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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 WPBEGs 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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CHAPTER 1

INTRODUCTION

1.1 General

The rapid increase o f oil prices in the early 70’s, has led to the development o f 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 o f 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 o f 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 of wind 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 o f 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 

o f electricity using wind power, a number o f 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 o f 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 o f harmonics, voltage 

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

networks.

Distribution networks are usually equipped with appropriate protective devices to ensure 

the quality o f power supply to customers and to safeguard staff, public and equipment from 

the hazardous consequences o f faults or any abnormal operating conditions. The design of 

protection schemes for DNs is usually based on two basic principles; they must ensure 

selectivity o f a minimum amount o f 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 o f the operating time o f protective 

devices. This, however, may lead to operating times o f 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 o f protective devices installed on load feeders may exceed the critical 

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

The voltage magnitude o f 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
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for the voltage drops along feeders o f a distribution network. The use o f compounding 

settings, particularly with negative reactance, is also recommended for the stable operation 

o f parallel transformers [17-19], Unfortunately, it has been reported [3,11] that the 

integration ofEG s into utilities' distribution networks could affect the performance o f 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 ofE G s and system loads. 

Consequently, a proper voltage control o f distribution network cannot be achieved. A 

solution to this problem is to use an AVC relay that has the capability o f automatically 

adjusting its compounding setting to compensate for the offset in the measured voltage. An 

adaptive model o f an AVC relay has been developed [17] for controlling these voltages. 

The study described in [17] was focused on the effects o f wind power based embedded 

generators (WPBEGs) on the proper operation o f parallel transformers. Nevertheless, 

further investigation is required to consider the effect o f the voltage drop across load 

feeders on the voltage control o f 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 

ofE G s on the operation of AVC relays when compensation o f 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 o f voltage drop 

in load feeders. A new AVC model is proposed based on the application o f 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.

Chapter 1
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The second objective concentrates on an investigation into the effect o f WPBEGs 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 o f the WPBEGs is 

investigated following faults on load feeders. The CCT that is required to maintain stability 

o f EGs is compared with the operating time o f 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 

o f 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 o f the project is then presented and discussed. The main findings and the 

developed models are also presented. Finally, a conclusion o f 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 o f the project, including an introduction to the problems, 

which are expected from the integration o f embedded generators into distribution networks, 

the objectives o f the project, and a brief presentation o f the project research.

Chapter 1
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Chapter 2 describes the current global potential o f embedded generation, especially that 

based on renewable energy sources. Different types o f renewable energy sources are briefly 

discussed. Wind power based embedded generation, which is the main thrust o f this project, 

is then presented in some detail. A summary of the reported studies and investigations on 

the effects o f embedded generation on distribution networks is also provided.

Chapter 3 describes the methods and tools o f 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 o f 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 o f voltage control o f distribution networks. Because 

this project is mainly concerned with the effects o f embedded generation on the voltage 

control using tap-changing transformers, the different types o f tap-changers are briefly 

discussed with emphasis on their structure, advantages and disadvantages.

Chapter 5, an investigation into the dynamic behaviour o f wind-power-based embedded 

generators is reported. Modelling o f the investigated distribution network including 

embedded generators is described. The effect o f embedded generators on the critical 

clearing time (CCT) of faults on distribution feeders has been a particular focus o f 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

Chapter 1
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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 1

Chapter 6 introduces the conventional types o f 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 o f these types o f AVC relays can be affected by 

the integration o f embedded generators into a distribution network.

Chapter 7 describes the development o f an ANN based AVC relay that can be used for 

voltage control o f distribution networks with embedded generators. The structure and 

principle o f 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 o f the training and testing o f 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.
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CHAPTER 2

EMBEDDED GENERATION

2.1 Introduction

The first use o f “embedded generation” could be referenced to the early days o f 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 o f the others. Therefore, questions like high quality and reliability o f 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 o f 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.
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Commonly, the majority o f 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 o f failure of the public supply. This type o f 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 o f 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 o f electricity. As a result o f 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 o f 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 o f 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 o f EGs with the utility’s electric 

system.

In the United Kingdom, a combination o f legislation and recommendation has been used to 

encourage and regulate the integration o f different forms o f EGs into utilities’ distribution 

networks. The energy Act (1983) established a right for persons or companies to use the

Chapter 2
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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 o f 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.

Chapter 2

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 o f 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 o f the steam which turns turbines and generates power. The efficiency o f such 

a method o f power generation does not usually exceed 40% [26], Co-generation plant in 

contrast, efficiently generates electric power accompanied with the production o f 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 o f 70’s. 

Industrial companies have been encouraged to produce electric power from the recovery of 

exhaust heat or the combustion o f process wastes. In the USA, the Public Regulatory
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Policies Act o f 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 o f CHP schemes, the government set a target for CHP of 

5,000 MW o f installed capacity in the year 2000 [27], By the end o f year 1995, the installed 

capacity o f CHP was approximately 3,500 MW, installed on around 1,300 sites, producing 

around 5% of the 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 o f synchronous generators is achieved by using 

Automatic Voltage Regulators (AVRs). When connected to the distribution network, the 

network usually defines the voltage o f generator terminals. The AVR in this case is adjusted 

to maintain the power factor o f the power imported from the network close to unity.

2.2.2 Embedded Generation Based on Renewable 

Energy Sources

In the past, the combustion o f 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 o f oil prices as mentioned earlier. The second is 

environmental, due to the increased impact o f combustion o f coal and oil on the

Chapter 2
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Chapter 2

environment. These factors have promoted the implementation o f renewable energy sources 

for electricity generation. As an example, following the privatisation o f 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 o f having 10% 

o f 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 o f electricity, hot water, at temperature 

o f 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 o f 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 o f countries, such as Egypt [35], requires solar heating systems to be an essential 

part o f 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 o f harmful emissions to the 

atmosphere, making it the cleanest method o f electricity generation. PV cells are made of 

semiconductor materials such as crystalline silicon [37], Because o f the low concentration 

o f sunlight, a PV cell o f 100 cm2 can generate about half a volt o f electricity. Therefore, 

higher voltages require large areas o f 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 o f 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 o f 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 o f 

Trade and Industry (DTI) in the UK has encouraged the development o f small-scale 

hydropower schemes within the UK [40]. Five schemes have already been installed and 

commissioned by 1994, mainly in Scotland.

Chapter 2
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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 o f oxygen. Consequently, it decomposes generating vapours and 

aerosols. After cooling and condensation o f the vapours, a dark brown liquid is formed, 

which has a heating value about half o f that o f 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 o f other types of

renewable energy sources because o f 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 o f the earth's surface by the sun [43], This clean source o f 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
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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 o f 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 

o f 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 o f 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 o f 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 o f that country.

In the UK, the situation of wind power has changed dramatically following the privatisation 

o f 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 o f 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 o f 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 o f the generator to be 

converted into electrical energy.

The reason behind the choice o f small number o f blades can be explained from the energy 

conversion properties o f wind turbines. The kinetic energy in the wind flowing through a 

wind turbine is given by [45]:

W ^ ^ A p v 1 (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 o f its original speed. The ratio of the power absorbed by a wind 

turbine to that o f 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 o f the wind speed before and after passing the turbine (v/, v2) by:

Chapter 2
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where Cp is the performance coefficient of the rotor, V; is the wind speed before the turbine, 

and v2 is the wind speed after the turbine.

Fig. 2.2 depicts Cp as a function o f (v2/v,)  in a graphical form.

wind rotor
flow blades

kinetic mechanical electrical
energy energy— ^ energy

w —

Fig. 2.1 Schematic diagram of a typical wind turbine-generator unit
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Fig. 2.2 Wind turbine's power coefficient, Cp , versus wind speed ratio, v2/v1.

Consequently, the amount o f energy, which is actually converted by a wind turbine is:

K = \c , A p 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 of a wind turbine would be proportional to the cube 

o f the wind speed, v3.

The deceleration of wind passing a turbine depends, on the other hand, on the turbine’s 

speed, geometry and number o f blades, and the angle o f wind incidence on the blades [45], 

Therefore, the performance coefficient Cp can also be described as a function o f two 

parameters that consider this dependency. One parameter is called the blade's tip speed 

ratio, X, which is given by [45, 55]:

k  =
n  r

(2.4)

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

the blades, i.e. the length of blades; v is the wind speed, and (Q R) is the speed o f 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]:

where Cj to c6 and * 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]:

(2.5)

Ci = 0.5 C2 — 116 /

c4 = 0 C6 =  21 /  X[

and

1 _ 1 0.035
A, A + 0.08 cc cc +1

0.5

0

0 2 4 6 8 10 12 14 16 18

tip speed ratio X

Fig. 2.3 The characteristic curves o f a pitch controlled wind turbine.
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As can be seen in Fig. 2.3, the performance coefficient o f a wind turbine is highly affected 

by the tip speed ratio X,, which has a significant effect on the design and operation o f 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 o f a rotating mass is given as 

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

Pm = coTm (2.6)

where co is the angular speed o f the rotating mass and Tm is 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 o f 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 o f modem 

wind turbines was to the favour of fewer blades and higher speed types. Firstly, it has been 

found that the maximum power coefficient o f few blades turbines with high rotational speed 

is greater than that o f many blades turbines [45], Secondly, many blades o f 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 o f 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 of weight compared to two-bladed design.

Two-bladed wind turbines have the advantage o f 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 o f the single and two bladed turbines and at the same time they do not suffer 

from the drawbacks o f 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 o f 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 o f severe winds. There are two main methods o f controlling the power 

output, the pitch control method and the stall control method [45, 50-53], In the former 

method, the angle o f 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 o f 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 o f variation o f the pitch angle on the 

power coefficient Cp, and hence on the turbine’s power output.
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Fig. 2.4 Blade pitch control of wind 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 o f 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 o f 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 o f wind turbines is typically 

achieved at a tip speed ratio o f 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 o f the 

rotor o f 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 o f 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 o f the high-speed shaft 

can be, depending on the number o f poles of the generator and the frequency o f 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 o f 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 o f 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 o f 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 o f 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 o f the additional power 

electronic components. Other disadvantages include the energy losses in the AC-DC-AC 

conversion circuit and the introduction o f harmonics by the power electronic devices.
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speed AC DC AC
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drive unit
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Fig. 2.5 Schematic diagram of the indirect connection method of wind 
turbine generator to the electrical network.

2.6 Effects of Embedded Generators on Distribution Systems

The operation o f embedded generators including wind turbine generators in parallel with a 

utility’s network has been widely investigated during the last two decades 

[3,9,10,11,15,17,25,30,55-75], It has been reported that such integration could create 

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

a) Contribution from embedded generators into a fault current.

b) Stability and reliability problems.

c) The introduction o f harmonics.

d) Voltage fluctuations.

e) Requirement for complicated protection schemes.

f) The effect o f embedded generators on voltage regulation and losses in 

distribution networks.
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In order to safeguard the quality of power supply, and to insure the safety o f the public and 

distribution network, it is important to consider the following requirements for the 

integration o f 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.

f) Provision o f adaptive methods o f voltage control o f distribution 

networks.

2.6.1 Contribution to Fault Currents

The contribution o f embedded generators to a fault current depends on the point of 

common coupling, type o f generator (synchronous, induction, etc.), and type o f fault 

(symmetrical or unsymmetrical). It also depends on the capacity o f EGs compared to the 

capacity o f 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 o f concern. 

However, when a larger generator is connected to the medium or high voltage network it 

may increase the "make and break" duty levels o f 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
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The dynamic stability o f an embedded generator is highly dependent upon the generator's 

main parameters [69], e.g. the rotor inertia, impedance o f windings, and time constants. The 

generator inertia is proportional to the mass o f 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 o f the rotor o f a 

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

d 28. 1
(2.7)

dt2 Jcom

where the coefficient J  is the total moment o f inertia of the rotating masses, in kg-m2, Pa is 

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 o f 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 o f the generator reactance on stability can be shown using the power-angle 

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

EV
p  = —  sinS  (2.8)

where E  is the generator's induced electromagnetic force (EMF) corresponding to the 

current in the generator's field winding, V is the voltage o f 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 o f 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 o f 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 o f 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 o f embedded generators is 

comparably low due to their high impedance.

Another factor that affects the stability o f embedded generators is the impedance o f the 

interfacing link between the generators and the point o f 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 o f this link is added to the generator 

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

The voltage o f 33kV and llk V  distribution networks is usually controlled using automatic 

voltage control (AVC) relays. These relays automatically control the position o f the tap 

changer o f main distribution network’s transformers. Accordingly, the voltage o f 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 o f the remote bus by 

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

V m  =  V l  +  I t  ( R a v c  - j  X a v c )

where Vm and VL are the calculated relay voltage and the voltage at the local bus 

respectively, It is 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 o f 

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],
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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 o f 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 o f 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 o f energy occurs at 

different rates depending on the type o f 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 o f 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 o f 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 o f 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 o f 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 o f 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 o f the duration and type of fault. They also provide a choice o f 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 o f component's properties.
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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 o f power systems, methods o f 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 o f 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 o f integration o f 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 o f analysis of power systems. It is carried out to examine the steady-state 

operation o f 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 o f a network under 

different system configurations and loading conditions [16],

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

o f 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 o f 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  a i )

where [ V ] is node voltages, [ I ] 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 o f 

the voltages are known and some o f the currents are provided in terms o f 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 

o f 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 o f 

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 o f 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

Chapter 3

system losses are not known in advance o f 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 o f 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 o f 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 o f (P+jQ) is supplied via a line o f reactance x from a fixed voltage bus, 

which is taken as the slack bus. It is required to find magnitude and phase angle o f the 

voltage at the load bus.

P + j Q
« ------- ►

vszo > 1 vr ze

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

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

P +jQ  = vr f (3.2)

where f  is the conjugate of current /  in the line connecting the sending and receiving buses.
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Current /  can then be obtained as:

r = (P +  jQ)'
V *r

(3.3)

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

power.

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

K  -  K  = jx P-JQ
v K  j

(3.4)

All terms in (3.4) are known except Vr. Equation (3.4) can be rearranged to:

(V, - Vr Z.0) Vr Z - 0  = jx(P- jQ)

Or

V,Vr Z - e  - Vr2 = jxP +xQ (3.5)

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

Vs Vr cos 9 - V 2 -  xQ 

Vs Vr sin 9 = -  xP

Squaring and adding, yields:

F /  Vr2 ( cos2 9 + sin2 6) = (Vr2 + Qx)2 + ( - Px)2

From which the following equation is obtained: 

Vr4 + (2Ox -  V2)  V 2 + x 2 (P2 + Q2)  = 0 (3.6)
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This is a quadratic equation, which can be solved analytically for Vr to 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 o f 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 o f 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 o f 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 o f 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 o f a time frame from milliseconds to few 

seconds. An even slower group is the electromechanical dynamics, which result from the 

oscillation o f the rotating masses o f 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 o f seconds and few hours. 

Only two groups o f dynamics are of direct interest to the work in this thesis, those are the 

electromagnetic and electromechanical phenomena.
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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 o f 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 o f 

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 o f 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 o f 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 o f investigation, system components are 

modelled utilising either algebraic or differential equations. For example, if the stability o f a 

synchronous generator following a fault on the network was investigated, then the solution 

would be dominated by the time constant o f generator rotor. This can be in order o f 1 to 10 

s [78], In this case, the mechanical motion of the synchronous generator can be described by 

a couple o f single-order differential equations. On the other hand, the response o f the 

network and generator stator, which is largely determined by a much smaller time constant, 

can be described by a number o f algebraic equations.

The number o f equations required to solve the transient stability o f an electrical network is 

usually large. In order to find the solution for systems o f differential equations, different 

numerical methods are used, such as Trapezoidal method o f 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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37



In this thesis, the dynamic behaviour o f wind power based embedded generators following a 

fault on a load feeder o f a distribution network is investigated utilising the electromagnetic 

transient program (EMTP). In this program, as explained in the section 3.4, the 

"Trapezoidal" rule o f numerical integration is used for the simulation o f 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 o f 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 o f 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 o f 

time with a step size o f At. It is assumed in the EMTP that the variable o f interest is known 

at the previous time step (t - At) and that the solution must be found at the current instant 

o f time (t) (e.g. a step by step numerical solution). This section presents basics o f 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],
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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: 

diL
ek - e m =L- 1 lc,m

~dT
(3.7)

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

current instant o f time (t), is given by:

1 r
h , m  (0  =  h . m  (* -  A /) + — f (e t - e m ) d t (3.8)

t - A/

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

(0 = h.m(' "  A 0 + [et (/) - (/)] + ^ - [ e k( t - A t ) - e m( t -  A /)] (3.9)

Equation (3.9) can be rearranged as:

(0  = ^  [ « . ( ') -  « . (')] + / * , . ( ' -  A 0  (3.10)

where:

/.„(»- A o = (<  - A 0 + ̂  K  (< - a r) -«„(/- A ()] (3.11)

The value o f the equivalent current source, h,m(t-/S.t), 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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hJt-A t)

2L 
At

Fig. 3.3. Inductance between two nodes. Fig. 3.4. Equivalent impedance network

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

can be expressed as follows:

h , = c A ( e t - e m) (3.12)

Integrating both sides of Equation (3.12) from a pre-defined time (t - At) to the current 

instant o f time (t), yields:

J  h .„(0  <* = C ( [e,(0  -  e .(< )]- K  (t -  A/) -  e .  (r -  A/)) ) (3.13)
t - A t

or:

« » (0 -  CO = [ ^  J i . (0£*] + e ,( i  -  A/) -  (/ -  Ai) (3.14)
^  t-A t

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

(o = ^  k  « - « . « ) ] a (3 .i5) 
At

where:

2 C
Ikm(t - A t )  = -/* .„ (/ -  A 0  -  —  M *  -  A /) -  em(f -  A /)] (3.16)

The value o f the equivalent current source, Ik,m(t-At), is known from the past history. The 

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

C

------>

Fig. 3.5 Capacitance between two nodes

hJt-A t)

------>
ik.rnO) ---1

At
2 C

Fig. 3.6 Equivalent impedance network

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

be directly expressed using Ohm’s law as follows:

h.m = ^ M 0 - e m(0] (3.17)

R

------>
ik,m(t)

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 o f  a resistive branch and a current source. Then, an electrical circuit can also be 

represented using the combination o f 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.

41



Chapter 3

L,

R, C2

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 [v1(Q - v2(Q ]_ / (f A()
'2 L A  R , Rn

R
+ •[v2( 0 - v , ( / ) ] ^  v2(0  

' A t '  
2 C2 /

/ C2( / - a o

(3.18)

(3.19)

Where Iu (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 v2(t) are the
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2JT
instantaneous voltages of nodes 1 and 2 respectively. The resistors — -  and -----are time-

A t 2 C2

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:
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1 .+  1 + 1 1
'2  L A -̂ 1 1̂2 R\2
l  A/ J

1 1
4*

Rn
1

Rn
i  A / 1
U c J

I u ( t - A 0  + -
e(t)

V,(0
f 2L' l

Lv2 (o j U  t )
/ « ( i - A O

(3.20)

Equation (3.20) can then be solved for the node voltages Vi(t) and V2O).

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

given by [20]:

[ Y ] [ v ( t ) ]  = [ i ( t ) ] - [ I ]

where

m  is the nodal conductance matrix,

[ y(t) ] is the column vector of the node voltages at time t,

[ i(t) ] is the column vector of injected currents at time t, 

m  is the column vector equivalent current sources, which are 

known at time (t-At).

(3.21)
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The solution o f 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 o f linear 

equations at each time step. During the transient calculation, the coefficient matrix [F] 

remains constant unless the configuration o f 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 o f nodes to which they are connected. 

Branch data are arranged in what is called “branch cards.”

• Switches, which are considered as special branches, are also described by the 

names o f nodes to which they are connected within the switch data cards.

• Sources usually have two terminals, and one o f 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:

• 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 o f 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:

• Lumped R-L-C series connected circuit

• Transformers as coupled impedance

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

analysis o f inrush currents, ferroresonance and similar phenomena.

Saturation and magnetising-current effects o f transformers are required for the transient 

analysis o f 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 o f 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 o f 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 o f 

electric machines, e.g. single-phase, two-phase and three-phase synchronous or induction 

machines and dc machines o f different types [20], Generally, any electric machine has two 

types o f  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 o f a
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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 o f 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 o f windings on the field structure. The mechanical side o f 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 o f 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],
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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] v (node voltage) [V]

0 (angular position o f mass) [rad] q (capacitor charge) [C]

J (moment o f inertia) [kgm2] C (capacitance to ground) [F]

K (stiffness coeficiant) [Nm/rad] 1/L (reciprocal o f inductance) [1/H]

D (damping coefficient) [Nms/rad] 1/R (conductance) [S]

Each mass on the shaft system is represented by a capacitor. I f  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 o f 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 

o f the electrical part o f a generator as well as the mechanical part o f the generator and its 

associated turbine [86], The Type59 model allows the dynamics o f 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 o f Control Systems (TACS), which is specially developed in the EMTP, and can 

easily be interfaced with the control circuitry o f the SG Type95 model. The voltage applied 

to the field winding can also be controlled using TACS. Another advantage o f the Type59 

model is that the required control machine variables (e g. rotor speed and field voltage) are 

obtained directly.

Chapter 3
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CHAPTER 4

VOLTAGE CONTROL OF 

DISTRIBUTION SYSTEMS

4.1 Introduction

One o f the main objectives in the design and operation o f a distribution system is to achieve 

an acceptable level o f quality o f 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 o f system frequency. There are number o f standards and 

regulations which bind electricity suppliers to maintain power quality indices within 

acceptable limits [93-95], During the normal operation o f a power system, the deviation of 

voltage is caused by voltage drop in distribution lines and transformers. In order to prevent 

the development o f sustained under-voltages or over-voltages that may affect the normal 

operation o f consumer’s equipment, electricity supply authorities are required to use a 

means o f 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 o f 230/400 V should operate until 1 January 2003 with a permitted voltage 

tolerance range of +10/-6 %. After January 2003, the permitted voltage tolerance will be 

amended to the range o f ±10%. Voltage levels above lkV  and not exceeding 35kV have to 

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

1) Injection o f reactive power

2) Change the voltage-ratios o f 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 o f 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 o f voltage regulation is achieved directly by changing the voltage ratio o f 

transformers in the network. The reported work in this thesis is mainly concerned with the 

effects o f integration o f embedded generation on the voltage control o f distribution systems 

when this method o f regulation is used. Particularly, the effects o f embedded generation on 

the operation o f the AVC relays, which control the operation o f on-load tap changers, are 

investigated.

4.2 Voltage Control Using Tap-Changing Transformers.

Transformers are mainly used to link those parts o f a power system that operate at different 

voltage levels. In addition to that, transformers are also used for voltage control. Since the 

voltage ratio o f a transformer is directly proportional to its turns-ratio, voltage control is 

achieved by adjusting the latter by changing the number o f turns o f  one or more o f 

transformer’s winding(s). For this purpose, a tap- changing device is used to switch the
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required number o f 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).

Chapter 4

Fig. 4.1 The principle o f 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 o f 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 o f the simple structure 

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

±5% of the nominal voltage in 2.5% or 5% steps [16,100],

On the other hand, OLTCTs are used to provide voltage control o f high-voltage distribution 

systems under varying load conditions. Therefore, the structure o f this type o f 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 o f the transformer, because transformer 

current on this side is lower than that on the low voltage side, consequently, the current 

carrying parts o f the tap-changing device are smaller and simpler. In addition, a transformer 

with high voltage tapping can provide a smoother voltage control because o f the greater 

number o f winding turns.

4.2.1 Electrical Connection of Tapping Windings to Main Winding

Taps o f star-connected windings are usually closer to the neutral end o f the winding [99], as 

shown in Fig. 4.2. Consequently, the voltage o f 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 o f 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 o f tapping in Delta-connected windings.
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4.2.2 On-load Tap Changing Circuits

The circuit o f OLTCTs usually includes two important features [96,99-101]:

a) A facility to prevent short circuiting o f 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 o f 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 o f on-load tap- 

changer and it is no longer used in power systems [100,101], Nevertheless, the principle o f 

this design is discussed in this section for completeness and to highlight its main drawbacks. 

This type o f 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 o f one o f 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



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 o f 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 o f the transformer. Using two 

parallel windings also makes the transformer more expensive. Another disadvantage is that 

the leakage reactance o f the windings must be suitable to maintain the circulating current 

within reasonable limits.
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Fig. 4.5 Principle o f 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 o f the tapping section during tap changing. Suppose it is required to change from 

tap 1 to 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 S3 is then changed to position 2. Si is then 

closed. This condition will cause a circulating current to flow through the reactor because 

o f the difference in the voltages between terminals S3 and S4. The voltage o f 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 o f 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 o f the contacts is required, which means that 

the transformer needs to be taken out o f service more often.
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Fig. 4.6 Principle o f Centre-Tapped Reactor Tap Changer

56



Chapter 4

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 o f 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 o f a flag 

cycle high-speed resistor tap-changer is depicted in Fig. 4.7. This type o f 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 1 to 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 c 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 o f 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 o f solid state devices is that they suffer from 

high conduction losses that reduce the efficiency o f tap changers. A new type o f tap- 

changer has been described [ 1 1 0 , 1 1 2 ] 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 o f 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 S2 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 o f GTO/Vacuum Switch Diverter Tap Changer

Fig. 4.9 AC switch arrangement
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CHAPTER 5

THE DYNAMIC BEHAVIOUR OF WIND POWER 

BASED EMBEDDED GENERATORS

5.1 Introduction

The development o f an accurate model o f a wind farm connected to a distribution system is 

a crucial stage that should be considered prior to investigating the impact o f wind power 

based embedded generators on distribution systems. Different system operating conditions 

require different modelling and simulation strategies. A number o f 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 o f the turbine-generator units, as 

well as components o f the wind farm, are represented in detail [114-118], Such models are 

suitable to assist the design and configuration o f wind farms. The second group comprises 

simplified models, which are able to simulate the dynamics o f the wind farm with respect 

to the system [119-123] with reasonable accuracy. An approach based on a simplified 

model o f wind turbines is used in this project.

