other special-purpose
devices [7], Recently, a programming language
"MODELS" has been added to the ATP.

provides of ATP
It is designed to simulate control systems
as network components which arc not
available in the library of ATP. It also enables to link
the ATP package with other programming software
[8], Electrical components such as transmission lines
can be simulated using different types of models, as
an example lumped series RLC model, distributed
parameter line model and frequency dependant line
model.

Control
available

described as

known as
MODELS
flexibility.
as well

users even more

Modelling the network under consideration

The distribution system shown in Fig. 1. has been
modelled in ATP. The system comprises a wind farm,
a 33/11 KkV substation, 11 kV
connecting the wind farm with the substation. The
wind farm is assumed to have eight wind turbine-
generator units each of 600 kW with a nominal
voltage of 690V. The generating units are grouped
and represented in the ATP package by three UM
models. The first machine, shown in Fig. 1, represents
a single 600 kW unit, the second machine represents
two 600 kW units, and the third machine represents
five 600 kW units. All
connected to a step-up transformer with a voltage
ratio of 690/11000 V and a capacity of 7.5 MVA. The

and an feeder

units are assumed to be

capacity of the transformer at the substation is
assumed 10 MVA. Transformers are represented
using a transformer model that consider their

connection group and saturation of the magnetic core.
The length of the line between the wind farm and the
substation is assumed 10 km A second feeder is
assumed to be connected to the 11 kV bus-bar at the
substation which supplies a group of loads at the end
of the feeder via an 11kV/416V transformer. Feeders
are simulated using lumped RLC model. Utility's
network (Grid) is represented by a source behind the

system equivalent impedance.

UPEC '98

408

960 V
600 KW
BV LKV kv
R . 2Xx
ESKESV 0(2>00-0 (]j600kw
10MVA 7.JMVA 5y
Grid 00-d)~ 600kw
Load Wind farm

Fig. 1 Schematic diagram of the considered network.
SIMULATION CASES

Effects of faults within the network on EG

The aim of this particular investigation was to predict
the dynamic behaviour of induction generators at a
wind farm during and following a fault within the
network. One of the investigated examples is a three
phase to ground fault which was assumed to occur on
a load feeder close to the substation The fault was
initially assumed to be cleared after 50ms. Fig. 2
shows the voltage at the terminals induction
generators at the wind farm, i.e. at the 690V bus-bar
As can be seen from this figure, the voltage has
dropped to a value less than 30% of its nominal
voltage. The electro-magnetic torque (T,) developed
inside an induction machine at any given speed is
proportional to the square of the terminal voltage as
follows[91:

of

T,=Ks 10 (1)

where K is a constant, s is the machine slip.

As a result, T, was also reduced, as shown in Fig.3
This figure shows the Electro-magnetic torque in the
air-gap of one generator. The swing equation for the
rotor is given by [9]:

J—==Tn- T, (2)
where J is the moment of inertia of the rotating mass,
Tmis the mechanical torque on the rotor shaft and co is
the rotor speed.

From equation 2, for a constant mechanical torque, a
reduction in the Electro-magnetic torque will cause
the rotor to accelerate. This can be seen from the rotor
speed curve in Fig.4.

As the fault was cleared and the voltage on the
machine terminals was recovered, the magnetic field
in the air-gap of the machine started to get established
which caused inrush current to be drown from the
network, Fig.5. Consequently, a
proportional Electro-magnetic torque started to act on
the rotor in a direction opposite to the applied

as shown in



mechanical torque. If the energy stored in the rotating
magnetic field is higher than the energy stored in the
rotating rotor, speed would be reduced and the
generator would operating
condition. As the exchange of power can not occur
instantaneously due to the inductance of machine
the of the rotating mass,
Electro-magnetic torque, and speed will
characteristic ~ with
envelope. This oscillatory
behaviour can be seen in Figs 3,4 and 5.

return to its normal

windings and inertia
currents,
have an

oscillatory an

exponentially decaying

It has been found that critical fault clearing time for
the given case is 80 ms. When the fault was cleared
in a time longer than 80 ms, rotor speed continued to
increase until the wind farm was disconnected by a
signal from a simulated over speed protection device.
During this time induction generators continued to
draw high inrush currents from the network which
resulted in a sustained voltage sag on the network.
Fig. 6 shows the voltage of the generator terminals
when the fault was cleared after 90 ms.

Effects of power output fluctuation of wind farms
on the network.
The mechanical torque developed by a wind turbine
can be described using the following characteristic
equation [10]:

Tuct, (o1. yj =A(vJ cn, + B(vJ (3)
Where A(vJ and B(yJ are wind velocity dependant

parameters, ry* is the shaft's speed and VO is the
instantaneous wind’s velocity.

In order to obtain mechanical torque using equation 3,
the know ledge of the instantaneous wind velocity time
series and the rotational speed characteristics of wind
turbines, As such
available at the lime of writing this paper, a signal

arc essential. information is not

representing a variable mechanical torque with a
randomly generated wave form was used. The velocity
of wind acting on individual wind turbines within the
totally correlated, therefore,
different signals were applied to different turbine-
generators. Fig. 7 shows the speed of the shaft of one
turbine when the mechanical torque was varied. Fig. 8
in the
inside the generator due to the assumed
variable mechanical power on the shaft. Fig. 9 shows

wind farm arc not

shows the electro-magnetic torque developed
air-gap

the fluctuation in the total power output from the wind
farm due to variation of wind speed.

CONCLUSION

The ATP package was used to simulate a distribution
system that includes a wind farm. The universal
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machine, UM, model was used to represent wind
turbine - generator units. Using this model enabled
the mutual effects between the network and the wind
to be examined. It was shown that the connection of
wind farms to a distribution network can affect the
critical Using the TACS

facility has added more flexibility to the simulation.

clearing time of faults.
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Fig. 2 Terminal Voltage of induction generators
during a three phase to ground fault on the network.

Fig. 3 Electro-magnetic torque in the air-gap
of one generator during the fault.

Fig.4 The rotor speed of the generator.

Fig 5 Stator current of one generator.
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Fig. 6 Terminal Voltage of induction generators
during a three phase to ground fault on the network

Fig. 7 Speed of the shaft of a wind turbine due to
variation in mechanical torque.

Fig. 8 Electro-magnetic torque developed in the air-
gap of one generator.
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Fig. 9 Variation of the power output from the wind
farm due to variation in wind speed
Note: Figs 1 through 5 are for fault duration of 50ms
while Fig. 6 is for fault duration of 90ms.
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abstract

Generation of electricity using wind energy has received considerable attention worldwide in recent
years. In order to generate significant amount of electrical power using wind energy a number of wind
Power based generators are usually grouped together to form what is known as “wind farm”. Wind
farms are usually are connected to utilities' electrical networks at distribution levels. Previous
e*perience has shown that the integration of such plants into utilities' distribution networks could
Piake various impacts on the host network. This includes safety as well as technical problems. Such
Problems include contribution to the fault currents, stability and reliability problems, introduction of
harmonics, voltage fluctuation, interference with the process of automatic voltage control (AVC) of
distribution networks, impact on network losses etc.

This paper reports an investigation related to the determination of the impact of integration of wind
farms into distribution networks on the settings of protective devices of electrical feeders emanated
from the substation to which the wind farm is connected. The study is conducted on a simulated
Astern consisting of a distribution network with an integrated wind farm using Alternative Transient
Program (ATP) which also has the capability of demonstrating the dynamic behaviour of the wind
farm during any disturbances that may occur on the system. Results obtained from several case
studies will be presented and discussed.
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1 INTRODUCTION

It has recently been recognised that wind-power can be an effective way to counter global warming
and under certain circumstances cost-competitive with other method of generation (1). Consequently,
generation of electricity using wind-power has received considerable attention world wide in recent
years. For example the total installed capacity worldwide has increased from its level 0f 6118 MW in
1996 to 7638 MW in 1997 which represents a growth of 25% in a span of one year (1). In order to
generate significant amount of electricity using wind-power, a number of wind power based
generators are usually grouped together to form what is known as "wind farm™. Wind farms are
usually connected to utilities' electrical networks at distribution voltage levels. Previous experience
has shown that the integration of such plants into utilities' distribution networks could have various
impacts on the host network. This includes safety as well as technical problems. Such problems
include contribution to the fault currents, stability and reliability problems, introduction of harmonics,
voltage fluctuation, interference with the process of automatic voltage control (AVC) of distribution
networks, impact on network losses etc (2-5). It is therefore important that the operation of
distribution systems that include wind farms should be investigated both during steady state and

dynamic conditions.

This paper report an investigation to determine the impact of the integration of wind farms into
distribution networks on the settings of protective devices of electrical feeders emanated from the
substation to which the wind farm is connected. The study is conducted on a simulated system
consisting of a distribution network with an integrated wind farm using Electromagnetic Transient
Program (EMTP) which also has the capability of demonstrating the dynamic behaviour of the wind
farm during any disturbances that may occur on the system. Results obtained from several case

studies is presented and discussed.

2 REVIEW OF THE IMPACTS OF EMBEDDED GENERATION ON HOST
DISTRIBUTION NETWORK

It is now well established that all forms of embedded generation (EG) including wind farms could
affect the host distribution network (DN) in one way or the other. These include introducing safety
problems to personnel and equipment. Technical impacts have also been reported extensively which
cover aspects such as: (i) fault level can be increased to a degree that makes system reinforcement
necessary, (ii) adaptation of new protection practices in order to provide adequate protection for EGs
and associated network against any abnormal conditions including faults and islanding condition, (iii)
limitation of harmonics introduction, (iv) stability and reliability related problems, (v) voltage
fluctuations, (vi) interference with the control mechanism of voltage magnitude of distribution
networks and (vii) minimisation of losses of distribution network (viii) the effect on relay settings of
utilities feeders. The last point will be dealt with in some details in this paper.

