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Preface to First Edition

In writing this book the author has been primarily concerned with the presentation
of the basic essentials of power-system operation and analysis to students in the
final year of first degree courses at universities and colleges of technology. The
emphasis is on the consideration of the system as a whole rather than on the engi-
neering details of its constituents, and the treatment presented is aimed at practical
conditions and situations rather than theoretical nicety.

In recent years the contents of many undergraduate courses in electrical engineer-
ing have become more fundamental in nature with greater emphasis on electromag-
netism, network analysis, and control theory. Students with this background will be
familiar with much of the work on network theory and the inductance, capacitance,
and resistance of lines and cables, which has in the past occupied large parts of text-
books on power supply. In this book these matters have been largely omitted, result-
ing in what is hoped is a concise account of the operation and analysis of electric
power systems. It is the author’s intention to present the power system as a system
of interconnected elements which may be represented by models, either mathemati-
cally or by equivalent electrical circuits. The simplest models will be used consis-
tently with acceptable accuracy and it is hoped that this will result in the wood
being seen as well as the trees. In an introductory text such as this no apology is
made for the absence of sophisticated models of plant (synchronous machines in
particular) and involved mathematical treatments as these are well catered for in
more advanced texts to which reference is made.

The book is divided into four main parts, as follows:

a. Introduction, including the establishment of equivalent circuits of the compo-
nents of the system, the performance of which, when interconnected, forms the
main theme.

b. Operation, the manner in which the system is operated and controlled to give
secure and economic power supplies.

c. Analysis, the calculation of voltage, power, and reactive power in the system
under normal and abnormal conditions. The use of computers is emphasised
when dealing with large networks.
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d. Limitations of transmittable power owing to the stability of the synchronous
machine, voltage stability of loads, and the temperature rises of plant.

It is hoped that the final chapter will form a useful introduction to direct current
transmission which promises to play a more and more important role in electricity
supply.

The author would like to express his thanks to colleagues and friends for their
helpful criticism and advice. To Mr ].P. Perkins for reading the complete draft, to
Mr B.A. Carre on digital methods for load flow analysis, and to Mr A.M. Parker
on direct current transmission. Finally, thanks are due to past students who for over
several years have freely expressed their difficulties in this subject.

Birron M. Weedy
Southampton, 1967



Preface to Fourth Edition

As a university teacher for 40 years, I have always admired the way that Dr Birron
Weedy’s book has stood out from the numerous texts on the analysis and modelling
of power systems, with its emphasis on practical systems rather than extensive the-
ory or mathematics. Over the three previous editions and one revision, the text has
been continually updated and honed to provide the essentials of electrical power
systems sufficient not only for the final year of a first degree course, but also as a
firm foundation for further study. As with all technology, progress produces new
devices and understanding requiring revision and updating if a book is to be of con-
tinuing value to budding engineers. With power systems, there is another dimen-
sion in that changes in social climate and political thinking alter the way they are
designed and operated, requiring consideration and understanding of new forms of
infrastructure, pricing principles and service provision. Hence the need for an intro-
duction to basic economics and market structures for electricity supply, which is
given in a completely new Chapter 12.

In this edition, 10 years on from the last, a rewrite of Chapter 1 has brought in full
consideration of CCGT plant, some new possibilities for energy storage, the latest
thinking on electromagnetic fields and human health, and loss factor calculations.
The major addition to system components and operation has been Flexible
a.c. Transmission (FACT) devices using the latest semiconductor power switches
and leading to better control of power and var flows. The use of optimisation tech-
niques has been brought into Chapter 6 with powerflow calculations but the increas-
ing availability and use of commercial packages has meant that detailed code
writing is no longer quite so important. For stability (Chapter 8), it has been neces-
sary to consider voltage collapse as a separate phenomenon requiring further
research into modelling of loads at voltages below 95% or so of nominal. Increas-
ingly, large systems require fast stability assessment through energy-like functions
as explained in additions made to this chapter. Static-shunt variable compensators
have been included in Chapter 9 with a revised look at h.v.d.c. transmission. Many
d.c. schemes now exist around the world and are continually being added to so the
description of an example scheme has been omitted. Chapter 11 now includes many
new sections with updates on switchgear, and comprehensive introductions to
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digital (numerical) protection principles, monitoring and control with SCADA, state
estimation, and the concept of Energy Management Systems (EMS) for system
operation.

Readers who have been brought up on previous editions of this work will realise
that detailed design of overhead and underground systems and components has
been omitted from this edition. Fortunately, adequate textbooks on these topics are
available, including an excellent book by Dr Weedy, and reference to these texts is
recommended for detailed study if the principles given in Chapter 3 herein are
insufficient. Many other texts (including some ‘advanced’ ones) are listed in a new
organisation of the bibliography, together with a chapter-referencing key which I
hope will enable the reader to quickly determine the appropriate texts to look up. In
addition, mainly for historical purposes, a list of significant or ‘milestone’ papers
and articles is provided for the interested student.

Finally, it has been an honour to be asked to update such a well-known book and I
hope that it still retains much of the practical flavour pioneered by Dr Weedy. I am
particularly indebted to my colleagues, Dr Donald Macdonald (for much help with a
rewrite of the material about electrical generators) and Dr Alun Coonick for his
prompting regarding the inclusion of new concepts. My thanks also go to the vari-
ous reviewers of the previous editions for their helpful suggestions and comments
which I have tried to include in this new edition. Any errors and omissions are
entirely my responsibility and I look forward to receiving feedback from students
and lecturers alike.

Brian |. Cory
Imperial College, London, 1998

Publisher’s Note

Dr B. M. Weedy died in December 1997 during the production of this fourth edition.



Preface to Fifth Edition

We were delighted to be asked to revise this classic textbook. From the earlier edi-
tions we had gained much, both as undergraduate students and throughout our
careers. Both Dr Weedy and Dr Cory can only be described as giants of power
system education and the breadth of their vision and clarity of thought is evident
throughout the text. Reading it carefully, for the purposes of revision, was a most
rewarding experience and even after many years studying and teaching power
systems we found new insights on almost every page.

We have attempted to stay true to the style and structure of the book while adding
up-to-date material and including examples of computer based simulation. We were
conscious that this book is intended to support a 3rd or 4th year undergraduate
course and it is too easy when revising a book to continue to add material and so
obscure rather than illuminate the fundamental principles. This we have attempted
not to do. Chapter 1 has been brought up to date as many countries de-carbonise
their power sector. Chapter 6 (Ioad flow) has been substantially rewritten and volt-
age source converter HVDC added to Chapter 9. Chapter 10 has been revised to
include modern switchgear and protection while recognising that the young engi-
neer is likely to encounter much equipment that may be 30-40 years old. Chapter 12
has been comprehensively revised and now contains material suitable for teaching
the fundamentals of the economics of operation and development of power systems.
All chapters have been carefully revised and where we considered it would aid
clarity the material rearranged. We have paid particular attention to the Examples
and Problems and have created Solutions to the Problems that can be found on the
Wiley website.

We are particularly indebted to Dave Thompson who created all the illustrations
for this edition, Lewis Dale for his assistance with Chapter 12, and to IPSA Power for
generously allowing us a license for their power system analysis software. Also we
would like to thank: Chandima Ekanayake, Prabath Binduhewa, Predrag Djapic and
Jelena Rebic for their assistance with the Solutions to the Problems. Bethany
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Corcoran provided the data for Figure 1.1 while Alstom Grid, through Rose King,
kindly made available information for some of the drawings of Chapter 11.
Although, of course, responsibility for errors and omissions lies with us, we hope
we have stayed true to the spirit of this important textbook.

For instructors and teachers, solutions to the problems set out in the book can be
found on the companion website www.wiley.com/go/weedy_electric.

Nick Jenkins, Janaka Ekanayake, Goran Strbac
June 2012



Symbols

Throughout the text, symbols in bold type represent complex (phasor) quantities
requiring complex arithmetic. Italic type is used for magnitude (scalar) quantities.