5.2 Modelling of Wind Turbine - Generator Units using the EMTP

In order to produce significant amount o f 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 

o f the asynchronous type, is represented in the EMTP using the UM model. This model is 

found particularly attractive [124-126] because the mechanical side o f the machine can be 

conveniently represented using an equivalent electric network consisting o f lumped RLC 

elements, which is then solved as part o f 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 o f wind speed [115], Hence, the driving force o f 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 o f the rotating components of 

the wind turbine is included within the inertia o f the generator rotor. Therefore the rotating 

mass o f 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 o f the 

dynamic behaviour o f wind power based embedded generators. The distribution system 

consists o f the Grid, a wind farm and a substation. The substation is represented by a 

20MVA, 132/33kV transformer with an impedance o f 10%. The wind farm is assumed to 

have sixteen wind-turbine-generator units each rated at 600kW and 690V (see Fig. 5.1). In 

order to simplify the simulation o f the wind farm, and at the same time maintain the 

flexibility o f 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 o f 10% is assumed between 

buses 3 and 4. A 33kV feeder o f 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 o f 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 o f 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 

llk V . It is also assumed that the generator is interfaced with the 33kV system through a 

10MVA, llkV /33kV  step-up transformer with an impedance o f 10%. The rest o f the 

system is assumed similar to first one. Fig. 5.2 shows a schematic diagram o f the 

considered system with synchronous embedded generation.

Chapter 5

Fig. 5.1 Schematic diagram o f the considered distribution system that 

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

that includes a synchronous generator.

5.4 Modelling of the Distribution System in the EMTP

The distribution system under consideration, shown in Fig. 5.1, is modelled using the 

EMTP software. The utility system (Grid) connected at the 132kV terminals o f  the main 

transformer is simulated by a source behind an equivalent impedance, Zeq, which can be 

calculated using the following equation:

where V is the line voltage o f bus 1, see Fig. 5.1, Ssc is the system short circuit level at 

busl.

The resistive, R*q, and reactive, Xeq, components o f the equivalent impedance are found as 

follows:
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R,q = Z,q • cos(tan_I (X  / R))

X eq = Zeq • sin(tan (X  / R))

where X/R is the ratio o f equivalent impedance o f the system at bus 1.

The short circuit level at bus 1 is assumed to be 1800 MVA at maximum generation and 

1000 MVA at the minimum. It is also assumed that the X/R ratio o f 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= = 9 68 ohm
9 1800

R™ = 9.68 ■ cos(tan~’ 10) = 0.9632 ohm 

X ™  = 9.68 • sin(tan~' 10) = 9.632 ohm

For minimum generation:

1322z  =  = n  424 ^
9 1000

R™n = 17.424 • cos(tan_110) = 1.734 ohm 

X™  = 17.424 • sin(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 o f the transformers is neglected; copper losses and core losses are also
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neglected. The per unit value o f the reactance o f a transformer is converted to ohms as 

follows:

Chapter 5

ohm
^  rating

where Ar, ohm is the winding reactance in Ohms, At, pu is the winding reactance in per unit, 

Vbase is the voltage o f transformer terminals, and Sraimg\s the transformer rating.

The inductance o f the transformer is then calculated by:

Y
T T ,ohm j jLt ----------  Henry

2n f

w h ere /is  the system frequency.

The reactance o f 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 o f the three considered transformers. The winding 

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

1322
A, = 0 .5 x 0 . l x ------ = 43.56 ohm

20
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and

X 2 -  0 .5 x 0 . l x -----= 2.7225 ohm
2 20

332

The inductance o f the windings o f the 20MVA transformer:

r 43.56 rrL  = -------------- =0.138 Henry
2x50x ;r

r 2.7225
Z, = -------------- = 0.00867 Henry

2 2 x  50 x /r

Similarly, the reactance and inductance o f the windings o f 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 o f the windings o f the 10MVA transformer for the 

synchronous EG respectively are:

X x = 5.445 ohm 

X 2 = 0.605 ohm
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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, o f the line only, with typical values o f 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 o f a 600 kW induction generator, shown in 

Table 5.1, are used in the simulation. Data for the groups o f two and five generators are 

calculated by a linear scaling [127] o f 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 o f each generator.

The Synchronous generator in the second system is represented using the Type59 model, 

as described in chapter 3. The dynamics o f 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 o f symbols used 

under "Item" column 1 gen. 2 gens(,) c (*)5 gensv ’ Units

P„ Nominal power o f the generator 600 1200 3000 kW

u„ Nominal voltage o f the generator 690 690 690 V

PF Power factor at full load 0.9 0.9 0.9 -

Qcap Nominal power factor correction 138 276 690 kVAr

J Moment o f inertia 10.5 21 52.5 kgm2

H Inertia constant (MVAsec/ MV A) ' r r r 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

r 2 Rotor resistance at nominal duty 0.0065 .00325 0.0013 ohm

x 2 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

x m Magnetising reactance at normal 

duty

3.25 1.625 0.65 ohm

r)scaled  va lu es from  the values for one m a ch in e ,," ) 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 o f 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 o f these systems are 

based on this description. For example, protection schemes o f distribution feeders are 

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

a) They must insure minimum disruption o f supply, i. e., the removal o f 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 o f protective devices at the up-stream o f a distribution 

network to be as high as 1.5s [9], On the other hand, the CCT limit required to maintain the 

stability o f EG, such as a wind farm, can be much lower than the operating time o f 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 o f 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 o f the terminal voltage o f 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 o f SG to account for the difference between Pm and Pi- 

according to the well known swing equation [54]:

d 2 8 co 
dt7* 2  Hl=-±iPn,~Pt ) (5.1)

Where cos is the synchronous angular speed of rotor in electrical radians, t is the time, H  is 

the inertia constant o f the 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 o f the generator, Pe reduces to zero and consequently, 

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

A) JP
S=-^-=-t2+S0 (5.2)

4 H 0

When the fault is cleared at time tc, which corresponds to a rotor angle 8 C, 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. I f  the input mechanical power remains 

unchanged, the extra power is supplied from the kinetic energy o f the rotating mass. 

However, the rotor angle continues to increase due to the moment o f 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 o f 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 o f the terminal voltage as follows [128]:

Te = K s V 2 (5.3)

where A- is a constant value and depends on the parameters o f the machine, s is the 

machine slip.

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

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

dt m *
(5.4)

where J  is the moment o f inertia o f the rotating mass, Tm is the mechanical torque applied 

to the rotor o f the associated wind turbine and co is 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 kinetic 

energy o f 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 o f 

mechanical torque applied by wind turbine(s). If the electromagnetic torque resulting from 

the newly established rotating magnetic field becomes higher than that o f 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 WPBEGs on the CCT of Faults

The dynamic effects o f the integration o f WPBEGs into distribution networks have been 

investigated for many years. A summary o f the reported effects o f 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
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Fig. 5.3 A three-phase fault at point F on the load feeder o f the network that 

includes a wind farm.

As previously explained in section 5.5.1, according to the basic principles o f protection 

schemes o f 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 

o f 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 

CBl and isolates the fault from the rest o f the network before other equipment is tripped 

unnecessarily. However the operating time o f these relays is usually co-ordinated with the 

operating time o f other down stream relays on the feeder. As mentioned previously this can



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 o f voltage o f 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 o f fault, the 

magnitude o f 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 o f IGs to the fault current. As the voltage at 

the terminals o f  an IG drops at the instance o f fault, the electro-magnetic field stored in the 

air-gap o f the generator starts to reduce, causing further reduction o f 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 o f the generator terminals continues to decrease during the 

fault until it becomes, at the time when the fault is cleared, about 10% o f 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 o f the fault.
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Fig. 5.4 Variation o f terminal voltage o f IGs at the wind farm due to a 

three-phase on the network with duration o f 180ms.

According to Equation (5.3), the electromagnetic torque (Te) developed inside an induction 

machine is proportional to the square o f the terminal voltage; hence, Te also 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 o f the 

electromagnetic torque inside the air gap o f the 2x600 kW induction generators following 

the above fault condition. Based on Equation (5.4), such variation o f torque leads to a 

variation in the rotor speed o f the generator, as illustrated in Fig. 5.6. On the other hand, 

the recovery o f the electromagnetic torque after the clearance o f the fault normally requires 

a high current to be drawn from the network and Fig. 5.7 shows the variation o f the total 

current o f the wind farm during and following the fault under consideration. As can be 

seen in Fig. 5.7, following the removal o f 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 o f 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 o f  the connected wind farm.
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Fig. 5.5 Variation o f electromagnetic torque inside the air gap o f 

2x600 kW IG due to a three-phase fault on the network with 

duration o f 180ms.

Fig. 5.6 Variation o f rotor speed o f the 2 x 600 kW IG due to a three-

phase fault on the network with duration o f 180ms.

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

phase fault on the network with duration o f 180ms.
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This investigation was repeated for different values o f fault clearing time on the load 

feeder. It has been found that, for the system under consideration, IGs 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 o f 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 o f such 

voltage due to a three-phase fault with duration o f 250 ms. The terminal voltage o f IGs 

does not regain its pre-fault value and remains below 0.8 pu (80%) o f its nominal value. 

Such a condition would normally result in the operation o f under voltage relays, which are 

commonly installed at the terminals o f IGs. 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 

o f 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 o f the wind farm; it is vitally important that the fault should be 

isolated within 200ms. However, as has previously been explained, the operating time o f 

protection relays at the source o f 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 o f the first and basic principle related 

to the protection o f distribution networks, as discussed in section 5.5.1.
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Time (s)

Fig. 5.8. Variation o f terminal voltages o f IGs at wind farm due to a 

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

Time (s).

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

phase fault on the network with duration o f 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 o f the magnitude 

o f the power injected by IGs 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 o f the fault is repeated in both cases 

for different clearing times o f 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 o f 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 

o f 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 o f 1.2MW IGs, the voltage o f bus 4 falls to a 

value near to zero at the instance o f fault. After that, it continues to reduce to zero during 

the fault. When the fault occurs in the case o f 9.6MW IGs, the voltage drop along the link 

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

approximately 25% at the instant o f fault.
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Fig. 5.10 The effect o f 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 o f  IGs start to accelerate and additional kinetic 

energy is stored in its rotating mass, which appears in a form o f mechanical torque on the 

rotating masses. The larger the number o f  wind turbine-generator units operating at the 

mstance o f 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 o f 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 o f the re-established electromagnetic torque. 

Therefore, in the case o f  1.2MW, because the post fault voltage is high, the newly re­

established electromagnetic torque is proportionally high. Hence, the rotors o f  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 o f 9.6MW, 

the post-fault terminal voltage is low, less than 0.8pu as shown in Fig. 7.10. Therefore, the 

rotors o f 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 o f the 

power injected by the wind farm. It has been found that the CCT o f 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 

o f 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 o f the magnitude o f the 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 o f 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. 0km 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 o f 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 o f fault on the load feeder. Fig. 5.11 summarises the results 

obtained from this investigation. This figure illustrates that as the distance o f 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 o f the fault current path. Thus, the further the fault from bus 2, the greater the 

voltage at the terminals o f  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 o f  IGs 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 o f 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 

o f 1.2MW injection and that for the case o f 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.

Chapter 5

Fig. 5.11 The effect o f location o f fault on the CCT.

83



Chapter 5

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 o f the 

WPBEGs. To investigate the CCT o f 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

©  t © 3 3 k V  lin e
- o

© - < 2 ) 0  CB1

Grid load
feeder

©  I o ©

Q- < S > t > - © 10 MV A

Synchronous embedded 
generator

Fig. 5.12

Load 1 ^  |— > Load 2

A three-phase fault at point F on the load feeder o f the 

network that includes a synchronous generator.

Fig.5.13 shows the variation o f the voltage at the terminals o f the synchronous generator 

following the fault. It can be seen from Fig. 5.13 that, at the instance o f fault, the 

magnitude o f 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 o f 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 o f 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 o f excitation control. The voltage 

then decays to the pre-fault value after a period o f oscillation. As previously explained in 

section 5.5.2.1, one o f the parameters used when investigating the performance of SG is 

the angular position, 8, o f the rotor with respect to the Grid voltage. According to Equation 

(5.1), when a fault occurs on the network, the rotor o f the SG starts accelerating and the 

angular position o f the rotor with respect to the Grid reference voltage starts to change. The 

variation o f 8 versus time following a fault can be used to indicate whether the SG remains 

stable or not after the clearance o f 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 o f fault. The solution o f Equation (5.1) leads to sinusoidal 

oscillations o f 8 with time [79], Fig. 5.14 shows the variation o f the angular position o f 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 o f 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 o f IGs.
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Fig.5.13 Variation o f the terminal voltage o f synchronous generator 
following a three-phase, 200ms duration fault on the network.

Fig.5.14 Variation o f rotor angle o f  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 o f the fault under consideration. It has also been found that if the fault is cleared at

time greater than the CCT, the speed o f the SG continues to increase and consequently, the

angular position o f 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 o f the generator and its corresponding rotor angle following a three-

phase fault with duration o f 400ms. It can be seen from Fig. 5.16 that the rotor angle

continues to increase. The oscillation o f the terminal voltage during post fault period that
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can be observed in Fig. 5.15 is due to the oscillation o f the power transfer between SG and 

the network, which is proportional to the position o f the rotor o f SG. This condition is 

obviously unstable.

In conclusion, it has been observed from this investigation that the performance o f the SG, 

following a three-phase fault on the load feeder is different from that o f IGs at the wind 

farm, discussed in the previous section. It has also been found that the CCT o f faults in this 

case is mainly decided by the variation o f the rotor angle, whereas, that related to IGs is 

decided by the variation o f the terminal voltages o f the IGs. The CCT for the investigated 

fault condition in the case o f a SG is found greater than that for the case o f IGs. This 

indicates that the integration o f a wind farm using IGs into a distribution network has a 

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

Chapter 5

Fig. 5.15 Variation o f terminal voltages o f SG following a three-phase,
400ms duration fault on the network.
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Fig.5.16. Variation o f rotor angle o f SG following a three-phase, 
400ms duration fault on the network.

88



CHAPTER 6

USE OF AUTOMATIC VOLTAGE CONTROL (AVC)

RELAYS TO CONTROL OLTCTs

6.1 Introduction

An explained previously in chapter 4, voltage regulation o f distribution networks can be 

achieved either by the injection o f 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 o f winding turns o f a transformer to regulate the 

voltage. Automatic voltage control (AVC) without the interruption o f the power supply is 

usually achieved using AVC relays that automatically control the operation o f the tap 

changer o f on-load-tap-changing transformers (OLTCT). In order to control the voltage o f 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 o f two or more transformers operated in parallel, compounding with negative reactance 

is recommended to ensure stable operation o f 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 o f the tap-changers o f parallel transformers [3, 17], This is because 

conventional AVC relays with compounding settings are sensitive to the direction o f power 

flow in the controlled transformers. In order to overcome the problems related to the 

operation o f 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 o f artificial neural networks (ANN) which will compensate for the voltage drop 

along load feeders. In this chapter, the behaviour o f 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 o f a main distribution 

transformer, and arranged to operate the tap changer, which is commonly installed at the 

high voltage side o f the transformer as mentioned in Chapter 4. The operating principle o f an 

AVC relay is illustrated by the schematic diagram shown in Fig. 6.1 [16,19,100], The AVC 

relay is capable o f maintaining system voltage within a bandwidth around a target voltage, 

f target, for any load condition.

Chapter 6
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Fig. 6.1 Schematic diagram of an AVC relay

As can be seen in Fig. 6.1, the AVC relay is supplied by the secondary side voltage o f the 

transformer using a measuring voltage transformer (VT). It is also supplied by the current at 

the secondary side o f the transformer using a current transformer, CT. A voltage-detecting 

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

Vavc = V,-I (Ravc ±j Xavc) (6.1)

where Vavc is the voltage determined by the AVC relay, i.e. the AVC relay voltage, Vs is the 

secondary side voltage o f the transformer, /  is the current at the secondary side o f the 

transformer, and Ravc ±j Xavc is the relay compounding setting, which consists o f a positive 

resistance, Ravc, and either a positive reactance or a negative reactance, Xavc-

The AVC relay voltage is compared with the upper and lower limits o f 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 o f 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 o f distribution networks with single transformers. 

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

Vavc -Vs-I(Ravc + jXavc) (6.2)

The term subtracted from Vs on the right hand side o f Equation (6.2) is used for the 

compensation o f the voltage drop across the load feeder (see Fig. 6.1). This is achieved by 

settings Ravc and Xavc equal to the values Rl andXl, respectively. In this case, the controlled 

voltage Vavc will be equal to the voltage o f the load busbar, Vl, as demonstrated in the phasor 

diagrams of Fig. 6.2.

Fig. 6.2 (a) Phasor diagrams o f the network in Fig. 6.1
(b) Phasor diagram of AVC relay with positive 
compounding settings
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The advantages o f 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:

Chapter 6

Vavc -Vs-I(Rmv-j Xavc) (6.3)

The phasor diagram o f Fig. 6.3 depicts the vectors o f Vavc using 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 o f Raix: and Xavc, which can be used to obtain 

Vavc = Vl, are not equal to the values Rl and Xl, and defining their values involves some 

difficulty. It is also clear that there is no unique solution for the values o f Ravc and Xavc, 
which can be used. The calculated voltage, Vavc, obtained from using the negative 

compounding arrangement is sensitive to the amplitude o f 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 o f the cheapest solutions for having a stable 

operation o f parallel transformers.
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- x AVJ

Fig. 6.3 Phasor diagrams o f 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 o f taps resulting in different transformation 

ratios. Even when the number o f 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 o f two 

transformers operating in parallel and assume that a circulating current flows between them, 

as shown in Fig. 6.4. The total current o f each transformer under this condition is given by:
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I n -
EX~VS

' T  1

(6.4)

and

JT2 ~ y  (0.5)z r2

where E\ is the busbar voltage Vh referred to the low voltage side using the transformation 

ratios o f OLTCT 1 and Z n  is the impedance of OLTCT 1. E2 and Z n  are the corresponding 

values for OLTCT 2.

VH OLTCT 1 Vs

Fig. 6.4 Current distribution in two parallel transformers

Applying the superposition theorem, currents In  and It2 can be decomposed into two 

components, i.e. a load current component and a circulating current component. The load 

current component is the portion o f the total load current h  that flows though each 

transformer which is decided by the impedances o f the transformers. The circulating current 

component is proportional to the voltage difference between the secondary voltages o f the
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two transformers. This in turn depends on the difference between the transformation ratios of 

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

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

OLTCT1 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 o f its own load current component. 

Thus, currents in the parallel transformers can be written as:
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/  ZJ  _  1 L  ^72
1 T \  ~ + /

Zn + Z T‘ T 2

(6.6)

and

' T2 =
I LZ ri

z +z1 2
(6.7)

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

•^1 ~  f j ?  _  I L Z T2 +  J

Zn  Zn + Z „

and

F - V  I 7^ 2  Y S  _  1 L ^ T \  _  j

zT2 zn+zr2

(6.8)

(6.9)

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

j  _  ~ E 2
^  Z n + Z T2

or

H
I«rc =

Kat\ at2 /
ZT\ + ZT2

(6. 10)

where a,i and a,2 are the transformation ratios o f OLTCT1 and OLTCT2, respectively.
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It is worth noting that because the reactance o f each o f 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 o f the circuit shown in 

Fig. 6.4. The circulating current hire has a significant effect on the behaviour o f 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 o f 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 at the 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 o f these relays are expressed as 

follows:
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and

where Zavc- Ravc + )Xavc and Ravc = Rl and Xavc = Xi.

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

Consider the situation when the measured voltages o f the two AVC relays fall below the 

lower limit o f the control bandwidth. Owing to equipment tolerances, one o f 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 o f turns of transformer's primary winding, and 

consequently reduces its transformation ratio (see Appendix D for more details). Let us 

assume that OLTCT1 operates first, then circulating current flows in the direction shown in 

Fig. 6.6. The measured voltages of the AVC relays following the operation o f the tap 

changer o f OLTCT1 are given by:
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V k~1 = Vr  AVC1 '  S
( h + L '  AVC

h— V -  —  7  - I  7r  S  2  AVC arc ^  AVC

and

= V - I  Zr AVC\ 1 tire ^  AVC

V = vr  AVC2 '  S
' L . ,  Iz■* nivf* I ^  J1 circ AVC
\

hV - - ± -7  +1 7r  S  2  ^ AVC J circ ^ A V C

V + 7  Zr  AVC2 ^  1 circ ^ A V C

(611)

(6.12)

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

When the tap changer o f 0LTCT1 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 o f circulating current, this voltage decreases further down, as can be seen in Fig. 

6.7. At the same time, the other voltage V kvc2 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 o f the two transformers are 

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

achieved.
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Vs 7  LkAimAVC 2 ~

Upper limit

lower limit

(a) (b)

Fig. 6.7 Voltage control o f two parallel transformers using positive compounding setting
(a) Phasor diagrams o f 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 o f 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 o f  these relays are 

then expressed as follows:

(6.13)
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and

V =V'  AVC2 v  S
h -AIV (6.14)

where Z a ix ; -  R .a v c  - j X a v c

As discussed in the previous section, if  the measured voltages o f the two AVC relays fall 

below the lower limit o f 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 o f the AVC relays of the two transformers following the operation of the 

tap changer o f OLTCT1 are given by:

VkA = Vy AVC 1 y S
L +,  '
2 y

" AVC

and

V  - I  7v AVC 1 1 circ ^A V C

V = V -y AVC2 y S
h - l circ ' AVC

^AVC2 +  I  circ Z AVC

where Zaiv~ Ravc - j X iæ

(6.15)

(6.16)

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

calculated control voltages o f both relays.
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(a) (b)

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

When the tap changer o f OLTCT1 operates to the (k-1)Ul tap position, the relay 1 voltage 

V ^ ] increases due to effect o f 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 *yc2, decreases

and consequently, the tap changer o f 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 o f circulating currents in parallel transformers. However, as mentioned before, the 

negative compounding arrangement is sensitive to the magnitude and phase angle o f 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 o f 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 o f the integration of embedded generators on the 

performance o f 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 o f 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 o f 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 o f the OLTCT is 

represented in the load flow program as an equivalent circuit, whose parameters are 

dependent on the transformation ratio o f the OLTCT under consideration. The details o f the 

representation o f an 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 o f 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 0  respectively, both 

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

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

Newton-Raphson algorithm.

b) Whenever the voltage o f the AVC relays exceed the limits o f a specified 

bandwidth, the transformation ratio o f the involved transformer is adjusted to 

represent the tap-changing operation.

c) Results o f calculations are saved in different output files. One of the files 

provides data for graphical presentation o f the results. Another file stores the 

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

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

Table 6.1 shows an example o f 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 o f buses, branches, and voltage controlled buses

7 6 0
C Bus data 
C PV buses
C No P (MW) Q (MVAR) Q m ax (MVAR) Q min (MVAR) Vnom inal ( L V )

1 2.0000 1.0000 1.000 0.0000 33.0000
C PQ buses
C No P (MW) Q(MVAR) G shunt (pn) Bshunt (pu) Vnom inal (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 

C Branch data
.000 0.0 0.0 0.4000

C from to R(pu) X(pu) B(pu) (0.0 for lines, per unit ratio for transformers)
1 1 2 .0218 0.2212 .0000 .000
2 2 3 .0000 1.000 .0000 1.00
3 3 4 1.5290 2.6780 .0000 .000
4 4 5 .0000 1.0000 .0000 1.00
5 3 6 0.7645 1.339 .0000 .000
6 6 7 .0000 1.0000 .0000 0.97
C Relay compounding settings 
(R avc, 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 o f 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 o f 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 o f each bus 

will also be referred to by its number. For example, the voltage o f bus 1 will be referred to as 

V (l), and so on. The tap-changers o f 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 o f bus 6 is required to be controlled within 

a bandwidth o f ±2% of its nominal value.

The performance o f the 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 o f this investigation, the power factor o f the variable load at busbar 7 is 

assumed constant and equals to 0.95 (lagging). Each o f the 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 o f 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 o f 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 o f each of these voltages 

verses the power o f the load at bus 7 in a form of loop. The lower part o f each o f these 

curves corresponds to the load increase from zero to its maximum value, whereas, the upper 

part corresponds to the decrease o f the load back to zero again. The two arrows seen in Fig. 

6.10 show the direction o f the variation o f 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 AVC1 relay Voltage, V avci, also decreases as expected 

from Equation (6.1). However, as V avci reaches the lower control limit, i.e. 0.98pu 

represented by the lower dashed line shown in Fig. 6.10, AVC1 relay initiates a signal to 

operate the tap-changer o f OLTCT1 in such a way to boost the voltage. It has been observed 

that AVC2 behaves similarly to that o f AVC1. Fig. 6.10 shows that the operation o f tap- 

changers o f 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 V avci 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 o f 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 o f the remote bus 6, hence a proper voltage control o f the controlled bus is achieved 

over the whole range of load variation.

The general behaviour o f the system and AVC relay voltages that will be presented in the 

reminder o f this 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
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unnecessary repetition.
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Fig. 6.9 Schematic diagram of a distribution network with embedded generators

The second step o f 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 o f 0.95. The performance o f the 

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

As demonstrated in Fig. 6.11, the integration o f 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 o f the control bandwidth 

in the range from 0.915pu to 0.96pu. The voltage difference between V avci 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 o f the controlled busbar. It has also been found that 

the voltage o f AVC2 behaves similarly to that o f  AVC1. The reason tor this difference is due 

to the contribution o f the power injected by the wind farm into the power demand o f 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 o f network without the wind farm using 
AVC relays with negative compounding settings
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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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CHAPTER 7

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 o f 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 o f the 

voltage o f AVC relays, resulting in malfunctioning of these relays. This may be explained 

due to the non-linear relationship between the compounding settings o f the relays, which are 

required to compensate for voltage drop along distribution lines, and the power factor o f 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 o f an artificial neural network (ANN).

The term "artificial neural network" has emerged following many years o f research to 

understand and mimic the behaviour o f human brain. The first attempts were reported in the 

early 1940's [129-131], Since then, different algorithms and types o f artificial neural 

networks have been proposed [129-134], However, the interest in ANN has dramatically 

increased following the invention o f 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 o f 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 o f 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 o f ANN in power systems are 

summarised. An AVC relay based on the application o f ANN is then presented and 

discussed. The performance of the relay is tested for different configurations o f the 

distribution network previously investigated. The results are demonstrated and discussed. 