3 SIMULATION OF A WIND FARM CONNECTED TO A DISTRIBUTION
NETWORK USING EMTP

31 Advantages of using EMTP

Nowadays there are several commercial packages that can be used for power system studies but the
experience have shown that most of them lack the flexibility to conduct fundamental research
investigation. For this reason it has been decided to adopt the Electromagnetic Transient Program
(EMTP) which has been used for several years for power system analyses under transient and
dynamic conditions. Although this program is difficult to use and it takes rather long time to
command it proved to be a very powerful and flexible tool. It consists of a library of models of
network components such as electrical machines, transformers, lines, etc. that can be interconnected

together to simulate any required electrical network.
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Tile other reason for choosing EMTP for this work is that it offers an attractive wav of modelling
"iduction (or asynchronous) machines which are widely used in wind-farms using the concept of
Universal Machine (UM) model that was proposed by Lauw and Meyer [5] in 1982. This model is
found particularly attractive as the mechanical side of the machine can be convenientK represented
using an equivalent electric network consisting of lumped RLC elements, which is then solved as part
°f the whole electric network. The mechanical torque on any mass connected to the shaft of the
Machine can be simulated by a current source [7],

32 The investigated system

The system considered in this investigation is shown in Fig. 1. It basically consists of a wind farm
interconnected to a 33 kV distribution network through a 33 kV interfacing link. The distribution
Network in turn consists of the Grid represented by a voltage source behind its Thevenin's equivalent
impedance and a substation represented by a 20 MV A, 132/33kV transformer with an impedance of
10%. The fault level of the Grid behind the 132kV busbar is assumed 1800M VA.

The wind-farm is assumed to have sixteen wind-turbine-generator units each rated at 600 kW and
*>90V. In order to simplify the simulation of the wind farm and at the same time to maintain the
flexibility of having the ability to vary injected generation, generating units of the wind farm are
represented by three UM models. The first machine, shown in Fig. 1, represents two 600 kW units,
"'hile the second machine represents four 600 kW units and the third machine represents ten 600 kW
units. It is assumed that all units are connected to the common bus No 4. A 15 MVA, 690V/33kV
step-up transformer with impedance of 10% is assumed between buses 3 and 4. All transformers are
~presented using EMTP transformer model that considers their connection group and the saturation
effect of the magnetic core. The load connected to the substation is represented by a second feeder,
~hich supplies two groups of loads connected at the middle and the end of the feeder via 33kV/416V
Jansformers. Both the feeder and the interfacing link are simulated using EMTP lumped RLC and
each of which is assumed to have an impedance (0.185 +j0.324) Ohm/km.

4 CASE STUDIES

The simulation developed for the system shown in Fig. 1 under EMTP is used to conduct a number of
case studies, the results of which are presented in the following sections. It should be pointed out that
although the number of wind turbine-generator units shown in Fig. 1 is sixteen distributed over three
UM models as explained earlier. The necessity of varying power injection meant the actual number of
units could be anything between 1 and 16 units distributed over one, two or three UM models
Spending on the magnitude of power injection under consideration.

41 Variation of wind-farm power output with wind speed variation

inorder to simplify the analysis, it is assumed in this study, that the mechanical torque on the shaft of
‘iduction generators follows the same pattern of wind speed variation (8). Consequently the effect of
'Wnd speed variation is taken into account by using a randomly generated mechanical torque signal
S*ch as that shown in Fig 2a.

lw

This signal is then applied to the shaft of the generator G 1, shown in Fig. 1, which in this part of the
study represents a single 600 kW unit. The corresponding electrical power output of generator G1 is
shown in Fig. 2b. In this figure the 1 pu power output represents the rated power output of the unit,
‘e. 600 kW . It can be seen from this figure that the power output follows the pattern of applied

Mechanical torque shown in Fig 2a.
Obviously this can be a very useful tool that may be used by industry for predicting the variation of a

Nind-farm power output at a specific site whereby the wind speed variation versus time is known

Mther from forecasting or measurement.
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42 Dynamic behaviour of wind farm induction generators following a fault within utility’s
network

The dynamic behaviour of wind-farm induction generators following a fault condition within utility's
network has been considered. A three-phase fault is applied at the load feeder connected to bus No. 2.
It is cleared after 70 msec. The resulting voltage variation at the wind-farm, i.e., bus No 4, versus time
is shown in Fig 3a. It is evident form this figure that the voltage is gradually recovered its pre-fault
value after the fault is being cleared off the system. It has also been observed that while each of the
wind turbines at the wind-farm has accelerated to a speed equivalent to 108% of its per-fault speed, it
regained its original speed after removing the fault from the system as shown in Fig 3(b).

In order to examine the effect of fault duration of on the dynamic behaviour of wind-farm induction
generators, the study was repeated for the same fault condition described above but with longer
duration. It was found that as the fault duration is increased, it reaches to a critical value beyond
which the wind-farm can neither regain its pre-fault terminal voltage nor its pre-fault speed. Voltage
magnitude settles at a value much less than its nominal value as shown in Fig 4(a) which would
eventually prompt the operation of the under voltage relay as specified in G59/1 document (9). On the
other hand if the wind turbine allowed to operate, its speed continues to grow, as shown in Fig 4(b), to
a value which prompt the operation of over speed protection device normally installed on wind
turbines. The time beyond which wind-farm induction generators behave in this way will be termed as
“critical clearing time (CCT)’\ Such time will also be considered as the onset of the instability’ of
induction generator. It should be pointed out that the concept of stability as applied to an induction
generator is defined along the basis outlined above and not along the principles traditionally applied to
synchronous machines.

For the system under consideration it has been found the CCT is 80 msec. This is obviously very
small compared with the time settings of relays usually installed on feeders which can be in the region
of 1sec or above (10).

43 Comparison between CCTs due to voltage levels

The effect of connection voltage level on the CCT can be seen with reference to Fig 5. This figure
shows the variation of terminal voltage ofa 4.8 MW wind-farm with time once connected at 33 kV
and then at 11 kV voltage levels. The fault duration in both cases corresponds to that related to the 33
kV CCT, i.e.,, 80 msec. It can be seen from Figure 5 that while the wind-farm regained its stability in
the case when it is connected at 33 kV voltage level, it became unstable for the same fault duration
when it is connected at 11 kV voltage level. The recovery of the wind-farm terminal voltage in first
case and the collapse of the voltage in the second case indicate this.

44 Effect of power injection level by wind farm on the CCT

The effect of the magnitude of power injection from the wind-farm on the CCT has been examined.
The result is demonstrated in Fig 6 which shows wind-farm terminal voltage variation with time due
to minimum and maximum power injections of 600 kW and 9.6 MW respectively based on the
assumption that the fault is cleared at their corresponding CCT of 105 msec, and 65 msec. It is evident
from this figure that the CCT is effected by the magnitude of power injected to the network from the
wind-farm. The CCT decreases with the injected power.

45 Effect of fault location at the 33kV utility’s radial feeder on the CCT

The effect of fault location along the 33 kV load feeder (see Fig. 1) on the CCT is illustrated in Fig 7.
This figure shows the variation of the CCT with the power injected from the wind-farm for three
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different fault locations; namely at the feeder end connected to bus No 2. at a points 5 km and 10 km
from bus 2. This figure demonstrates that the closer the fault to bus No 2, the smaller the CCT is. This
suggests that if a co-ordination is to be achieved between the protection relays of utilities feeder and
those at the wind-farm it should be based on the worse condition, i.e.. on faults at the feeder end
connected to bus No 2.

5 CONCLUSION

The EMTP has been successfully used to simulate a distribution system with a wind-farm integrated
at 33 and 11 kV voltage levels. The developed simulated system is then used to demonstrate its
capability of determining wind-farm power output due to a given wind-farm input torque variation
(resulted from a certain wind speed variation). This can be a very useful tool both at planning and
operating stages.

The simulated system is then extensively used to determine the effect of wind-farm on the CCT for
faults on utilities” feeders. It has been concluded from this investigation that the integration of wind-
farm into distribution network could greatly effect the magnitude of CCT of electrical feeder of the
network. It has also been found that the magnitude of the CCT depends on factors such as the
Magnitude of injected generation, fault location and the voltage level at which a wind-farm is
connected to the network.
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Fig. 1 Schematic diagram of the considered network.
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82a Variable mechanical torque applied to the  Fig. 2b Variation of output power of GI due to
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Fig.4a Variation of terminal voltages of the wind
farm following a three phase fault on the
network for 85 msec.
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Fig.5 The effect of connection level on the CCT
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Fig. 4b Variation of rotor speed of G1 following
a three phase fault on the network with a
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APPLICATION OF ARTIFICIAL NEURAL NETWORKS FOR THE VOLTAGE
CONTROL OF DISTRIBUTION NETWORKS
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ABSTRACT

Voltage magnitude of distribution networks is usually maintained within statutory limits by using On Load Tap
Changer Transformers that are controlled by Automatic Voltage Control (AVC) relays. Traditional AVC relay

usually equipped with compounding whose settings are chosen in such away to compensate for the voltage drop

along the feeder(s) emanating from source substation. Compounding should also insure satisfactory operation of

parallel-connected transformers. When these two requirements can not be satisfied at the same time, other schemes

that require interconnection between the control systems of the parallel-transformers are implemented. This paper
presents an attempt to desigh an AV C relay based on the application of Artificial Neural Network (ANN). The input
data file used for the training of the proposed AV C relay model is prepared using a power system load flow program,
which is written in FORTRAN. In this paper the structure of the proposed model is presented and the test results that

show its performance are also presented and discussed.