A,B,C,D Generalised circuit constants

a-b—c

Sesme aTmEgOR

Phase rotation (alternatively R-Y-B)
Operator 1/120°

Capacitance (farad)

Diameter

e.m.f. generated

Cost function (units of money per hour)
Frequency (Hz)

Rating of machine

Thermal resistivity (°Cm/W)

Inertia constant (seconds)

Heat transfer coefficient (W/m? per °C)
Current (A)

Conjugate of I

In-phase current

Quadrature current

1/90° operator

Stiffness coefficient of a system (MW /Hz)
Inductance (H)

Natural logarithm

Angular momentum (J-s per rad or MJ-s per electrical degree)
Rotational speed (rev/min, rev/s, rad/s)
Propagation constant (a + jB)

Power (W)

Synchronising power coefficient

Power factor

Iteration number

Reactive power (VAr)

Loss dissipated as heat (W)

Resistance (€)); also thermal resistance (°C/W)
Phase rotation (British practice)

Complex power =P £ jQ

Siemens

Laplace operator

Slip
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SCR Short-circuit ratio
T Absolute temperature (K)
t Time

~~

Off-nominal transformer tap ratio

At Interval of time

Q! Siemens

u Velocity

A% Voltage; AV scalar voltage difference
Voltage magnitude

Volumetric flow of coolant (m?/s)

Transient reactance of a synchronous machine

Subtransient reactance of a synchronous machine

Direct axis synchronous reactance of a synchronous machine
Quadrature axis reactance of a synchronous machine
Synchronous reactance of a synchronous machine
Admittance (p.u. or 2)

Impedance (p.u. or 1)

Characteristic or surge impedance ({2)

Delay angle in rectifiers and inverters—d.c. transmission
Attenuation constant of line

Reflection coefficient

Phase-shift constant of line

(180 — o) used in inverters

Refraction coefficient (1 + o)

Commutation angle used in converters

Load angle of synchronous machine or transmission angle across a
system (electrical degrees)

Recovery angle of semiconductor valve

Permittivity

Viscosity (g/(cm-s))

Temperature rise (°C) above reference or ambient

Lagrange multiplier

Electrical resistivity ({2-m)

Density (kg/m?)

Time constant

Angle between voltage and current phasors (power factor angle)
Angular frequency (rad/s)

R T R L Qc[>\1N)-<m><_o><g<>§>gg<

o4
=}

690D >3 ™

Subscripts 1, 2, and O refer to positive, negative, and zero symmetrical components,
respectively.
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1.1 History

In 1882 Edison inaugurated the first central generating station in the USA. This fed a
load of 400 lamps, each consuming 83 W. At about the same time the Holborn Via-
duct Generating Station in London was the first in Britain to cater for consumers
generally, as opposed to specialized loads. This scheme used a 60 kW generator
driven by a horizontal steam engine; the voltage of generation was 100V direct
current.

The first major alternating current station in Great Britain was at Deptford, where
power was generated by machines of 10000 h.p. and transmitted at 10kV to con-
sumers in London. During this period the battle between the advocates of alternat-
ing current and direct current was at its most intense with a similar controversy
raging in the USA and elsewhere. Owing mainly to the invention of the transformer
the supporters of alternating current prevailed and a steady development of local
electricity generating stations commenced with each large town or load centre oper-
ating its own station.

In 1926, in Britain, an Act of Parliament set up the Central Electricity Board with
the object of interconnecting the best of the 500 generating stations then in operation
with a high-voltage network known as the Grid. In 1948 the British supply industry
was nationalized and two organizations were set up: (1) the Area Boards, which were
mainly concerned with distribution and consumer service; and (2) the Generating
Boards, which were responsible for generation and the operation of the high-voltage
transmission network or grid.

All of this changed radically in 1990 when the British Electricity Supply Industry
was privatized. Separate companies were formed to provide competition in the sup-
ply of electrical energy (sometimes known as electricity retail businesses) and in
power generation. The transmission and distribution networks are natural monopo-
lies, owned and operated by a Transmission System Operator and Distribution
Network Operators. The Office of Gas and Electricity Markets (OFGEM) was

Electric Power Systems, Fifth Edition. B.M. Weedy, B.J. Cory, N. Jenkins, J.B. Ekanayake and G. Strbac.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.



2 Electric Power Systems, Fifth Edition

established as the Regulator to ensure the market in electricity generation and
energy supply worked effectively and to fix the returns that the Transmission and
Distribution Companies should earn on their monopoly businesses.

For the first 80 years of electricity supply, growth of the load was rapid at around
7% per year, implying a doubling of electricity use every 10 years and this type of
increase continues today in rapidly industrializing countries. However in the USA
and in other industrialized countries there has been a tendency, since the oil shock
of 1973, for the rate of increase to slow with economic growth no longer coupled
closely to the use of energy. In the UK, growth in electricity consumption has been
under 1% per year for a number of years.

A traditional objective of energy policy has been to provide secure, reliable and
affordable supplies of electrical energy to customers. This is now supplemented by
the requirement to limit greenhouse gas emissions, particularly of CO,, and so miti-
gate climate change. Hence there is increasing emphasis on the generation of elec-
tricity from low-carbon sources that include renewable, nuclear and fossil fuel
plants fitted with carbon capture and storage equipment. The obvious way to con-
trol the environmental impact of electricity generation is to reduce the electrical
demand and increase the efficiency with which electrical energy is used. Therefore
conservation of energy and demand reduction measures are important aspects of
any contemporary energy policy.

1.2 Characteristics Influencing Generation and Transmission

There are three main characteristics of electricity supply that, however obvious,
have a profound effect on the manner in which the system is engineered. They are
as follows:

Electricity, unlike gas and water, cannot be stored and the system operator traditionally
has had limited control over the load. The control engineers endeavour to keep
the output from the generators equal to the connected load at the specified voltage
and frequency; the difficulty of this task will be apparent from a study of the load
curves in Figure 1.1. It will be seen that the load consists of a steady component
known as the base load, plus peaks that depend on the time of day and days of
the week as well as factors such as popular television programmes.

The electricity sector creates major environmental impacts that increasingly determine how
plant is installed and operated. Coal burnt in steam plant produces sulphur dioxide
that causes acid rain. Thus, in Europe, it is now mandatory to fit flue gas desulphur-
isation plant to coal fired generation. All fossil fuel (coal, oil and gas) produce CO,
(see Table 1.1) which leads to climate change and so its use will be discouraged
increasingly with preference given to generation by low-carbon energy sources.

The generating stations are often located away from the load resulting in transmission
over considerable distances. Large hydro stations are usually remote from
urban centres and it has often been cost-effective to burn coal close to where it
is mined and transport the electricity rather than move the coal. In many coun-
tries, good sites for wind energy are remote from centres of population and,
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Figure 1.1 Load curves. (@) PJM (Pennsylvania, Jersey, Maryland) confrol area in the
east of the USA over a summer week. The base load is 70GW with a peak of 140 GW.
This is a very large interconnected power system. (b) PJM control area over a winter
week. Note the morning and evening peaks in the winter with the maximum demand
in the summer. (c) Great Britain over a summer week. The base load is around 25 GW
with a daily increase/decrease of 15 GW. GB is effectively an isolated power system.
(d) Sri Lanka over 1 day. Note the base load thermal generation with hydro used to
accommodate the rapid increase of 500 MW at dusk
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although it is possible to transport gas in pipelines, it is often difficult to obtain
permission to construct generating stations close to cities. Moreover, the con-
struction of new electrical transmission is subject to delays in many developed
countries caused by objections from the public and the difficulty in obtaining
permission for the construction of new overhead line circuits.

1.3 Operation of Generators

The national electrical load consists of a base plus a variable element, depending on
the time of day and other factors. In thermal power systems, the base load should be
supplied by the most efficient (lowest operating cost) plant which then runs
24 hours per day, with the remaining load met by the less efficient (but lower capital
cost) stations. In hydro systems water may have to be conserved and so some gener-
ators are only operated during times of peak load.

In addition to the generating units supplying the load, a certain proportion of
available plant is held in reserve to meet sudden contingencies such as a generator
unit tripping or a sudden unexpected increase in load. A proportion of this reserve
must be capable of being brought into operation immediately and hence some
machines must be run at, say, 75% of their full output to allow for this spare generat-
ing capacity, called spinning reserve.

Reserve margins are allowed in the total generation plant that is constructed to
cope with unavailability of plant due to faults, outages for maintenance and errors
in predicting load or the output of renewable energy generators. When traditional
national electricity systems were centrally planned, it was common practice to
allow a margin of generation of about 20% over the annual peak demand. A high
proportion of intermittent renewable energy generation leads to a requirement for
a higher reserve margin. In a power system there is a mix of plants, that is, hydro,
coal, oil, renewable, nuclear, and gas turbine. The optimum mix gives the most
economic operation, but this is highly dependent on fuel prices which can fluctu-
ate with time and from region to region. Table 1.2 shows typical plant and

Table 1.1 Estimated carbon dioxide emissions from electricity
generation in Great Britain

Fuel Tonnes of CO,/GWh
of Electrical Output

Coal 915

Oil 633

Gas 405

Great Britain generation portfolio 452

(including nuclear and renewables)

Data from the Digest of UK Energy Statistics, 2010, published by the Depart-
ment of Energy and Climate Change.
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Table 1.2 Example of costs of electricity generation

Generating Technology Capital Cost of Cost of electricity
Plant £/ MW £/MWh

Combined Cycle Gas Turbine 720 80

Coal 1800 105

Onshore wind 1520 94

Nuclear 2910 99

Data from UK Electricity Generating Costs Update, 2010, Mott MacDonald, reproduced with permission

generating costs for the UK. It is clear some technologies have a high capital cost
(for example, nuclear and wind) but low fuel costs.