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

7.2 Application of ANN in Power Systems

The application o f ANN in power systems has grown widely during the last few years [130], 

ANNs 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 o f 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 o f power and voltage o f electrical 

networks [152,153]. Some o f 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 o f ANN proceeded 

with a Fuzzy-based classifier, which was implemented to pre-classify training data. 

Classification o f data was based on weather conditions, seasons in a year, days, and time. 

Data o f every class was then utilised for training a separate MLP network; i.e. a number o f 

ANNs was used in parallel for the load forecasting. The training o f 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 o f the 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 o f 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 o f an overhead line (OHL) and a cable. The difference in the properties 

o f OHLs and cables may cause the distance relay to over-reach or under-reach, whereas, a 

properly trained ANN can accurately predict the location o f fault. Data for training and 

testing o f the proposed ANN [142] is obtained by fault simulation utilising the EMTP 

program. Under-reach o f 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 

o f 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 o f 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 o f 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 o f MLP networks are calculated and updated using 

GA until the output error is minimised.

With regard to the application o f ANN to power system stability and dynamic studies, 

research has been focused on the development o f ANN based tools that can accurately 

provide an advanced and fast warning on the likelihood o f unstable operation conditions 

[150,151], On-line assessment o f 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 o f system stability helps power 

system operators undertake proper preventive actions fast enough to safeguard the stability 

o f the system. The proposed ANN specially developed for security assessment reported in 

both references [150,151] is also of the MLP type with BP training algorithm.
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The application o f ANN for voltage control o f power systems and voltage stability problems 

is also reported in the literature [152,153], In order to co-ordinate the switching o f 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 o f reactive power o f power system. Hence it is not designed to initiate 

operation o f 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 o f 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 o f the dynamic simulation were then used to train 

a MLP network, which is used to assess the possibility o f the occurrence o f 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 o f the voltage o f AVC relay, V avc, using equation (6.1), from measured 

values o f currents and terminal voltages o f the associated OLTCT. In the second step, the 

calculated relay voltage is compared with a reference voltage (Vlarget)- If  the deviation o f the 

relay voltage from a reference voltage exceeds a specified bandwidth, say ±2%, the relay 

initiates a signal to operate the tap-changing device o f 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 o f the 

tappings o f the controlled OLTCT.
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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, Vavc■ Hence 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 o f transformer load current and the AVC relay 

compounding settings that would result in a proper voltage control o f 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 o f the structure, or topology of 

the ANN, training o f 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 

o f busbar voltages and transformer currents and the active and reactive power required for 

calculating the AVC relay voltage, Vavc■ Consequently the structure o f the ANN must 

include an input layer to be used as a buffer for the inputs, at least one hidden layer, because 

o f the non-linearity o f the 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 o f symbols used in this figure are explained below.
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Fig. 7.1 A three-layer BP network
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yi is the output o f the ilh neuron in the input layer,

w,j is the weight o f connection between the i,h neuron in the input layer and 

thej neuron in the hidden layer,

Xjj is the input into the j 'h neuron in the hidden layer, where

Xij=^Wij,

yj is the output o f the f h neuron in the hidden layer, 

y 0 is the final output o f the ANN.

F is a nonlinear function, for example a logistic or a hyperbolic tangent function, 

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

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

hidden and output layers [129-134]:

1
y  =

(l + e ~sum)
(7.1)

where sum is sum o f the input signals into a neuron in the hidden or output layers, and y  is 

the output o f 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:

s im tj
i=l «=1

(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 o f input 

signals into the ANN dictates the number o f 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 o f 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 o f 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 

o f 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 o f 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 o f the graphical interface o f the NeuralWorks, which is shown in Fig. 7.2. As 

can be seen in the lower left part o f 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 o f the ANN 

shown in Fig. 7.2 will be explained later in section 7.5 when the training o f the ANN is 

discussed.

As mentioned previously, the BP algorithm has been used for training o f the proposed ANN. 

This algorithm is one o f 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 o f an input 

vector o f patterns and the corresponding vector o f desired outputs patterns. As far as the 

ANN presented in this work, the vector o f input patterns includes network parameters, which 

can be measured at the low voltage side o f the involved OLTCT. The corresponding vector 

o f outputs o f the ANN includes the desired values o f the AVC relay voltage, Vavc• The 

training data files are prepared by simulating voltage control o f the considered distribution 

network using conventional AVC relays. Several cases have been considered, whereby in
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Fig. 7.2 Design o f ANN based AVC relay using NeuralWorks software

some o f 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 o f 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/l lkV OLTCT, a variable load, and a 

wind farm with a capacity o f 4MW. A load feeder and an 1 lkV/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 o f a distribution network with a wind farm

7.4 Load Flow Simulation to Obtain Training Data for the ANN

Voltage control o f 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 o f these cases is shown in Table 7.1. In each o f these 

cases, the load is allowed to incrementally change from zero to 4.5MW and back again to 

zero. Following each incremental change o f the load a load flow calculation is executed and 

the results are recorded in data files, each of which constitute sets o f rows o f 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 o f 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)

L

120



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 o f the variable load can 

change between 1 and 0.9 (lagging). In order to cover all possible operation conditions, 

different combinations o f EGs and load magnitude have been considered. The total number 

o f the recorded rows o f 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 

o f the ANN under consideration [139,140], It has also been found that the results can be 

separated into two groups o f inputs, each comprising three signals, which are sufficient to 

achieve good training o f the ANN. The signals used in the first group include the amplitude 

o f voltage, the real and imaginary components o f transformer current, while the signals used 

in the second group consist o f 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 o f 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 o f the generated input/output patterns are randomly separated into two 

groups and saved in two separate files. The first file, which contains 70% o f 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 o f the ANN.
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Table 7.1 Load flow conditions o f 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 V target,

No P(MW) PF Max. PF Rave Xavc PU1 0 - 4.5 1.0 0.4 0 .8 1 .0  ± 2 %2 0 _ 4.5 0.95 0.4 0 .8 1 .0  ± 2 %

3 0 - 4.5 0.9 0.4 0 .8 1 .0  ± 2 %

4 4 0.95 lead 4.5 1.0 0 .2 0 .8 1 .0  ± 2%

5 4 0.95 lead 4.5 0.95 0 .2 0 .8 1 .0  ± 2 %6 4 0.95 lead 4.5 0.9 0 .2 0 .8 1 .0  ± 2 %

7 4 1 4.5 1.0 0 .2 1.0 1 .0  ± 2%8 4 1 4.5 0.95 0 .2 1.0 1 .0  ± 2 %

9 4 1 4.5 0.9 0 .2 1.0 1 .0  ± 2 %

13 4 0.95 lag 4.5 1.0 0.0 1.4 1 .0  ± 2 %

14 4 0.95 lag 4.5 0.95 0.0 1.4 1 .0  ± 2 %

15 4 0.95 lag 4.5 0.9 0.0 1.4 1 .0  ± 2 %

7.5 Training and Testing of the ANN based AVC Relay

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

saturation o f the calculated outputs [134], Normalisation o f input patterns is performed in the 

NeuralWorks software using the following equation [134]:

(* ,  (^m ax  -  ^m in )  +  (* m in * /.n « x  "  Ä n»x*,.m in ) )
I, norm

X  — X  I, max I,  nun

where:

Xt, norm is the normalised input to neuron /' in the input layer,

Xi. max is the maximum value o f input / in the training/testing data set, 

Xj, min is the minimum value o f input i in the training/testing data set,
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Rmax is the upper limit o f the implemented transfer function,

Rmax -  1 for the logistic or hyperbolic tangent functions,

Rmi„ 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]:
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where:

y if reai is the de-normalised output o f neuron j  in the output layer,

yi, max is the maximum value o f desired output j  in the training/testing data set,

y it „¡in is the minimum value o f desired output j  in the training/testing data set,

Dmax is the upper limit of the implemented transfer function in the output neurons, 

Dmax = 1 for the logistic or hyperbolic tangent functions,

Dmin is the lower limit o f the implemented transfer function in the output neurons, 

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

As mentioned above, the BP training method is employed in this work, whereby the delta 

rule o f learning is applied to minimise the root mean square (RMS) error between the 

predicted and desired controlled voltages o f the AVC relay. The training o f the ANN based 

AVC relay was achieved by presenting it with randomly selected pairs o f 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 o f the

ANN is examined by presenting it with the data patterns from the test file. A snap shot o f the
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graphical interface o f 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 

o f graphical instruments, which are available in the NeuralWorks software that has been used 

in this work to monitor the process o f the training of the ANN. The rectangular window at 

the top o f Fig. 7.2 is one o f 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 o f 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 o f values o f network weights in a graphical form, 

as depicted in the window which is located at the bottom right-hand corner o f 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 o f each interval, there is a graphic bar, 

which has a width equals to the width o f the interval. The height o f each bar equals to the 

number o f 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 o f 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 o f the voltage o f the 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 o f V avc match the 

desired values very well.

As a result o f the training process o f the ANN, a final set o f weights, which correspond to the 

connections between neurons in successive layers, is produced. After the training and testing, 

the set o f  weights is saved into a text file in a form o f a table.

Chapter 7

Desired-----Predicted Patterns

Fig. 7.4 A comparison between desired values o f  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 o f the 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 o f the 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 o f the 

AVC relay. The calculated voltages and currents, which are required for calculation o f 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, Vlarget. I f  the deviation o f Vavc from Vtarget exceeds 

specified limits, a proper tap-changing action is performed. Fig. 7.5 shows a flow chart o f 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 o f 

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 o f 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 o f 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 o f the proposed ANN based AVC relay and to compare it 

with that o f 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 o f  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 o f  the 

conventional relay compounding in terms o f Ravc and X avc are 0.4pu and 0 .8pu, 

respectively. These values, which provide 60% compensation o f 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 o f the test results obtained from the ANN and 

conventional based AVC relays. These figures show the variation o f voltage o f bus 5, V(5), 

and the AVC relay voltage, V avc, in response to the change of the load at bus 6 . As 

previously explained in Chapter 6 , the lower part o f  each curve corresponds to the increase 

o f  the load from zero to 4.5MW, whereas the upper part corresponds to the decrease o f  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 o f voltages o f  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 o f 0.98 is 

integrated into the network. Fig. 7.10 and 7.11 show the voltages V(5) and V avc when an 

EG with a lagging PF o f 0.98 is assumed connected to the network. In all these cases, the 

variable load is assumed to have a constant lagging PF o f 0.97.
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Fig. 7.6 represents the behaviour o f the ANN based AVC relay, whereas, Fig. 7.7 represents 

the behaviour o f  a conventional relay. By comparing these two figures, it can be observed 

that the performance o f the ANN based relay in this case is similar to that o f the conventional 

one. The relay voltage, V avc, o f both the ANN-based and conventional relays vary within 

the upper and lower control limits o f 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 o f 

the voltage o f 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 o f 0.96pu and 1.02pu.

Load (MW)

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

Fig. 7.7 Performance o f conventional A VC relay with positive 
compounding, network without EG and PF o f load = 0.97 (Lag.), Ravc= 0.4 and Xavc — 0 .8

It has been found that when an EG with a leading power factor o f  0.98 is integrated into the 

network the performance o f 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 o f  the 

OLTCT by a single tap in such a way to boost the voltage o f bus 5. This action occurs even 

before the load at bus 6  is increased, which indicates that the amplitude o f voltage o f 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 o f the 

amplitude o f 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 o f buse 2, and hence, bus 5 decreases. Fig. 7.8 shows the profile o f  the AVC relay 

voltage, V avc. and the voltage o f bus 5, V(5), when the ANN based relay is used. As can be 

seen in this figure, the initial values o f these voltages, i.e. when the load at bus 6  is zero, is 

about lpu. By comparing the voltage profiles in Fig. 7.6 with those shown in Fig. 7.8, it can 

be seen that the performance o f the ANN based AVC relay is not affected by the integration 

o f EG.
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On the other hand, it has been observed that when the conventional A VC relay is used, the 

voltage o f the AVC relay, V avc. and that o f bus 5, V(5) deviate, as shown in Fig. 7.9. This is 

due to the effect o f  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 o f 

the voltage o f bus 5 below the lower control limit. It can be seen from the figure that the 

voltage o f bus 5, V(5), is 0.98pu, even though the variable load at bus 6 is equal to zero.

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

Fig.7.9 Performance o f conventional AVC relay with positive 
compounding, network with WPBEG. PF o f EG = 0.98 (lead) 
and PF o f load = 0.97 (Lag.), R a v c =  0.4 and X a v c  = 0 .8
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Fig. 7.10 and 7.11 show the performance o f the ANN based and the conventional AVC 

relays when an EG with a lagging power factor o f 0.98 is integrated into the network. It can 

be seen that the behaviour o f the ANN based AVC relay is similar to the case that 

corresponds to the integration o f an EG with a leading power factor, which is explained 

above. The AVC in this case also initiates a single step operation o f the tap-changer to adjust 

the voltage o f bus 5 to lpu when the load value is still zero as can be seen from the voltage 

profile o f  V(5) in Fig. 7.10. The conventional AVC does not react in the same way. 

Consequently the performance o f the ANN based AVC relay is considered to be better than 

that o f  the conventional relay.

Chapter 7

The general conclusion from this investigation is that the performance o f the proposed ANN 

based AVC relay is found to be similar to that o f 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 o f 

the conventional relay.

Fig. 7.10 Performance o f ANN based AVC relay, network with EG. PF of 
EG = 0.98 (Lag.) and PF o f load = 0.97 (Lag.)

L
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Fig.7 .11 Performance o f conventional AVC relay with positive 
compounding, network with EG. PF o f EG = 0.98 (Lag.) and PF 
o f load = 0.97 (Lag.), R a v c ~  0.4 and X a v c  — 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 o f the proposed ANN based AVC relay with regard to the control o f 

voltage magnitude o f a distribution network that includes a wind farm is also compared with 

that o f 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 o f them 

is temporarily switched out o f 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 o f  the results 

obtained from the simulation. Fig. 7.12 shows the corresponding voltages o f bus 5, V(5) and 

the voltage o f 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) o f 0.98 

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

By comparing the performance o f 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 o f the 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 o f EG operating with either leading or 

lagging power conditions into the network, causes a deterioration in the performance o f the 

conventional relay, as can be seen in Figures 7.13 and 7.14, respectively. For example, the 

voltage o f 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 o f the ANN based relay for the same 

cases has not been affected by the integration o f the wind farm into the network and remains 

capable o f  properly controlling the voltage o f the network, as shown in figures 7.8 and 7.10, 

respectively. The reason o f the such high-quality performance exhibited by the ANN-based 

relay is because the training o f 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 o f  the investigated network, whereby its 

compounding settings are continuously adjusted to account for the connection or 

disconnection o f 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.

Chapter 7

Fig.7.12 Performance o f conventional AVC relay with negative 
compounding, the network without EG. PF o f load = 0.97 (Lag.), 
R a v c ~  1. 0  and X a v c  =  -1 .0

135



Chapter 7

Fig.7.13 Performance o f conventional A VC relay with negative 
compounding, the network with EG. PF o f EG = 0.98 (lead) and 
PF o f load = 0.97 (Lag.), R a v c =  L 0  and X a v c  =  -1.0

Fig.7.14 Performance o f conventional AVC relay with negative 
compounding, the network with EG. PF o f EG = 0.98 (Lag.) and 
PF o f load = 0.97 (Lag.). R a v c =  L0 and X a v c  =  -1.0

136



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 

o f such networks may change independently. Consequently voltage drops along load feeders 

cannot be guaranteed to be identical. For this reason, the voltage control o f 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/l lkV substation, 

which is represented by a 20MVA OLTCT, a radial load feeder connected with two groups 

o f  variable loads via MV/LV transformers with voltage ratio o f  llkV/0.415 kV. One group 

is represented by the load L2 with a total power o f 2MW and the second group is represented 

by the load L3 with a total power o f  2MW. Loads L2 and L3 are assumed connected at 8 km 

and 13km respectively from the substation. In order to simplify the model, a bulk load, LI, 

with a total power o f  4MW is assumed connected to the substation to represent other load 

feeders. Another 8 km feeder is assumed connecting the substation with 5 MW WPBEGs.

An ANN based AVC relay is considered for the voltage control o f  the network shown in Fig. 

7.15. Therefore, an ANN is designed to calculate the voltage o f 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.

Chapter 7
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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 o f the network is simulated for different operating conditions employing a 

conventional AVC relay. Settings o f the 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 L3, 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 o f bus 2, V(2) and the real and 

imaginary components o f the transformer current, It. The output is the calculated AVC relay 

voltage, V avc- Table 7.2 shows a summary o f 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 o f input and output patterns for each file. A data file containing 50% o f 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 o f weights is saved in a data file. The FORTRAN load flow program, 

which includes a subroutine o f the ANN based AVC relay, as described in section 7.6, is 

implemented in this investigation without any modification, because the structure o f the 

ANN has not changed.

Chapter 7

Table 7.2 A summary of the simulated cases used for training and

testing the ANN based AVC relay shown in Fig 7.13.

Ca
se

No

Maximum Load, MW 
Load power factor, PF (lagging)

EG, MW 
PF (leading)

Voltage 
setting 

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 - 0.98 ± 2 %
4 4 0 2 .95 0 - 0.98 ± 2 %
5 4 2 2 .95 0 - 0.98 ± 2 %
6 2 2 2 .95 0 .98 0.98 ± 2 %
7 2 0 2 .95 5 .98 0.98 ±  2 %
8 0 0 2 .95 5 .98 0.98 ±  2 %
9 4 0 2 .95 5 .98 0.98 ± 2 %
10 4 2 2 1 5 .98 0.98 ± 2 %
11 2 2 2 1 0 - 0.98 ± 2 %
12 2 0 2 1 0 - 0.98 ± 2 %
13 0 0 2 1 0 - 0.98 ± 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 0.98 ± 2 %
17 2 0 2 1 5 .98 0.98 ± 2 %
18 0 0 2 1 5 .98 0.98 ±  2 %
19 4 0 2 1 5 .98 0.98 ± 2 %
20 4 2 2 1 5 .98 0.98 ± 2 %

The performance o f the proposed ANN based AVC relay is first tested by running the ANN 

model in the NeuralWorks program in the test mode. An example o f the test results is 

illustrated in Fig. 7.16, from which a comparison between the desired voltage o f the AVC

L.
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relay and that predicted by the ANN model can be made. For this case, the maximum power 

o f Li, L2, and L3 are assumed equal to 3 MW, 0 MW, and 2 MW, respectively. The power 

factor o f 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 o f the ANN-based 

relay is achieved.

Desired-----Predicted Load (MW)

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

The performance o f 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 o f the test results obtained from the ANN and its conventional counterpart. These 

figures show the variation o f voltage o f bus 6, V(6), and the AVC relay voltage, VAvc, in 

response to the change o f the loads Li, L2, and L3. Figures 7.17 and 7.18 shows the results o f 

the case when the loads Li, L2, and L3 are assumed to have a maximum o f 4 MW, 2 MW, 

and 2 MW, respectively, and all have the same power factor o f  0.98 (lag). As previously 

explained in Chapter 6, the lower part o f each curve corresponds to the increase o f  the total 

load from zero to its maximum o f 8MW, whereas the upper part corresponds to the decrease
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o f the same back to zero after being allowed reaching its maximum value. Fig. 7.17 and 7.18 

show the voltage o f AVC relay, V avc, and the voltage o f 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 o f 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 o f 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 o f load variation between 0.96pu and 1.02pu. This 

represents an over-compensation o f the 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 o f  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 o f 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 o f  distributed loads whereby each load may vary 

independently, the controlled voltage may be subjected to a small offset either above or 

below the voltage o f bus 6. The error between the voltage o f the AVC relay and the voltage 

o f 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 o f voltages o f the considered 

network is continuously maintained within the statutory limits.

Comparing Fig. 7.17 with Fig. 7.18 shows that the performance o f the ANN based AVC 

relay in the considered case is similar to that o f the conventional relay and that the voltage o f 

bus 5 is properly controlled using either relays.

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

Fig.7.18 Performance o f conventional AVC relay; network without 
EG. L, = 4 MW, L2 = L3 = 2 MW, PF o f load = 0.98 (Lad.).

L
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As in the previous case, Fig. 7.19 and Fig. 7.20 show the profile o f V avc and V(6 ) due to the 

voltage control o f 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 o f 5 MW at a leading power factor o f 0.98. The maximum loads o f Li 

and L3 are assumed the same and equal to 2 MW with a lagging power factor o f 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 o f 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 V avc and 

V(6 ) over the whole range o f load variation between zero and its maximum value when 

controlled by a conventional relay. The elimination o f such a difference would require the re­

adjustment o f 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 o f the network properly irrespective whether an EG is connected to the network or 

not. Such performance, in many cases, is similar to that o f the conventional relay and in other 

cases, it is even better. It is also observed that the calculated AVC relay voltage using both 

types o f relays is slightly affected by the way the loads are distributed in the network.

Chapter 7
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.7.19 Performance o f ANN based AVC relay, network with EG. 
L2 = 0 MW, Li = L3 = 2 MW, PF o f load = 0.98 (Lag.), EG 
= 5 MW, and PF o f EG = 0.98 (lead).

Fig.7.20 Performance o f conventional AVC relay; network with EG. 
L2 = 0 MW, Li = L3 = 2 MW, PF o f load = 0.98 (Lag.), EG 
= 5 MW, and PF o f EG = 0.98 (lead).
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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 o f  33kV should be maintained to within +10% o f its nominal value. This 

applies to the voltage o f the interfacing circuit between the grid and the high voltage side o f 

the OLTCT (see Fig. 7.3). Therefore the effect o f the deviation o f the magnitude o f the 

voltage at bus 1 on the performance o f the proposed ANN based AVC relay covered in 

section 7.7 is investigated. Two examples o f  results are depicted in Fig. 7.21 and Fig. 7.22. 

The former shows the process o f voltage control o f the considered network using the ANN 

based AVC relay assuming the voltage at bus 1 equals 90% o f its nominal value, i.e. 90% of 

33kV. Whereas, the latter shows the same but this time assuming the voltage magnitude o f 

bus 1 is fixed at 110% o f the nominal value. In both cases, it is assumed that a 4MW wind 

farm with a leading power factor o f  0.98 is connected to the network. The variable load at 

bus 6 is then changed, as previously explained, from zero to a maximum o f 4.5 MW and 

back again to zero. The power factor o f the load in these cases is assumed 0.97 (lagging). As 

can be seen from Figs 7.21 and 7.22, the performance o f the proposed ANN based relay is 

not affected by the variation o f the voltage o f the 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 lpu, as 

can be seen by comparing Figs. 7.21 and 7.22 with Fig. 7.8. The only observation is that in 

the process o f  simulation o f the above-described operating conditions, the proposed AVC 

relay initiates tap-changing action(s) in such a way to compensate for the variation o f 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 o f adapting itself to the variation o f the source voltage, and hence 

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

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

Fig. 7.22 Performance o f ANN based AVC relay, network with EG and 
voltage o f bus 1 equals 110% o f the nominal. PF o f EG = 0.98 
(lead) and PF o f 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 o f a distribution network assuming there is a single transformer in the main 

substation. The results o f the training and testing o f 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 o f 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 

T ransformer 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 o f  this network is considered using two o f the

ANN based AVC relays previously described in section 7.3, one on each OLTCT. In order to

prepare data for the training o f 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 o f the corresponding tap changer simultaneously.

The equivalent impedance o f the two parallel OLTCTs is simply calculated as half the

impedance o f 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 o f load. Several load flow 

cases have been simulated including cases where the wind farm is assumed connected or 

disconnected. Based on a random selection o f patterns the data file containing the results o f 

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

Chapter 7

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 o f 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 o f 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 o f 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 o f the tap-changing devices 

o f both transformers simultaneously. The results have shown that the behaviour o f the 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 o f the tap-changing device of one transformer occurs after a time delay from that 

o f the other. It is found in this case that the behaviour o f the ANN based AVC model is not 

as it should be, because the operation o f the tap-changing devices o f 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 o f the 

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

both parallel OLTCTs are initiated simultaneously by the proposed relays.

Chapter 7
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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 o f 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 o f 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 o f 

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:

(a) The program calculates the circulating currents in parallel transformers based on the 

tap ratio and impedance o f transformers using equation 6.10. The real and imaginary 

components o f these currents are then calculated.

(b) Each o f the two parallel transformers is controlled using a separate AVC relay.

(c) The voltage o f AVC relays is not calculated using the conventional relay, instead it is 

simply assigned the value o f the calculated voltage o f a remote busbar, for example the 

voltage o f bus 5 in Fig. 7.23.

(d) The measured transformer voltages, currents (including the circulating currents) and 

the voltage o f 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 o f the network shown in Fig. 7.23 is then used to simulate several case 

studies that represent different operating conditions of the 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 o f ±  2% of the nominal voltage is assumed. It is worth noting 

that during the simulation two sets o f pairs of input/output patterns are saved successively in 

a data file following each incremental change of load. One set comprises the voltage 

magnitude o f bus 2, real and imaginary components o f the current through OLTCT1, the real 

and imaginary components o f the circulating current and the voltage magnitude o f bus 5. The 

second set o f 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 OLTCT1. 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 o f the OLTCTs is operated first, and hence included in the training data file.

Chapter 7

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

A
1 0 - 4.5 1.0 0.99 ± 2%
2 0 - 4.5 0.95 (Lag.) 0.99 ± 2%
3 0 - 4.5 0.9 (Lag.) 0.99 ± 2%

B
4 4 0.95 (lead) 4.5 1.0 0.99 ± 2%
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%

C
7 4 1.0 4.5 1.0 0.99 ± 2%
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 o f an output data file for ANN training.

v2 Ireal I iniag Icircul, real Icircul,imaginary Vave desired
1 .99057 .01151 -.00609 .00000 .00000 .97031

2 .99057 .01152 -.00610 .00000 .00000 .97031

3 .99032 .01177 -.00626 .00000 .00000 .96957

4 .99031 .01178 -.00626 .00000 .00000 .96957

5 .99855 .01183 .00209 -.00416 -.83209 .97753

6 .99856 .01204 -.01483 .00416 .83209 .97753

7 .99839 .01209 .00199 -.00425 -.83204 .97689

8 .99839 .01230 -.01493 .00425 .83204 .97689

9 .99812 .01235 .00182 -.00434 -.83197 .97615

10 .99813 .01257 -.01510 .00434 .83197 .97615

11 .99787 .01261 .00165 -.00443 -.83189 .97541

12 .99787 .01283 -.01526 .00443 .83189 .97541

13 .99762 .01287 .00150 -.00452 -.83182 .97468

In practice, the operation o f tap-changers o f 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, V avci, and the voltage o f 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 o f the voltage at bus 5 and the AVC1 

relay voltage, V avci, over lap and they therefore appear as a single curve. This behaviour is 

obvious as the relay voltage, VAvci, and similarly V avc2, are simply assigned the 

corresponding value o f the voltage o f bus 5, V(5), instead of using Equation (6.1) to 

calculate them.
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Fig. 7.24 Voltage control o f the network shown in Fig. 7.23 corresponding 
to case 3 in Table 7.3, when the voltages, Vavci and Vavc2 are 
assumed equal to the voltage o f bus 5.