INTRODUCTION

Voltage magnitude of a distribution network is usually
maintained within statutory limits by using On Load
Tap Changer Transformers (OLTCT) that are usually
controlled by Automatic Voltage Control (AVC)
relays. Conventional AVC relays are usually equipped
with compounding to compensate for the voltage drop
in the distribution network [1]. Compounding should
also insure satisfactory operation of parallel-connected
transformers. When these two requirements can not be
satisfied at the same time, other schemes that require
interconnection between the control systems of the
parallel-transformers are implemented [2].

This paper presents an attempt to design an AVC relay
based on the application of Artificial Neural Network
(ANN). The structure of the proposed ANN model is
presented and the test results that show its
performance are also presented and discussed.

OPERATING PRINCIPLES OF AVC RELAYS

The operation of an AVC relay incorporates two main
steps. The first step involves the calculation of the
voltage of AVC relay using current and voltage values
measured at the low voltage side of OLTCT. This
voltage is given by the following expression [1]:

VAL=V - It (R-avci j ™ avc) n

Where, V is the voltage of the terminals of the
transformer on the secondary side, IT is the
transformer current, and (RABi j Nave) % relay
compounding settings. Depending on the application,
it consists of resistance and either positive or negative

reactance. In the second step, the AVC relay voltage is
compared with a reference voltage (V7)) that is
required to maintain network voltages within statutory
limits. If the deviation of the AVC relay voltage from
the reference voltage V/~p exceeds the specified limits
of a bandwidth, say +2%, the relay then initiates a
sighal to operate the tap-changing device of the
transformer.

BASIC PRINCIPLES OF ANN

Application of ANNs to electric power systems has
received considerable attention in the recent years
[3,4], especially in the field of control and protection
where fast, accurate and on-line decisions are required
to insure that power system stability and reliability are
maintained. Different types of ANNs are described in
literature. However, Multilayer Perceptrons type is the
most popular for power system applications [5]. It is
used in more than 80% of such applications. This type
can be explained using a three layer neural network as
shown in Fig. 1. As can be seen from this figure, the
network comprises a number of interconnected
processing elements (PE), known as artificial neurons
[6]. The neurons are arranged in layers, including an
input layer, followed by a hidden layer(s), and finally
an output layer. Neurons in the input layer receive
sighals from external source and transmit them to the
next hidden layer. Each neuron in the hidden layers or
in the output layer receives a number of inputs (xI)
equals to number of neurons in the previous layer.
Each of these inputs is given by [6]:

xji= Y, * W (2)



Where Y, is the output of i* neuron
layer and w j is the weight of the connection between i-
th and j-th neurones of successive layers,

in the preceding

Hence, the total input to a neuron is given by [6,7]:

Xji=£XJ £WLY, ©)

Where Xj is the total input to the j-th neuron in the
hidden or output layer.

Fig. 1. A three layer neural network system

The output of jth neuron, Y, in the hidden or output
layer is a function of the total input [6,7], i.e. :

Y.= F(X}) 4
Function F(x) can be any continuous differentiable
non-linear function like the log-sigmoid, which is
given by[6,7]:

F(x) = l/(1+e'x) (5)
ANN must be first trained to work properly. In the
training process a special training algorithm is used for
adjusting the weights so that the network output for
given inputs will be as close as possible to the desired
output values. Training methods can be divided into
supervised the supervised
training method, the desired output is given in the data
file. Supervised algorithms require longer learning
time than the unsupervised, but they can be more
accurate [5]. One of the most popular supervised
learning algorithms is the Backpropagation method. It

and unsupervised. In

is based on a gradient-search optimisation method
applied to an error function. The error function is
calculated as the sum-of-squared errors, given by [6]:

/\_ %culatad y ikdestred J *
|

Where ylkis the output of i™ neuron in the k,, layer.
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The error in the outputs for a given input pattern is
propagated back through the network to adjust the
weights. A recursive algorithm is usually used to
adjust the weights such that the error is minimised.

As mentioned above, the learning process requires a
data file that contains pairs of input-output patterns.
To be effective, the data file must include sufficient
amount of training patterns that cover most possible
Such a file can be made from historical
records, computer simulation, or measured data [4],

conditions.

The result of a successful training process is a set of
weights that is assigned to the ANN. Using these
weights, the network calculates an output very close to
the desired values for each pattern in the training file.
then be ready for

The network considered

application.

can

THE PROPOSED ANN FOR CALCULATING
THE VOLTAGE OF AVC RELAY

An ANN was designed to calculate the voltage of an
AVC relay. The ANN model is similar to that shown
in Fig.l. It comprises three layers, e.g. an input layer
with three processing elements (PE), a hidden layer
and an output layer with one PE. The inputs are
derived from system voltage (V) and the real (19 and
imaginary (lim components of the transformer current.
The output is the calculated AV C relay voltage (V,w).
A training data file was obtained from a load flow
(LF) program that was written in FORTRAN by
simulating different steady-state operating conditions
for the network shown in Fig.2.

Figure 2. Single line diagram of the considered

distribution network

The distribution network comprises a 33/11kV
substation, load feeder connected with two
groups of variable loads via 11/0.415 kV transformers.
One group is represented by the load L2 with a total
power of IMW and the second group is represented by
the load L3 with a total of 2MW. L2
connected at a distance of 8 km from the substation
and load L3 is assumed connected at a distance of 13
km. In order to simplify the model, a bulk load, LI,
with a total power of 9MW, is assumed connected to
the substation to represent other load feeders. Voltage

control was achieved by a conventional AVC relay

a radial

is assumed



with a positive compounding. The reference voltage
for control is assumed equal to Ipu and the calculated
voltage was allowed to vary by + 2%. The three loads
are allowed to change from zero to maximum and to
zero again in incremental steps simultaneously. When
the calculated AV C voltage exceeded the + 2% limits,
the AVC relay initiates a signal to adjust the tap-
changer. The calculated results at every step were
saved in a training data file. Several load flow cases
with different combinations of the system loads were
simulated and the results were saved in separate files
and used in the ANN testing stage. Table 1 shows a
summary of the simulated cases. From all these cases,
only Case No 1 and Case No 4 were used for the
training of the ANN. Following a satisfactory training
and testing, the ANN model was converted to
FORTRAN and integrated as a subroutine in the load
flow program instead of the model of the AVC relay
based on positive compounding.

Table 1. A summary of the simulated cases used for
testing the ANN based AV C relay.

Case Maximum Load, MW Voltage setting
No Load power factor, PF and control
(lagging) bandwidth
LI L2 L3 PF
1 9 1 2 .98 1+2%
2 3 1 2 .98 1+2%
3 3 0 2 .98 1+2 %
4 9 1 2 1.0 1+2 %
5 3 1 2 1.0 1+2%
6 3 0 2 1.0 1+2%
7 9 1 2 .98 0.98 +2 %
8 3 1 2 .98 0.98 +2 %
9 3 0 2 .98 0.98 +2 %

TESTING THE PERFORMANCE
OF THE ANN MODEL

The performance of the proposed ANN for calculating
the voltage of AVC relay was tested by running the
ANN model in the test mode. Two examples of the test
results are shown in Fig. 3 and 4. These figures show a
comparison between the AVC voltage as calculated
using conventional method and ANN based method.
The voltage curves in Fig. 3 correspond to case No. 2
of Table 1 and the curves in Fig. 4 correspond to case
No. 3. It can be seen from these results that the ANN
based AVC relay is able to calculate the relay voltage
with a negligible error.

The ANN based relay when integrated in the load flow
program was also tested and its performance was
compared with the performance of the relay based on
the conventional method. Figures 5 to 10 show pairs
of examples of the test results for both the ANN and
conventional based AVC relays. These figures show
the variation of the voltages of the network shown in
Fig. 2 as the connected loads change from zero to their
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maximum value and back to zero. It can be seen from
these results that, although it was trained using only
two cases, the ANN based AVC relay could provide a
voltage control of the network similar to that provided
using conventional AVC relay based on positive

compounding.

CONCLUSION.

The use of an ANN in calculating the voltage of AVC
relay was investigated in this paper. The
obtained were found very encouraging. The proposed
ANN based AVC relay could provide proper voltage
control of a distribution network as loads changed with
different patterns. It was shown that the performance

results

of the relay was not affected when the reference
voltage of the relay was changed. Further investigation
should
method
includes  parallel

embedded generation.

focus on the application of the proposed
in the voltage control of a network that

connected transformers and
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Fig.3 AVC relay voltage as calculated wusing
conventional method and ANN.(Case 2).
Conventional = --------- ANN
1.08
o.94j|
0.92 ; e SRR -1
0 1 2 3 4 5 6 7 8 9 10 11 12
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Abstract: Recently wind power based embedded
generation (WPBEG) has received considerable attention
World-wide. Generators of such power plants are usually
connected to utilities' electrical networks at distribution
levels. Previous experience has shown that the integration
of such generators into utilities' distribution networks
(DNs) could create safety as well as technical problems.
Such problems include contribution to the fault currents,
stability, voltage fluctuation, and problems to the
automatic voltage control, etc. Therefore, the operation of
&Ns that include WPBEG requires investigation both
during steady state and dynamic conditions. This paper
reports an investigation conducted on a simulated system
consisting of a wind farm integrated into a DN using
Alternative Transient Program (ATP). The investigation
covers two main aspects; the effect of the integration of
the wind farm into a DN on the settings of protective
relays of electrical feeders and its effect on the power

Quality of the electrical supply. Results obtained from

various simulated case studies are presented and
discussed.

Keywords: wind farms, Embedded generators,
distributed generation, System protection, Simulation,
ATP.

I. INTRODUCTION

Recently wind energy has been considered as one of
die most attractive renewable energy The
technology for the generation of electricity using wind
terbines is operationally proven. It has been reported
recently that the installed capacity of wind power world-
wide has exceeded 7600 MW in 1997[1]. There are now
Wind turbines that can drive generators with capacities
teaching 1500 kW [2]. Several wind turbines are usually
installed at one site constituting what is known as wind
farms. Wind farms are commonly connected to electrical
networks at distribution levels [3] and referred to as
Embedded Generators (EGs). However, the integration of
Wind farms with utilities distribution networks may create
Safety as well as technical problems. Such problems
include contribution to the fault currents, stability and
Aliability problems,

resources.

introduction of harmonics, voltage
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fluctuations, interfering with the process of automatic
voltage control (AVC) of distribution networks [4] and in
some cases it causes an increase in the losses of the
associated distribution network.