1.4 Energy Conversion

1.4.1 Energy Conversion Using Steam

The combustion of coal, gas or oil in boilers produces steam, at high tempera-
tures and pressures, which is passed through steam turbines. Nuclear fission can
also provide energy to produce steam for turbines. Axial-flow turbines are gener-
ally used with several cylinders, containing steam of reducing pressure, on the
same shaft.

A steam power-station operates on the Rankine cycle, modified to include super-
heating, feed-water heating, and steam reheating. High efficiency is achieved by the
use of steam at the maximum possible pressure and temperature. Also, for turbines
to be constructed economically, the larger the size the less the capital cost per unit of
power output. As a result, turbo-generator sets of 500 MW and more have been
used. With steam turbines above 100 MW, the efficiency is increased by reheating
the steam, using an external heater, after it has been partially expanded. The
reheated steam is then returned to the turbine where it is expanded through the final
stages of blading.

A schematic diagram of a coal fired station is shown in Figure 1.2. In Figure 1.3 the
flow of energy in a modern steam station is shown.

In coal-fired stations, coal is conveyed to a mill and crushed into fine powder, that
is pulverized. The pulverized fuel is blown into the boiler where it mixes with a
supply of air for combustion. The exhaust steam from the low pressure (L.P.) tur-
bine is cooled to form condensate by the passage through the condenser of large
quantities of sea- or river-water. Cooling towers are used where the station is
located inland or if there is concern over the environmental effects of raising the
temperature of the sea- or river-water.

Despite continual advances in the design of boilers and in the development of
improved materials, the nature of the steam cycle is such that vast quantities of
heat are lost in the condensate cooling system and to the atmosphere. Advances
in design and materials in the last few years have increased the thermal
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Figure 1.3 Energy flow diagram for a 500 MW turbine generator (Figure adapted from
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efficiencies of new coal stations to approaching 40%. If a use can be found for the
remaining 60% of energy rejected as heat, fairly close to the power station,
forming a Combined Heat and Power (or Co-generation) system then this is
clearly desirable.

1.4.2 Energy Conversion Using Water

Perhaps the oldest form of energy conversion is by the use of water power. In a
hydroelectric station the energy is obtained free of cost. This attractive feature has
always been somewhat offset by the very high capital cost of construction, especially
of the civil engineering works. Unfortunately, the geographical conditions necessary
for hydro-generation are not commonly found, especially in Britain. In most devel-
oped countries, all the suitable hydroelectric sites are already fully utilized. There
still exists great hydroelectric potential in many developing countries but large
hydro schemes, particularly those with large reservoirs, have a significant impact
on the environment and the local population.

The difference in height between the upper reservoir and the level of the turbines
or outflow is known as the head. The water falling through this head gains energy
which it then imparts to the turbine blades. Impulse turbines use a jet of water at
atmospheric pressure while in reaction turbines the pressure drops across the run-
ner imparts significant energy.

A schematic diagram of a hydro generation scheme is shown in Figure 1.4.

120t intake
Normal max. gantry crane
reservoir a
water level

El. 451m Transmission lines

Power station

o Vel
Intake gate N LI travelling cranes
Normal max.
Intake tailwater

El. 411m

84 MW
turbine

Tailrace

Figure 1.4 Schematic view of a hydro generator (Figure adapted from Engineering)
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Figure 1.5 Typical efficiency curves of hydraulic turbines (1 per unit (p.u.). = 100%)

Particular types of turbine are associated with the various heights or heads of
water level above the turbines. These are:

1. Pelton: This is used for heads of 150-1500 m and consists of a bucket wheel rotor
with water jets from adjustable flow nozzles.

2. Francis: This is used for heads of 50-500 m with the water flow within the turbine
following a spiral path.

3. Kaplan: This is used for run-of-river stations with heads of up to 60 m. This type
has an axial-flow rotor with variable-pitch blades.

Typical efficiency curves for each type of turbine are shown in Figure 1.5.
Hydroelectric plant has the ability to start up quickly and the advantage that no
energy losses are incurred when at a standstill. It has great advantages, therefore,
for power generation because of this ability to meet peak loads at minimum operat-
ing cost, working in conjunction with thermal stations — see Figure 1.1(d). By using
remote control of the hydro sets, the time from the instruction to start up to the
actual connection to the power network can be as short as 3 minutes.

The power available from a hydro scheme is given by

P = pgQH (W]
where

Q = flow rate (m>/s) through the turbine;
p = density of water (1000 kg/m?);
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¢ = acceleration due to gravity (9.81 m/s?);
H = head, that is height of upper water level above the lower (m).
Substituting,

P =981QH kW]

1.4.3 Gas Turbines

With the increasing availability of natural gas (methane) and its low emissions
and competitive price, prime movers based on the gas turbine cycle are being used
increasingly. This thermodynamic cycle involves burning the fuel in the compressed
working fluid (air) and is used in aircraft with kerosene as the fuel and for electricity
generation with natural gas (methane). Because of the high temperatures obtained,
the efficiency of a gas turbine is comparable to that of a steam turbine, with the addi-
tional advantage that there is still sufficient heat in the gas-turbine exhaust to raise
steam in a conventional boiler to drive a steam turbine coupled to another electricity
generator. This is known as a combined-cycle gas-turbine (CCGT) plant, a schematic
layout of which is shown in Figure 1.6. Combined efficiencies of new CCGT genera-
tors now approach 60%.

The advantages of CCGT plant are the high efficiency possible with large units
and, for smaller units, the fast start up and shut down (2-3 min for the gas turbine,
20 min for the steam turbine), the flexibility possible for load following, the compar-
ative speed of installation because of its modular nature and factory-supplied units,
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Figure 1.6 Schematic diagram of a combined-cycle gas-furbine power station
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and its ability to run on light oil (from local storage tanks) if the gas supply is inter-
rupted. Modern installations are fully automated and require only a few operators
to maintain 24 hour running or to supply peak load, if needed.

1.4.4 Nuclear Power

Energy is obtained from the fission reaction which involves the splitting of the
nuclei of uranium atoms. Compared with chemical reactions, very large amounts of
energy are released per atomic event. Uranium metal extracted from the base ore
consists mainly of two isotopes, **U (99.3% by weight) and **’U (0.7%). Only ***U
is fissile, that is when struck by slow-moving neutrons its nucleus splits into two
substantial fragments plus several neutrons and 3 x 10~ '] of kinetic energy. The
fast moving fragments hit surrounding atoms producing heat before coming to rest.
The neutrons travel further, hitting atoms and producing further fissions. Hence the
number of neutrons increases, causing, under the correct conditions, a chain
reaction. In conventional reactors the core or moderator slows down the moving
neutrons to achieve more effective splitting of the nuclei.

Fuels used in reactors have some component of ***U. Natural uranium is some-
times used although the energy density is considerably less than for enriched ura-
nium. The basic reactor consists of the fuel in the form of rods or pellets situated in
an environment (moderator) which will slow down the neutrons and fission prod-
ucts and in which the heat is evolved. The moderator can be light or heavy water or
graphite. Also situated in the moderator are movable rods which absorb neutrons
and hence exert control over the fission process. In some reactors the cooling fluid is
pumped through channels to absorb the heat, which is then transferred to a second-
ary loop in which steam is produced for the turbine. In water reactors the moderator
itself forms the heat-exchange fluid.

A number of versions of the reactor have been used with different coolants
and types of fissile fuel. In Britain the first generation of nuclear power stations
used Magnox reactors in which natural uranium in the form of metal rods was
enclosed in magnesium-alloy cans. The fuel cans were placed in a structure or
core of pure graphite made up of bricks (called the moderator). This graphite core
slowed down the neutrons to the correct range of velocities in order to provide the
maximum number of collisions. The fission process was controlled by the insertion
of control rods made of neutron-absorbing material; the number and position of
these rods controlled the heat output of the reactor. Heat was removed from the
graphite via carbon dioxide gas pumped through vertical ducts in the core. This
heat was then transferred to water to form steam via a heat exchanger. Once the
steam had passed through the high-pressure turbine it was returned to the heat
exchanger for reheating, as in a coal- or oil-fired boiler.

A reactor similar to the Magnox is the advanced gas-cooled reactor (AGR) which
is still in use in Britain but now coming towards the end of its service life. A
reinforced-concrete, steel-lined pressure vessel contains the reactor and heat
exchanger. Enriched uranium dioxide fuel in pellet form, encased in stainless steel
cans, is used; a number of cans are fitted into steel fitments within a graphite tube to
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Figure 1.7 Schematic diagram of a pressurized-water reactor (PWR)

form a cylindrical fuel element which is placed in a vertical channel in the core.
Depending on reactor station up to eight fuel elements are held in place one above
the other by a tie bar. Carbon dioxide gas, at a higher pressure than in the Magnox
type, removes the heat. The control rods are made of boron steel. Spent fuel ele-
ments when removed from the core are stored in a special chamber and lowered
into a pond of water where they remain until the level of radioactivity has decreased
sufficiently for them to be removed from the station and disassembled.