Fig. 7.25 Voltage control o f  the network shown in Fig. 7.23 corresponding 
to case 6 in Table 7.3, when the voltages, V avci and V avc2 are 
assumed equal to the voltage o f bus 5.
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Fig. 7.26 Voltage control o f the network shown in Fig. 7.23 corresponding 
to case 9 in Table 7.3, when the voltages, V avci and V avc2 are 
assumed equal to the voltage o f bus 5.

Based on the above results a new ANN based A VC relay is designed, which takes into 

account circulating currents by including them in the vector o f  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 o f  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 o f  either one o f the groups o f Table 7.3 or a combination o f 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 o f the 

ANN is based on combined data related to Groups A and B. However, the training o f the 

ANN based on using a combination o f 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 o f the three groups combined together.
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Therefore, the training o f the ANN based AVC relay is performed using the training patterns 

contained only in Groups A and B.

Following satisfactory training o f the ANN, the latter is converted to the FORTRAN load 

flow program to be used to calculate the voltages o f  AVC1 and AVC2. A table o f the ANN 

weights is also saved in a data file. Using the load flow program, the performance o f 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 o f 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 o f 

OLTCT1 and OLTCT2 as well as with a time delay. Examples o f the results o f the 

investigation are depicted in Figures 7.27, 7.28, and 7.29. These figures show the variation of 

the AVC1 relay voltage, V avci, and the voltage o f bus 5, V(5), in response to the change o f 

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, V avci, is matching the voltage o f bus 5, V(5). Thus, the amplitude o f the latter is 

properly maintained within the limits o f  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 o f  the parallel OLTCTs are allowed to operate at two 

different times, hence circulating current is induced each time the tap positions o f  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 o f circulating current.

Chapter 7
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Fig. 7.27 Voltage control o f the network using an ANN based A VC relay 
corresponding to the operation conditions o f case 3 in Table 7.3

Fig. 7.28 Voltage control o f  the network using an ANN based AVC relay 
corresponding to the operation conditions o f 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 o f 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 o f the proposed ANN based AVC relay. As can be seen in Fig. 7.29 

there is an error o f approximately 0.008pu between the AVC1 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 o f bus 5 in this case 

is maintained for the whole range o f load variation within 0.96pu and l.Olpu instead of 

being between 0.97 and 1.01. However, when this performance is compared with that o f 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 o f this simulation is depicted in Fig. 7.30. It can be seen in Fig. 

7.30 that the error between the AVC1 relay voltage and that o f bus 5 is approximately 0.05pu 

resulting in the voltage o f bus 5 being well below the lower limit o f 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 o f this investigation it can be concluded that an ANN based AVC relay 

can be used for the voltage control o f 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 o f voltage o f transformer 

terminals, the real and imaginary components o f transformer current, and real and imaginary 

components o f the circulating current flowing through the parallel transformers.

Chapter 7
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Fig. 7.29 Voltage control o f the network using an ANN based AVC relay 
corresponding to the operation conditions o f case 9 in Table 7.3

Load (MW)

Fig. 7.30 Voltage control o f  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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CHAPTER 8

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 

o f electricity from wind power in particular has received considerable attention world-wide, 

because o f its negligible impact on the environment and low production costs. A recent 

report [7] has shown that the total installed capacity o f wind turbine-generator units world­

wide has increased from 6118 MW in 1996 to 7638 MW in 1997 which represents a growth 

o f 25% in a span o f one year. In 1998, the total installed capacity o f wind power plants in 

the world exceeded 10000 MW [46,47], which represents a further growth o f 25%. In 

order to generate a significant amount o f electricity using wind power, a number o f 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 o f 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 o f harmonics, voltage fluctuation, 

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

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

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

(a) The effect o f WPBEGs on the critical clearing time (CCT) of faults on load feeders 

and,

(b) The effect o f WPBEGs on the operation o f 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 o f a minimum amount o f 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 o f the 

operating time o f 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 o f a distribution feeder as high as 1.5 s [9], When a wind farm is integrated 

into a DN the critical clearing time (CCT) o f a fault on a load feeder is dictated, as 

explained in this thesis, by the stability o f 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 o f 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 IGs at 

wind farms. The EMTP also allows representation o f the mechanical side o f  a wind turbine- 

generator unit by an equivalent electrical circuit.

In order to compare the behaviour o f EGs, which employ IGs, with that o f 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 o f the gas turbine, its associated governor and excitation controls in the simulation 

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

The concept o f  CCT o f 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 o f faults in the case o f  embedded SGs is defined by the maximum rotor angle, 

above which SGs are considered unstable. In the case o f  embedded IGs, the concept o f 

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 o f  the fault. This however requires the 

setting o f 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 o f the 

IG will be sufficient to retain its normal operation. This, in turn, does not cause a sustained 

voltage dip at the terminals o f the machine. Otherwise, a sustained voltage dip occurs at the 

terminals o f  the IG 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 o f investigating the effects o f 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 

o f the IGs 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 o f 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 o f 10 km from 

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

A comparison between the effect o f embedded SGs and embedded IGs o f the same capacity 

on the CCT has revealed that the former gives rise a greater CCT than that o f 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 IGs.

As mentioned previously, the second aspect o f the investigation reported in this thesis has 

focused on the effects o f the integration o f WPBEGs on the operation o f AVC relays, when 

compensation for the voltage drop across load feeders is considered. Consideration o f 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 

llk V  distribution networks is ± 10% of the nominal voltage. When a 33kV /llkV  

substation is considered to supply electricity to a distribution network, the voltage at the 

33kV side o f 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 llk V  load feeders, a substantial decrease o f voltage at remote buses could 

be experienced. In this thesis the effect o f WPBEGs on the performance o f AVC relays, 

when a voltage drop in the load feeders is considered, has been investigated. The 

performance o f conventional AVC relays, which can be based on positive and negative 

compounding settings, has been analysed. Prior to this, an overview o f the main methods of 

voltage control o f distribution networks has been provided. According to the basic 

principles, voltage control o f a distribution network is usually achieved either indirectly, by 

injection o f reactive power to the network, or directly, by adjusting the transformation ratio 

o f 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 o f the tap-changer o f the OLTCT.

It has been demonstrated that the integration o f WPBEGs may cause an error in the 

calculation o f 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 o f artificial neural 

networks (ANN) has been proposed. The design o f 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 o f the proposed ANN based AVC relay to control the voltage 

magnitude o f 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 o f a distribution network 

that includes WPBEGs has been simulated. For this purpose, a model o f 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 o f the considered network, the relay 

compounding setting has been adjusted for the condition o f connecting or disconnecting a 

wind farm.

An ANN has been designed for the voltage control o f 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 o f the relay. It has been designed utilising special 

software called "NeuralWorks". The training o f the ANN has been achieved by presenting it
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with the training data files generated by the load flow program. Testing o f 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 o f the transformer terminal 

voltage at the low voltage side and either the real and imaginary components o f 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 o f the 

proposed AVC relay has been investigated by simulating voltage control o f 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 o f conventional AVC relays whether equipped with positive or negative 

compounding. One o f the main advantages o f the proposed ANN based AVC relay is that it 

does not include compounding settings similar to the conventional relay consequently 

removing the necessity o f 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 o f 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 o f a network with two 

parallel transformers. However, this requires that the tap changing device o f both 

transformers operate simultaneously. It has been found that such relay cannot work 

appropriately when one o f 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 o f 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 o f 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 o f the IEEE 

transactions, and is currently under consideration. Appendix (E) contains a list and copies o f 

the published papers.
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8.2 Future work

Regarding the investigation o f the effects o f integration o f wind farms into a distribution 

network on the CCT o f 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) To simulate wind turbine-generator units utilising more detailed models. For example, 

it may worth considering modelling the mechanical components o f a wind turbine 

using separate masses. There may be advantage by considering torsional and damping 

effects in the simulation.

(b) 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 o f dynamic reactive compensation techniques, such as 

SVC and STATCOM devices, and also the application o f adjustable speed machines 

in wind turbine-generator units.

An ANN based AVC relay has been proposed for the voltage control o f 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 o f a more general ANN-based AVC relay model for the voltage control

o f DN that includes parallel transformers. For this purpose, it is suggested that the

application o f other types o f artificial intelligent techniques is considered. This may

provide the benefit o f combining such as the "Fuzzy logic network" and ANN. This

may help in the pre-processing of input signals or the automatic adjustment o f weights

167



o f an ANN in such a way to suit various operating conditions o f 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 

o f the proposed ANN based relay has been identified, and a final table o f weights has 

been obtained. It is therefore suggested for future work that the proposed ANN, and 

its table o f weights is downloaded into a microprocessor. Then laboratory and field 

tests could be performed to confirm its performance.

Chapter 8
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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 o f an 

equation such as f(x) = 0. The method can be illustrated assuming that after iteration k an 

estimated value o f 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:

/(x * + A x * )  = 0 (a .l)

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

+ Ax*
f a n k ]

+ -(A x * )2( d 2 f )
[d x j 2 [d x 1 )

= 0

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

higher can be ignored, so that:

/ ( x * ) + Ax* ' ÿ ï
<dxj

0

Thus, the approximate value o f the error will be:

Ax* * / ( x * )
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An improved approximation o f the true solution (x* + Ax*) will then be given by:

.k+\ « X  - f i x ' )

KdX;

(a.2)

Equation (a.2) is the Newton-Raphson algorithm for the solution o f 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 o f variables [xy, x̂ , x.?, ..... x„].

I f  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 o f (a.4) as a Taylor series about Xk and neglecting the higher 

derivative terms, results the following:

df, af,
Ax„

af,
+ Ax, —- + .. . +

ör, dx2 dxn

£ 2. + A ^Ax, — - + ... + Axn
a f2

5x, dx2 dxn

a f „ a fn
Ax„

a f
+ Ax, —- + ... + n

5x, ■ dx2 dxn

* 0

*  0

* 0

which can be written in the matrix form as: 

[f(Xk)] + [ J k] [AXk] [0] (a.5)
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where J  is a two dimensional matrix known as Jacobian matrix, which is given by:

Ml Ml Ml Ml
dx] dx2 dx3

Ml Ml Ml . Ml
dxx dx2 dx2 dxn

M l M l . M l
Sx:, dx2 dx2

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

[AXk] *  - [ J T 1 [f(Xk)]

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

[X k+1] = [X k] -  [ J kr ' [ 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 o f (a.3). In a power flow problem the following variables are to be 

calculated:

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

busbar.

b) The phase angle o f the bus voltage o f each PV busbars.

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

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

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

unknown variables will be 2N pq + Npv. Vector X can be partitioned into two vectors:

[X] = \°
V

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

vector o f 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 Ii is the vector o f injected currents at 

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

Appendix A

AX,. =  AP.+JAQ, = P ? + jQ ? Y Y  . V Z.6.
¿ ~ j  i j  1 1
i=l

(a.7)

where :

AS", is the mismatch in the total complex power o f bus i,

APt is the mismatch in the active power o f bus i,

AQi is the mismatch in the reactive power o f 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)th element o f the nodal admittance matrix o f the considered system,

Y ij  = G j j  +  j B i j ,

Vit Vj are the complex voltage o f bus i and j respectively,

6i, Oj are the phase o f 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

Appendix A

and imaginary power mismatches:

n

A/5, = Pr-KY.V,cos<?,+fi„sin W  = o (a.8)

n

A fi = e r  - ^  s ( G ,  Sin B, c o s « , = 0 (a.9)

where 6t] = 6, - 6j.

Equation (a.8) is applied for PQ and PV buses, whereas, (a.9) is applied for PQ buses only. 

Hence the number o f equations in the set o f f(X) = 0 will be 2N pq + Npv, which is the same 

as the number o f 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 o f 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*p and Q ‘p 

in the right-hand side o f (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:

n

7*17*|

n

7*1
j * i
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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:

Appendix A

AP

AQ
(a. 10)

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:

3

H N ' A0~
a q M L _AV_

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

nii t  + Bi t V,2
n

<jII ~Vi(GiJ sin 0i j - B i J c o s e , j ) VJt i * j

M u

II

O)II -P ,k + Gi i Vi2

M tj IIII Vi(Gij  co s0i j + B :j sin QiJ)V J , i * j

Aru .  r S6P< -
’ dVi

~pi ~ Gu v,2

SAP-  y  ' _ 
J dVj ~ K j

L a -  v m ‘ -  
' dVt

-Q t + Bi , v -

A, ii

§

n
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Assuming that for the Ic**1 iterative all bus votages and angles are known, all the elements o f 

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 o f bus 

voltages is found rearranging (a. 10) as follows:

A0
AV

AP

AQ

where J '1 is the inverse o f the Jacobian.

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

Vr*+1 = Vfk + LV,

0 k+] = 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 o f power systems under 

transient and dynamic operating conditions. The problem of numerical integration is the 

numerical evaluation o f integrals o f the form:

empirically by a table o f values. Geometrically, J  is the area under the curve /b e tw een  a 

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

(b .l)

where a and b are given limits and /  is a function given analytically by a formula or

▲ V

Fig. b .l Geographical interpretation o f a definite integral

When it is possible to find a differentiable function F  whose derivative is f  i.e.
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F ’(x) -  f(x), then Je a n  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 o f approximate integration are used, whereby the integrated function is 

approximated by functions that can be easily integrated. One o f 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 

o f integration a < x  < b into n subintervals o f equal length each o f which is h, such that

b - a
n

. The function is then approximated by a broken line o f  segments (cords), as

shown in Fig. b.2.

Fig. b.2 The Trapezoidal rule o f integration

The area under the curve o f /b e tw een  a and b can then be approximated by the sum o f n 

trapezoidal areas, which are given below:

\nm+/(*,)], |* t/(x , )+ /(*,)], -  , !# /(* ..,)+ /(* )]
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and the sum o f these areas formulates the trapezoidal rule:

1
J  = j"/ ( * )  dx » h

1
2 f ia )  + / ( *  i ) + f ( x 2 ) + ■•• + /(x „ _ ,) + ^-/(¿>) (b.3)

Compared with analytical solution, the result obtain by the application o f trapezoidal rule 

is associated with a certain amount o f error. The error induced in single interval, say 

between xi and X2 is given by [89]:

£  =  - (X212Xl) / " ( * )  = X j <  X  <x2 (b.4)

where

/  (x) is the second derivative o f function/  at point x

It can be seen from (b.4) that as the width o f the subintervals h decreases, i.e. the number 

o f subintervals increases, the error of Trapezoidal integration reduces, hence, more precise 

results are obtained. However, increasing the number o f intervals results in longer 

computational time. Therefore, the contradiction between the need for more precise results 

and faster computation requires a compromise.
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Voltage Regulation Using Reactive Power Injection.

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

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

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

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

transfer o f 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]:

E 2 =(V + A V)2+SV2

= (F + 7?/cos^ + A7sin <f>)2 + (XI cos<f> -  RI sin <j>) 2

(  RP y  1 .XQ)
2

4_ f XP RQ 'r i -------
l  V v  J T

, V ' ' v )

Hence,

AT7 RP + XOAy = ----------—
V

And

SV = X P -R Q
V

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

(cl)
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E 2 «
f  RP XQ^2V + —  + ■

V V

Or

„  T,  AT7 RP XO E - V  - X V  «  —  + —— 
V V

(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 o f active and reactive power.

The transfer o f reactive power through a distribution system causes high power losses, 

I2R. It also reduces the ability o f the system to transfer active power due to thermal 

limitations o f the system components. Therefore, instead o f 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 o f 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 o f transfer o f reactive power through the distribution system. On the other 

hand, because o f the relation between the reactive power flow into a node and the 

voltage o f that node, they are also indirectly used for voltage control.
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R + j X

i  z-if> R + j Q
— - >  ---------- ►

E Z S VZO'

(a)

sv

Fig. c. 1 Power transfer through a transmission system

c.l Voltage Control Using Static Shunt Capacitors

Static shunt capacitors consist o f either fixed capacitor banks or switched capacitors. 

The selection o f the amount o f shunt capacitors is dependent on the required range o f 

voltage control and the lagging reactive power (VAR) demand by the load. Using fixed 

capacitor banks is the simplest and less expensive way o f VAR/Voltage control. 

However, in the case o f 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 o f fixed capacitors. In this case a number o f 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 o f 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 o f these methods [97], One drawback o f shunt 

capacitors is that the VARs produced by them are proportional to the square o f the 

node’s voltage, consequently, as the voltage falls, the VARs also fall reducing the 

effectiveness o f shunt capacitors.

The effect o f 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 o f 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. c.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 o f the voltage V. This also resulted in 

a reduction in the voltage drop across the line.
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!l + p +j q
------- n-----------------►R + j X

Icl]
-jQc _

----------- ►
i

E Z S
i l

v  z o °

(a)

Ic

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 o f excitation, a SC can absorb or generate reactive power 

[98], which allows it to operate for all load conditions. The advantage o f an SC over 

shunt capacitors is that when used with a voltage regulator, the compensator can 

automatically run over-excited at times o f high loads and under-excited at times o f 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 o f shunt capacitors and hence, their efficiency is 

lower. Because o f the rotating parts o f an SC, its failure rate is higher and maintenance 

is more difficult than the other types o f compensators. The cost o f SC installations is 

also relatively high. The use o f SC is therefore justified only in particular circumstances 

when proper control can not be achieved with the application o f 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 o f 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. c.3 shows examples o f typical configurations o f 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 o f an SVC can be regulated by controlling the firing angle o f 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, o f the reactive power injected into the node.

Appendix C

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

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

system where heavy fluctuations o f load occur and compensation in both inductive and 

capacitive VARs is required.

Fig. c.3 Typical configurations o f SVCs
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Representation of OLTCT in the Load Flow Program

A two-winding OLTCT, similar that shown in the schematic diagram o f Fig. d.l(a), can be 

represented by an ideal transformer, which represents its transformation ratio, connected in 

series with the transformer’s adm ittance^,, as depicted in Fig. d. 1(b).

V, OLTCT V2

(b)

Fig. d. 1 Schematic diagram of an OLTCT.

In Fig. d .l(b) at is the per unit value o f 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 o f its turns ratio as 

follows:

Appendix D

vl = n±  
v2 n 2 (d . l )

where Ni is the number o f turns on the primary winding and N2 is the number o f turns on 

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

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

Vx _ Nx + kAN
N,

N, k AN
N , N,

(d.2)

where is the voltage o f the secondary side terminals when the transformer is at tap 

position k, 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 o f the tap with reference to the nominal position.

Hence, the transformation ratio o f the 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.l):

a , =

Nx k AN 
N \ + N2

N ,

= 1 + k AN
(d.3)

AN.
w h e re -----is the per unit change in the number o f turns o f the primary windings, or the per

AH

unit step voltage, due to one step change in the tap position.
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To develop an equivalent circuit o f an OLTCT that accounts for the operation o f tap the 

changer, assume that the calculation o f the parameters shown in Fig. d .l(b) is performed 

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

Appendix D

\ a t y,

= -— Vl +y,v2a,
(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:

yj_ -h.
V a] a, >r
/a. _yj_ y, 7a.

. at

(d-7)

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

following general equation:

>10 +.V12 ~y 12 >r
. -Tl2 T20 +̂12. 7a. (d.8)
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Vj y 12 v3

Fig. d.2 Equivalent circuit o f an OLTCT.

From (d.7) and (d.8), it can be seen th a t :

a, y 12

*,2

y20 =y, ~ y 12

y,(a,-V
a ,

(d.9)

(d. 10)

( d l l )

As can be seen from Equations (d.9), (d.10), and (d l l ) ,  the admittance values o f the 

equivalent circuit are proportional to the tap ratio a,. This equivalent circuit is implemented 

in the load flow program to consider the effect o f 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 o f this work, the papers listed below have

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

proceedings. A copy o f each of these papers is attached to this appendix.

(a) S K Salman and I M Rida, "Investigating the electrical integration o f wind power 

based embedded generation using ATP," Proceedings o f the 33rd Universities Power 

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

(b) S K Salman and I M Rida, "Impact o f integration o f wind farms into a utility network 

on relay settings o f the utility feeders," Proceedings o f the ERA Technology's 

International Conference "Quality and Security o f Supply in Electrical Networks," 

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

(c) S K Salman and I M Rida, "Application o f artificial neural networks for the voltage 

control o f distribution networks," Proceedings o f the 34th Universities Power 

Engineering Conference, UPEC'99, Leicester, UK, September 1999, pp. 5 2 9 -  532.

(d) S K Salman and I M Rida, "Investigating the electrical integration o f wind power 

based embedded generation into utilities' networks," Proceedings o f the IASTED 

International conference o f Power Energy Systems, Las Vegas, USA, November 

1999, pp. 134- 139.
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(e) S K Salman and I M Rida, " ANN-based AVC relay for voltage control of 

distribution network with and without embedded generation," IEEE Proceedings o f 

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

(f) S K Salman and I Rida, "Investigating the impact o f embedded generation on relay 

settings o f utilities' electrical feeders,". This paper has been submitted for publication 

in the IEEE Transactions on Power Delivery, which at the time o f writing this thesis 

is being considered.
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INVESTIGATING THE ELECTRICAL INTEGRATION OF WIND 

POW ER BASED EMBEDDED GENERATION USING ATP

Hr S K Salm an and I M  Rida

The Robert Gordon U niversity, Aberdeen, UK.

A B S T R A C T

In the recent years w ind power based em bedded generation (W PBEG ) has received considerable attention w orld­
wide. Generators o f  such power plants are usually connected to utilities' electrical networks at distribution levels 
However, the integration o f  such power plants at distribution levels could  create technical problem s that require 
aPpropriate investigation  both during steady-state and dynam ic condition. D igital sim ulation  program s are usually 
employed for such investigation . O ne o f  these programs is the A lternative Transient Program  (ATP). In th is paper 
*he sim ulation o f  a distribution system  that includes W PBED using the A TP is described. T he m odel is em ployed to 
'nvestigate effects o f  w ind speed variation on generator output and also the behaviour o f  the system  during different 
types o f  disturbances such as fault conditions.

IN T R O D U C T IO N

^ in d  energy is one o f  the most prom ising renewable 
energy resources. It has been estim ated that 
generation o f  electricity using w ind energy resource in 
Scotland can be as m uch as 7500  M W  (1). In Resent 
lears this source o f  energy has becom e very attractive. 
The technology for the generation o f  electricity by 
Wind turbines is even  operationally proven. W ind  
hirbines that convert w ind energy into m echanical 
energy can now  drive generators w ith  capacities 
Caching 1500 kW [2], Several w ind turbines are 
Usually installed at on site constituting what is known  
as wind farms. Generators o f  wind farm s are 
eom m only connected to electrical networks at 
distribution levels [3] and referred to as Em bedded  
Generators (EG s). However, ex istin g  distribution  
tystems are originally  designed as supply networks 
and may not be tailored to co llecting  power from EGs 
12). Therefore, the integration o f  w ind farms with  
utilities distribution networks may create safety as 
"ell as technical problem s. Such problem s include 
contribution to the fault currents, stability and 
P liab ility  problem s, introduction o f  harm onics, 
voltage fluctuations, and problem s to the autom atic 
"oltage control (A V C ) o f  distribution networks [4],

In order to address these problem s, distribution  
systems that include w ind power based EG s requires 
'Uvestigation during both steady-state and dynam ic 
conditions. D igital sim ulation  program s are usually  
d ep loyed  for such investigation . O ne o f  these 
Programs is the Alternativ e Transient Program (A TP)

In this paper the ATP is used to sim ulate a 
distribution network that includes a w ind farm w hich

used induction generators. T he later arc m odelled  
using a U niversal M achine (U M ) m odel. Such m odel 
provide a linkage betw een the m echanical and 
electrical parts o f  a generator-turbine unit. V ariation  
o f  w ind speed is m odelled u sing  a facility  in ATP  
called T ransien t A nalysis o f  Control System s 
(TACS)'. A control circuit that in itiates the 
disconnection  o f  w ind turbines in cases w hen term inal 
voltages or rotor speed exceed  their lim its is also  
m odelled using T A C S facilities. T he m odel is then  
utilised to investigate the behaviour o f  the sy stem  for 
different types o f  disturbances.

M O D E L L IN G  E L E C T R IC  P O W E R  
S Y S T E M S  U S IN G  A T P

The ATP is one o f  the versions o f  the w ell-know n  
ElectroM agnetic Transient Program  (EM TP) w hich  
has been used for several years for power system  
analyses under transient and dynam ic conditions. The 
theoretical basis o f  the solu tion  m ethod in ATP is 
based on a step-by-step procedure [5],

T he ex istin g  fa c ilities  in A T P
T he ATP is com posed o f  a library o f  m odels o f  
network com ponents such as lines, transform ers, 
generators, etc. that can be used to sim ulate electrical 
networks. O ne o f  these m odels is the U niversal 
M achine (U M ) proposed by Lauw and M eyer [6] in 
1982. It is an electrom echanical energy conversion  
device that can be used to sim ulate the electrical and 
m echanical com ponents o f  electrical m achines. The  
UM model can be used to represent 12 major types o f  
electric m achines, e g .  sing le-phase and m ultip le- 
phase synchronous or induction m achines and dc 
m achines [7], The m echanical side o f  the m achine
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can be included by an equivalent electric network with  
lum ped RLC elem ents, w hich  is then solved  as part o f  
the com plete electric network. For each mass 
connected to the shaft system , a node is created in the 
equivalent electric network, w ith  a capacitor placed  
betw een the node and the ground to represent the 
m om ent o f  inertia o f  that m ass. A  m echanical torque 
on that m ass can be sim ulated by a current source 
connected to that node [5], T he Transient A nalysis o f  
Control System s, T A C S, is another facility  that is 
available in ATP software package w hich  allow s  
m odels o f  control and protection com ponents to be 
included in the sim ulation. T he control circuitry 
w hose behaviour is to be sim ulated m ust first be 
described as a block diagram. R ecognised  block  
diagram s can be transfer functions, lim iters, algebraic 
functions, logical operators, and other special-purpose  
devices [7], Recently, a program m ing language  
know n as "MODELS" has been added to the ATP. 
M O D E LS provides users o f  ATP even  more 
flexibility . It is designed to sim ulate control system s 
as w ell as network com ponents w hich  arc not 
available in the library o f  ATP. It also enables to link 
the ATP package with other program m ing software 
[8], E lectrical com ponents such as transm ission lines 
can be sim ulated using different types o f  m odels, as 
an exam ple lumped series RLC m odel, distributed  
parameter line model and frequency dependant line 
m odel.