In order to effectively WPBEG into
distribution networks, the operation of distribution
systems with wind power based EGs are needed to be
investigated during both steady state and dynamic
conditions. Digital simulation programs are usually
utilised for such investigation. One of these programs is
the Alternative Transient Program (ATP).

integrate

In this paper the ATP is used to simulate a wind farm
integrated into a distribution network. The model is then
used to investigate the effects of the integration of the
wind farm into the network on the setting of protective
relays of electrical feeders as compared with those settings
normally applied in the absence of a wind farm and its
effects on the quality of power supply of the associated
network. Results obtained from various simulated case
studies using ATP are presented and discussed.

Il. MODELLING ELECTRIC POWER
SYSTEMS USING ATP

The ATP is one of the versions of the well-known
Electro-Magnetic Transient Program (EMTP) which has
been used for several years for power system analyses
under transient and dynamic conditions. It consists of a
library of models of network components such as
electrical machines, transformers, lines, etc. that can be
interconnected together to simulate any required electrical

network.
A. Modelling of induction generators in ATP

Wind farms usually utilise induction (or asynchronous)
generators (1Gs) which are normally driven by wind
turbines for generation of electricity. Such machines can
be simulated in ATP using the concept of Universal
Machine (UM) model that was proposed by Lauw and
Meyer [5] in 1982. The UM is considered as an
electromechanical energy conversion device that can be
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~ed to simulate the electrical and mechanical components

electrical machines. The UM model embedded in the
ATP library can be used to represent 12 major types of
Metric machines, e.g.
synchronous or induction machines and dc machines [6].

single-phase and multiple-phase

This model is found particularly attractive because the
Mechanical side of the machine can be conveniently
~presented using an equivalent electric network

consisting of lumped RLC elements, which is then solved

part of the whole electric network. For example each
Mass connected to the shaft system can be represented by
creating a node in the equivalent electric network whereby
acapacitor is placed between the node and the ground to
~present the moment of inertia of that mass. The
Mechanical torque on that mass can be simulated by a
current source connected between the same node and the
ground [7],

Modelling the network under consideration

The considered distribution system shown in Fig. 1 has
~en modelled using ATP. As
comprises a wind farm, a substation represented by a 10
*«VA, 33/11 kV transformer with an impedance of 10%,
Mdan 11 kV interfacing feeder connecting the wind farm
“oth the substation. The wind farm is assumed to have
eight wind-turbine-generator units each of 600 kW with a
Nominal voltage of 690V. In order to simplify the
Emulation of the wind farm and at the same time maintain
he flexibility of having the ability of varying the injected
generation, generating units of the wind farm are
~presented using the ATP package by three UM models.
The first machine, shown in Fig. 1, represents a single 600
‘W unit, while the second machine represents two 600 kW
‘Mits, and the third machine represents five 600 kW units,
his assumed that all units are connected at the same bus

4. A 75 MVA, 690/11000 V step-up transformer with
M impedance of 7.5% is assumed between buses 3 and 4.

transformers are represented using the ATP
tMisformer model that considers their connection group

the figure shows, it

Md the saturation effect of the magnetic core.

The load connected to the substation is represented by
a second feeder which supplies two groups of loads
Connected at the middle and the remote end of the feeder
via IlkV/416V transformers. The feeders are simulated
Using the ATP lumped RLC model. Both the interfacing
Md load feeders have an impedance of (0.185+j324)
QV km . The utility's network (Grid) is represented by a
Miurce behind the system equivalent impedance. The fault
kvel of the Grid behind the 33kV busbar is assumed
600MVA.

-135.

I11. INVESTIGATED CASES

A. Dynamic behaviour of WPBE following a fault

within the network.

The dynamic behaviour of induction generators in the
wind farm following a fault on the network is investigated.
One of the considered cases was a three phase to ground
fault which is assumed to occur at the end of the load
feeder connected to the substation. The fault was initially
assumed to be cleared after 60ms. Fig. 2a shows the
variation of the terminal voltage of induction generators at
the wind farm, i.e. at the 690V bus-bar No. 4. It can be
seen from this figure that the voltage magnitude has
dropped to a value less than 35% of its nominal value.

FIG. I SCHEMATIC DIAGRAM OF THE CONSIDERED

NETWORK.

Since the electro-magnetic torque (T,) developed inside
an induction machine at any given speed is proportional to
the square of the terminal voltage as follows[8]:

Te=KsV 2 (1)
where K is a constant, s is the machine slip.

Te is bound to reduce following a fault condition, as
shown in Fig.2b. This figure shows the Electro-magnetic
torque inside the air-gap of the first generator. On the
other hand, the dynamic behaviour of the rotor is governed
by the swing equation given below [8]:

2

where J is the moment of inertia of the rotating mass, Tm
is the mechanical torque on the rotor and 0 is the rotor
speed.

From (2), it can be concluded that if the mechanical
torque is kept constant, then any reduction in the electro-
magnetic torque will cause the rotor to accelerate. This is
demonstrated for the case under consideration by the rotor
speed variation curve shown in Fig.2c. When the fault is
cleared, the magnetic field inside the air-gap of the



machine starts to recover as a consequence of an inrush
current which is drown from the network, as shown in
Fig.2d. The resulting electro-magnetic torque would act on
the rotor in a direction opposite to that of the applied
mechanical torque. If the newly established stored energy
in the rotating magnetic field becomes higher than the
energy stored in the rotating mass, rotor speed would be
reduced and the generator would eventually return to its
normal operating condition, otherwise, its speed continue
to increase until it is tripped by appropriate protection
devices. As the exchange of power can not occur
instantaneously due to the inductance of machine windings
and the inertia of the rotating mass, electro-magnetic
torque, speed and current will vary in oscillatory fashion
"nth an exponentially decaying envelope versus time as
can be seen in Figs 2b,2c and 2d respectively. This
investigation was repeated for different fault clearing time
values. It was found that for the system under
consideration IGs can not retain its speed for a clearing
time greater than 65 msec.

Fg. 2A. variation of terminal voltages of egs at
WIND FARM FOLLOWING A THREE PHASE FAULT ON
THE NETWORK FOR 60MSEC.

TIME. see.

G. 2B. VARIATION OF ELECTROMAGNETIC TORQUE INSIDE
THE AIR GAP OF THE 600 KW IG FOLLOWING A
THREE PHASE FAULT ON THE NETWORK FOR
60MSEC.

Such time will be thereafter known as the critical
clearing time (CCT). This time is therefore considered as
the time beyond which induction generator(s) losses
'ts(their) stability. This investigation has shown that when
He fault is cleared at time greater than the CCT, the
rtating speed of 1Gs continued to increase and induction
generators continued to draw high inrush currents from the
Network until these generators are disconnected from the
Network by over speed protection devices which are
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usually installed on IG in such application. The high
inrush currents resulted in a sustained voltage sag at the
generator terminals when the fault is cleared beyond the
CCT. Fig. 3a shows such voltage for a CCT of 70 msec.
The corresponding total current drawn by the wind farm is

shown in Fig.3b.

FIG. 2C. VARIATION OF ROTOR SPEED OF THE 600 KW IG
FOLLOWING A THREE PHASE FAULT ON THE
NETWORK FOR 60MSEC.

FIG. 2D. VARIATION OF THE TOTAL CURRENT OF WIND
FARM FOLLOWING A THREE PHASE FAULT ON
THE NETWORK FOR 60MSEC.
12
|
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FIG. 3A. VARIATION OF TERMINAL VOLTAGES OF EGS AT
WIDFARM FOLLOWING A THREE PHASE FAULT ON
THE NETWORK FOR 70MSEC.

B. Impact of the magnitude of injected generation by
WPBEG on the CCT

The impact of the magnitude of injected generation by
WPBEG on the CCT has also been investigated. Two
extreme cases are considered; the first case corresponds to
operating the wind farm with only one turbine-generator,
i.e., the injected generation is 600 kW.

The other extreme corresponds to the operation of the



"Wd farm at its full capacity, i.e. the injected
&neration8x600 kW. The end of the load feeder
0 0.2 0.4 0.6 0.8 1

TIME, sec

fiG. 3B. VARIATION OF THE TOTAL CURRENT OF WIND
FARM FOLLOWING A THREE PHASE FAULT ON THE
NETWORK FOR 70MSEC.

oQnnected to the substation is subjected to a three phase
fault for the two cases and the CCT was then examined. It
"as found that the CCT for the first case is 105 msec,
"'feereas, the CCT for the second case is 65 msec. Fig. 4
shows a comparison between the generator terminal
"oltage for both cases. This figure also shows that the
ktminal voltage for minimum injected generation has
topped to less than 5% during fault condition, while the
"'oltage magnitude has dropped to about 35% in the case
°f maximum injected generation. However, it is observed
‘hat the voltage sag following the clearance of fault was
heater for the maximum generation condition compared
Mth that due to minimum generation. This can be
Aplained that the inrush current's magnitude during
Maximum generation is due to all units while during
"hnimum generation condition is due to only one unit.

C Impact ofthe length of the interfacing feeder on the
CCT.

The impact of the length of the interfacing feeder
W een WPBEG and utilities' substation was examined,
ffiree cases have been considered, namely, the wind farm

connected directly to the substation bus No. 2,
nnected through a 5 km line and through a 10 km line. It
""as found that the length of the interfacing feeder has only
5 small effect on the CCT. For the network under
dOnsideration, it was found that the direct connection of

wind farm to the substation give rise to a lower CCT
Compared with the connection through a 5 km or a 10 km
feeders. It is also found that the difference between the
Values of the CCT due to direct connection and through a
'0 km feeder does not exceed 15 msec, as shown in Fig.5.
This figure also shows the corresponding variation of the
CCT versus the injected power by the wind farm due to
fee three considered cases.