In the USA and many other countries pressurized-water and boiling-water
reactors are used. In the pressurized-water type the water is pumped through the
reactor and acts as a coolant and moderator, the water being heated to 315°C at
around 150bar pressure. At this temperature and pressure the water leaves the
reactor at below boiling point to a heat exchanger where a second hydraulic circuit
feeds steam to the turbine. The fuel is in the form of pellets of uranium dioxide in
bundles of zirconium alloy.

The boiling-water reactor was developed later than the pressurized-water
type. Inside the reactor, heat is transferred to boiling water at a pressure of 75 bar
(1100 p.s.i.). Schematic diagrams of these reactors are shown in Figures 1.7 and 1.8.
The ratio of pressurized-water reactors to boiling-water reactors throughout the
world is around 60/40%.

Both pressurized- and boiling-water reactors use light water.! The practical
pressure limit for the pressurized-water reactor is about 160 bar (2300 p.s.i.), which
limits its efficiency to about 30%. However, the design is relatively straightforward
and experience has shown this type of reactor to be stable and dependable. In the
boiling-water reactor the efficiency of heat removal is improved by use of the
latent heat of evaporation. The steam produced flows directly to the turbine, caus-
ing possible problems of radioactivity in the turbine. The fuel for both light-water
reactors is uranium enriched to 3-4% **°U. Boiling-water reactors are probably the
cheapest to construct; however, they have a more complicated fuel make up with
different enrichment levels within each pin. The steam produced is saturated and
requires wet-steam turbines. A further type of water reactor is the heavy-water

! Light water refers to conventional H,O while heavy water describes deuterium oxide (D,0).
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Figure 1.8 Schematic diagram of a boiling-water reactor (BWR)

CANDU type developed by Canada. Its operation and construction are similar to
the light-water variety but this design uses naturally occurring, un-enriched or
slightly enriched uranium.

Concerns over the availability of future supplies of uranium led to the construc-
tion of a number of prototype breeder reactors. In addition to heat, these reactors
produce significant new fissile material. However, their cost, together with the tech-
nical and environmental challenges of breeder reactors, led to most of these pro-
grammes being abandoned and it is now generally considered that supplies of
uranium are adequate for the foreseeable future.

Over the past years there has been considerable controversy regarding the safety
of reactors and the management of nuclear waste. Experience is still relatively small
and human error is always a possibility, such as happened at Three Mile Island in
1979 and Chernobyl in 1986 or a natural event such as the earthquake and tsunami
in Fukishima in 2011. However, neglecting these incidents, the safety record of
power reactors has been good and now a number of countries (including Britain)
are starting to construct new nuclear generating stations using Light Water Reactors.
The decommissioning of nuclear power stations and the long term disposal of spent
fuel remains controversial.

1.5 Renewable Energy Sources

There is considerable international effort put into the development of renewable
energy sources. Many of these energy sources come from the sun, for example
wind, waves, tides and, of course, solar energy itself. The average peak solar energy
received on the earth’s surface is about 600 W/m?, but the actual value, of course,
varies considerably with time of day and cloud conditions.

1.5.1 Solar Energy-Thermal Conversion

There is increasing interest in the use of solar energy for generating electricity
through thermal energy conversion. In large-scale (central station) installations the
sun’s rays are concentrated by lenses or mirrors. Both require accurately curved sur-
faces and steering mechanisms to follow the motion of the sun. Concentrators may
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be designed to follow the sun’s seasonal movement, or additionally to track the sun
throughout the day. The former is less expensive and concentration of the sun up to
30 times has been obtained. However, in the French solar furnace in the Pyrenees,
two-axis mirrors were used and a concentration of 16 000 was achieved. The reflec-
tors concentrated the rays on to a single receiver (boiler), hence raising steam.

An alternative to this scheme (with lower temperatures) is the use of many indi-
vidual parabolic trough absorbers tracking the sun in one direction only (Figure 1.9),
the thermal energy being transferred by a fluid to a central boiler. In the arid regions
of the world where direct solar radiation is strong and hence solar thermal genera-
tion effective the limited supply of water for the steam cycle and for cooling can
be an important consideration. In solar thermal schemes, heat energy storage can be
used to mitigate the fluctuating nature of the sun’s energy.

1.5.2 Solar Energy-Photovoltaic Conversion

Photovoltaic conversion occurs in a thin layer of suitable material, typically silicon,
when hole-electron pairs are created by incident solar photons and the separation of
these holes and electrons at a discontinuity in electrochemical potential creates a
potential difference. Whereas theoretical efficiencies are about 25%, practical values
are lower. Single-crystal silicon solar cells have been constructed with efficiencies of
the complete module approaching 20%. The cost of fabricating and interconnecting
cells is high. Polycrystalline silicon films having large-area grains with efficiencies of
over 16% have been made. Although photovoltaic devices do not pollute they
occupy large areas if MWs of output are required. It has been estimated that to pro-
duce 10" kWh per year (about 65% of the 1970 US generation output) the necessary
cells would occupy about 0.1% of the US land area (highways occupied 1.5% in
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1975), assuming an efficiency of 10% and a daily insolation of 4 kWh/m?. Auto-
mated cell production can now produce cells at less than US $3 per peak watt.

1.5.3 Wind Generators

Horizontal axis wind turbine generators each rated at up to 5MW mounted on
90-100 m high towers are now commercially available.
The power in the wind is given by

1
Py = EpAUS [W}

While the power developed by the aerodynamic rotor is

1
P =GPy =Cp3 pAUP (W]

where

density of air (1.25kg/m°);

p =

U = wind velocity (m/s);

A = swept area of rotor (m?).

C, = power coefficient of the rotor

The operation of a wind turbine depends upon the wind speed and is shown in
Figure 1.10.

Power
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Figure 1.10 Wind furbine power curve
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At low wind speeds, there is insufficient energy to operate the turbine and no
power is produced. At the cut-in U, speed, between 3 and 5m/s, power starts
to be generated until rated power P, is produced at rated wind speed U,. At
higher wind speeds, the turbine is controlled, usually by altering the blade
pitch angle, to give rated output up to a maximum wind speed U;. After this
the blades are ‘furled’ and the unit is shut down to avoid excessive wind load-
ing. Typically, wind turbines with rotors of 80 m diameter, rotate at 15-20 rpm,
and are geared up to a generator speed of around 1000 r.p.m. All modern large
wind turbines operate at variable speed using power electronic converters to
connect the generator to the 50/60Hz electrical network. This is in order to
reduce mechanical loads and to allow the aerodynamic rotor to run at its most
effective speed.

Example 1.1

Calculate the number of wind generators required to produce the equivalent energy
of a 600 MW CCGT operating at 80% load factor. Assume the average wind speed is
8 m/s, rotor diameter is 80 m, and conversion efficiency (coefficient of performance, C,)
is 0.45.

Calculation
Power in the wind:

1
Pring = E)OAUR)

:%x1.25xnx402><83:1.6MW

Power in generator:

Pgenemtor =1.6 x 045 = 724 kKW

Number of turbines required =600 x 0.8/0.724 = 663.

A regular spacing of turbines at 5 times rotor diameter (400m), gives 6.25 turbines/km?.
Thus a total area of 106 km? is required.

From this calculation, it is apparent that wind generators spread over a wide area
(e.g. 11km x 10km) would be required although the ground beneath them could be
used for grazing. The saving in CO, emissions would be approximately:

Daily electrical energy generated =600 x 0.8 x 24 = 11.5 GWh.
CO; emissions saved (see Table 1.1) =11.5 x 405 = 4657 tonnes/day

1.5.4 Biofuels

Biofuels are derived from vegetable matter produced by agriculture or forestry
operations or from waste materials collected from industry, commerce and residen-
tial households. As an energy resource, biomass used as a source of heat by burning
wood, dung, and so on, in developing countries is very important and contributes
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about 14% of the world’s energy requirements. Biomass can be used to produce elec-
tricity in two ways:

1. by burning in a furnace to produce steam to drive turbines; or
2. by fermentation in landfill sites or in special anaerobic tanks, both of which pro-
duce a methane-rich gas which can fuel a spark ignition engine or gas turbine.

It can also be co-fired with coal in large steam power stations.

If crops are cultivated for combustion, either as a primary source of heat or as a
by-product of some other operation; they can be considered as CO, neutral, in that
their growing cycle absorbs as much CO; as is produced by their combustion. In
industrialized countries, biomass has the potential to produce up to 5% of electricity
requirements if all possible forms are exploited, including household and industrial
waste, sewage sludge (for digestion), agricultural waste (chicken litter, straw, sugar
cane, and so on). The use of good farmland to grow energy crops is controversial as
it obviously reduces the area of land available to grow food.