M o d ellin g  th e  n etw ork  u n d er  con sid era tion  
The distribution system  shown in Fig. 1. has been  
m odelled in ATP. The system  com prises a w ind farm, 
a 33/11 kV  substation, and an 11 kV  feeder 
connecting the wind farm with the substation. The 
w ind farm is assum ed to have eight w ind turbine- 
generator units each o f  600  kW  w ith a nom inal 
voltage o f  690V . The generating units are grouped 
and represented in the ATP package by three UM  
m odels. T he first m achine, show n in Fig. 1, represents 
a sin g le  600  kW  unit, the second m achine represents 
two 60 0  kW  units, and the third m achine represents 
five 600  kW  units. A ll units are assum ed to be 
connected to a step-up transformer w ith  a voltage  
ratio o f  69 0 /1 1 0 0 0  V and a capacity o f  7 .5  M V A . The  
capacity o f  the transformer at the substation is 
assum ed 10 M V A . Transform ers are represented  
u sing  a transformer m odel that consider their 
connection  group and saturation o f  the m agnetic core. 
T he length o f  the line betw een the w ind farm and the 
substation is assum ed 10 km A second feeder is 
assum ed to be connected to the 11 kV bus-bar at the 
substation w hich  supplies a group o f  loads at the end 
o f the feeder via an 1 lk V /4 1 6 V  transformer. Feeders 
are sim ulated using lumped RLC m odel. Utility's 
network (Grid) is represented by a source behind the 
system  equivalent im pedance.

960 V

33 kV 11 kV l l k V10 km-□----------O
£ > K £ > V

10MVA

Grid

Load

o ( 2 > o 0 - o ( j
7.JMVA

o 0 - d ) ~

600 kW 

2 x
600 kW 

5 x
600 kW

Wind farm

Fig. 1 Schem atic diagram  o f  the considered  network. 

S IM U L A T IO N  C A SE S

Effects of faults within the network on EG
T he aim  o f  this particular investigation  w as to predict 
the dynam ic behaviour o f  induction generators at a 
w ind farm during and fo llow in g  a fault w ithin the 
network. O ne o f  the investigated  exam p les is a three 
phase to ground fault w hich  w as assum ed to occur on 
a load feeder close to the substation T he fault was 
in itially  assum ed to be cleared after 50m s. Fig. 2 
show s the voltage at the term inals o f  induction  
generators at the w ind farm, i.e. at the 6 9 0 V  bus-bar 
A s can be seen from  this figure, the voltage has 
dropped to a value less than 30%  o f  its nominal 
voltage. T he electro-m agnetic torque ( T ,) developed  
inside an induction m ach ine at any g iven  speed is 
proportional to the square o f  the term inal voltage as 
fo!lows[91:

T, = K  s  10 (1)

w here K  is a constant, s  is the m achine slip.

As a result, T, w as a lso  reduced, as show n in F ig .3 
T his figure show s the E lectro-m agnetic torque in the 
air-gap o f  one generator. T he sw in g  equation for the 
rotor is given  by [9]:

J —  = Tm -  T, dt " * (2)

w here J  is the m om ent o f  inertia o f  the rotating mass, 
Tm is the m echanical torque on the rotor shaft and co is 
the rotor speed.

From equation 2, for a constant m echanical torque, a 
reduction in the E lectro-m agnetic torque w ill cause 
the rotor to accelerate. T h is can be seen  from the rotor 
speed curve in F ig .4.

A s the fault was cleared and the voltage on the 
m achine term inals w as recovered, the m agnetic field  
in the air-gap o f  the m achine started to get established  
w hich caused inrush current to be drown from the 
network, as shown in F ig .5. C onsequently, a 
proportional E lectro-m agnetic torque started to act on 
the rotor in a direction opposite to the applied
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m echanical torque. If the energy stored in the rotating 
m agnetic field  is h igher than the energy stored in the 
rotating rotor, speed w ould  be reduced and the 
generator w ould  return to its normal operating  
condition. A s the exchan ge o f  power can not occur 
instantaneously due to the inductance o f  m achine 
w indings and the inertia o f  the rotating m ass, 
currents, E lectro-m agnetic torque, and speed w ill 
have an oscillatory characteristic w ith an 
exponentially  decaying envelope. T h is oscillatory  
behaviour can be seen  in F igs 3,4 and 5.

It has been found that critical fault clearing tim e for 
the given  case is 80 ms. W hen the fault was cleared  
in a tim e longer than 80 m s, rotor speed continued to 
increase until the w ind farm  w as disconnected by a 
signal from a sim ulated over speed protection device. 
D uring this tim e induction generators continued to 
draw high inrush currents from the network w hich  
resulted in a sustained vo ltage sag on the network. 
Fig. 6 show s the vo ltage o f  the generator term inals 
when the fault was cleared after 90 ms.

E ffec ts  o f p o w er  ou tput flu ctu a tion  o f w ind  farm s  
on the n etw ork .
The m echanical torque developed by a wind turbine 
can be described using the fo llow ing  characteristic 
equation [10]:

Tu.ct, ( o l . y j  = A ( v J  cn„ + B ( v J  (3)

W here A ( v J  and B ( y J  are w ind velocity  dependant 
parameters, ry* is the shaft's speed and v0 is the 
instantaneous w in d ’s velocity.

In order to obtain m echanical torque using equation 3, 
the know ledge o f  the instantaneous w ind velocity  tim e 
series and the rotational speed characteristics o f  w ind 
turbines, arc essential. A s such inform ation is not 
available at the lim e o f  w riting this paper, a signal 
representing a variable m echanical torque with a 
random ly generated w ave form  w as used. The velocity  
o f w ind acting on individual w ind turbines w ith in  the 
w ind farm arc not totally correlated, therefore, 
different sign a ls were applied to different turbine- 
generators. F ig. 7 show s the speed o f  the shaft o f  one  
turbine w hen the m echanical torque w as varied. Fig. 8 
show s the electro-m agnetic torque developed in the 
air-gap inside the generator due to the assum ed  
variable m echanical pow er on the shaft. Fig. 9 show s  
the fluctuation in the total pow er output from the w ind  
farm due to variation o f  w ind speed.

C O N C L U S IO N

The ATP package was used to sim ulate a distribution  
system  that includes a w ind farm. The universal

m achine, UM , model w as used to represent wind 
turbine - generator units. U sin g  this m odel enabled 
the mutual effects betw een the network and the wind  
to be exam ined. It w as show n that the connection  o f  
w ind farm s to a distribution network can affect the 
critical clearing tim e o f  faults. U sin g  the TACS  
facility has added m ore flexib ility  to the sim ulation.
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Fig. 2 Term inal V oltage o f  induction generators 
during a three phase to ground fault on the network.

Fig. 3 E lectro-m agnetic torque in the air-gap  
o f  one generator during the fault.

F ig .4  T he rotor speed o f  the generator.

F ig 5 Stator current o f  one generator.

F ig . 6 Term inal V oltage o f  induction generators 
during a three phase to ground fault on the network

Fig. 7 Speed o f  the shaft o f  a w ind turbine due to 
variation in  m echanical torque.

Fig. 8 E lectro-m agnetic torque developed  in the air- 
gap o f  one generator.

0 2 4 6 8 10
! Time, s

Fig. 9 V ariation o f  the power output from  the wind  
farm due to variation in w ind speed  

Note: F igs 1 through 5 are for fault duration o f  50m s 
w hile  Fig. 6 is for fault duration o f  90m s.
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impact of integration  of w ind  farms into a utility  netw ork  on relay
SETTINGS OF THE UTILITY FEEDERS
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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 h as re c e n t ly  b een  r e c o g n ise d  that w in d -p o w e r  can be an e f f e c t iv e  w a y  to  co u n ter  g lo b a l w a rm in g  
and u nder certa in  c ir c u m sta n c e s  c o s t-c o m p e t it iv e  w ith  o th er  m eth o d  o f  g en era tio n  (1 ) . C o n se q u e n t ly ,  
g en era tio n  o f  e le c tr ic ity  u s in g  w in d -p o w e r  has re ce iv e d  c o n s id er a b le  a tten tio n  w orld  w id e  in recen t  
yea rs. F or e x a m p le  th e  to ta l in s ta lled  c a p a c ity  w o r ld w id e  has in crea sed  from  its le v e l o f  6 1 1 8  M W  in 
19 9 6  to  7 6 3 8  M W  in 1 9 9 7  w h ic h  rep resen ts  a grow th  o f  25%  in a span  o f  o n e  yea r  (1 ) . In ord er to  
gen era te  s ig n if ic a n t  a m o u n t o f  e le c tr ic ity  u s in g  w in d -p o w er , a n u m b er o f  w in d  p o w e r  b ased  
g en era to rs  are u su a lly  g ro u p ed  to g e th e r  to  form  w hat is k n ow n  as " w in d  farm ". W in d  farm s are 
u su a lly  c o n n e c te d  to  u tilit ie s ' e le c tr ic a l n e tw o r k s at d istr ib u tion  v o lta g e  le v e ls .  P re v io u s  e x p e r ie n c e  
has sh o w n  that th e  in teg ra tio n  o f  su ch  p la n ts  in to  u tilities ' d istr ib u tion  n e tw o r k s  co u ld  h a v e  v a r io u s  
im p a c ts  on  th e  h o s t  n e tw o r k . T h is  in c lu d es  sa fe ty  as w e ll  as tec h n ica l p r o b lem s. S u ch  p r o b lem s  
in c lu d e  c o n tr ib u tio n  to  th e  fa u lt  cu rren ts, s ta b ility  and r e lia b ility  p ro b lem s, in tro d u ctio n  o f  h a rm o n ic s , 
v o lta g e  f lu c tu a t io n , in te r fer en ce  w ith  th e  p r o c e ss  o f  au to m a tic  v o lta g e  co n tro l (A V C )  o f  d istr ib u tio n  
n e tw o r k s , im p a c t on  n e tw o rk  lo s s e s  e tc  (2 -5 ) .  It is th erefore  im portant that the o p era tio n  o f  
d istr ib u tio n  s y s te m s  that in c lu d e  w in d  farm s sh o u ld  b e in v estig a ted  both  d u r in g  s tea d y  sta te  and  
d y n a m ic  c o n d it io n s .

T h is  p aper report an in v e s t ig a t io n  to  d e ter m in e  the im p act o f  th e  in teg ra tio n  o f  w in d  farm s in to  
d istr ib u tio n  n e tw o r k s  on  th e  s e tt in g s  o f  p ro tec tiv e  d e v ic e s  o f  e le c tr ica l fe e d e rs  em a n a ted  from  th e  
su b sta tio n  to  w h ic h  th e  w in d  farm  is  co n n e c te d . T h e stu d y  is co n d u c te d  on  a s im u la te d  sy s te m  
c o n s is t in g  o f  a d istr ib u tio n  n e tw o rk  w ith  an in tegrated  w in d  farm  u s in g  E le c tr o m a g n e t ic  T ran sien t  
P rogram  (E M T P ) w h ich  a ls o  has th e  c a p a b ility  o f  d em o n stra tin g  the d y n a m ic  b eh a v io u r  o f  th e  w in d  
farm  d u r in g  a n y  d istu rb a n ces  that m a y  o ccu r  on  the sy s te m . R esu lts  o b ta in ed  from  sev er a l c a s e  
s tu d ie s  is p resen ted  and  d isc u s se d .

2 REVIEW OF THE IMPACTS OF EMBEDDED GENERATION ON HOST 
DISTRIBUTION NETWORK

It is n o w  w e ll  e s ta b lish e d  that a ll fo rm s o f  em b ed d e d  g en era tio n  (E G ) in c lu d in g  w in d  farm s co u ld  
a ffe c t  th e  h o st  d istr ib u tio n  n e tw o rk  (D N )  in o n e  w a y  or th e  other. T h ese  in c lu d e  in tro d u c in g  sa fe ty  
p r o b le m s  to  p erso n n e l and  e q u ip m en t. T e c h n ic a l im p a cts  h a v e  a ls o  b een  rep orted  e x te n s iv e ly  w h ich  
c o v e r  a sp e c ts  su ch  as: ( i )  fa u lt  le v e l can  b e in crea sed  to  a d eg re e  that m a k e s  sy s te m  r e in fo r ce m e n t  
n e c e ssa r y , ( i i )  a d ap ta tion  o f  n e w  p ro tec tio n  p ra ctices  in order to  p ro v id e  a d eq u a te  p ro tec tio n  for  E G s  
and a s so c ia te d  n e tw o rk  a g a in st  a n y  ab n orm al c o n d it io n s  in c lu d in g  fau lts  and is la n d in g  c o n d it io n , ( i i i )  
lim ita tio n  o f  h a rm o n ic s  in tro d u ctio n , ( iv )  s ta b ility  and re lia b ility  re la ted  p r o b lem s, ( v )  v o lta g e  
f lu c tu a t io n s , ( v i )  in te r fer en ce  w ith  th e  co n tro l m ec h a n ism  o f  v o lta g e  m a g n itu d e  o f  d istr ib u tio n  
n e tw o r k s  an d  ( v i i )  m in im is a tio n  o f  lo s s e s  o f  d istr ib u tio n  n etw o rk  ( v i i i )  th e  e f f e c t  on  re la y  s e tt in g s  o f  
u til it ie s  fe e d e r s . T h e  last p o in t  w il l  b e  d ea lt  w ith  in so m e  d e ta ils  in th is  paper.

3 SIMULATION OF A WIND FARM CONNECTED TO A DISTRIBUTION 
NETWORK USING EMTP

3.1 Advantages of using EMTP

N o w a d a y s  th ere  are se v era l c o m m e r c ia l p a ck a g es  that can  b e  u sed  for  p o w e r  sy s te m  s tu d ie s  but the  
e x p e r ie n c e  h a v e  sh o w n  that m o st  o f  th em  lack  th e  f le x ib i l i ty  to  co n d u c t  fu n d a m en ta l research  
in v e s t ig a t io n . F or th is  rea so n  it h as b een  d e c id e d  to  ad op t th e  E le c tr o m a g n e t ic  T ra n sien t Program  
(E M T P ) w h ic h  h a s  b een  u sed  for sev era l y ea rs for p o w e r  sy stem  a n a ly se s  u nd er tran sien t and  
d y n a m ic  c o n d it io n s . A lth o u g h  th is  program  is  d if f ic u lt  to  u se  and it ta k e s  rather lo n g  t im e  to  
c o m m a n d  it p ro v ed  to  b e a v ery  p o w e r fu l and  f le x ib le  to o l. It c o n s is ts  o f  a lib rary  o f  m o d e ls  o f  
n etw o rk  c o m p o n e n ts  su ch  a s e le c tr ic a l m a c h in e s , tran sform ers , lin es , e tc . that ca n  b e in terco n n ec ted  
to g e th e r  to  s im u la te  a n y  requ ired  e le c tr ic a l n etw o rk .
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Tile o th er  reason  for  c h o o s in g  E M T P  for th is  w ork  is that it o ffers  an a ttractive  w a v  o f  m o d e llin g  
"iduction (o r  a sy n c h r o n o u s)  m a c h in e s  w h ich  are w id e ly  used  in w in d -fa r m s u s in g  th e  c o n c e p t  o f  
U niversal M a c h in e  (U M )  m o d e l that w a s  p ro p o sed  b y  L au w  and M ey er  [5] in 1 9 8 2 . T h is  m o d e l is 
found p a rticu la r ly  a ttra ctiv e  a s  th e  m e c h a n ic a l s id e  o f  th e  m a ch in e  can  be co n v e n ie n tK  rep resen ted  
using an e q u iv a le n t  e le c tr ic  n e tw o rk  c o n s is t in g  o f  lu m p ed  R L C  e le m e n ts , w h ich  is th en  s o lv e d  as part 
° f  the w h o le  e le c tr ic  n etw o rk . T h e  m e c h a n ic a l torq u e on  any m a ss  co n n ec te d  to  th e  sh a ft o f  the  
M achine can  b e s im u la te d  by  a current so u rce  [7 ],

3.2 The investigated system

The sy s te m  c o n s id e r e d  in th is  in v e s t ig a t io n  is sh o w n  in F ig . 1. It b a s ic a l ly  c o n s is ts  o f  a w in d  farm  
in terconn ected  to  a 3 3  k V  d istr ib u tio n  n etw o rk  th rou gh  a 33 kV  in te r fa c in g  lin k . T h e  d istr ib u tio n  
Network in turn c o n s is ts  o f  th e  G rid  rep resen ted  by a v o lta g e  so u rce  b eh in d  its T h e v e n in 's  e q u iv a le n t  
im pedance and  a su b sta tio n  rep resen ted  by a 2 0  M V A , 1 3 2 /3 3 k V  tran sform er  w ith  an im p e d a n ce  o f  
10%. T h e  fau lt le v e l o f  th e  G rid  b eh in d  th e  13 2 k V  b usb ar is a ssu m ed  1 8 0 0 M V A .

The w in d -fa rm  is a ssu m e d  to  h a v e  s ix te e n  w in d -tu rb in e -g en er a to r  u n its  ea ch  rated  at 6 0 0  kW  and  
*>90V. In order to  s im p lify  th e  s im u la tio n  o f  th e  w in d  farm  and  at th e  sa m e  t im e  to  m a in ta in  th e  
f lex ib ility  o f  h a v in g  th e  a b ility  to  v ary  in jected  g e n er a tio n , g en er a tin g  u n its  o f  th e  w in d  farm  are  
rep resen ted  b y  th ree  U M  m o d e ls . T h e  first m a ch in e , sh o w n  in F ig . 1, rep resen ts  tw o  6 0 0  kW  u n its , 
"'hile th e  se c o n d  m a c h in e  rep resen ts  fou r 6 0 0  k W  u n its  and  th e  third m a c h in e  rep r esen ts  ten  6 0 0  kW  
units. It is a ssu m e d  that a ll u n its  are c o n n e c te d  to  th e  co m m o n  bus N o  4 . A  15 M V A , 6 9 0 V /3 3 k V  
step -up  tran sform er w ith  im p e d a n ce  o f  10%  is a ssu m e d  b e tw e en  b u se s  3 and 4 . A ll tra n sfo rm ers  are 
^ p resen ted  u s in g  E M T P  tran sform er m o d e l that c o n s id e r s  their  c o n n e c t io n  grou p  and  th e  sa tu ration  
effect o f  the m a g n e tic  co re . T h e  load  co n n e c te d  to  th e  su b sta tio n  is rep resen ted  b y  a s e c o n d  fee d e r ,  
^hich  su p p lie s  tw o  g ro u p s  o f  lo a d s  c o n n e c te d  at th e  m id d le  and the en d  o f  th e  fe e d e r  v ia  3 3 k V /4 1 6 V  
,ran sform ers. B o th  th e  fee d e r  and th e  in te r fa c in g  link  are s im u la ted  u s in g  E M T P  lu m p ed  R L C  and  
each o f  w h ich  is a ssu m e d  to  h a v e  an im p e d a n ce  (0 .1 8 5  +  j 0 .3 2 4 )  O h m /k m .

4 CASE STUDIES

The s im u la tio n  d e v e lo p e d  for  th e  sy s te m  sh o w n  in F ig . 1 u nder E M T P  is  u sed  to  c o n d u c t  a  n u m b er  o f  
case s tu d ie s , th e  r e su lts  o f  w h ic h  are p resen ted  in th e  fo l lo w in g  s e c t io n s . It sh o u ld  b e  p o in ted  o u t that 
although th e  n u m b er  o f  w in d  tu r b in e-g en era to r  u n its  sh o w n  in F ig . 1 is  s ix te e n  d istr ib u ted  o v e r  th ree  
UM m o d e ls  a s  e x p la in e d  ear lier . T h e  n e c e s s ity  o f  v a r y in g  p o w e r  in je c tio n  m ea n t th e  a c tu a l n u m b er  o f  
units c o u ld  b e a n y th in g  b e tw e en  1 and 16 u n its  d istr ib u ted  o v e r  o n e , tw o  or  th ree  U M  m o d e ls  
S p e n d in g  on  th e  m a g n itu d e  o f  p o w e r  in je c tio n  u nd er c o n s id er a tio n .

4-l Variation of wind-farm power output with wind speed variation

¡n ord er to  s im p lify  th e  a n a ly s is , it is a ssu m e d  in th is  s tu d y , that th e  m e c h a n ic a l to rq u e  on  th e  sh a ft  o f  
'id u c tio n  g en er a to rs  fo l lo w s  th e  s a m e  pattern  o f  w in d  sp ee d  varia tion  (8 ) .  C o n s e q u e n t ly  th e  e f fe c t  o f  
'Wnd sp eed  v a r ia tio n  is  taken  in to  a cc o u n t b y  u s in g  a ra n d o m ly  g en era ted  m e c h a n ic a l to rq u e  s ig n a l  
Sl*ch as that sh o w n  in F ig  2a .

I -v».
This s ig n a l is th en  a p p lied  to  th e  sh a ft o f  th e  g en era to r  G l ,  sh o w n  in F ig . 1, w h ic h  in  th is  part o f  th e  
study rep resen ts  a s in g le  6 0 0  k W  u n it. T h e  co r r e sp o n d in g  e lec tr ica l p o w e r  o u tp u t o f  g en era to r  G l  is  
show n in F ig . 2 b . In th is  f ig u r e  th e  1 pu  p o w e r  ou tp u t rep resen ts  th e  rated  p o w e r  o u tp u t o f  th e  un it, 
'•e. 6 0 0  k W . It ca n  b e  se en  from  th is  f ig u r e  that th e  p o w e r  ou tp u t fo l lo w s  th e  p attern  o f  a p p lied  

M echanica l to rq u e  sh o w n  in F ig  2a .

O b v io u sly  th is  ca n  b e  a v ery  u se fu l to o l that m a y  b e  u sed  by in du stry  for  p r e d ic tin g  th e  v a r ia tio n  o f  a 
^'¡nd-farm  p o w e r  o u tp u t at a s p e c if ic  s ite  w h e r e b y  th e  w in d  sp eed  v a r ia tio n  v e r su s  t im e  is k n o w n  

Mther from  fo r e c a s t in g  or m ea su re m e n t.
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4.2 Dynamic behaviour of wind farm induction generators following a fault within utility’s 
network

T h e d y n a m ic  b eh a v io u r  o f  w in d -fa rm  in d u ctio n  g en era tors fo l lo w in g  a fau lt c o n d it io n  w ith in  u t il ity 's  
n etw o rk  h a s  b een  c o n s id e r e d . A  th r ee -p h a se  fau lt is ap p lied  at the load  fee d e r  co n n ec te d  to  b u s N o . 2 . 
It is  c lea r ed  a fter  7 0  m se c . T h e  re su ltin g  v o lta g e  varia tion  at th e  w in d -fa r m , i.e .,  b u s N o  4 , v e r su s  t im e  
is  sh o w n  in  F ig  3a . It is e v id e n t  form  th is  fig u re  that the v o lta g e  is g ra d u a lly  reco v ered  its p re-fau lt  
v a lu e  a fter  th e  fa u lt  is  b e in g  c lea red  o f f  th e  sy s te m . It has a lso  b een  o b se r v e d  that w h ile  e a c h  o f  the  
w in d  tu rb in es  at th e  w in d -fa rm  h as a cc e ler a te d  to  a sp eed  eq u iv a len t to  108%  o f  its p er-fau lt sp e e d , it 
re g a in ed  its o r ig in a l sp e e d  a fter  r e m o v in g  th e  fau lt from  the sy s te m  as sh o w n  in F ig  3 (b ).

In ord er to  e x a m in e  th e  e f f e c t  o f  fau lt d uration  o f  on  the d y n a m ic  b eh a v io u r  o f  w in d -fa rm  in d u ctio n  
g en er a to rs , th e  s tu d y  w a s  rep ea ted  for th e  sa m e  fau lt co n d itio n  d esc r ib ed  a b o v e  but w ith  lo n g er  
d u ra tion . It w a s  fo u n d  that as th e  fau lt d uration  is in crea sed , it r ea ch es  to  a cr itica l v a lu e  b ey o n d  
w h ic h  th e  w in d -fa r m  ca n  n e ith er  rega in  its p re-fa u lt  term in a l v o lta g e  nor its p re-fa u lt  sp e e d . V o lta g e  
m a g n itu d e  s e t t le s  at a v a lu e  m u ch  le s s  than its n o m in a l v a lu e  a s sh o w n  in F ig  4 (a )  w h ic h  w o u ld  
e v e n tu a lly  p ro m p t th e  o p era tio n  o f  th e  u nder v o lta g e  re lay  a s s p e c if ie d  in G 5 9 /1  d o c u m e n t (9 ) .  O n  th e  
o th er  hand  i f  th e  w in d  tu rb in e a llo w e d  to  op era te , its sp eed  c o n tin u e s  to  g r o w , as sh o w n  in F ig  4 (b ) ,  to  
a v a lu e  w h ic h  p rom p t th e  o p era tio n  o f  o v e r  sp eed  p ro tec tio n  d e v ic e  n o rm a lly  in sta lled  on  w in d  
tu rb in es . T h e  t im e  b ey o n d  w h ic h  w in d -fa rm  in d u ctio n  gen era tors b eh a v e  in th is  w a y  w ill b e term ed  as 
“ cr itica l c le a r in g  t im e  (C C T )’\  S u ch  t im e  w il l  a lso  be co n s id er ed  a s th e  o n se t  o f  the in sta b ility ’ o f  
in d u ctio n  g en era to r . It sh o u ld  b e p o in ted  ou t that th e  c o n c e p t  o f  s ta b ility  a s  a p p lied  to  an in d u ctio n  
gen era to r  is d e f in e d  a lo n g  th e  b a s is  o u tlin e d  a b o v e  and not a lo n g  the p r in c ip le s  tra d itio n a lly  a p p lied  to  
sy n c h r o n o u s  m a c h in e s .