A Effectofthe location offaults on the CCT

In order to determine the effect of fault location within
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the utility on the CCT, a three phase to ground fault was
assumed to occur at three different locations on the load
feeder including its end which is close to bus 2, bus 5 and
bus 6. The study was repeated for different generation
injection from the wind farm for each of these locations.
It is observed that the CCT, which decides the stability of
IGs at the wind farm, is greatly affected by the location of
fault on the load feeder. It is also observed that the
magnitude of the injected generation has a considerable
influence on deciding the value of the CCT for the faults
which occur far away from the substation, i.e. bus 6. Fig. 6
summarises the results obtained from this investigation.

F1G4. VARIATION OF TERMINAL VOLTAGES OF EGS
FOLLOWING A THREE PHASE FAULT ON THE
NETWORK WHICH WAS CLEARED AT THE CCT IN THE
CASES OF MAXIMUM AND MINIMUM GENERATION

o 1 1 1 1 1 1 1 1
0 0.6 12 18 24 3 3.6 4.2 48
POWER of EGs, MW

FIG. 5 THE EFFECT OF THE LENGTH OF THE INTERFACING
FEEDER ON THE CCT

E. Impact of EG on protection co-ordination of the
network.

In the absence of EG the normal practise to achieve
proper protection co-ordination in distribution network is
to insure that the operating time of protective devices



located at the far end of a feeder be minimum. The
operating time of other protective devices along the
feeder, on the other hand, are progressively increased as
their location become nearer to the substation. Following
this it has
reported that the operating time of protective devices
installed at the source of the feeder can be as high as 1.5
second [9].
following a fault on the network, the restoration of normal

method of protection co-ordination been

However this investigation has shown that

operation of EG is governed by the fault clearing time. It
has also been shown that the maximum clearing time
which is acceptable for normal operation of EG may vary
depending on the magnitude of injected generation, the
length of the interfacing link between the wind farm and
the network, and the
associated network. For the network under consideration,
it is found that the maximum CCT for a three phase fault
does not exceed 600ms (see Fig. 5 and Fig. 6). It is
therefore important that the protection co-ordination
should be carefully looked at when the integration of EG

location of the fault within the

into a distribution network is considered.

F. Effectofwind velocity variation on power quality

It is well known that wind speed variation can affect the
generated electrical power output of WPBEG [10-12]. In
order to examine the effect of wind speed variation on the
power quality and other electrical parameters such as the
current through substation transformer which is usually
Used in the process of automatic voltage control, the
dynamic behaviour of the network under consideration
during wind fluctuations using the ATP program has been
considered.

In order to simplify the analysis, it is assumed in this
study, that the mechanical torque on the shaft of induction
generators follows the pattern speed
variation [11], Consequently the effect of wind speed
variation is taken into account by using a randomly
generated mechanical torque signal such as that shown in

same of wind

Pig 7a. This signal is then applied to the shaft of generator
G 1, shown in Fig. 1. The corresponding electrical power
output of generator G| is shown in Fig. 7b. In this figure
the 1 pu power output represents the rated power output of
the unit, i.e. 600 kW. It can be seen from this figure that
the power output follows almost the same pattern of the
applied mechanical torque shown in Fig 7a.

individual wind turbines within a wind
farm are usually subjected to the same wind speed
variation, different signals are required to be applied to the
three generating units of Fig 1. Fig. 7c shows the assumed
resulting speed variation of the shaft of the three induction
generators. Fig. 7d shows the corresponding total power
output from the wind farm. The 1 pu power in this figure

Since not all
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represents the total capacity of wind farm, i.e. 4.8 MW. By
comparing Figs. 7b with Fig. 7d, it can be concluded that
the variation of the total power output of the wind farm is
smoother than that of individual units. As stated earlier,
this is due to the fact that not all wind turbines in a wind
farm are subjected to the same wind speed variations.

The relative deviation of the power output of the wind
farm with respect to its mean value may affect the quality
of the power supplied to local loads. It may also cause
fluctuation to other electrical parameters, such as the
current through the substation transformer, which is
normally used in controlling the quality of system voltage.
This is illustrated in Fig. 7e, which shows a plot of the
current variation through the 11 kV side of the 10 MVA
substation transformer. This figure also shows that the
deviation of the magnitude of this current around its mean
value for the case under consideration is approximately
12%. It is worth noting that this work has shown, as in
other reported work [11], that the terminal voltages of
generators at the wind farm are virtually not affected by
wind variation.

FIG 7A  VARIABLE MECHANICAL TORQUE APPLIED TO
THE SHAFT OFG1
FIG. 7B VARIATION OF OUT POWER OF GI DUE TO

RANDOM INPUT TORQUE



TIME, sec

PIG. 7C rotor speed of three generators due to
RANDOM INPUT TORQUES

PIG. 7D VARIATION OF THE TOTAL WIND FARM POWER
OUTPUT DUE TO RANDOM INPUT TORQUES

4 6 10
TIME, sec

1G.7E variation of the current through
TRANSFORMER AT SUBSTATION DUE TO RANDOM
INPUT TORQUES AT THE WIND FARM

IV. CONCLUSION

~he ATP package has successfully been used to simulate a
distribution system with a wind farm integrated at 11 kV
wltage level. The simulated system is then used to
I>vestigate certain aspects related to the integration of
VpBEG into distribution networks. The conclusion drawn
from this investigation is that the presence of WPBEG
greatly affects the value of the CCT of electrical feeders of
d>e network. It is found that the integration of WPBEG
requires much smaller CCT compared with that normally
dsed in the absence of such EG. It has also concluded that
shch CCT depends on factors such as the magnitude of
‘ejected generation, fault location and the length of the
interfacing feeder between the wind farm and the

distribution farm. This investigation also covers the effect
of wind speed variation on the power quality of electrical
supply whereby it is found that wind speed variation can
cause power fluctuation at the output of the wind farm. It
is also found that such power fluctuation could introduce
variation in other electrical parameters such as the current
through the substation transformer which in turn could
affect the process of maintaining the quality of network
voltage.
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Abstract: Voltage magnitude of distribution networks is usually
maintained within statutory limits by using On Load Tap Changer
Transformers that are controlled by Automatic Voltage Control

(AVC) relays. Traditional AV C relay usually equipped with

compounding whose settings are chosen in such away to

compensate for the voltage drop along the feeder(s) emanating
from source substation. This paper presents an attemptto design
an AVC relay based on the application of Artificial Neural
Network (ANN). The input data file used for the training of the
proposed AV C relay is prepared using a power system load flow
FORTRAN. In

structure of the proposed ANN-based AVC

program, which is written in this paper the
relay is presented
and the test results that show its performance are also presented
and discussed.
Keywords: Voltage control, Distribution network, Embedded

generation, Distributed generation, Artificial Neural Network

L INTRODUCTION

Voltage magnitude of a distribution network is usually maintained

within statutory limits by using On Load Tap Changer

Transformers (OLTCT) that are usually controlled by Automatic

Voltage Control (AVC) relays. Conventional AVC relays are

usually equipped with compounding to compensate for the

voltage drop in the distribution network]. Compounding should

also satisfactoiy operation of parallel-connected

transformers. It has been reported [1-3] that the integration of
dispersed or embedded generators (EGs) into utilities' distribution

networks could introduce problems to the performance of these
relays. It has been found that the voltage measured by a
conventional AV C relay is shifted up or down compared with that

obtained in the absence o f EG(s) depending on the power factor of
the current through OLTCT. The latter in turns depends on the

power factor of embedded generators and system loads. As a
result, a proper voltage control of the distribution network can not

be achieved

insure
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This paper presents an attempt to design an AV C relay based on
the application of Artificial Network (ANN). The
structure of the proposed ANN model is presented. The test
results which show its performance are also presented and

Neural

discussed.

ILDEFINITION OF THE PROBLEM

Prior to the deregulation and restructuring of electric utilities in
recent years, voltage control of distribution networks is achieved
using on-load tap changer transformers that are controlled by
automatic voltage control (AVC) relays. The operating principles
of such relays are outlined in [2]. They are based on the
assumption that the role of distribution netwoiks is confined to
transferring electric power from transmission systems to load
centres. However the deregulation process which led to the
integration of embedded generation in large number into network
at distribution levels makes the above assumption no longer valid.
This in turn has led to the deterioration of the performance of
existing AVC relays due to their inability to accommodate EG.
Consequently it has becoming increasingly important to develop
new principles for AVC relay which enable them to properly
regulate voltage magnitudes of distribution networks whether
EG(s) integrated into them or not.

HL SIMULATION OF DISTRIBUTION NETWORK

Figure 1shows a single line diagram of a distribution network with
embedded generation and the typical application of the AV C relay
in such a network. This network consists of a substation
represented by a transformer, T1, connected between buses 1 and
2 which is equipped by on-load tap changer. The substation is
connected from one side to the Grid, which is represented by a
generator connected to bus No 1. The other side of the substation
its associated distribution network which is represented by a
radial feeder consists of a 5 km O/H line between buses 2 and 4,
transformer T2 between buses 4 and 5 and a variable load
connected to bus 5. It is also assumed that the substation is
supplied with electric power from an integrated EG connected to
the substation via transformer T3 and a 10 km O/H line between
buses 2 and 3.