1.5.5 Geothermal Energy

In most parts of the world the vast amount of heat in the earth’s interior is too deep
to be tapped. In some areas, however, hot springs or geysers and molten lava
streams are close enough to the surface to be used. Thermal energy from hot springs
has been used for many years for producing electricity, starting in 1904 in Italy. In
the USA the major geothermal power plants are located in northern California on a
natural steam field called the Geysers. Steam from a number of wells is passed
through turbines. The present utilization is about 900 MW and the total estimated
capacity is about 2000 MW. Because of the lower pressure and temperatures the effi-
ciency is less than with fossil-fuelled plants, but the capital costs are less and, of
course, the fuel is free. New Zealand and Iceland also exploit their geothermal
energy resources.

1.5.6 Other Renewable Resources
1.5.6.1 Tides

An effective method of utilizing the tides is to allow the incoming tide to flow into a
basin, thus operating a set of turbines, and then at low tide to release the stored
water, again operating the turbines. If the tidal range from high to low water is h
(m) and the area of water enclosed in the basin is A (m?), then the energy in the full
basin with the tide outside at its lowest level is:

h
E = ,ogA/xdx
0

_1
= 5 8h°A (7]
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Table 1.3 Sites that have been studied for tidal range generation

Site Tidal Range(m) Area (km?) Generators (MW)
Passamaquoddy Bay (N. America) 55 262 1800
Minas-Cohequid (N. America) 10.7 777 19900
San Jose (S. America) 5.9 750 5870
Severn (U.K.) 9.8 700 8000

The maximum total energy for both flows is therefore twice this value, and the
maximum average power is pgAh?/T, where T is the period of tidal cycle, normally
12h 44 min. In practice not all this energy can be utilized. The number of sites
with good potential for tidal range generation is small. Typical examples of those
which have been studied are listed in Table 1.3 together with the size of generat-
ing plant considered.

A 200MW installation using tidal flow has been constructed on the La Rance
Estuary in northern France, where the tidal height range is 9.2m (30ft) and
the tidal flow is estimated at 18000m®/s. Proposals for a 8000 MW tidal barrage
in the Severn Estuary (UK) were first discussed in the nineteenth century and are
still awaiting funding.

The utilization of the energy in tidal flows has long been the subject of atten-
tion and now a number of prototype devices are undergoing trials. In some
aspects, these resemble underwater wind turbines, Figure 1.11. The technical and
economic difficulties are considerable and there are only a limited number of
locations where such schemes are feasible.

1.5.6.2 Wave Power

The energy content of sea waves is very high. The Atlantic waves along the north-
west coast of Britain have an average energy value of 80 kW /m of wave crest length.
The energy is obviously very variable, ranging from greater than 1 MW /m for 1% of
the year to near zero for a further 1%. Over several hundreds of kilometres a vast
source of energy is available.

The sea motion can be converted into mechanical energy in several ways with a
number of innovative solutions being trialled, Figure 1.12. An essential attribute of
any wave power device is its survivability against the extreme loads encountered
during storms.

1.6 Energy Storage

The tremendous difficulty in storing electricity in any large quantity has shaped the
architecture of power systems as they stand today. Various options exist for the
large-scale storage of energy to ease operation and affect overall economies. How-
ever, energy storage of any kind is expensive and incurs significant power losses.
Care must be taken in its economic evaluation.
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The options available are as follows: pumped storage, compressed air, heat,
hydrogen gas, secondary batteries, flywheels and superconducting coils.

1.6.1 Pumped Storage

Very rapid changes in load may occur (for example 1300 MW /min at the end of
some programmes on British TV) or the outage of lines or generators. An instanta-
neous loss of 1320 MW of generation (two 660 MW generating units) is considered
when planning the operation of the Great Britain system. Hence a considerable
amount of conventional steam plant must operate partially loaded to respond to
these events. This is very expensive because there is a fixed heat loss for a steam
turbogenerator regardless of output, and the efficiency of a thermal generating unit
is reduced at part load. Therefore a significant amount of energy storage capable of
instantaneous use would be an effective method of meeting such loadings, and by
far the most important method to date is that of pumped storage.

Tidal Turbine

—-
Sea level

L

Figure 1.11 Tidal stream energy (Figure adapted from Marine Current Turbines)
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A pumped storage scheme consists of an upper and a lower reservoir and turbine-
generators which can be used as both turbines and pumps. The upper reservoir typ-
ically has sufficient storage for 4-6 hours of full-load generation.

The sequence of operation is as follows. During times of peak load on the power
system the turbines are driven by water from the upper reservoir and the electrical
machines generate in the normal manner. During the night, when only base load
stations are in operation and electricity is being produced at its cheapest, the water
in the lower reservoir is pumped back into the higher one ready for the next day’s
peak load. At these times of low network load, each generator changes to synchro-
nous motor action and, being supplied from the general power network, drives its
turbine which now acts as a pump.

Typical operating efficiencies attained are:

* Motor and generator 96%
* Pump and turbine 77%

* Pipeline and tunnel 97%
* Transmission 95%

giving an overall efficiency of 68%. A further advantage is that the synchronous
machines can be easily used as synchronous compensators to control reactive power
if required.

A large pumped hydro scheme in Britain uses six 330 MVA pump-turbine
(Francis-type reversible) generator-motor units generating at 18kV. The flow of
water and hence power output is controlled by guide vanes associated with the tur-
bine. The maximum pumping power is 1830 MW. The machines are 92.5% efficient
as turbines and 91.7% efficient as pumps giving an exceptionally high round trip
efficient of 85%. The operating speed of the 12-pole electrical machines is 500 r.p.m.
Such a plant can be used to provide fine frequency control for the whole British sys-
tem. The machines will be expected to start and stop about 40 times a day as well as

Figure 1.12 Wave power generation (Figure adapted from Pelamis)
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Figure 1.13 Storage using compressed air in conjunction with a gas turbine generator

provide frequency response in the event of a sudden load pick up or tripping of
other generators.

1.6.2 Compressed-Air Storage

Air is pumped into large receptacles (e.g. underground caverns or old mines) at
night and used to drive gas turbines for peak, day loads. The energy stored is
equal to the product of the air pressure and volume. The compressed air allows
fuel to be burnt in the gas turbines at twice the normal efficiency. The general
scheme is illustrated in Figure 1.13. A German utility has installed a 290 MW
scheme. In one discharge/charge cycle it generated 580 MWh of on-peak electricity
and consumed 930 MWh of fuel plus 480 MWh of off-peak electricity. A similar
plant has been installed in the USA. One disadvantage of these schemes is that
much of the input energy to the compressed air manifests itself as heat and is
wasted. Heat could be retained after compression, but there would be possible
complications with the store walls rising to a temperature of 450 °C at 20 bar pres-
sure. A solution would be to have a separate heat store that could comprise stacks
of stones or pebbles which store heat cheaply and effectively. This would enable
more air to be stored because it would now be cool. At 100 bar pressure, approxi-
mately 30 m® of air is stored per MWh output.

1.6.3 Secondary Batteries

Although demonstrated in a number of pilot projects (for example, a 3MW bat-
tery storage plant was installed in Berlin for frequency control in emergencies
and a 35 MW battery system is used to smooth the output of a wind farm in
Japan) the large-scale use of battery storage remains expensive and the key area
where the use of secondary batteries is likely to have impact is in electric vehi-
cles. The popular lead-acid cell, although reasonable in price, has a low energy
density (15Wh/kg). Nickel-cadmium cells are better (40 Wh/kg) but more
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expensive. Still under intensive development and demonstration is the sodium-
sulphur battery (200 Wh/kg), which has a solid electrolyte and liquid electrodes
and operates at a temperature of 300 °C. Modern electric vehicles use Lithium ion
batteries (100-200 Wh/kg) but these remain expensive. Other combinations of
materials are under active development in attempts to increase output and stor-
age per unit weight and cost.

1.6.4 Fuel Cells

A fuel cell converts chemical energy to electrical energy by electrochemical
reactions. Fuel is continuously supplied to one electrode and an oxidant (usually
oxygen) to the other electrode. Figure 1.14 shows a simple hydrogen-oxygen fuel
cell, in which hydrogen gas diffuses through a porous metal electrode (nickel). A
catalyst in the electrode allows the absorption of H, on the electrode surface as
hydrogen ions which react with the hydroxyl ions in the electrolyte to form water
(2H, + O, — 2H,0). A theoretical e.m.f. of 1.2V at 25°C is obtained. Other fuels for
use with oxygen are carbon monoxide (1.33V at 25°C), methanol (1.21V at 25°C),
and methane (1.05V at 25°C). In practical cells, conversion efficiencies of 80% have
been attained. A major use of the fuel cell could be in conjunction with a future
hydrogen energy system.