For th e  sy s te m  under co n s id e r a tio n  it h as b een  foun d  the C C T  is 8 0  m se c . T h is  is o b v io u s ly  v ery  
sm a ll co m p a re d  w ith  th e  t im e  se tt in g s  o f  re la y s  u su a lly  in sta lled  on  fee d e rs  w h ic h  can  be in th e  reg io n  
o f  1 s e c  or  a b o v e  (1 0 ) .

4.3 Comparison between CCTs due to voltage levels

T h e e f f e c t  o f  c o n n e c t io n  v o lta g e  le v e l on  th e  C C T  can  b e se e n  w ith  re feren ce  to  F ig  5. T h is  f ig u re  
s h o w s  th e  v a r ia tio n  o f  term in a l v o lta g e  o f  a  4 .8  M W  w in d -fa rm  w ith  t im e  o n c e  c o n n e c te d  at 3 3  k V  
and then  at 11 k V  v o lta g e  le v e ls .  T h e  fau lt d uration  in both  c a s e s  co r re sp o n d s  to  that re la ted  to  th e  33  
k V  C C T , i .e .,  8 0  m se c . It ca n  b e se en  from  F igu re 5 that w h ile  th e  w in d -fa rm  reg a in ed  its  s ta b ility  in 
th e  c a s e  w h e n  it is c o n n e c te d  at 33  k V  v o lta g e  le v e l,  it b eca m e  u n sta b le  for  th e  sa m e  fa u lt  d u ration  
w h e n  it is  c o n n e c te d  at 11 k V  v o lta g e  le v e l.  T h e  reco v e ry  o f  th e  w in d -fa rm  term in a l v o lta g e  in first  
c a s e  and  th e  c o l la p s e  o f  th e  v o lta g e  in th e  se c o n d  c a s e  in d ica te  th is .

4.4 Effect of power injection level by wind farm on the CCT

T h e e f f e c t  o f  th e  m a g n itu d e  o f  p o w e r  in je c tio n  from  th e w in d -fa rm  on  th e  C C T  has b een  e x a m in e d .  
T h e resu lt  is  d em o n stra ted  in F ig  6  w h ich  s h o w s  w in d -fa rm  term in a l v o lta g e  v ar ia tion  w ith  t im e  d u e  
to  m in im u m  an d  m a x im u m  p o w e r  in je c t io n s  o f  6 0 0  kW  and  9 .6  M W  r e s p e c t iv e ly  b a sed  on  the  
a ssu m p tio n  that th e  fau lt is  c lea r ed  at th e ir  co r re sp o n d in g  C C T  o f  105 m se c , and  6 5  m sec . It is  e v id e n t  
from  th is  f ig u r e  that th e  C C T  is e f fe c te d  b y  th e  m a g n itu d e  o f  p o w e r  in jec ted  to  th e  n etw o rk  from  th e  
w in d -fa r m . T h e  C C T  d e c r e a s e s  w ith  th e  in jected  p o w er .

4.5 Effect of fault location at the 33kV utility’s radial feeder on the CCT

T h e  e f f e c t  o f  fa u lt  lo c a tio n  a lo n g  th e  33  k V  load  feed er  ( s e e  F ig . 1) on  th e  C C T  is  illu stra ted  in F ig  7. 
T h is  f ig u r e  s h o w s  th e  v a r ia tio n  o f  th e  C C T  w ith  th e  p o w e r  in jec ted  from  th e  w in d -fa rm  fo r  three
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d ifferen t fa u lt  lo c a tio n s ;  n a m e ly  at th e  feed er  en d  co n n ec te d  to bus N o  2 . at a p o in ts  5 km  and 10 km  
from  b us 2 . T h is  f ig u r e  d em o n stra tes  that th e  c lo s e r  th e  fau lt to bus N o  2 , th e  sm a lle r  th e  C C T  is. T h is  
su g g ests  that i f  a co -o r d in a tio n  is  to  be a c h ie v e d  b e tw e en  the p rotection  re la y s  o f  u t il it ie s  fe e d e r  and  
those at th e  w in d -fa r m  it sh o u ld  be b ased  on  the w o r se  co n d itio n , i.e .. on fau lts  at th e  fee d e r  end  
co n n ected  to  bus N o  2 .

5 CONCLUSION

The E M T P  has b een  s u c c e s s fu lly  u sed  to  s im u la te  a d istr ib u tio n  sy stem  w ith  a w in d -fa r m  in tegra ted  
at 3 3  an d  11 k V  v o lta g e  le v e ls .  T h e  d e v e lo p e d  s im u la te d  sy stem  is then  u sed  to  d em o n stra te  its 
ca p a b ility  o f  d e te r m in in g  w in d -fa rm  p o w e r  ou tp ut d u e  to  a g iv e n  w in d -fa rm  input to rq u e  varia tion  
(resu lted  from  a certa in  w in d  sp ee d  v a r ia tio n ). T h is  can  be a very u se fu l to o l both  at p la n n in g  and  
op eratin g  s ta g es .

T he s im u la te d  sy s te m  is then  e x te n s iv e ly  u sed  to  d e term in e  th e  e f fe c t  o f  w in d -fa rm  on  th e  C C T  for  
faults on  u t i l i t ie s ’ fe e d e rs . It h as b een  c o n c lu d e d  from  th is  in v e s t ig a t io n  that th e  in teg ra tio n  o f  w ind- 
farm in to  d istr ib u tio n  n etw ork  c o u ld  g rea tly  e f fe c t  th e  m a g n itu d e  o f  C C T  o f  e le c tr ic a l fee d e r  o f  the  
netw ork. It h as a ls o  b een  fo u n d  that the m a g n itu d e  o f  th e  C C T  d ep en d s  on  fa cto rs  su ch  a s th e  
M agnitude o f  in je c ted  g en er a tio n , fau lt lo ca tio n  and th e  v o lta g e  le v e l at w h ich  a w in d -fa rm  is 
co n n ected  to  th e  n e tw o rk .
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Fig. 1 Schematic diagram of the considered network.
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\
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'8 2a Variable mechanical torque applied to the 
shaft of G l.

'8 3a Variation o f terminal voltages of IGs 
at wind farm following a three phase 
fault on the network with a duration 
of 70 msec.

14

Fig. 2b Variation o f output power of Gl due to 
input torque shown in Fig. 2a

Fig 3b Variation of rotor speed o f G1 following 
a three phase fault on the network with a 
duration of 70 msec.
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Fig.4a Variation o f terminal voltages of the wind 
farm following a three phase fault on the 
network for 85 msec.
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APPLICATION OF ARTIFICIAL NEURAL NETWORKS FOR THE VOLTAGE 

CONTROL OF DISTRIBUTION NETWORKS

S K Salman and I M Rida

The Robert Gordon U niversity, A berdeen, UK

ABSTRACT

V oltage m agnitude o f  distribution networks is usually m aintained within statutory lim its by using On Load Tap 
Changer Transform ers that are controlled by A utom atic V oltage Control (A V C ) relays. Traditional A V C  relay 
usually equipped w ith com pounding w hose settings are chosen  in such aw ay to com pensate for the voltage drop 
along the feeder(s) em anating from source substation. C om pounding should also insure satisfactory operation o f  
parallel-connected transformers. W hen these tw o requirem ents can not be satisfied at the sam e tim e, other schem es 
that require interconnection betw een the control system s o f  the parallel-transformers are im plem ented. This paper 
presents an attempt to design an A V C  relay based on the application o f  A rtificial Neural N etw ork  (A N N ). The input 
data file  used for the training o f  the proposed A V C  relay m odel is prepared using a pow er system  load flow  program, 
w hich is written in FO R TR A N . In this paper the structure o f  the proposed m odel is presented and the test results that 
sh ow  its perform ance are a lso presented and discussed.

INTRODUCTION

V oltage m agnitude o f  a distribution network is usually  
m aintained w ithin statutory lim its by using On Load  
Tap Changer Transformers (O LT C T ) that are usually  
controlled by A utom atic V oltage Control (A V C )  
relays. C onventional A V C  relays are usually equipped  
with com pounding to com pensate for the voltage drop 
in the distribution network [1]. C om pounding should  
also  insure satisfactory operation o f  parallel-connected  
transformers. W hen these tw o requirem ents can not be 
satisfied at the sam e tim e, other schem es that require 
interconnection betw een  the control system s o f  the 
parallel-transformers are im plem ented [2].

This paper presents an attempt to d esign  an A V C  relay 
based on the application o f  A rtificial Neural N etw ork  
(A N N ). The structure o f  the proposed  A N N  m odel is 
presented and the test results that show  its 
perform ance are a lso  presented and d iscussed.

OPERATING PRINCIPLES OF AVC RELAYS

The operation o f  an A V C  relay incorporates tw o main  
steps. The first step involves the calculation o f  the 
voltage o f  A V C  relay using current and voltage values 
m easured at the lo w  voltage side o f  OLTCT. This 
voltage is g iven  by  the fo llow in g  expression  [1]:

V AVC = V  - It (R-avc i  j  ^ avc) ( I )

W here, V  is the voltage o f  the term inals o f  the 
transformer on the secondary side, IT is the 

transformer current, and (RAvc i  j ^ avc) *s relay  
com pounding settings. D epending on the application, 
it consists o f  resistance and either positive or negative

reactance. In the second  step, the A V C  relay voltage is 
com pared with a reference voltage ( V ^ j )  that is 
required to maintain netw ork voltages w ithin statutory 
limits. I f  the deviation  o f  the A V C  relay voltage from  
the reference vo ltage V ^ p  exceed s the specified  limits 
o f  a bandwidth, say +2% , the relay then initiates a 
signal to operate the tap-changing device o f  the 
transformer.

BASIC PRINCIPLES OF ANN

Application o f  A N N s to electric pow er system s has 
received considerable attention in the recent years 
[3 ,4], especia lly  in the field  o f  control and protection  
where fast, accurate and on -lin e  decisions are required 
to insure that pow er system  stability and reliability are 
m aintained. D ifferent types o f  A N N s are described in 
literature. H ow ever, M ultilayer Perceptrons type is the 
m ost popular for pow er system  applications [5]. It is 
used in m ore than 80%  o f  such  applications. This type 
can be explained using a three layer neural network as 
show n in Fig. 1. A s can be seen  from this figure, the 
network com prises a num ber o f  interconnected  
processing elem ents (PE ), know n  as artificial neurons 
[6]. The neurons are arranged in layers, including an 
input layer, fo llow ed  by a hidden layer(s), and finally  
an output layer. N eurons in the input layer receive  
signals from external source and transmit them  to the 
next hidden layer. Each neuron in the hidden layers or 
in the output layer rece ives a num ber o f  inputs (x l}) 
equals to num ber o f  neurons in the previous layer. 
Each o f  these inputs is g iven  by [6 ]:

x,j =  Y, * W|J (2 )



W here Y, is the output o f  i* neuron in the preceding  
layer and w  j is the w eigh t o f  the connection  between i- 
th and j-th neurones o f  su ccessive  layers,

H ence, the total input to a neuron is g iven  by [6,7]:

Xj = £  X|J.  £  W)1 Y, (3)

W here Xj is the total input to the j-th neuron in the 
hidden or output layer.

The error in the outputs for a g iven  input pattern is 
propagated back through the netw ork to adjust the 
w eights. A  recursive algorithm  is usually used to 
adjust the w eigh ts such that the error is m inim ised .

A s m entioned above, the learning process requires a 
data file that contains pairs o f  input-output patterns. 
To be effective , the data file m ust include su ffic ien t 
amount o f  training patterns that cover m ost possib le  
conditions. Such a file  can be m ade from historical 
records, com puter sim ulation, or m easured data [4],

j

Fig. 1. A  three layer neural network system

T he output o f  jth  neuron, Y, in the hidden or output 
layer is a function o f  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 -sigm oid , which is 
g iven  by[6,7]:

F (x) =  l / ( l+ e 'xi) (5 )

A N N  must be first trained to work properly. In the 
training process a special training algorithm  is used for 
adjusting the w eigh ts so  that the netw ork output for 
g iven  inputs w ill be as c lo se  as p ossib le to the desired  
output values. Training m ethods can be divided  into 
supervised  and unsupervised. In the supervised  
training m ethod, the desired output is g iven  in the data 
file . Supervised  algorithm s require longer learning 
tim e than the unsupervised , but they can be m ore 
accurate [5]. O ne o f  the m ost popular supervised  
learning algorithm s is the Backpropagation m ethod. It 
is based on a gradient-search optim isation  m ethod  
applied to an error function. The error function is 
calculated as the sum -of-squared errors, g iven  by [6]:

® ~  ^  1 {yik calculated y ikdestred j *
i

W here y lk is the output o f  i^ neuron in the k„, layer.

The result o f  a su ccessfu l training process is a set o f  
w eights that is assigned  to the A N N . U sin g  these  
w eights, the network calculates an output very c lo se  to 
the desired values for each pattern in the training file. 
The network can then be considered  ready for 
application.

THE PROPOSED ANN FOR CALCULATING  
THE VOLTAGE OF AVC RELAY

An A N N  w as designed  to calculate the vo ltage o f  an 
A V C  relay. The A N N  m odel is sim ilar to that show n  
in F ig .l. It com prises three layers, e .g . an input layer 
with three processing elem ents (PE ), a hidden layer 
and an output layer w ith one PE. The inputs are 
derived from system  voltage (V ) and the real (Ir) and 
imaginary (Iim) com ponents o f  the transformer current. 
The output is the calculated A V C  relay vo ltage (V ,vc). 
A training data file  w as obtained from a load flow  
(LF) program that w as written in FO R TR A N  by 
sim ulating different steady-state operating conditions  
for the network show n in F ig.2.

Figure 2. S ingle  line diagram o f  the considered  
distribution network

The distribution netw ork com prises a 33/1 lk V  
substation, a radial load feeder connected  w ith tw o  
groups o f  variable loads v ia  11 /0 .415  kV transformers. 
O ne group is represented by the load L2 w ith a total 
pow er o f  1 M W  and the second  group is represented by  
the load L3 w ith a total o f  2M W . L2 is assum ed  
connected at a d istance o f  8 km from  the substation  
and load L3 is assum ed connected  at a d istance o f  13 
km. In order to sim p lify  the m odel, a bulk load, L I , 
with a total pow er o f  9M W , is assum ed connected  to 
the substation to represent other load feeders. V oltage  
control w as ach ieved  by a conventional A V C  relay
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with a positive com pounding. The reference voltage  
for control is assum ed equal to lp u  and the calculated  
voltage w as a llow ed  to vary by + 2%. The three loads 
are a llow ed  to change from zero to m axim um  and to 
zero again in increm ental steps sim ultaneously. W hen  
the calculated A V C  voltage exceeded  the +  2% lim its, 
the A V C  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 com binations o f  the system  loads were 
sim ulated and the results w ere saved in separate files  
and used in the A N N  testing stage. Table 1 show s a 
summ ary o f  the sim ulated cases. From all these cases, 
only  Case N o  1 and Case N o  4 w ere used for the 
training o f  the A N N . F ollow ing a satisfactory training 
and testing, the A N N  m odel w as converted to 
FO RTRAN and integrated as a subroutine in the load 
flow  program instead o f  the m odel o f  the A V C  relay 
based on positive com pounding.

Table 1. A  sum m ary o f  the sim ulated cases used for 
testing the A N N  based A V C  relay.

Case
N o

M axim um  Load, M W  
Load pow er factor, PF 

(lagging)

V oltage setting  
and control 
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 perform ance o f  the proposed A N N  for calculating  
the voltage o f  A V C  relay w as tested by running the 
A N N  m odel in the test m ode. T w o exam ples o f  the test 
results are show n  in Fig. 3 and 4 . T hese figures show  a 
com parison betw een  the A V C  voltage as calculated  
using conventional m ethod and A N N  based m ethod. 
The voltage curves in Fig. 3 correspond to case N o . 2 
o f  Table 1 and the curves in Fig. 4  correspond to case 
N o. 3. It can be seen  from these results that the A N N  
based A V C  relay is able to calculate the relay voltage  
with a n eg lig ib le  error.

The A N N  based relay when integrated in the load flow  
program w as a lso  tested and its perform ance was 
com pared with the perform ance o f  the relay based on  
the conventional m ethod. Figures 5 to 10 show  pairs 
o f  exam ples o f  the test results for both the A N N  and 
conventional based A V C  relays. These figures show  
the variation o f  the voltages o f  the network show n in 
Fig. 2 as the connected  loads change from zero to their

m axim um  value and back to zero. It can be seen  from  
these results that, although it was trained using on ly  
tw o cases, the A N N  based A V C  relay could provide a 
voltage control o f  the network sim ilar to that provided  
using conventional A V C  relay based on positive  
com pounding.

C O N C L U S IO N .

The use o f  an A N N  in calculating the voltage o f  A V C  
relay w as investigated in this paper. The results 
obtained were found very encouraging. The proposed  
A N N  based A V C  relay cou ld  provide proper voltage  
control o f  a distribution network as loads changed with  
different patterns. It w as show n that the perform ance 
o f  the relay w as not affected  w hen the reference 
voltage o f  the relay w as changed. Further investigation  
should focus on the application o f  the proposed  
m ethod in the vo ltage control o f  a network that 
includes parallel connected  transformers and 
em bedded generation.
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Fig.3 A V C  relay voltage as calculated using  
conventional m ethod and A N N .(C ase  2). 

C onventional ---------- A N N
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Fig. 5 N etw ork vo ltages for C ase N o  1 w hen A V C  
relay w as based on p ositive  com pounding. 
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1 .0 8 -------------------------------------------------------------------— -------------------------
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Fig. 7 N etw ork vo ltages for C ase N o  2 w hen A V C  
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Fig. 9 N etw ork vo ltages for C ase N o  7 w hen A V C  
relay w as based on p ositive com pounding. 
...........V 2 _____ V 4 .. ..........- V 6  ----------V avc

F ig .4  The A V C  relay voltage as calcu lated  using  
conventional m ethod and A N N . (C ase 3). 
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relay w as based on A N N .
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Fig. 8 N etw ork  vo ltages for C ase N o 2 w hen A V C  
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F ig. 10 N etw ork  voltages for Case N o  7 w hen  A V C  
relay w as based on  A N N .
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Abstract: R ecently wind pow er based em bedded  
generation (W P B E G ) has received considerable attention 
World-wide. Generators o f  such pow er plants are usually 
connected to utilities' electrical networks at distribution 
levels. Previous experience has show n that the integration 
of such generators into utilities' distribution networks 
(DNs) could create safety as well as technical problems. 
Such problem s include contribution to the fault currents, 
stability, voltage fluctuation, and problems to the 
automatic vo ltage control, etc. Therefore, the operation o f  
&Ns that include W PBE G  requires investigation both 
during steady state and dynam ic conditions. This paper 
reports an investigation  conducted on a simulated system  
consisting o f  a  w ind farm integrated into a D N  using  
Alternative Transient Program (A T P ). The investigation  
covers tw o main aspects; the effect o f  the integration o f  
the wind farm into a D N  on the settings o f  protective 
relays o f  electrical feeders and its effect on the power 
Quality o f  the electrical supply. R esults obtained from  
various sim ulated case studies are presented and 
discussed.

Keywords: W ind farms, Embedded generators, 
distributed generation, System  protection, Simulation, 
ATP.

I. INTRODUCTION

R ecently w ind energy has been considered as one o f  
die m ost attractive renew able energy resources. The 
technology for the generation o f  electricity using wind 
terbines is operationally proven. It has been reported 
recently that the installed capacity o f  wind power world­
wide has exceeded  76 0 0  M W  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 on e site constituting what is known as wind 
farms. W ind farm s are com m only connected to electrical 
networks at distribution levels [3] and referred to as 
Embedded Generators (EG s). H ow ever, the integration o f  
Wind farms with utilities distribution networks may create 
Safety as w ell as technical problem s. Such problem s 
include contribution to the fault currents, stability and 
^liability problem s, introduction o f  harmonics, voltage

fluctuations, interfering with the process o f  automatic 
voltage control (AVC) o f  distribution networks [4] and in 
som e cases it causes an increase in the losses o f the 
associated distribution network.

In order to effectively  integrate W PBE G  into  
distribution networks, the operation o f  distribution  
system s with wind power based EG s are needed to be 
investigated during both steady state and dynam ic 
conditions. D igital sim ulation programs are usually  
utilised for such investigation. O ne o f  these programs is 
the A lternative Transient Program (A T P).

In this paper the A TP is used to simulate a wind farm  
integrated into a distribution network. The m odel is then 
used to investigate the effects o f  the integration o f  the 
wind farm into the network on the setting o f  protective 
relays o f  electrical feeders as com pared with those settings 
normally applied in the absence o f  a wind farm and its 
effects on the quality o f  pow er supply o f  the associated  
network. R esults obtained from various sim ulated case  
studies using A TP are presented and discussed.

II. MODELLING ELECTRIC POWER 
SYSTEMS USING ATP

The A TP is one o f  the versions o f  the w ell-know n  
Electro-M agnetic Transient Program (EM TP) which has 
been used for several years for pow er system  analyses 
under transient and dynam ic conditions. It consists o f  a 
library o f  m odels o f  network com ponents such as 
electrical m achines, transformers, lines, etc. that can be 
interconnected together to sim ulate any required electrical 
network.

A . M o d e l l in g  o f  in d u c tio n  g e n e r a to r s  in  A T P

W ind farm s usually utilise induction (or asynchronous) 
generators (IG s) which are norm ally driven by w ind  
turbines for generation o f  electricity. Such m achines can  
be sim ulated in ATP using the concept o f  U niversal 
M achine (U M ) model that was proposed by Lauw and 
M eyer [5] in 1982. T h e U M  is considered as an 
electrom echanical energy conversion  device that can be
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^ed to sim ulate the electrical and m echanical com ponents
electrical m achines. T he U M  m odel em bedded in the 

^TP library can be used to represent 12 major types o f  
Metric m achines, e.g. single-phase and m ultiple-phase 
synchronous or induction m achines and dc m achines [6]. 
This m odel is found particularly attractive because the 
Mechanical side o f  the machine can be conveniently  
^presented using an equivalent electric network 
consisting o f  lum ped RLC elem ents, w hich is then solved

part o f  the w hole electric network. For exam ple each 
Mass connected to  the shaft system  can be represented by 
creating a node in  the equivalent electric network whereby 
a capacitor is p laced  between the node and the ground to 
^present the m om ent o f  inertia o f  that mass. The 
Mechanical torque on that mass can be simulated by a 
current source connected between the sam e node and the 
ground [7],

M o d e l lin g  th e  n e tw o r k  u n d e r  c o n s id e r a tio n

The considered  distribution system  shown in Fig. 1 has 
^en m odelled using ATP. A s the figure show s, it 
comprises a wind farm, a substation represented by a 10 
*«VA, 33/11 kV  transformer with an im pedance o f  10%, 
M>d an 11 kV interfacing feeder connecting the wind farm 
"oth the substation. The wind farm is assumed to have 
eight wind-turbine-generator units each  o f  600  kW with a 
Nominal voltage o f  690V . In order to sim plify the 
Emulation o f  the wind farm and at the sam e time maintain 
’he flexibility o f  having the ability o f  varying the injected  
generation, generating units o f  the wind farm are 
^presented using the A T P package by three U M  m odels. 
The first m achine, shown in Fig. 1, represents a sin gle  600  
'W unit, while the second m achine represents two 6 0 0  kW  
'Mits, and the third machine represents five  6 0 0  kW  units, 
h is assumed that all units are connected  at the sam e bus 

4. A  7 .5  M V A , 690 /11000  V step-up transformer with 
Ml im pedance o f  7.5%  is assumed betw een  buses 3 and 4.

transformers are represented using the ATP  
trMisformer m odel that considers their connection group 
Mid the saturation effect o f  the m agnetic core.

The load connected to the substation is represented by  
a second feeder which supplies tw o groups o f  loads 
Connected at the middle and the rem ote end o f  the feeder 
via l lk V /4 1 6 V  transformers. The feeders are simulated  
Using the ATP lumped RLC m odel. Both the interfacing 
Mid load feeders have an im pedance o f  (0 .185+ j324)  
QW k m . The utility's network (Grid) is represented by a 
Miurce behind the system  equivalent im pedance. T he fault 
kvel o f  the G rid behind the 33kV  busbar is assumed  
60OMVA.

III. INVESTIGATED CASES

A. D y n a m ic  b e h a v io u r  o f  W P B E  fo l lo w in g  a  f a u l t  
w ith in  th e  n e tw o rk .

T he dynam ic behaviour o f  induction generators in the 
wind farm fo llow in g  a fault on the network is investigated. 
One o f  the considered  cases was a three phase to ground  
fault which is assumed to occur at the end o f  the load  
feeder connected  to the substation. T he fault was initially 
assumed to b e cleared after 60m s. Fig. 2a show s the 
variation o f  the terminal voltage o f  induction generators at 
the wind farm, i.e. at the 6 90V  bus-bar No. 4. It can be  
seen from this figure that the voltage magnitude has 
dropped to a value less than 35% o f  its nominal value.

FIG. I SCHEMATIC DIAGRAM OF THE CONSIDERED 
NETWORK.

Since the electro-m agnetic torque (T, ) developed inside  
an induction m achine at any given  speed is proportional to 
the square o f  the terminal voltage as follow s[8]:

Te = K s V 2 (1)

where K  is a constant, s is the m achine slip.

Te is bound to reduce fo llow in g  a fault condition, as 
shown in F ig .2b . This figure show s the E lectro-m agnetic 
torque inside the air-gap o f  the first generator. On the 
other hand, the dynamic behaviour o f  the rotor is governed  
by the sw ing equation given b elow  [8]:

(2)

where J  is the moment o f  inertia o f  the rotating m ass, Tm 
is the m echanical torque on the rotor and to is the rotor 
speed.