Fig 1 also shows the installation of AVC relay, which is used to
control voltage magnitude along radial feeder. The
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Fig. 1. Single line diagram of a distribution network

with embedded generation

relay could be of conventional type with a positive compounding.
The reference voltage for control is assumed equal to Ipu and the
calculated voltage is allowed to vary between the limits of + 2% of
the nominal voltage. Consequently when the calculated AVC
voltage exceeds these limits, the AVC relay initiates a signal for
operating the tap-changer to bring the controlled voltage back
within the specified limits.

IV. OPERATINGPRINCIPLES OF AVC RELAYS

A detailed discussion of the operating principles of AVC relays
can be found elsewhere [2,3]. However for the completeness of
the presentation of this paper a brief review will be given. The
operation of an AVC relay involves two main actions. The fust
action deals with the calculation of the voltage of AVC relay using
current and voltage values measured at the low voltage side of
OLTCT. Thisvoltage is given by the following expression [2,3]:

VAc=V -1T(RavclJ Xavc) (1)

Where, V is the voltage of at the terminals of the secondary side of

OLTCT, ITis the transformer current, and (Ravc = j Xwc) is the
relay compounding settings. Depending on the application, the
relay compounding consists of resistance and either positive or
negative reactance. The second action involves comparing the
AVC relay voltage with a reference voltage (VRE). The aim is to
maintain the controlled network voltage within specified limits. If
the deviation of the AV C relay voltage from the reference voltage
Vrep exceeds the specified limits of a bandwidth, say +2% the
relay initiates a signal to operate the tap-changing device of the
transformer in a direction which brings it back within the
bandwidth.

V. BASIC PRINCIPLES OF ANN

Application of ANNSs to electrical power systems has received
considerable attention in the recent years [4-6], Different types of
ANNs are described in literature [7,8], However, Multilayer
Perceptrons type is the most popular for power system
applications [6]. It is used in more than 80% of such applications.
This type can be explained using a three layer neural network as
shown in Fig. 2. It can be seen from this figure that the network
comprises a number of interconnected processing elements (PE),
known as artificial neurons [7,8]. The neurons are arranged in
layers, including an input layer, followed by a hidden layerfs), and
finally an output layer. Neurons in the input layer receive signals

from external source and transmit them to the next hidden lays-.
Each neuron in the hidden layers or in the output layer receives a
number of inputs (X-j) equals to number of neurons in the previous
layer. Each of these inputs is given by [7,8]:

Nj=Y;*wa (2)

Where Y, is the output of i™ neuron in the preceding layer and w,,
is the weight of the connection between i-th and j-th neurones of
successive layers,

Hence, the total input to a neuron is given by [7,8]:

X=£ - EWY; 3)
Where X, is the total input to the j-th neuron in the hidden or
output layer.

The output of jth neuron, YJ in the hidden or output layer is a
function of the total input [6,7], i.e :

Yj=F(*) (4)

Function F(x) can be any continuous differentiable non-linear
function like the log-sigmoid, which is given by[6,7]:

F(x) = l/(I1+e'w) (5)

ANN must be first trained to work properly. In tire training
process a special training algorithm is used for adjusting The
weights so that the network output for given inputs will be as
close as possible to the desired output values. Training methods
can be divided into supervised and unsupervised. In the
supervised training method, the

Fig. 2. A three layer neural network system

desired output is given in the data file. Supervised algorithms
require longer learning time than the unsupervised, but they can be
more accurate [4], One of the most popular supervised learning
algorithms is the Backpropagation method. It is based on a

gradient-search optimisation method applied to an error function.
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The error function is calculated as the sum-of-squared errors,
given by [7,8]:

12

y ik calculated *\iledesired J

Whereyjkis the output of thneuron in the k* layer.

The error in the outputs for a given input pattern is propagated
back through the network to adjust the weights. A recursive
algorithm is usually used to adjust the weights such that the error
isminimised

As mentioned above, the learning process requires a data file that
contains pairs of input-output patterns To be effective, the data
file must include sufficient amount of training patterns that cover
most possible conditions. Such a file can be prepared from
historical records, computer simulation, or measured data

The result of a successful training process is a set of weights that
is assigned to the ANN. Using these weights, the network
calculates an output very close to the desired values for each
pattern in the training file. The network can then be considered
ready for application.

VL DESIGN OF ANN-BASED AVC RELAY

An ANN is designed so that its performance mimics that of
automatic voltage control relay. The designed structure of the
proposed ANN-based AVC relay is similar to that shown in
Fig.2. The input layer has four processing elements. The input to
this layer consists of system voltage, V, the power factor angle of
the current through OLTCT and the real and imaginary
components of the transformer current Irand 1~ respectively. The
output of the ANN-based AVC relay is the calculated relay
voltage, V,wc.

A. Training of the ANN-based AV C relay

The proposed ANN-based AVC has been trained using specially
prepared training data file. Such file is obtained from a load flow
study, which was conducted using the distribution network
shown in Fig. 1 by simulating different steady-state operating
conditions. This is achieved using a specifically dedicated load
flow program written in FORTRAN.

The effect of EGs on the performance of the AVC relay was
simulated by considering cases whereby the network is assumed
operating with and without EG. It is also assumed that EG
operating with lagging and leading power factor. It has been found
that the compounding impedance is case-study dependent and
accordingly foreach case a compounding impedance is chosen to
suit that particular case. The reference voltage is assumed equal 1
pu but the calculated voltage is allowed to vary the limits of + 2%
of reference voltage. The load is assumed to change from zoo to
maximum and back to zero in incremental steps. When the
calculated AVC voltage exceeds the + 2% limits, the AVC relay
initiates signal to adjust the tap-changer of OLTCT to bring back
the voltage within the specified limits. The calculated results at
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every step are then saved into an output file to represent a
particular pattern that corresponds to a specific operating
condition. Some of the output files are stacked together in one
data file which is then used in the training stage of the proposed
ANN-based AVC relay. The rest of files are used during the
testing stage of the relay. Following a satisfactory training and
testing, the designed ANN-based AV C relay model was converted
to FORTRAN and integrated into the load flow program, as a
subroutine, to substitute the algorithm that calculates the voltage
ofthe AVC relay based on conventional approach.

B. Performance ofthe proposed relay

The performance of the proposed ANN-based AVC relay, in
toms of calculating its voltage Vaw, has been tested by presenting
test data to it The obtained voltage profile is then compared with
that of conventional AVC relay. Two examples of the test results
are shown in Figs. 3 and 4. These figures show a comparison
between the AVC voltage calculated using conventional method
and ANN-based approach. The voltage profile curves in Fig. 3
corresponds to a network without EG and the curves in Fig. 4
correspond to a network with EG. It can be seen from these
results that the ANN based AVC relay is able to calculate the
relay voltage with a maximum error not exceeding 0.002 pu.

The performance of the proposed ANN-based relay has also been
tested after it has been integrated into the load flow program. The
program is used to simulate different operating conditioas related
to the system shown in Fig. 1 whereby the voltage profile of the
system as controlled by the proposed relay is determined and
compared with that obtained from conventional relay. Several load
flow cases have been simulated including the distribution network

operating with and without EG. Table 1shows a summary of the
simulated cases.

Figures 5 to 10 show pairs of examples of the test results for both
the ANN and conventional based AV C relays. These figures show
the variation of the voltages of the network shown in Fig. 1 as the
connected load changes from zero to its maximum value and back
to zero. Figs. 5 and 6 show the voltage profile of the network
without EG while Fig. 7 and 8 show the same but when EG with
leading PF integrated into the network. Figs. 9 and 10 show
voltage profile of the network that includes EG with



Fig.3

Fig. 5

Fig. 7

Fig. 9

—V2

AVC relay voltage of a network without EG as
calculated using conventional method and ANN.

Conventional ANN

Performance of the ANN based AVC relay, network
without EG and PF ofload = 0.95 (Lag.)

V3 \Z V5

VAVC

Performance of the ANN based AVC relay, PF of
EG =0.95 (lead) and PF of load = 0.95 (Lag.).

V3 V4 V5

VAVC

Performance of the ANN based AVC relay, PF of
EG = 0.95 (lag.) and PF of load = 0.95 (lag.).

V3 V4 V5 VAVC
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Fig.4 AVC relay voltage of a network with EG as
calculated using conventional method and ANN.
Conventional ANN
Load, MW.
Fig. 6 Performance of conventional AVC relay, network
without EG and PF ofload = 0.95 (Lag.)
— V2 V3 V4 VS VAVC
Fig. 8 Performance of conventional AVC relay, PF of EG
= 0.95 (lead) and PF of load = 0.95 (Lag.).
—V2 V3 V4 V5 VAVC
1.06
104
6 1.02
& 1
i0.96
0.96

Fig. 10 Performance of conventional AVC relay, PF of EG
= 0.95 (lag.) and PF of load = 0.95 (lag.).
V3

-V 2 \Z V5

VAVC



Table 1. A summary of the simulated cases used for testing the
ANN based AVC relay.

Group EG Load PF Vrijt and

cases (Lagging) band width

PF limitations

First NO 10 10 +2%
EG 0.95
0.9

Second W ith 10 10 1.0 + 2%
EG 0.95
0.9

Third With  0.95 10 1.0 + 2%
EG lead 0.95
0.9

Forth With  0.95 10 1.0 + 2%
EG lag 0.95

Fifth W ith 0.9 10 1.0 + 2%
F.O Ip.ari 0 95

lagging PF. It can be seen from these results that the ANN-based
AV C relay can provide a voltage control of the network similar to
that provided using conventional AVC relay. However, the
advantage of the ANN-based relay is that its setting does not
require re-adjustment as EG are connected or disconnected.