Intensive research and development is still proceeding on various types of fuel cell
— the most successful to date for power generation being the phosphoric fuel cell. A
demonstration unit used methane as the input fuel and operated at about 200-300°C
to produce 200kW of electrical power plus 200kW of heat energy, with overall effi-
ciency of around 80%. Compared with other forms of energy conversion, fuel cells
have the potential of being up to 20% more efficient. Much attention is now being
given to the high-temperature molten carbonate cell which has a high efficiency.

1.6.5 Hydrogen Energy Systems

The transmission capacity of a pipe carrying natural gas (methane) is high com-
pared with electrical links, the installed cost being about one tenth of an equivalent
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capacity H.V. overhead line. For long transmission distances the pressure drop is
compensated by booster compressor stations. A typical gas system uses a pipe of
internal diameter 0.9 m and, with natural gas, a power transfer of 12 GW is possible
at a pressure of 68bar and a velocity of 7m/s. A 1m diameter pipe carrying
hydrogen gas can transmit 8 GW of power, equivalent to four 400kV, three phase
transmission lines.

The major advantage of hydrogen is, of course, that it can be stored; the major
disadvantage is that it must be produced for example, from water by electrolysis.
Very large electrolysers can attain efficiencies of about 60%. This, coupled with the
efficiency of electricity production from a nuclear plant, gives an overall efficiency of
hydrogen production of about 21%. Alternative methods of production are under
laboratory development, for example, use of heat from nuclear stations to ‘crack’
water and so release hydrogen; however, temperatures of 3000 °C are required.

1.6.6 Superconducting Magnetic Energy Stores (SMES)

Continuing development of high-temperature superconductors, where the transi-
tion temperature can be around 60-80K (K is degrees Kelvin where 0K is absolute
zero and 273K is 0°C) has led to the possibility of storing energy in the magnetic
field produced by circulating a large current (over 100kA) in an inductance. For a
coil of inductance L in air, the stored energy is given by

1. n
E= EH [J]

A big advantage of the high-temperature superconductor is that cooling by liquid
nitrogen can be used, which is far cheaper than using helium to reach temperatures
closer to absolute zero. Initially, it is expected that commercial units will be used to
provide an uninterruptible supply for sensitive loads to guard against voltage sags
or to provide continuity whilst emergency generators are started. Another use in
transmission networks would be to provide fast response for enhanced transient sta-
bility and improved power quality.

1.6.7 Flywheels

The most compact energy store known is that of utilizing high-speed flywheels.
Such devices coupled to an electrical generator/motor have been employed in
buses on an experimental basis and also in special industrial applications. For
power systems, very large flywheels constructed of composite high-tensile resist-
ing materials have been proposed, but their cost and maintenance problems have
so far ruled them out of economic contention compared with alternative forms of

energy supply.
1.6.8 Supercapacitors

The interface between an anode and cathode immersed in an electrolyte has a very
high permittivity. This property can be exploited in a capacitor to produce a 25V
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capsule with a capacitance of 0.1 F. Many units in series and parallel would have
the capability of storing many MWh of energy, which can be quickly released for
transient control purposes. To date, higher voltage forms of a commercially use-
ful device have not got beyond their employment for pulse or actuator
applications.

1.7 Environmental Aspects of Electrical Energy

Increasingly, environmental considerations influence the development of energy
resources, especially those involving electricity production, transmission, and distri-
bution. Conversion of one form of energy to another produces unwanted side effects
and, often, pollutants which need to be controlled and disposed of. In addition,
safety and health are subject to increasing legislation by national and international
bodies, thereby requiring all engineers to be aware of the laws and regulations gov-
erning the practice of their profession.

It must be appreciated that the extraction of fossil fuels from the earth is not
only a hazardous business but also, nowadays, one controlled through licensing
by governments and state authorities. Hydro plants require careful study and
investigation through modelling, widespread surveys, and environmental impact
statements to gain acceptance. Large installations of all kinds require, often
lengthy, planning enquiries which are both time consuming and expensive,
thereby delaying the start up of energy extraction and production. As a conse-
quence, methods of producing electrical energy which avoid or reduce the
enquiry process are to be favoured over those needing considerable consultation
before receiving the go ahead. This is likely to favour small-scale projects or the
redevelopment of existing sites where industry or production facilities are
already operating.

In recent years, considerable emphasis has been placed on ‘sustainable devel-
opment’, by which is meant the use of technologies that do not harm the environ-
ment, particularly in the long term. It also implies that anything we do now to
affect the environment should be recoverable by future generations. Irreversible
damage, for example, damage to the ozone layer or increase in CO; in the atmo-
sphere, should be avoided.

1.7.1 Global Emissions from Fossil Fuelled Power Stations

It is generally accepted that the burning of fossil fuels and the subsequent emis-
sion of greenhouse gases, particularly CO,, is leading to climate change and
potentially catastrophic increase in the earth’s temperature. Hence concern over
the emission of greenhouse gases is a key element of energy policy and, in
Europe, is recognized through the EU Emissions Trading Scheme which requires
major emitters of CO,, such as power stations, to purchase permits to emit CO,.
This has the effect of making high carbon generation (particularly from coal)
increasingly expensive.
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1.7.2 Regional and Local Emissions from Fossil Fuelled Power
Stations

Fossil fuelled power plants produce sulphur oxides, particulate matter, and
nitrogen oxides. Of the former, sulphur dioxide accounts for about 95% and is a
by-product of the combustion of coal or oil. The sulphur content of coal varies from
0.3 to 5%. Coal can only be used for generation in some US states if it is below a
certain percentage sulphur.

In the eastern USA this has led to the widespread use of coal from western states
because of its lower sulphur content or the use of gas as an alternative fuel. Sulphur
dioxide forms sulphuric acid (H,SO,) in the air which causes damage to buildings
and vegetation. Sulphate concentrations of 9-10 pg/m? of air aggravate asthma and
lung and heart disease. This level has been frequently exceeded in the past, a notori-
ous episode being the London fog of 1952 (caused by domestic coal burning). It
should be noted that although sulphur does not accumulate in the air it does so in
the soil.

Sulphur oxide emission can be controlled by:

* the use of fuel with less than, say, 1% sulphur;

* the use of chemical reactions to remove the sulphur, in the form of sulphuric acid,
from the combustion products, for example limestone scrubbers, or fluidized bed
combustion;

* removing the sulphur from the coal by gasification or flotation processes.

European legislation limits the amount of SO,, NO,, and particulate emission, as
in the USA. This has led to the retrofitting of flue gas desulphurization (FGD) scrub-
bers to coal burning plants. Without such equipment coal fired power stations must
be retired. Emissions of NO, can be controlled by fitting advanced technology burn-
ers which can ensure a more complete combustion process, thereby reducing the
oxides going up the stack (chimney).

Particulate matter, particles in the air, is injurious to the respiratory system, in
sufficient concentration, and by weakening resistance to infection may well affect
the whole body. Apart from settling on the ground or buildings to produce dirt, a
further effect is the reduction of the solar radiation entering the polluted area.
Reported densities (particulate mass in 1 m® of air) are 10 pg/m?® in rural areas rising
to 2000 pg/m? in polluted areas. The average value in US cities is about 100 ug/m”.

About one-half of the oxides of nitrogen in the air in populated areas are due to
power plants and originate in high-temperature combustion processes. At levels of
25-100 parts per million they can cause acute bronchitis and pneumonia. Increas-
ingly, city pollutants are due to cars and lorries and not power plants.

A 1000 MW(e) coal plant burns approximately 9000t of coal per day. If this has a
sulphur content of 3% the amount of SO, emitted per year is 2 x 10°t. Such a plant
produces the following pollutants per hour (inkg): CO, 8.5 x 10°, CO 0.12 x 10°, sul-
phur oxides 0.15 x 10°, nitrogen oxides 3.4 x 10%, and ash.

Both SO, and NO are reduced considerably by the use of FGD, but at considera-
ble cost and reduction in the efficiency of the generating unit caused by the power
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used by the scrubber. Gas-fired CCGT plants produce very little NOy or SO, and
their CO; output is about 55% of an equivalent size coal-fired generator.

The concentration of pollutants can be reduced by dispersal over a wider area by
the use of high stacks. If, in the stack, a vertical wire is held at a high negative poten-
tial relative to the wall, the expelled electrons from the wire are captured by the gas
molecules moving up the stack. Negative ions are formed which accelerate to the
wall, collecting particles on the way. When a particle hits the wall the charge is neu-
tralized and the particle drops down the stack and is collected. Precipitators have
particle-removing (by weight) efficiencies of up to 99%, but this is misleading as
performance is poor for small particles; of, say, less than 0.1 wm in diameter. The
efficiency based on number of particles removed is therefore less. Disposal of the
resulting fly-ash is expensive, but the ash can be used for industrial purposes, for
example, building blocks. Unfortunately, the efficiency of precipitators is enhanced
by reasonable sulphur content in the gases. For a given collecting area the efficiency
decreases from 99% with 3% sulphur to 83% with 0.5% sulphur at 150°C. This
results in much larger and more expensive precipitator units with low-sulphur coal
or the use of fabric filters in ‘bag houses’ situated before the flue gas enters the stack.