From (2 ), it can be concluded  that if the m echanical 
torque is kept constant, then any reduction in the electro­
magnetic torque will cause the rotor to accelerate. T his is 
demonstrated for the case under consideration by the rotor 
speed variation curve shown in F ig .2c. W hen the fault is 
cleared, the m agnetic field  inside the air-gap o f  the
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machine starts to recover as a consequence o f an inrush 
current which is drown from the network, as shown in 
Fig.2d. T he resulting electro-m agnetic torque would act on 
the rotor in a direction opposite to that o f the applied  
mechanical torque. If the new ly established stored energy 
in the rotating m agnetic field b ecom es higher than the 
energy stored in the rotating m ass, rotor speed would be 
reduced and the generator w ould eventually return to its 
normal operating condition, otherw ise, its speed continue 
to increase until it is tripped by appropriate protection  
devices. A s the exchange o f  pow er can not occur 
instantaneously due to the inductance o f  machine windings 
and the inertia o f  the rotating m ass, electro-m agnetic 
torque, speed  and current w ill vary in oscillatory fashion  
"nth an exponentia lly  decaying en velop e versus time as 
can be seen  in F igs 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.

Fig . 2A. v a r ia t io n  o f  t e r m in a l  v o l t a g e s  o f  e g s  a t
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 tim e w ill be thereafter know n as the critical 
clearing tim e (C C T ). This tim e is therefore considered as 
the tim e beyond which induction generator(s) losses  
'ts(their) stability . T his investigation has shown that when 
Hie fault is cleared at time greater than the CCT, the 
r°tating speed  o f  IG s 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

usually installed on IG in such application. T he high  
inrush currents resulted in a sustained voltage sag at the 
generator terminals when the fault is cleared beyond the 
CCT. Fig. 3a show s such voltage for a CCT o f  7 0  m sec. 
The corresponding total current drawn by the wind farm is 
shown in F ig.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.

1.2 
I

£  0.8

o 06 <¡J 0.4 O
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0  0.2 0.4 0 6  0.8 1

TIME, sec

FIG. 3A. VARIATION OF TERMINAL VOLTAGES OF EGS AT 
WIDFARM FOLLOWING A THREE PHASE FAULT ON 
THE NETWORK FOR 70MSEC.

B. I m p a c t o f  th e  m a g n itu d e  o f  in je c te d  g e n e r a tio n  b y  
W P B E G  o n  th e  C C T

The impact o f  the m agnitude o f  injected generation by  
W PBEG  on the CCT has a lso  been  investigated. T w o  
extreme cases are considered; the first case corresponds to  
operating the wind farm with on ly  one turbine-generator, 
i.e., the injected generation is 6 0 0  kW .

The other extrem e corresponds to the operation o f  the
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'Wnd farm at its full capacity, i.e. the injected  
§eneration8x600 kW . The end o f  the load feeder

0 0.2 0.4 0.6 0.8 1
TIME, sec

flG. 3B. VARIATION OF THE TOTAL CURRENT OF WIND 
FARM FOLLOWING A THREE PHASE FAULT ON THE 
NETWORK FOR 70MSEC.

cQnnected to the substation is subjected to a three phase 
fault for the two ca ses and the CCT was then exam ined. It 
"'as found that the CCT for the first ca se  is 105 msec, 
"feereas, the CCT for the second case is 65 msec. Fig. 4 
shows a com parison between the generator terminal 
"oltage for both cases. This figure a lso  shows that the 
ktminal voltage for minimum injected generation has 
topped  to less than 5% during fault condition, w hile the 
"oltage m agnitude has dropped to about 35% in the case 
°f maximum injected generation. H ow ever, it is observed  
'hat the voltage sag  follow ing the clearance o f  fault was 
heater for the m aximum  generation condition  compared  
Mth that due to minimum generation. This can be 
^plained that the inrush current's m agnitude during 
Maximum generation is due to all units while during 
"hnimum generation condition is due to on ly  one unit.

C. I m p a c t o f  th e  le n g th  o f  th e  in te r fa c in g  f e e d e r  o n  th e  

C C T .

The im pact o f  the length o f  the interfacing feeder 
W e e n  W PBE G  and utilities' substation was exam ined, 
ffiree cases have been  considered, nam ely, the wind farm 

connected directly  to the substation bus N o . 2, 
c0nnected through a 5 km line and through a 10 km line. It 
"'as found that the length o f  the interfacing feeder has only  
5 small effect on  the CCT. For the network under 
c0nsideration, it w as found that the direct connection o f  

wind farm to the substation g ive rise to a lower CCT 
Compared with the connection through a 5 km or a 10 km 
feeders. It is also found that the d ifference between the 
Values o f  the CCT due to direct connection  and through a 
'0 km feeder does not exceed 15 m sec, as shown in F ig.5. 
This figure also sh ow s the corresponding variation o f  the 
CCT versus the injected power by the wind farm due to 
fee three considered  cases.

A. E ffe c t o f  th e  lo c a t io n  o f  f a u l t s  on  th e  C C T

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 c lo se  to bus 2, bus 5 and 
bus 6. The study was repeated for different generation  
injection from the wind farm for each  o f these locations. 
It is observed that the CCT, which d ecides the stability o f  
IGs at the wind farm, is greatly affected  by the location o f  
fault on the load feeder. It is a lso  observed that the 
magnitude o f  the injected generation  has a considerable 
influence on decid ing the value o f  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.

F1G.4. 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 1.2 1.8 2.4 3 3.6 4.2 4.8

POWER of EGs, MW

FIG. 5 THE EFFECT OF THE LENGTH OF THE INTERFACING 
FEEDER ON THE CCT

E. I m p a c t  o f  E G  o n  p r o te c t io n  c o -o r d in a tio n  o f  th e  
n e tw o rk .

In the absence o f  EG the normal practise to achieve  
proper protection co-ordination in distribution network is 
to insure that the operating time o f  protective devicesIn order to determ ine the effect o f fault location within
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located at the far end o f  a feeder be minimum. The 
operating time o f  other protective d ev ices along the 
feeder, on the other hand, are progressively  increased as 
their location becom e nearer to the substation. Follow ing  
this method o f  protection co-ordination it has been  
reported that the operating tim e o f  protective devices  
installed at the source o f  the feeder can b e as high as 1.5 
second [9]. H ow ever this investigation has shown that 
follow ing a fault on  the network, the restoration o f  normal 
operation o f  EG is governed by the fault clearing time. It 
has also been show n that the m axim um  clearing time 
which is acceptable for normal operation o f  EG may vary 
depending on the m agnitude o f  injected generation, the 
length o f  the interfacing link between the wind farm and 
the network, and the location o f  the fault within the 
associated network. For the network under consideration, 
it is found that the m aximum  C C T for a three phase fault 
does not exceed  6 0 0 m s (see Fig. 5 and Fig. 6). It is 
therefore important that the protection co-ordination  
should be carefully looked  at when the integration o f  EG 

into a distribution netw ork is considered.

F . E ffe c t o f  w in d  v e lo c ity  v a r ia tio n  on  p o w e r  q u a lity

It is well known that wind speed variation can affect the 
generated electrical pow er output o f  W P B E G  [10-12]. In 
order to exam ine the effect o f 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 o f  automatic vo ltage control, the 
dynamic behaviour o f  the network under consideration  
during wind fluctuations using the ATP program has been  
considered.

In order to sim p lify  the analysis, it is  assumed in this 
study, that the m echanical torque on the shaft o f induction 
generators fo llow s the same pattern o f  wind speed  
variation [11], C onsequently the effect o f  wind speed  
variation is taken into account by using a randomly 
generated m echanical torque signal such as that shown in 
Pig 7a. This signal is then applied to the shaft o f generator 
G l, shown in Fig. 1. T he corresponding electrical power 
output o f  generator G l  is shown in Fig. 7b. In this figure 
the 1 pu pow er output represents the rated power output o f  
the unit, i.e. 600  kW . It can be seen  from  this figure that 
the power output fo llo w s  alm ost the sam e pattern o f  the 
applied m echanical torque shown in Fig 7a.

Since not all individual wind turbines within a wind 
farm are usually subjected to the sam e wind speed  
variation, different sign als are required to  be applied to the 
three generating units o f  Fig 1. F ig. 7c sh ow s the assumed  
resulting speed variation o f  the shaft o f  the three induction  
generators. Fig. 7d  show s the corresponding total power 
output from the w ind farm. The 1 pu pow er in this figure

represents the total capacity o f  wind farm, i.e. 4 .8  M W . By 
comparing Figs. 7b  with Fig. 7d, it can be concluded that 
the variation o f  the total power output o f  the wind farm is 
sm oother than that o f  individual units. A s stated earlier, 
this is due to the fact that not all wind turbines in a wind 
farm are subjected to the sam e wind speed  variations.

The relative deviation o f  the pow er output o f  the wind 
farm with respect to its mean value m ay affect the quality 
o f  the pow er 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 o f  system  voltage. 
This is illustrated in Fig. 7e , which sh ow s a plot o f  the 
current variation through the 11 kV sid e  o f  the 10 M V A  
substation transformer. This figure a lso  show s that the 
deviation o f  the magnitude o f  this current around its mean 
value for the ca se  under consideration is approximately 
12%. It is worth noting that this work has shown, as in 
other reported work [11], that the terminal voltages o f  
generators at the wind farm are virtually not affected by 
wind variation.

FIG 7 A VARIABLE MECHANICAL TORQUE APPLIED TO 
THE SHAFT OFG1

FIG. 7B VARIATION OF OUT POWER OF G I DUE TO 
RANDOM INPUT TORQUE
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PIG. 7C  r o t o r  s p e e d  o f  t h r e e  g e n e r a t o r s  d u e  t o

RANDOM IN PU T TORQUES

distribution farm. This investigation a lso  covers the effect 
o f wind speed variation on the power quality o f electrical 
supply whereby it is found that wind sp eed  variation can 
cause power fluctuation at the output o f  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 w hich in turn could  
affect the process o f  maintaining the quality o f  network  
voltage.
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A b s tr a c t :  V o l ta g e  m a g n i tu d e  o f  d i s t r ib u t io n  n e tw o r k s  is  u s u a l ly  

m a in ta in e d  w i th in  s ta tu to r y  l im i ts  b y  u s in g  O n  L o a d  T a p  C h a n g e r  

T ra n s fo r m e r s  th a t  a r e  c o n t r o l le d  b y  A u to m a t ic  V o l ta g e  C o n tr o l  

( A V C )  r e la y s .  T r a d i t io n a l  A V C  r e la y  u s u a l ly  e q u ip p e d  w i th  

c o m p o u n d in g  w h o s e  s e t t in g s  a r e  c h o s e n  in  s u c h  a w a y  to  

c o m p e n s a te  f o r  th e  v o l ta g e  d r o p  a lo n g  th e  f e e d e r ( s )  e m a n a t in g  

f ro m  s o u r c e  s u b s ta t io n .  T h is  p a p e r  p r e s e n t s  a n  a t t e m p t  to  d e s ig n  

a n  A V C  re la y  b a s e d  o n  th e  a p p l ic a t io n  o f  A r t i f ic ia l  N e u r a l  

N e tw o r k  ( A N N ) .  T h e  in p u t  d a ta  f i le  u s e d  f o r  th e  t r a in in g  o f  th e  

p r o p o s e d  A V C  r e la y  i s  p r e p a r e d  u s in g  a  p o w e r  s y s te m  lo a d  f lo w  

p r o g r a m ,  w h ic h  is  w r i t t e n  in  F O R T R A N . I n  th is  p a p e r  th e  

s t r u c tu r e  o f  th e  p r o p o s e d  A N N - b a s e d  A V C  re la y  i s  p r e s e n te d  

a n d  th e  t e s t  r e s u l t s  th a t  s h o w  its  p e r f o r m a n c e  a re  a l s o  p r e s e n te d  

a n d  d is c u s s e d .

K e y w o r d s :  V o l ta g e  c o n t r o l ,  D is t r ib u t io n  n e tw o r k ,  E m b e d d e d

g e n e ra t io n , D is t r ib u te d  g e n e r a t io n ,  A r t i f ic ia l  N e u r a l  N e tw o r k

L INTRODUCTION

Voltage magnitude o f  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 insure satisfactoiy operation o f  parallel-connected 
transformers. It has been reported [1-3] that the integration o f  
dispersed or embedded generators (EGs) into utilities' distribution 
networks could introduce problems to the performance o f  these 
relays. It has been found that the voltage measured by a 
conventional AVC relay is shifted up or down compared with that 
obtained in the absence o f  EG(s) depending on the power factor o f  
the current through OLTCT. The latter in turns depends on the 
power factor o f  embedded generators and system loads. A s a 
result, a proper voltage control o f  the distribution network can not 
be achieved
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This paper presents an attempt to design an A V C  relay based on 
the application o f  Artificial Neural Network (ANN). The 
structure o f the proposed A N N  model is presented. The test 
results which show its performance are also presented and 
discussed.

IL DEFINITION OF THE PROBLEM

Prior to the deregulation and restructuring o f  electric utilities in 
recent years, voltage control o f  distribution networks is achieved 
using on-load tap changer transformers that are controlled by 
automatic voltage control (AVC) relays. The operating principles 
o f such relays are outlined in [2]. They are based on the 
assumption that the role o f  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 o f  the performance o f  
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 o f  distribution networks whether 
EG(s) integrated into them or not.

HL SIMULATION OF DISTRIBUTION NETWORK

Figure 1 shows a single line diagram o f a distribution network with 
embedded generation and the typical application o f the AVC relay 
in such a network. This network consists o f  a substation 
represented by a transformer, T l, 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 N o 1. The other side o f  the substation 
its associated distribution network which is represented by a 
radial feeder consists o f  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 o f  AVC relay, which is used to 
control voltage magnitude along radial feeder. The
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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 o f  inputs (x-j) equals to number o f neurons in the previous 
layer. Each o f  these inputs is given by [7,8]:

Nj =  Y; * wa (2)

Where Y, is the output o f  i^ neuron in the preceding layer and w,, 
is the weight o f  the connection between i-th and j-th neurones o f  
successive layers,

Hence, the total input to a neuron is given by [7,8]:

relay could be o f  conventional type with a positive compounding. 
The reference voltage for control is assumed equal to lpu and the 
calculated voltage is allowed to vary between the limits o f +  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. OPERATING PRINCIPLES OF AVC RELAYS

A  detailed discussion o f  the operating principles o f  AVC relays 
can be found elsewhere [2,3]. However for the completeness o f  
the presentation o f  this paper a brief review will be given. The 
operation o f  an AVC relay involves two main actions. The fust 
action deals with the calculation o f  the voltage o f  AVC relay using 
current and voltage values measured at the low voltage side o f  
OLTCT. This voltage is given by the following expression [2,3]:

VAvc = V - IT (RavcI J  X avc) (1)

Where, V  is the voltage o f  at the terminals o f  the secondary side o f  

OLTCT, IT is the transformer current, and (Ravc ±  j X w c) is the 
relay compounding settings. Depending on the application, the 
relay compounding consists o f resistance and either positive or 
negative reactance. The second action involves comparing the 
AVC relay voltage with a reference voltage (VREF). The aim is to 
maintain the controlled network voltage within specified limits. If 
the deviation o f  the AVC relay voltage from the reference voltage 
Vrep exceeds the specified limits o f  a bandwidth, say ± 2 %  the 
relay initiates a signal to operate the tap-changing device o f  the 
transformer in a direction which brings it back within the 
bandwidth.

V. BASIC PRINCIPLES OF ANN

Application o f A N N s to electrical power systems has received 
considerable attention in the recent years [4-6], Different types o f  
A N N s 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% o f  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 o f  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

X  = £ - E Wji Y; (3)

Where X, is the total input to the j-th neuron in the hidden or 
output layer.

The output o f  jth neuron, YJi in the hidden or output layer is a 
function o f  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/(l+ e 'w) (5)

A N N  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

j

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 o f  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]:

1 2
y  ik calculated •Vile desired J

Where yjk is the output o f  1th neuron 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 
is minimised

A s mentioned above, the learning process requires a data file that 
contains pairs o f  input-output patterns To be effective, the data 
file must include sufficient amount o f  training patterns that cover 
most possible conditions. Such a file can be prepared from 
historical records, computer simulation, or measured data

The result o f  a successful training process is a set o f  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 A N N  is designed so that its performance mimics that o f  
automatic voltage control relay. The designed structure o f  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 o f  system voltage, V, the power factor angle o f  
the current through OLTCT and the real and imaginary 
components o f  the transformer current Ir and 1^ respectively. The 
output o f the ANN-based AVC relay is the calculated relay 
voltage, V,vc.

A. Training o f  the ANN-based AVC 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 o f  EGs on the performance o f 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 for each 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 o f  +  2% 
o f reference voltage. The load is assumed to change from z o o  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 o f  OLTCT to bring back 
the voltage within the specified limits. The calculated results at

every step are then saved into an output file to represent a 
particular pattern that corresponds to a specific operating 
condition. Some o f  the output files are stacked together in one 
data file which is then used in the training stage o f  the proposed 
ANN-based AVC relay. The rest o f  files are used during the 
testing stage o f the relay. Following a satisfactory training and 
testing, the designed ANN-based A V 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 
o f the AVC relay based on conventional approach.

B . Performance o f  the proposed relay

The performance o f  the proposed ANN-based AVC relay, in 
tom s o f  calculating its voltage Vavc, has been tested by presenting 
test data to it  The obtained voltage profile is then compared with 
that o f  conventional AVC relay. Two examples o f  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 A N N  based AVC relay is able to calculate the 
relay voltage with a maximum error not exceeding 0.002 pu.

The performance o f  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 o f  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 1 shows a summary o f the 
simulated cases.

Figures 5 to 10 show  pairs o f  exam ples o f  the test results for both 
the A N N  and conventional based AVC relays. These figures show  
the variation o f  the voltages o f  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 o f  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 o f  the network that includes EG with
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F ig .3  A V C  re la y  v o lta g e  o f  a  n e tw o rk  w ith o u t E G  as 
c a lc u la te d  u s in g  c o n v e n tio n a l m e th o d  a n d  A N N .

C o n v e n tio n a l  A N N

F ig .4  A V C  re la y  v o lta g e  o f  a  n e tw o rk  w ith  E G  as 
c a lc u la te d  u s in g  c o n v e n tio n a l m e th o d  a n d  A N N .

C o n v e n tio n a l  A N N

Load, MW.

F ig . 5 P e r fo rm a n c e  o f  th e  A N N  b a s e d  A V C  re la y , n e tw o rk  
w ith o u t E G  a n d  P F  o f  lo a d  = 0 .9 5  (L a g .)

----------V3 -------------- V 4 --------- V5 ---------VAVC

Fig. 6 P e r fo rm a n c e  o f  c o n v e n t io n a l  A V C  re la y , n e tw o rk  
w ith o u t  E G  a n d  P F  o f  lo a d  = 0 .9 5  (L a g .)

— V2 ----------V3 -------------- V 4 --------- VS --------- VAVC

Fig. 7 P e r fo rm a n c e  o f  th e  A N N  b a s e d  A V C  re la y , P F  o f  
E G  = 0 .9 5  ( le a d )  an d  P F  o f  lo a d  =  0 .9 5  (L ag .) . 

--------V 2 ----------V3 -------------- V4 --------- V5 --------- VAVC

Fig. 8 P e r fo rm a n c e  o f  c o n v e n t io n a l  A V C  re la y , P F  o f  E G  
= 0 .9 5  ( le a d )  a n d  P F  o f  lo a d  =  0 .9 5  (L a g .) .

—V2 ----------V3 -------------- V 4 --------- V5 --------- V AVC

Fig. 9  P e r fo rm a n c e  o f  th e  A N N  b a s e d  A V C  re la y , P F  o f  
E G  =  0 .9 5  ( la g .)  an d  P F  o f  lo ad  = 0 .9 5  ( lag .) .

—V2 --------- V3 -------------- V4 --------- V5 --------- VAVC

1.06 
1.04 

3  1.02Q.
& 1 
¡ 0 .9 6  

0.96

Fig . 10 P e r fo rm a n c e  o f  c o n v e n t io n a l  A V C  re la y , P F  o f  E G  
= 0 .9 5  ( la g .)  a n d  P F  o f  lo a d  = 0 .9 5  ( la g .) .

- V 2  ----------V3 -------------- V 4 --------- V5 --------- VAVC
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T a b le  1. A  su m m a ry  o f  th e  s im u la te d  c a s e s  u se d  fo r te s tin g  th e  
_____________________ A N N  based  A V C  re lay . _________________

G roup
cases

E G L o a d  P F  
(L agg ing )

Vrjt a n d  
ban d  w idth  

l im i ta t io n sP F

F irs t N O 1.0 1.0 +  2 %

E G 0 .9 5

0 .9

S eco n d W ith 1.0 1.0 1.0 + 2 %
E G 0 .9 5

0 .9

T h ir d W ith 0 .9 5 1.0 1.0 + 2 %

E G lead 0 .9 5
0 .9

F o rth W ith 0 .9 5 1.0 1.0 + 2 %

E G lag 0 .9 5

F ifth W ith 0 .9 1.0 1.0 + 2 %
F.O Ip.ari 0  95

lagging PF. It can be seen from these results that the ANN-based 
AVC relay can provide a voltage control o f  the network similar to 
that provided using conventional AVC relay. However, the 
advantage o f  the ANN-based relay is that its setting does not 
require re-adjustment as EG are connected or disconnected.

V II CONCLUSION

The use o f an A N N  in calculating the voltage o f  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 
o f distribution network as load changes. It has also shown that the 
performance o f  the relay is not affected by the connection or 
disconnection o f  EG. Consequently this removes the necessity to 
the re-adjustment o f  the relay every time an EG(s) is connected or 
disconnected as the case with conventional AVC relays.
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INVESTIGATING THE IMPACT OF EMBEDDED GENERATION ON RELAY 
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Abstract: S in c e  th e  la te  7 0 s  in te n s iv e  e f f o r t s  h a v e  b e e n  m a d e  to  
"tilise r e n e w a b le  e n e r g y  s o u r c e s  to  g e n e r a te  e le c t r ic  p o w e r . O n  th e  

°ther h a n d  e c o n o m ic a l  p r e s s u r e  e x p e r ie n c e d  in  r e c e n t  y e a r s  h a s  le d  to  
*be d e v e lo p m e n t  o f  h ig h  e f f ic ie n c y  c o m b in e d  h e a t  a n d  p o w e r  
t h e m e s  to  u s e  th e  n o r m a l ly  w a s te d  h e a t  to  g e n e r a te  e le c t r ic  p o w e r . 

G enera to rs  u s e d  u n d e r  b o th  s c h e m e s  c a n  b e  e i th e r  s y n c h r o n o u s  o r  
S y n c h ro n o u s  ty p e s  a n d  w h e n  th e y  a r e  in te g r a te d  in to  u t i l i t i e s ’ 

d istribu tion  n e tw o r k s  ( D N s )  th e y  a re  c o m m o n ly  k n o w n  a s  
em b e d d e d  g e n e r a to r s  ( E G s ) " .  P r e v io u s  e x p e r ie n c e  h a s  s h o w n  th a t  

lie in te g r a t io n  o f  E G s  in to  D N s  c o u ld  c r e a te  s a fe ty  a n d  te c h n ic a l  

problem s. T h e y  m a y  c o n t r ib u te  to  f a u l t  c u r r e n ts ,  c a u s e  v o l ta g e  

A ckers, in te r fe re  w ith  th e  p r o c e s s  o f  v o l ta g e  c o n t r o l ,  e tc .

Ihis p a p e r  r e p o r t s  a n  in v e s t ig a t io n  to  d e te r m in e  th e  im p a c t  o f  th e  

'nte g ra tio n  o f  E G s  o n  th e  s e t t in g s  o f  p r o te c t iv e  d e v ic e s  o f  e le c t r ic a l  

S eders e m a n a te d  f ro m  th e  s u b s ta t io n  to  w h ic h  E G s  a re  c o n n e c te d ,  

^ lis s tu d y  a ls o  c o v e r s  th e  d y n a m ic  b e h a v io u r  o f  E G  c a u s e d  b y  

d istu rbances o n  th e  h o s t  n e tw o r k .  R e s u l ts  o b ta in e d  f ro m  s e v e ra l  c a s e  
Jud ies p r e s e n te d  a n d  d is c u s s e d .

bywords: E m b e d d e d  g e n e r a t io n ,  D is t r ib u t io n  n e tw o r k s ,  C r i t ic a l  

f a r i n g  t im e , P ro te c t io n ,  S im u la t io n ,  E M T P .

I. INTRODUCTION

W e  the late 70s and after what is now  know n as the “energy  
W s ”, intensive efforts have been m ade to utilise renew able 
!1ergy sources, such as w ind, hydro, tidal, etc, to generate 
Metric power. On the other hand econom ical pressure 
W rien ce d  in recent years has led to h igh-energy effic ien cy  
^mmitment. This in turn has led to d evelop ing  high  
W ie n c y  com bined heat and pow er (C H P) schem es [1] to use 
h  norm ally w asted heat to generate electric power. 
Generators used under both schem es can be either 
'tochronous or asynchronous types and w hen they are 
'’legrated into u tilities’ networks at distribution vo ltage levels  
W  are com m only know n as "embedded generators (EGs)".

Various investigations conducted by both industry and 
academ ia have revealed that EG s could a ffect the host 
distribution network in num ber o f  w ays [2 -8 ]. They m ay  
contribute sign ificantly to the fault current, cause voltage  
flickers, interfere w ith the process o f  vo ltage control, affect 
the losses o f  the network etc.

This paper reports an investigation related to the determ ination  
o f  the im pact o f  the integration o f  em bedded generators into 
distribution networks on the settings o f  protective d ev ices o f  
electrical feeders em anated from the substation to w hich EG s 
are connected. It particularly focused  on  determ ining the 
critical clearing tim e (CCT) o f  integrated EG (s) w hen a 
disturbance occurred on the associated network. Such C C T is 
determined by the onset o f  an EG becom ing unstable. The 
concept o f  stability is w ell defined  for the case o f  synchronous 
m achines but it is not so  for asynchronous m achines. 
Therefore, an attempt has been m ade in this paper to introduce 
a definition o f  the CCT w hich can be applied to asynchronous 
generator. The study is conducted on a sim ulated system  
consisting o f  a distribution network with integrated EG (s) 
using E lectrom agnetic Transient Program (EM T P). This study  
also covers the dynam ic behaviour o f  E G (s) caused by  
disturbances on the host network. R esults obtained from  
several case studies are presented and d iscussed . In the first 
instance a definition  o f  the stability criteria as far as 
asynchronous generator is concerned w ill be introduced  
fo llow ed  by presenting a com parison betw een  the dynam ic  
behaviour o f  synchronous and asynchronous EGs.