V11 CONCLUSION

The use of an ANN in calculating the voltage of AVC relay was
investigated in this paper. The results obtained were found very
encouraging. It has been found that the proposed ANN-based
AVC relay has the ability to properly control voltage magnitude
of distribution network as load changes. It has also shown that the
performance of the relay is not affected by the connection or
disconnection of EG. Consequently this removes the necessity to
the re-adjustment of the relay every time an EG(s) is connected or
disconnected as the case with conventional AV C relays.
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Abstract: since the late 70s intensive efforts have been made to
“tilise renewable energy sources to generate electric power. On the
°ther hand economical pressure experienced in recent years has led to
*e development of high efficiency combined heat and power
themes to use the normally wasted heat to generate electric power.
Generators used under both schemes can be either synchronous or
Synchronous types and when utilities’
(DNs)

embedded generators (EGs)". Previous experience has shown that

they are integrated into

distribution networks they are commonly known as
lie integration of EGs into DNs could create safety and technical
problems. They may contribute to fault currents, cause voltage

Ackers, interfere with the process of voltage control, etc.

lhis paper reports an investigation to determine the impact of the
‘tegration of EGs on the settings of protective devices of electrical
Seders emanated from the substation to which EGs are connected,
Alis study also covers the dynamic behaviour of EG caused by
disturbances on the host network. Results obtained from several case

Judies presented and discussed.

bywords: Embedded generation, Distribution networks, Critical
faring time, Protection, Simulation, EMTP.

I. INTRODUCTION

W e the late 70s and after what is now known as the “energy
W s”, intensive efforts have been made to utilise renewable
lergy sources, such as wind, hydro, tidal, etc, to generate
Metric power. On the other hand economical pressure
Wrienced in recent years has led to high-energy efficiency
~mmitment. This in turn has led to developing high
W iency combined heat and power (CHP) schemes [1] to use

h  normally wasted heat to generate electric power.
Generators used under both schemes can be either
'tochronous or asynchronous types and when they are

"legrated into utilities’ networks at distribution voltage levels
W are commonly known as "embedded generators (EGs)".

Various investigations

academia have revealed

conducted by both industry and

that EGs could affect the host
in number of ways [2-8].
contribute significantly to the fault current,
flickers, interfere with the process of voltage control, affect
the losses of the network etc.

distribution network They may

cause voltage

This paper reports an investigation related to the determination
of the impact of the integration of embedded generators into
distribution networks on the settings of protective devices of
electrical feeders emanated from the substation to which EGs
are connected. It particularly focused on determining the
clearing time (CCT) of integrated EG(s) when a
disturbance occurred on the associated network. Such CCT is
determined by the onset of an EG becoming unstable. The
concept of stability is well defined for the case of synchronous
for asynchronous
Therefore, an attempt has been made in this paper to introduce
a definition of the CCT which can be applied to asynchronous
generator. The study is conducted on a simulated system
consisting of a distribution network with integrated EG(s)
using Electromagnetic Transient Program (EMTP). This study
also covers the dynamic behaviour of EG(s) caused by
disturbances on the host network. Results obtained from
several case studies are presented and discussed. In the first
of the stability criteria as far as
generator is concerned will be introduced
followed by presenting a comparison between the dynamic
behaviour of synchronous and asynchronous EGs.

critical

machines but it is not so machines.

instance a definition
asynchronous

Il. DEFFINITION OF THE PROBLEM.

to the introduction

distribution

Prior of embedded generation into
large scale, such networks are

considered passive, i.e., their role confined to transferring the

networks in

electrical energy received from the transmission systems to
consumers. Consequently the design and protection of DNs
are based on the basis that such networks are passive. For
example protection schemes of distribution feeders are usually
designed on the assumption of unidirectional power flow and
are based on two basic principles; (i) they must
minimum disruption supply, i. e., the removal of a fault from

insure

the system should be achieved with minimum tripping of
equipment, (ii) they must be fast enough to minimise damage
to system components [9], The first principle is achieved by a



Proper co-ordination in the operating time of protective
This, however, may lead the operation time of
Protective devices at the up-stream of a distribution network to
~ as high as 1.5 second [10]. When EG is connected into a
&N the operating time of protective devices installed on load
keders may exceed the CCT limit required to maintain the
Ability of EG which this paper tries to establish.

kvices.

I11. MODELLING ELECTRIC
SYSTEMS USING EMTP.

POWER

Electro-Magnetic Transient Program (EMTP) has been
Ised for several years for power system analyses under
~nsient and dynamic conditions. It consists of a library of
Models of network components such as electrical machines,
~sformers, lines, etc. that can be interconnected together to

Culate any required electrical network [11].
~AModelling ofEmbedded Generators in EMTP
~bedded generator(s) can be of synchronous and/or
Synchronous types depending on the energy source used. For
Sample Wind Farms usually utilise induction generators
tes) which are normally driven by wind
deration of electricity. Such machines can be simulated in
*Mep using the concept of Universal Machine (UM) model
V was proposed by Lauw and Meyer [12] in 1982. The UM

s considered as an electromechanical
Hice

turbines for

energy conversion
simulate the electrical and
components of electrical machines [11]. This
"*°del is found particularly attractive because the mechanical
Iie of the machine can be conveniently represented using an
consisting of lumped RLC
intents, which is then solved as part of the whole electric
‘thvork. For example each mass connected to the shaft system
I be represented by creating a node in the equivalent electric
2hvork whereby a capacitor is placed between the node and
Je ground to represent the moment of inertia of that mass,

that can be wused to

~chanica!

'luivalent electric network

y mechanical torque on that mass is then simulated by a
ilment source connected between the same node and the
~und [11]. (SGs) can also be
"hulated by a UM model, however, another machine model
~ich is known as Type95 model is found more suitable for
3s work. It is a three phase dynamic synchronous machine
~del which represents the details of the electrical part of a
Aerator as well as the mechanical part of the generator and
K associated turbine [11]. Using Type59 model allows the
Mamies o f the prime mover (e.g. governor and turbine) to be
"eluded in the simulation. This is achieved using Transient
~alysis of Control Systems (TACS) specially developed in
e EMTP which can be interfaced with the control circuitry
jfthe SG Type95 model. Voltage applied to the field winding
31 also be controlled using TACS. The required control
~chine variables (e.g. rotor speed and field voltage) can be
ectly obtained from the Type59 model. In this paper both
sand SGs have been considered.

Synchronous generators

B. Modelling the network under consideration

The system considered in this investigation is shown in Fig. 1
Basically it consists of a distribution network with embedded
generator(s). The latter can be either a wind farm, represented
by asynchronous generator(s) or a gas-turbine synchronous
generator unit.
into the distribution network at 33 kV voltage level through a
33 kV interfacing link. The distribution network
consists of the Grid represented by a voltage source behind its
Thevenin’s equivalent impedance and a substation represented
by a 20 MVA, 132/33kV transformer with an impedance of
10%. The fault level of the Grid behind the 132kV busbar is
assumed 1800MVA. The wind
investigation is
generator units each of 600 kW with a nominal voltage of
690V see Fig. 1. In order to simplify the simulation of the
wind farm and at the same time maintain the flexibility of
having the ability of varying the injected generation,
generating units of the wind farm are represented using the
ATP package by three UM models. The first machine, as can
be seen in Fig. la, represents two 600 kW units, while the
second machine represents four 600 kW units, and the third
machine represents ten 600 kW units. All units are assumed
connected at the same bus No. 4. A 10 MVA, 690/33000 V
step-up transformer with an impedance of 10% is assumed
between buses 3 and 4. All transformers are represented using
the ATP transformer model that considers their connection
group and the saturation effect of the magnetic core. The load
connected to the substation is represented by a second feeder
which supplies a load connected at the remote end of the
feeder via 33kV/416V transformers. The feeders are simulated
using the ATP lumped RLC model. Both the interfacing and
load feeders have an impedance of (0.185+j324) ohm/km. Fig.
2 shows the same network shown in Fig 1 but this time the
wind farm is replaced by a gas-turbine synchronous generator
unit. It is assumed that the SG is rated at 10 MVA and 11 kV.
It is also assumed that the generator is interfaced with the 33
kV network through a 10 MV A, 11/33 kV step-up transformer
with an impedance of 10%. The rest of the network in Fig. 2 is
assumed similar to that shown in Fig. 1.

In either cases the generator(s) is integrated

in turn

farm considered in this

assumed to have sixteen wind-turbine-

1600 kW

4 x
600 kW

| 10x
600 kW

of the
embedded induction generators

Fig. 1 Schematic diagram investigated network with



IV. THE CONCEPT OF CRITICAL
CLREARING TIME

4. Synchronous generators.

during normal operating condition a synchronous generator

imbedded into a distribution network usually run at

synchronous speed with a rotor angle of SO corresponding to
I electrical output power Pe and mechanical input power Pm
Hie output power Pewhich is transferred from the generator to
the network is approximately proportional to the square of
generator terminal voltage j13]. When a fault occurs on the
Network, Pc suddenly reduces due to the sudden change in
Network voltage. This leads to the acceleration of SG to
Nccount for the difference between Pmand Pe according to the

ell known following swing equation [13]:

d25  to,
77 . (Pnl - Pe) (D

Here cos is angular frequency, t time, and H is the inertia
instant of the rotating mass.

filis in turn causes the SG to gain kinetic energy which is
Normally stored in the rotating mass. When this happened the
rtor angle increases with time as shown below [13]:

“ P pe) t'30 (2)

4 H

Hen the fault is cleared at time tc which corresponds to a
otor angle 6C the power demand by the network re-
establishes and the generator find itself generating power
heater than Pc due to the new rotor angle. Assuming that the
Niput mechanical power remains unchanged the extra power is
Applied from the Kkinetic energy of the
however due to the moment of

rotating mass,
inertia the rotor angle
Htinues to increase, but because the input power this time is
*ss than the output power the generator begins to decelerate
tossing its synchronous speed. The oscillation of the speed

Nd consequently the rotor angle 8) continues for a while, but
Hntually they settle to a new steady-state condition and the

‘8.2 Schematic diagram of the investigated network with

embedded synchronous generator.

system is considered stable. Otherwise, 5 continue to increase
further and generator losses synchronism with the network.
The system in this case is considered unstable.