1.7.3 Thermal Pollution from Power Stations

Steam from the low-pressure turbine is liquefied in the condenser at the lowest pos-
sible temperatures to maximize the steam-cycle efficiency. Where copious supplies
of water exist the condenser is cooled by ‘once-through’ circulation of sea- or river-
water. Where water is more restricted in availability, for example, away from the
coasts, the condensate is circulated in cooling towers in which it is sprayed in noz-
zles into a rising volume of air. Some of the water is evaporated, providing cooling.
The latent heat of water is 2 x 10°]/kg compared with a sensible heat of 4200]/kg
per degree C. A disadvantage of such towers is the increase in humidity produced
in the local atmosphere.

Dry cooling towers in which the water flows through enclosed channels (similar
to a car radiator), past which air is blown, avoid local humidity problems, but at a
much higher cost than ‘wet towers’. Cooling towers emit evaporated water to the
atmosphere in the order of 75 000 litres/min for a 1000 MW(e) plant.

A crucial aspect of once-through cooling in which the water flows directly into the
sea or river is the increased temperature of the natural environment due to the large
volume per minute (typically 360m>/s for a coolant rise of 2.4°C for a 2.4GW
nuclear station) of heated coolant. Because of their lower thermal efficiency, nuclear
power stations require more cooling water than fossil-fuelled plants. Extreme care
must be taken to safeguard marine life, although the higher temperatures can be
used effectively for marine farming if conditions can be controlled.

1.7.4 Electromagnetic Radiation from Overhead Lines, Cables
and Equipment

The biological effects of electromagnetic radiation have been a cause of considerable
concern amongst the general public as to the possible hazards in the home and the
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Table 1.4 Typical electric and magnetic field strengths directly under overhead
lines®. Note that the magnetic field depends upon the current carried

Line Voltage (kV) Electric Field Magnetic Flux
Strength (V/m) Density (u.T)
400 and 275 tower lines 3000-5000 5-10
132 tower line 1000-2000 0.5-2
33 and 11 wood pole 200 0.2-0.5
UK recommendations on exposure limits 9000 360
(to the public)
Earth’s magnetic field — 40-50

Data from http://www.emfs.info/. This site is maintained by the National Grid Company, reproduced
with permission.

workplace. Proximity of dwellings to overhead lines and even buried cables has
also led to concerns of possible cancer-inducing effects, with the consequence
that research effort has been undertaken to allay such fears. In general it is consid-
ered that the power frequencies used (50 or 60 Hz) are not harmful. The electric
field and magnetic field strengths below typical HV transmission lines are given in
Table 1.4.

Considerable international research and cooperative investigation has now been
proceeding for over 40 years into low-frequency electric and magnetic field expo-
sure produced by household appliances, video display terminals, and local power
lines. To date there is no firm evidence that they pose any demonstrable health haz-
ards. Epidemiologic findings of an association between electric and magnetic fields
and childhood leukaemia or other childhood or adult cancers are inconsistent and
inconclusive; the same is likely to be true of birth defects or other reproductive
problems.

1.7.5 Visual and Audible Noise Impacts

The presence of overhead lines constitutes an environmental problem (perhaps the
most obvious one within a power system) on several counts.

1. Space is used which could be used for other purposes. The land allocated for the
line is known as the right of way (or wayleave in Britain). The area used for this
purpose is already very appreciable.

2. Lines are considered by many to mar the landscape. This is, of course, a subjective
matter, but it cannot be denied that several tower lines converging on a substation
or power plant, especially from different directions, is offensive to the eye.

3. Radio interference, audible noise, and safety considerations must also be
considered.

Although most of the above objections could be overcome by the use of under-
ground cables, these are not free of drawbacks. The limitation to cable transmitting
current because of temperature-rise considerations coupled with high manufacture
and installation costs results in the ratio of the cost of transmission underground to
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that for overhead transmission being between 10 and 20 at very high operating volt-
ages. With novel cables, such as superconducting, still under development it is
hoped to reduce this disadvantage. However, it may be expected that in future a
larger proportion of circuits will be placed underground, especially in suburban
areas. In large urban areas circuits are invariably underground, thereby posing
increasing problems as load densities increase.

Reduction of radio interference can be achieved in the same way that electromag-
netic effects are reduced, but audible noise is a function of the line design. Careful
attention to the tightness of joints, the avoidance of sharp or rough edges, and the
use of earth screen shielding can reduce audible noise to acceptable levels at a dis-
tance dependent upon voltage.

Safety clearances dependent upon International Standards are, of course,
extremely important and must be maintained in adverse weather conditions. The
most important of these is the increased sag due to ice and snow build up in winter
and heavy loading of the circuits in summer.

1.8 Transmission and Distribution Systems

1.8.1 Representation

Modern electricity supply systems are invariably three-phase. The design of trans-
mission and distribution networks is such that normal operation is reasonably close
to balanced three-phase working, and often a study of the electrical conditions in
one phase is sufficient to give a complete analysis. Equal loading on all three phases
of a network is ensured by allotting, as far as possible, equal domestic loads to each
phase of the low-voltage distribution feeders; industrial loads usually take three-
phase supplies.

A very useful and simple way of graphically representing a network is the sche-
matic or line diagram in which three-phase circuits are represented by single lines.
Certain conventions for representing items of plant are used and these are shown in
Figure 1.15.

A typical line or schematic diagram of a part of a power system is shown in
Figure 1.16. In this, the generator is star connected, with the star point connected to
earth through a resistance. The nature of the connection of the star point of rotating
machines and transformers to earth is of vital importance when considering faults
which produce electrical imbalance in the three phases. The generator feeds two
three-phase circuits (overhead or underground). The line voltage is increased from
that at the generator terminals by transformers connected as shown. At the end of
the lines the voltage is reduced for the secondary distribution of power. Two lines
are provided to improve the security of the supply that is, if one line develops a fault
and has to be switched out the remaining one still delivers power to the receiving
end. It is not necessary in straightforward current and voltage calculations to indi-
cate the presence of switches on the diagrams, but in some cases, such as stability
calculations, marking the location of switches, current transformers, and protection
is very useful.
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Line, cable or busbar (three-phase)

Rotating machine-general

Synchronous machine

Two-winding transformer

Auto transformer

Two-winding transformer (alternative symbol)
Three-winding transformer

Circuit breaker — alternative — |—
Isolator

Three-phase wye or star connected with the star point solidly

connected to an earth or ground electrode
Delta connected

Current transformer

POk} QPO

Figure 1.15 Symbols for representing the components of a three-phase power system

A short list of terms used to describe power systems follows, with explanations.

System: This is used to describe the complete electrical network: generators, circuits,
loads, and prime movers.

Load: This may be used in a number of ways: to indicate a device or collection of
devices which consume electricity; to indicate the power required from a given
supply circuit; to indicate the power or current being passed through a line or
machine.

Busbar: This is an electrical connection of zero impedance (or node) joining several
items, such as lines, generators or loads. Often this takes the form of actual bus-
bars of copper or aluminium.

Earthing (Grounding): This is connection of a conductor or frame of a device to the
main body of the earth. This must be done in such a manner that the resistance



Introduction 29

A___Ef AP
| }gx Lines }gx | _-Busbars
@7>< Load
X% gx Lines }E |
= N A

Figure 1.16 Line diagram of a simple system

between the item and the earth is below prescribed limits. This often entails the
burying of the large assemblies of conducting rods in the earth and the use of con-
nectors of a large cross sectional area. It is usual to earth the neutral point of
3-phase circuits at least once at each voltage level.

Fault: This is a malfunctioning of the network, usually due to the short-circuiting of
conductors phase-phase or phase-earth.

Outage: Removal of a circuit either deliberately or inadvertently.

Security of Supply: Provision must be made to ensure continuity of supply to con-
sumers, even with certain items of plant out of action. Usually, two circuits in par-
allel are used and a system is said to be secure when continuity is assured. This is
obviously the item of first priority in design and operation.