II. DEFFINITION OF THE PROBLEM.

Prior to the introduction o f  em bedded generation into 
distribution networks in large scale, such networks are 
considered passive, i.e., their role confined  to transferring the 
electrical energy received  from the transm ission system s to 
consum ers. C onsequently the design  and protection o f  D N s  
are based on the basis that such networks are passive. For 
exam ple protection schem es o f  distribution feeders are usually  
designed on the assum ption o f  unidirectional pow er flow  and 
are based on tw o basic principles; (i) they must insure 
m inim um  disruption supply, i. e., the rem oval o f  a fault from  
the system  should be ach ieved  w ith m inim um  tripping o f  
equipm ent, (ii)  they m ust be fast enough to m inim ise dam age 
to system  com ponents [9], The first principle is achieved  by a



Proper co-ordination in the operating tim e o f  protective 
kvices. This, how ever, may lead the operation tim e o f  
Protective d ev ices at the up-stream  o f  a distribution network to 
^ as high as 1.5 second  [10]. W hen EG is connected into a 
&N, the operating tim e o f  protective d ev ices installed on load 
keders m ay exceed  the CCT limit required to maintain the 
Ability o f  EG w hich  this paper tries to establish.

III. MODELLING ELECTRIC POWER 
SYSTEMS USING EMTP.

Electro-M agnetic Transient Program (EM T P) has been  
lsed for several years for pow er system  analyses under 
^nsient and dynam ic conditions. It consists o f  a library o f  
Models o f  network com ponents such as electrical m achines, 
^ sfo rm er s , lines, etc. that can be interconnected together to 
C u late  any required electrical network [11].

^ M o d e llin g  o f  E m b e d d e d  G e n e ra to r s  in  E M T P

^ b ed d ed  generator(s) can be o f  synchronous and/or 
Synchronous types depending on the energy source used. For 
Sample Wind Farms usually utilise induction generators 
te s)  w hich are norm ally driven by w ind turbines for 
d era tion  o f  electricity. Such m achines can be sim ulated in 
*Mt p  using the concept o f  U niversal M achine (U M ) m odel 
V  was proposed by Lauw and M eyer [12] in 1982. The UM  
s considered as an electrom echanical energy conversion  
H ic e  that can be used to sim ulate the electrical and 
^chanica! com ponents o f  electrical m achines [11]. This 
"°del is found particularly attractive because the m echanical 
1|(ie o f  the m achine can be conven iently  represented using an 
'luivalent electric network consisting o f  lumped RLC 
in ten ts , w hich is then solved  as part o f  the w hole electric 
'ehvork. For exam ple each m ass connected  to the shaft system  
!an be represented by creating a node in the equivalent electric 
?ehvork w hereby a capacitor is placed betw een the node and 
Je ground to represent the m om ent o f  inertia o f  that mass, 
y  m echanical torque on that m ass is then sim ulated by a 
i||rrent source connected  between the sam e node and the 
^und [11]. Synchronous generators (SG s) can also be 
"hulated by a U M  m odel, how ever, another m achine m odel 
^ich  is know n as T ype95 m odel is found m ore suitable for 
3's work. It is a three phase dynam ic synchronous m achine 
^del w hich  represents the details o f  the electrical part o f  a 
Aerator as w ell as the m echanical part o f  the generator and 
J5 associated turbine [11]. U sing T ype59 m odel a llow s the 
Mamies o f  the prime m over (e.g . governor and turbine) to be 
"eluded in the sim ulation. This is ach ieved  using Transient 
^alysis o f  Control System s (T A C S) sp ecia lly  developed  in 
e EMTP w hich  can be interfaced with the control circuitry 

jfthe SG T ype95 m odel. V oltage applied to the field  w inding  
3,1 also be controlled using TA C S. The required control 
^chine variables (e.g . rotor speed and field  voltage) can be

ectly obtained from the Type59 m odel. In this paper both
s and SG s have been considered.

B. M o d e l lin g  th e  n e tw o r k  u n d e r  c o n s id e ra tio n

The system  considered in this investigation is show n in Fig. 1. 
B asically  it consists o f  a distribution network with em bedded  
generator(s). The latter can be either a w ind farm, represented  
by asynchronous generator(s) or a gas-turbine synchronous 
generator unit. In either cases the generator(s) is integrated 
into the distribution network at 33 kV voltage level through a 
33 kV interfacing link. The distribution network in turn 
consists o f  the Grid represented by a voltage source behind its 
T hevenin’s equivalent im pedance and a substation represented  
by a 20 M V A , 132/33kV  transformer with an im pedance o f  
10%. The fault level o f  the Grid behind the 132kV  busbar is 
assum ed 1800M V A . The w ind farm considered in this 
investigation is assum ed to have sixteen  wind-turbine- 
generator units each o f  600  kW  with a nom inal voltage o f  
690V  see Fig. 1. In order to sim plify  the sim ulation o f  the 
w ind farm and at the sam e tim e maintain the flex ib ility  o f  
having the ability o f  varying the injected generation, 
generating units o f  the w ind farm are represented using the 
A TP package by three UM  m odels. The first m achine, as can 
be seen in Fig. la , represents tw o 600  kW  units, w hile the 
second m achine represents four 600  kW  units, and the third 
m achine represents ten 600  kW  units. A ll units are assum ed  
connected at the sam e bus N o . 4. A 10 M V A , 6 9 0 /3 3 0 0 0  V  
step-up transformer with an im pedance o f  10% is assum ed  
between buses 3 and 4. A ll transformers are represented using  
the ATP transformer m odel that considers their connection  
group and the saturation effect o f  the m agnetic core. The load 
connected to the substation is represented by a second feeder 
w hich supplies a load connected  at the rem ote end o f  the 
feeder via 33k V /416V  transformers. The feeders are sim ulated  
using the A TP lumped RLC m odel. Both the interfacing and 
load feeders have an im pedance o f  (0 .185+ j324 ) ohm /km . Fig. 
2 show s the sam e network show n in F ig 1 but this tim e the 
w ind farm is replaced by a gas-turbine synchronous generator 
unit. It is assum ed that the SG is rated at 10 M V A  and 11 kV. 
It is also assum ed that the generator is interfaced with the 33 
kV network through a 10 M V A , 11/33 kV step-up transformer 
with an im pedance o f  10%. The rest o f  the network in Fig. 2  is 
assum ed sim ilar to that show n in Fig. 1.

I 60 0  kW  

4 x
60 0  kW

I lOx 
60 0  kW

F ig . 1 S c h e m a t ic  d ia g r a m  o f  th e  in v e s t ig a te d  n e tw o r k  w i th  

e m b e d d e d  in d u c t io n  g e n e r a to r s



IV. THE CONCEPT OF CRITICAL 
CLREARING TIME

4. S y n c h r o n o u s  g e n e r a to r s .

during normal operating condition a synchronous generator 
imbedded into a distribution network usually run at 

synchronous speed with a rotor angle o f  S0 corresponding to 
3n electrical output pow er Pe and m echanical input pow er Pm. 
Hie output pow er Pe w hich  is transferred from the generator to 
the network is approxim ately proportional to the square o f  
generator terminal vo ltage ¡13 ]. W hen a fault occurs on the 
Network, Pc suddenly reduces due to the sudden change in 
Network voltage. This leads to the acceleration o f  SG to 
Nccount for the d ifference betw een Pm and Pe according to the 
"'ell know n fo llow in g  sw in g  equation [13]:

d 2 5

7 7
to, 
2 H

( P nl -  P e ) ( 1)

system  is considered stable. O therw ise, 5 continue to increase 
further and generator losses synchronism  with the network. 
The system  in this case is considered  unstable.

There is a m axim um  rotor angle below  w hich SG can retain a 
stable operation. This position  is known as critical clearing  
angle. The corresponding m axim um  clearing tim e is know n as 
critical clearing time.

B . I n d u c tio n  g e n e ra to r s .

U nlike SGs, induction generators do not have field  w indings  
to develop  the required electro-m agnetic field  in the m ach ine’s 
air-gap. Therefore, IGs can not work with out external pow er 
supply. The electro-m agnetic torque ( Te ) developed  inside an 
induction m achine at any g iven  speed is proportional to the 
square o f  the terminal voltage as fo llow s[14]:

Te  =  K s V 2  (3 )

H e r e  cos is angular frequency, t tim e, and H is the inertia 
in sta n t o f  the rotating m ass.

fiiis in turn causes the SG  to gain k inetic energy w hich  is 
Normally stored in the rotating mass. W hen this happened the 
r°tor angle increases with tim e as show n b elow  [13]:

“ , (P,„
4 H

P e )  . 7 +  e---- t + °0 (2)

H e n  the fault is cleared at tim e tc w hich  corresponds to a 
rotor angle 6 C, the pow er demand by the network re­
establishes and the generator find itse lf  generating power  
heater than Pc due to the new  rotor angle. A ssum ing that the 
Niput m echanical pow er rem ains unchanged the extra pow er is 
Applied from the k inetic energy o f  the rotating m ass, 
however due to the m om ent o f  inertia the rotor angle 
H tin u es  to increase, but because the input pow er this tim e is 
*ss than the output pow er the generator begins to decelerate  
tossing its synchronous speed. The oscillation  o f  the speed  

•Nnd consequently the rotor angle 8) continues for a w hile, but 
H n tu a lly  they settle to a new  steady-state condition and the

'8 . 2  S c h e m a t ic  d ia g r a m  o f  th e  in v e s t ig a te d  n e tw o r k  w ith  

e m b e d d e d  s y n c h r o n o u s  g e n e r a to r .

w here K  is constant value depends on the parameters o f  the 
m achine, s  is the m achine slip.

Te  is, therefore, bound to reduce fo llow in g  a fault condition. 
On the other hand, the dynam ic behaviour o f  the rotor is 
governed by the sw in g  equation given  below  [12]:

d (o
(4) -

w here J  is the m om ent o f  inertia o f  the rotating m ass, Tm  is 
the m echanical torque applied on the rotor o f  the associated  
wind turbine and ryis the rotor speed.

It can be concluded from (4 ) that assum ing the m echanical 
torque is kept constant, then any reduction in the electro­
m agnetic torque, for instance due to fault condition, causes the 
rotor to accelerate. This in turn leads to an increase in the 
kinetic energy o f  the rotating m ass. W hen the fault is cleared  
and consequently system  voltage recovers, the m agnetic field  
inside the air-gap o f  the m achine starts to build up. This 
causes high inrush current to be drown by the m achine from  
the network w hich  in turn causes a voltage drop across the 
interfacing link betw een the induction generator (in  this case  
the w ind farm) and the substation leading to a reduction in the 
voltage at the generator (w ind  farm) terminals. T he resulting  
electro-m agnetic torque acts on  the rotor in a direction  
opposite to that o f  m echanical torque applied by w ind  
turbine(s). I f  the energy stored in the n ew ly  established  
rotating m agnetic field  b ecom es higher than that stored in the 
rotating m ass, rotor speed  is forced to slow  dow n and the 
generator eventually  retains its normal operating condition  
fo llow in g  few  oscillations, otherw ise, its speed  continues to 
increase until it is tripped by appropriate protection devices. 
When this happened generator term inals u sually  experience



sustained voltage dip. This investigation has show n (see  
Section V -B .l )  that there is a m axim um  tim e for the fault to 
be cleared, otherw ise induction generator(s) losses its(their) 
stability. Such tim e w ill thereafter be referred to as the CCT  
for induction (or asynchronous) generator.

V . IN V E S T IG A T E D  C A SE S

A. B e h a v io u r  o f  e m b e d d e d  S G s  a n d  I G s  d u r in g  f a u l t  

c o n d it io n s

Contribution o f  em bedded generators to fault currents could  
increase the short-circuit capacity throughout distribution  
network w hich m ay lead network “m ake and break” fault 
levels to exceed  the permitted ratings o f  network equipm ent
[7] , It can also  disrupt the co-ordination o f  protective devices
[8] , The objective o f  this part o f  the work is to investigate the 
behaviour o f  em bedded SG s and IGs during fault conditions 
Jnd com pare the tw o with each other. A  three phase fault with  
1 duration o f  200  m s is assum ed on  the load feeder terminals 
it location F (see  F igs 1 and 2). The results obtained are 
displayed in F igs 3 and 4. The former show s the w aveform s o f  
foe total fault current and that contributed from em bedded SG 
While Fig.4 show s the sam e but this tim e SG is replaced by 
IGs. These figures show  that w hile the current supplied  by SG  
's sustaining during the fault period, the current from IGs 
fonds to decay after few  cyc les from the fault incident.

8. B e h a v io u r  o f  e m b e d d e d  S G s  a n d  e m b e d d e d  I G s  d u r in g  
p o s t - f a u l t  p e r io d

foie aim o f  this part o f  the study is to investigate the behaviour  
of em bedded generators, w hether SG s or IGs, fo llow in g  the 
clearance o f  a fault. S im ilar to the previous case the system  is 
subjected to a three-phase fault at point F. H ow ever in order to 
determine the critical clearing tim e o f  SG s and IGs, the 
Emulation w as run for different fault durations.

*./. E m b e d d e d  I n d u c t io n  G e n e ra to r s

(foie o f  the cases considered is the exam ination  o f  the 
behaviour o f  em bedded 1G fo llow in g  a three-phase to ground  
*ault with a duration o f  60  m s on the load feeder at location F. 
fog. 5a show s the variation o f  terminal vo ltage o f  induction  
Generators at the w ind farm, i.e. at the 690V  bus-bar show n in 
fog. 1. It can be seen  from Fig. 5a that the vo ltage m agnitude 
bas dropped to a value less than 25%  o f  its nom inal value 
W ing fault period. H ow ever the vo ltage retained its normal 
deration level after the isolation o f  the fault. A s explained  
forlier, the electrom agnetic torque ( Te ) d eveloped  inside an 
Uduction m achine is proportional to the square o f  the terminal 
foltage, hence, Te  is expected  to reduce w h ile  the fault is 
applied on the system . H ow ever, w hen the fault is cleared, Te  
focovers its operational value provided that the m achine 
fornain stable after the rem oval o f  the fault. F ig.5b. show s the 
foriation o f  the electrom agnetic torque inside the air gap o f

the 2x600  kW  IG. Such variation leads to a variation in the 
generator’s rotor speed, as illustrated in Fig. 5c (see  (2 )). The 
recovery o f  electrom agnetic torque norm ally requires high  
current drawn from the network. Fig. 5d show s the variation  
o f  the total current o f  the w ind farm fo llow in g  the fault. A s the 
exchange o f  pow er can not occur instantaneously due to the 
inductance o f  m achine w indings and the inertia o f  the rotating 
m ass, therefore electrom agnetic torque, speed  and current 
have varied in oscillatory fashion with an exponentially  
decaying en velope versus tim e as can be seen  in F igs 5b ,5c  
and 5d respectively. This investigation w as repeated for 
different fault clearing tim e values. It w as found that for the 
system  under consideration, IGs can not retain normal 
operation when the clearing tim e is greater than 65 ms. 
Consequantly this tim e is considered  the C C T for the case  
under consideration. This investigation has a lso  show n that if  
the fault is cleared at tim e greater than the C CT, the rotating 
speed o f  IGs continue to increase and induction generators 
continue to draw high inrush currents from the network until 
they are d isconnected  from the network

Fig. 3 Current waveforms for a three-phase fault on the load feeder, 
13 - Contribution o f 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 o f induction generators.
IF - Total fault current.

i
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fig . 5 a  V a r ia t io n  o f  t e r m in a l  v o l ta g e  o f  IG s  a t  w in d  fa rm  
f o l lo w in g  a  th r e e  p h a s e , 6 0  m s  d u r a t io n  f a u l t  o n  th e  

n e tw o rk .

F ig . 6 a. V a r ia t io n  o f  te r m in a l  v o l ta g e s  o f  IG s  a t  w in d  fa rm  
f o l lo w in g  a  th r e e  p h a s e ,  8 0  m s  d u r a t io n  f a u l t  o n  th e  
n e tw o rk .

fig. 5 b  V a r ia t io n  o f  e le c t r o m a g n e t ic  t o r q u e  in s id e  th e  a i r  g a p  o f  

2 x 6 0 0  k W  IG  f o l lo w in g  a  th r e e  p h a s e ,  6 0  m s  d u r a t io n  

f a u l t  o n  th e  n e tw o r k .

fig. 5 c . V a r ia t io n  o f  r o to r  s p e e d  o f  th e  2  x  6 0 0  k W  IG  f o l lo w in g  a  
th r e e  p h a s e ,  6 0  m s  d u r a t io n  f a u l t  o n  th e  n e tw o r k .

f'g . 5 d . V a r ia t io n  o f  th e  to ta l  c u r r e n t  o f  th e  w in d  f a rm  f o l lo w in g  a  

th r e e  p h a s e ,  6 0  m s  d u r a t io n  f a u l t  o n  th e  n e tw o r k .

F ig . 6 b . V a r ia t io n  o f  th e  to ta l  c u r r e n t  o f  w in d  fa rm  f o l lo w in g  a  

th r e e  p h a s e ,  8 0  m s  d u r a t io n  f a u l t  o n  th e  n e tw o r k .

by over speed or other protection d evices w hich  are usually  
installed on IG (s) in such application. The high inrush currents 
drown from the network causes a sustained voltage sag at the 
generator terminals. Fig. 6a sh ow s such voltage for a clearing  
tim e o f  80 m s. The corresponding total current drawn by the 
w ind farm is show n in Fig. 6b.

B .2 . D is tr ib u tio n  n e tw o r k  w ith  e m b e d d e d  s y n c h r o n o u s  
g e n e r a to r s

The study described in the previous section  is repeated but 
after replacing the w ind farm by synchronous generator, as 
shown in Fig. 2 . It is found that, the CCT in this case is 360  
m s com pared to 65 m s in the case o f  IGs. For exam ple Fig. 7a 
show s the variation o f  the vo ltage o f  synchronous generator 
fo llow in g  a three-phase fault w ith a duration o f  20 0  m s. The 
corresponding angular position  o f  the is show n in Fig. 7b. This 
Figure a lso show s that the rotor assum es a stable position  
fo llow in g  few  oscillations after the rem oval o f  the fault. The 
corresponding variation o f  the stator current is show n in 
Fig.7c. On the other hand Fig. 8a and 8b show  the variation o f  
generator term inal’s voltage and its rotor angle respectively  
fo llow in g  a three-phase fault w ith a duration o f  4 0 0  m s. It can  
be seen from Fig 8b that the rotor angle continues to grow , i.e, 
the generator continues to accelerate until it lo ses its 
synchronism  with the network.
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fig. 7 a  V a r ia t io n  o f  te r m in a l  v o l ta g e s  o f  S G  f o l lo w in g  a  th r e e  

p h a s e , 2 0 0  m s  d u r a t io n  f a u l t  o n  th e  n e tw o r k .

fig. 7 b . V a r ia t io n  o f  r o to r  a n g le  o f  s y n c h r o n o u s  g e n e r a to r  f o l lo w in g  

a  th r e e  p h a s e ,  2 0 0  m s  d u r a t io n  f a u l t  o n  th e  n e tw o r k .

fig. 7 c . V a r ia t io n  o f  g e n e r a to r  c u r r e n t ,  I4 , f o l lo w in g  a  th r e e  p h a s e ,  

2 0 0  m s  d u r a t io n  f a u l t  o n  th e  n e tw o r k .

VI. IMPACT OF EG ON THE PROTECTION CO­
ORDINATION OF THE NETWORK.

this investigation has show n that the restoration o f  normal 
'peration o f  EG, fo llow in g  a fault on the network, is governed  V the fault clearing tim e. It has a lso  been found that the 
Maximum clearing tim e w hich  is acceptable for normal 
'peration o f  EG depends on the type o f  EG. For the network  
5hder consideration, it has been found that the m axim um  
fa r in g  tim e o f  a three phase fault at the beginning o f  a load 
Seder can be as high as 360  m s in the case o f  synchronous 
fenerator com pared to on ly  65 m s in the case o f  induction  
knerator. It has a lso  been observed that clearing o f  fault

Time (s).

F ig . 8 a  V a r ia t io n  o f  te r m in a l  v o l ta g e s  o f  S G  f o l lo w in g  a  th r e e  

p h a s e , 4 0 0  m s  d u r a t io n  f a u l t  o n  th e  n e tw o r k .

F ig . 8 b . V a r ia t io n  o f  r o to r  a n g le  o f  S G  f o l lo w in g  a  th r e e  p h a s e ,  

4 0 0  m s  d u r a t io n  f a u l t  o n  th e  n e tw o r k .

beyond the CCT causes synchronous generators to run out o f  
synchronism  with respect to the network, w hereas, it causes a 
sustained voltage drop at the point o f  connection  to the 
network in case o f  induction generators. This investigation has 
also revealed that, immaterial o f  the type o f  em bedded  
generator used, the m axim um  clearing tim e can be much  
low er than the expected  operating tim e o f  a tim e graded  
protective relay usually applied for distribution feeders. It is, 
therefore, important that protection co-ordination should be 
carefully be looked at w hen integration o f  EG into a 
distribution network is considered.

VII. CONCLUSION

The EM TP package has su ccessfu lly  been used in this w ork to 
sim ulate a distribution system  with em bedded induction  
generators and/or em bedded synchronous generator. The 
sim ulation is then used to investigate the im pact o f  the 
integration o f  em bedded SG (s) and em bedded IG (s) on the 
settings o f  protective d ev ices norm ally installed on the 
distribution feeders. Several case studies have been conducted  
to determ ine the effect o f  the clearing tim e o f  a fault on the 
network on the stability o f  em bedded generator(s) 
includingsynchronous and induction types. It has been  
concluded that the presence o f  EG greatly a ffects the clearing  
time o f  protective devices installed at the up stream  
distribution feeders. It has a lso been found that although the 
CTT o f  em bedded SG s is m uch high than that o f  em bedded



I(JS, the CCT for both types o f  em bedded generators is much 
•ess than the clearing tim e norm ally used in the absence o f  
embedded generation.
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X. B IO G R A P H IE S

S a l m a n  K  S a l m a n :  H e  is a  m e m b e r  o f  th e  
IE E  a n d  a  s e n io r  m e m b e r  o f  th e  IE E E , u 'a s  

b o rn  in  B a s r a h a ,  I ra q , 1 9 4 1 . H e  g r a d u a te d  

f ro m  th e  F a c u l ty  o f  E n g in e e r in g ,  U n iv e r s i ty  
o f  B a g h d a d  in  1 9 6 4 . In  1 9 7 2  h e  o b ta in e d  
h is  M E n g  in E le c tr ic a l  a n d  E le c t ro n ic  
E n g in e e r in g  f ro m  th e  U n iv e r s i ty  o f  

S h e f f ie ld ,  U K  a n d  in  1 9 7 5  h e  c o m p le te d  h is  
P h D  a t  U M IS T , U K . In  1 9 7 5  h e  j o i n t  th e  

U n iv e r s i ty  o f  B e n g h a z i ,  L ib y a  a s  a  le c tu re r ,  
a s s is ta n t  p r o f e s s o r  a n d  a s s o c ia te  p r o fe s s o r .  

H is  p r a c t ic a l  e x p e r ie n c e  in c lu d e s  te s t in g  a n d  c o m m is s io n in g  o f  
m e a s u r in g  d e v ic e s ,  p r o te c t io n  r e la y s  a n d  c o n t r o l  c i r c u i t s  r e la te d  to  
132  k V /3 3  k V /1 1  k V  s y s te m s . H e  h a s  p u b l i s h e d  s e v e ra l  p a p e r s  o n  
v o l ta g e  c o n t r o l  o f  d i s t r ib u t io n  n e tw o r k s  w ith  e m b e d d e d  g e n e r a t io n  
a n d  o n  th e  p r o te c t io n  o f  p o w e r  s y s te m s  a t  n a t io n a l  a n d  in te r n a t io n a l  
c o n f e r e n c e s  a n d  s c ie n t i f ic  jo u r n a l s .  H e  is a ls o  a  c o - a u th o r  o f  a  b o o k  

t i t le d  “ D ig i ta l  P r o te c t io n  fo r  P o w e r  S y s te m s ”  w h ic h  w a s  p u b l is h e d  
b y  th e  IE E  in  S e p te m b e r  1 9 9 5 . C u r r e n t ly  h e  is  a  R e a d e r  a t  th e  S c h o o l  

o f  E le c tro n ic  a n d  E le c tr ic a l  E n g in e e r in g  a t  T h e  R o b e r t  G o r d o n  
U n iv e r s i ty ,  U K .

I b r a h i m  M . R i d a  ( A M I E E - 9 3 )  w a s  b o m  

in  A m m a n , J o r d a n  o n  J u ly  2 3 , 1 9 6 0 . H e  
r e c e iv e d  h is  B .S c . in  E le c tr ic a l  

E n g in e e r in g  f ro m  Z a p o r o z h y e  M a c h in e  
B u i ld in g  In s t i tu te ,  U k r a in e ,  in  1 9 8 5  a n d  
h is  M .S c . in  E le c tr ic a l  E n g in e e r in g  f ro m  

th e  U n iv e r s i ty  o f  M a n c h e s te r  I n s t i tu te  o f  
S c ie n c e  a n d  T e c h n o lo g y  ( U M I S T )  in 

1 9 9 6 . I b ra h im  R id a  h a s  w o r k e d  s in c e  
1 9 8 8  a s  a  r e s e a rc h  e n g in e e r  fo r  th e  

N a t io n a l  E le c tr ic  P o w e r  C o m p a n y  in 
J o r d a n  in  p r o te c t io n  a n d  p o w e r  s y s te m  

a n a ly s is .  C u r r e n t ly ,  h e  is  s tu d y in g  to w a r d s  a  P h .D . d e g r e e  a t  th e  

R o b e r t  G o r d o n  U n iv e r s i ty  in  A b e r d e e n ,  U K . H is  r e s e a rc h  in te r e s ts  
a r e  in  th e  a r e a s  o f  w in d  p o w e r  b a s e d  e m b e d d e d  g e n e r a t io n ,  v o l ta g e  

c o n t r o l  a n d  p r o te c t io n  o f  d i s t r ib u t io n  n e tw o rk s .
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