There is a maximum rotor angle below which SG can retain a
stable operation. This position
angle. The corresponding maximum clearing time is known as
critical clearing time.

is known as critical clearing

B. Induction generators.

Unlike SGs, induction generators do not have field windings
to develop the required electro-magnetic field in the machine’s
air-gap. Therefore, IGs can not work with out external power
supply. The electro-magnetic torque (Te) developed inside an
induction machine at any given speed is proportional to the
square of the terminal voltage as follows[14]:

Te = KsV2 (3)
where

K is constant value depends on the parameters of the
machine, s is the machine slip.

Te is, therefore, bound to reduce following a fault condition.
On the other hand, the dynamic behaviour of the rotor is
governed by the swing equation given below [12]:

d (o

4) -

where J is the moment of inertia of the rotating mass, Tm is
the mechanical torque applied on the rotor of the associated
wind turbine and ryis the rotor speed.

It can be concluded from (4) that assuming the mechanical
in the electro-
magnetic torque, for instance due to fault condition, causes the
rotor to accelerate. This in turn

torque is kept constant, then any reduction
leads to an increase in the
kinetic energy of the rotating mass. When the fault is cleared
and consequently system voltage recovers, the magnetic field
inside the air-gap of the machine starts to build up. This
causes high inrush current to be drown by the machine from
the network which in turn causes a voltage drop across the
interfacing link between the induction generator (in this case
the wind farm) and the substation leading to a reduction in the
voltage at the generator (wind farm) terminals. The resulting
in a direction
opposite to that of mechanical torque applied by wind
turbine(s). in the newly established
rotating magnetic field becomes higher than that stored in the
rotating mass, rotor speed is forced to slow down and the
generator eventually retains its normal operating condition
following few oscillations, otherwise, its speed continues to
increase until it is tripped by appropriate protection devices.
When this happened generator terminals usually experience

electro-magnetic torque acts on the rotor

If the energy stored



sustained voltage dip. This investigation has shown (see
Section V-B.l) that there is a maximum time for the fault to
be cleared, otherwise induction generator(s) losses its(their)
stability. Such time will thereafter be referred to as the CCT
for induction (or asynchronous) generator.

V. INVESTIGATED CASES

A Behaviour of embedded SGs and 1Gs during fault

conditions

Contribution of embedded generators to fault currents could
increase the short-circuit capacity throughout distribution
network which may “make and break” fault
levels to exceed the permitted ratings of network equipment
[7]1 , It can also disrupt the co-ordination of protective devices
[8] , The objective of this part of the work is to investigate the
behaviour of embedded SGs and IGs during fault conditions
Jnd compare the two with each other. A three phase fault with
lduration of 200 ms is assumed on the load feeder terminals
it location F (see Figs 1 and 2). The results obtained are
displayed in Figs 3 and 4. The former shows the waveforms of
foe total fault current and that contributed from embedded SG
While Fig.4 shows the same but this time SG is replaced by
IGs. These figures show that while the current supplied by SG
1Gs

lead network

's sustaining during the fault period, the current from
fonds to decay after few cycles from the fault incident.

8. Behaviour of embedded SGs and embedded IGs during
post-faultperiod

foie aim of this part of the study is to investigate the behaviour
of embedded generators, whether SGs or 1Gs, following the
dearance of a fault. Similar to the previous case the system is
subjected to a three-phase fault at point F. However in order to
determine the critical clearing time of SGs and IGs, the
Emulation was run for different fault durations.

*/. Embedded Induction Generators

(foie of the cases considered is the examination of the
behaviour of embedded 1G following a three-phase to ground
*ault with a duration of 60 ms on the load feeder at location F.
fog. 5a shows the variation of terminal voltage of induction
Generators at the wind farm, i.e. at the 690V bus-bar shown in
fog. 1. It can be seen from Fig. 5a that the voltage magnitude
bas dropped to a value less than 25% of its nominal value
Wing fault period. However the voltage retained its normal
deration level after the isolation of the fault. As explained
forlier, the electromagnetic torque (Te) developed inside an
Uduction machine is proportional to the square of the terminal
foltage, hence, Te is expected to reduce while the fault is
applied on the system. However, when the fault is cleared, Te
focovers its operational value provided that the machine
fornain stable after the removal of the fault. Fig.5b. shows the

foriation of the electromagnetic torque inside the air gap of

the 2x600 kW 1G. Such variation in the
generator’s rotor speed, as illustrated in Fig. 5c¢ (see (2)). The
recovery of electromagnetic torque normally requires high

leads to a variation

current drawn from the network. Fig. 5d shows the variation
of the total current of the wind farm following the fault. As the
exchange of power can not occur instantaneously due to the
inductance of machine windings and the inertia of the rotating
speed and current
in oscillatory fashion with an exponentially

mass, therefore electromagnetic torque,
have varied
decaying envelope versus time as can be seen in Figs 5b,5¢c

and 5d respectively. This investigation was repeated for
different fault clearing time values. It was found that for the
system under consideration, IGs can not retain normal

operation when the clearing time is greater than 65 ms.
Consequantly this time is considered the CCT for the case
under consideration. This investigation has also shown that if
the fault is cleared at time greater than the CCT, the rotating
speed of IGs continue to increase and induction generators
continue to draw high inrush currents from the network until
they are disconnected from the network

Fig. 3 Current waveforms for a three-phase fault on the load feeder,
13 - Contribution of synchronous generator to the fault,
IF - Total fault current.

Time (ms).

Fig. 4 Current waveforms for a three-phase fault on the load feeder,
13 - Contribution of induction generators.
IF - Total fault current.
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fig. 5a  Variation of terminal voltage of IGs at wind farm
following a three phase, 60 ms duration fault on the
network.

fig. 5b  Variation of electromagnetic torque inside the air gap of
2x600 kW 1G following a three phase, 60 ms duration
fault on the network.

fig. 5¢c.  Variation of rotor speed of the 2 x 600 kW IG following a

three phase, 60 ms duration fault on the network.

f'g. 5d. Variation of the total current of the wind farm following a
three phase, 60 ms duration fault on the network.

. 3
Time (s).

Fig. 6a. Variation of terminal voltages of I1Gs at wind farm

following a three phase, 80 ms duration fault on the
network.

Fig. 6b. Variation of the total current of wind farm following a

three phase, 80 ms duration fault on the network.

by over speed or other protection devices which are usually
installed on 1G(s) in such application. The high inrush currents
drown from the network causes a sustained voltage sag at the
generator terminals. Fig. 6a shows such voltage for a clearing
time of 80 ms. The corresponding total current drawn by the
wind farm is shown in Fig. 6b.

B.2. Distribution
generators

network with embedded synchronous

The study described in the previous section is repeated but
after replacing the wind farm by synchronous generator, as
shown in Fig. 2. It is found that, the CCT in this case is 360
ms compared to 65 ms in the case of 1Gs. For example Fig. 7a
shows the variation of the voltage of synchronous generator
following a three-phase fault with a duration of 200 ms. The
corresponding angular position ofthe is shown in Fig. 7b. This
Figure also shows that the rotor assumes a stable position
following few oscillations after the removal of the fault. The
corresponding variation of the stator current is shown in
Fig.7c. On the other hand Fig. 8a and 8b show the variation of
generator terminal’s voltage and its rotor angle respectively
following a three-phase fault with a duration of 400 ms. It can
be seen from Fig 8b that the rotor angle continues to grow, i.e,
the generator continues to accelerate until it loses its
synchronism with the network.
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0 1 2 3 4 5
Time (s).
fig. 7a  Variation of terminal voltages of SG following a three
phase, 200 ms duration fault on the network.
fig. 7b. Variation ofrotor angle of synchronous generator following
a three phase, 200 ms duration fault on the network.
fig. 7c. Variation of generator current, 14, following a three phase,

200 ms duration fault on the network.

VI. IMPACT OF EG ON THE PROTECTION CO-
ORDINATION OF THE NETWORK.

this investigation has shown that the restoration of normal
‘peration of EG, following a fault on the network, is governed
It has also been found that the
acceptable for normal

the fault clearing time.
Maximum clearing time which is
‘peration of EG depends on the type of EG. For the network
Hider consideration, it has been found that the maximum
faring time of a three phase fault at the beginning of a load
Seder can be as high as 360 ms in the case of synchronous
fenerator compared to only 65 ms in the case of induction
knerator. It has also been observed that clearing of fault

16

Time (s).

Fig. 8a Variation of terminal voltages of SG following a three

phase, 400 ms duration fault on the network.

Fig. 8b. Variation of rotor angle of SG following a three phase,

400 ms duration fault on the network.

beyond the CCT causes synchronous generators to run out of
synchronism with respect to the network, whereas, it causes a
sustained voltage drop at the point of connection to the
network in case of induction generators. This investigation has
revealed that, of the type of embedded
generator used, the maximum clearing time can be much

also immaterial
lower than the expected operating time of a time graded
protective relay usually applied for distribution feeders. It is,
therefore, important that protection co-ordination should be
carefully be integration of EG
distribution network is considered.

looked at when into a

VIlI. CONCLUSION

The EMTP package has successfully been used in this work to
system with embedded induction
generators synchronous generator. The
simulation is then used to investigate the impact of the
integration of embedded SG(s) and embedded IG(s) on the
settings of protective normally installed on the
distribution feeders. Several case studies have been conducted
to determine the effect of the clearing time of a fault on the
network on the stability of embedded generator(s)
includingsynchronous and induction types. It has
concluded that the presence of EG greatly affects the clearing
of protective installed at the up
distribution feeders. It has also been found that although the
CTT of embedded SGs is much high than that of embedded

simulate a distribution
and/or embedded

devices

been

time devices stream



IgS, the CCT for both types of embedded generators is much
«ess than the clearing time normally used in the absence of
embedded generation.
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