1.8.2 Transmission

Transmission refers to the bulk transfer of power by high-voltage links between cen-
tral generation and load centres. Distribution, on the other hand, describes the con-
veyance of this power to consumers by means of lower voltage networks.
Generators usually produce voltages in the range 11-25kV, which is increased
by transformers to the main transmission voltage. At substations the connections
between the various components of the system, such as lines and transformers,
are made and the switching of these components is carried out. Large amounts of
power are transmitted from the generating stations to the load-centre substations
at 400kV and 275kV in Britain, and at 765, 500 and 345kV in the USA. The net-
work formed by these very high-voltage lines is sometimes referred to as the
Supergrid. Most of the large and efficient generating stations feed through trans-
formers directly into this network. This grid, in turn, feeds a sub-transmission net-
work operating at 132kV in Britain and 115kV in the USA. In Britain the lower
voltage networks operate at 33, 11, or 6.6 kV and supply the final consumer feeders
at 400V three-phase, giving 230V between phase and neutral. Other voltages exist
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Figure 1.17 Part of a typical power system

in isolation in various places, for example the 66 and 22kV London cable systems.
A typical part of a supply network is shown schematically in Figure 1.17. The
power system is thus made up of networks at various voltages. There exist, in
effect, voltage tiers as represented in Figure 1.18.
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Figure 1.18 Schematic diagram of the constituent networks of a supply system. USA
voltages in parentheses

Summarizing, transmission networks deliver to wholesale outlets at 132kV and
above; sub-transmission networks deliver to retail outlets at voltages from 115 or
132kV, and distribution networks deliver to final step-down transformers at volt-
ages below 132 kV, usually operated as radial systems.

1.8.2.1 Reasons for Inferconnection

Many generating sets are large and power stations of more than 2000 MW are used
to provide base load power. With CCGT units, their high efficiency and cheap long-
term gas contracts mean that it is often more economic to use these efficient stations
to full capacity 24 h a day and transmit energy considerable distances than to use
less efficient more local stations. The main base load therefore is met by these high-
efficiency stations which must be interconnected so that they feed into the general
system and not into a particular load.

To meet sudden increases in load a certain amount of generating capacity, known
as the spinning reserve, is required. This consists of part-loaded generators synchro-
nized with the system and ready to supply power instantaneously. If the machines
are stationary a reasonable time is required (especially for steam turbo-alternators)
to run up to speed; this can approach 6 h, although small gas turbines can be started
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and loaded in 3 minutes or less. Hydro generators can be even quicker. It is more
economic to have certain stations serving only this function than to have each sta-
tion carrying its own spinning reserve.

The electricity supplies over the entire country are synchronized and a common
frequency exists: 50 Hz in Europe, 60 Hz in N. America.

Interconnection also allows for alternative paths to exist between generators and
bulk supply points supplying the distribution systems. This provides security of
supply should any one path fail.

1.8.3 Distribution Systems

Distribution networks differ from transmission networks in several ways, quite
apart from their voltage levels. The number of branches and sources is much higher
in distribution networks and the general structure or topology is different. A typical
system consists of a step-down (e.g. 132/11 kV) on-load tap-changing transformer at
a bulk supply point feeding a number of circuits which can vary in length from a
few hundred metres to several kilometres. A series of step-down three-phase trans-
formers, for example, 11kV/433V in Britain or 4.16kV/220V in the USA, are
spaced along the route and from these are supplied the consumer three-phase, four-
wire networks which give 240V, or, in the USA, 110V, single-phase supplies to
houses and similar loads.

1.8.3.1 Rural Systems

In rural systems, loads are relatively small and widely dispersed (5-50 kVA per con-
sumer group is usual). In Great Britain a predominantly overhead line system at
11kV, three-phase, with no neutral or single phase for spurs from the main system
is used. Pole-mounted transformers (5-200kVA) are installed, protected by fuses
which require manual replacement after operation; hence rapid access is desirable
by being situated as close to roads as possible. Essentially, a radial system is sup-
plied from one step-down point; distances up to 10-15 miles (16-24 km) are feasible
with total loads of 500 kVA or so (see Figure 1.19), although in sparsely populated
areas, distances of 50 miles may be fed by 11kV. Single-phase earth-return systems
operating at 20kV are used in some developing countries.

Over 80% of faults on overhead distribution systems are transitory due to
flashover following some natural or man-made cause. This produces unnecessary
fuse-blowing unless auto-reclosers are employed on the main supply; these have
been used with great success in either single- or three-phase form. The principle,
as shown in Figure 1.20, is to open on fault before the fuse has time to operate
and to reclose after 1-2s. If the fault still persists, a second attempt is made to
clear, followed by another reclose. Should the fault still not be cleared, the
recloser remains closed for a longer period to blow the appropriate protective
fuse (for example, on a spur line or a transformer). If the fault is still not cleared,
then the recloser opens and locks out to await manual isolation of the faulty sec-
tion. This process requires the careful coordination of recloser operation and
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Figure 1.19 Typical rural distribution system

fuse-blowing characteristics where time grading is important. Section switches
operated by radio or tele-command enable quick resupply routes to be estab-
lished following a faulty section isolation.

Good earthing at transformer star points is required to prevent overvoltages at
consumers’ premises. Surge protection using diverters or arcing horns is essential in
lightning-prone areas.
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Figure 1.20 Sequence of operations for a recloser

1.8.3.2 Suburban Systems

These are a development of the rural system into ring mains, with much of the
network underground for amenity reasons. The rings are sectionalized so that
simple protection can be provided. Loads range between 2 and 10 MW /mile”
(0.8-4.0 MW /km?).

In high-density housing areas, the practice is to run the L.V. mains on either side
of each road, interconnected at junctions by links for sectionalizing (see Figure 1.21).
At appropriate points this network is fed by step-down transformers of
200-500kVA rating connected to an H.V. cable or overhead line network.
Reinforcement is provided by installing further step-down transformers tapped
from the H.V. network. It is rare to up-rate L.V. cables as the load grows.

Short-circuit levels are fairly low due to the long H.V. feeders from the bulk supply
points. With the increasing cost of cables and undergrounding works, but with
improved transformer efficiency and lower costs due to rationalization and standard-
ization, an economic case can be made for reducing the L.V. network and extending
the H.V. network so that fewer consumers are supplied from each transformer.

1.8.3.3 Urban (Town or City) Systems

Very heavy loadings (up to 100 MW /mile® or 40 MW /km?) are usual, especially
where high-rise buildings predominate. Extensive heating and air-conditioning
loads as well as many small motors predominate. Fluorescent lighting reduces the
power factor and leads to some waveform distortion, but computer and TV loads
and power electronic motor drives now cause considerable harmonics on all types
of network.

Again, a basic L.V. grid, reinforced by extensions to the H.V. network, as required,
produces minimum costs overall. The H.V. network is usually in the form of a
ring main fed from two separate sections of a double busbar substation where
10-60 MVA transformers provide main supply from the transmission system
(see Figure 1.22). The H.V. network is sectionalized to contain short-circuit levels
and to ease protection grading. A high security of supply is possible by
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Figure 1.21 Principle of suburban distribution system

overlapping H.V. rings so that the same L.V. grid is fed from several transform-
ers supplied over different routes. Failure of one portion of the H.V. system does
not affect consumers, who are then supported by the L.V. network from adjacent
H.V. supplies.

In the UK transformers of 500 or 1000 kVA rating are now standard, with one H.V.
circuit breaker or high rupturing capacity (HRC) fuse-switch and two isolators
either side to enable the associated H.V. cable to be isolated manually in the event of
failure. The average H.V. feeder length is less than 1 mile and restoration of H.V.
supplies is usually obtainable in under 1 h. Problems may arise due to back-feeding
of faults on the H.V. system by the L.V. system, and in some instances reverse power
relay protection is necessary.

In new urban developments it is essential to acquire space for transformer cham-
bers and cable access before plans are finalized. High-rise buildings may require
substations situated on convenient floors as well as in the basement.

Apart from the supply of new industrial and housing estates or the electrifi-
cation of towns and villages, a large part of the work of a planning engineer
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Figure 1.22 Typical arrangement of supply to an urban network-British practice

is involved with the up-rating of existing supplies. This requires good load
forecasting over a period of 2-3 years to enable equipment to be ordered and
access to sites to be established. One method of forecasting is to survey the
demand on transformers by means of a maximum-demand indicator and to
treat any transformer which has an average load factor of 70% or above as
requiring up-rating over the next planning period. Another method is to
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analyze consumers’ bills, sectionalized into areas and distributors and, by
surveys and computer analysis, to relate energy consumed to maximum
demand. This method can be particularly useful and quite economic where
computerized billing is used. The development of the Smart Grid is leading to
much greater monitoring being installed on the 400V network and control on
the 11kV system.

In practice, good planning requires sufficient data on load demands, energy
growth, equipment characteristics, and protection settings. All this information can
be stored and updated from computer files at periodic intervals and provides the
basis for the installation of adequate equipment to meet credible future demands
without unnecessary load shedding or dangerous overloading.

1.8.4 Typical Power Systems

Throughout the world the general form of power systems follows the same pattern.
Voltage levels vary from country to country, the differences originating mainly from
geographical and historical reasons.

Several frequencies have existed, although now only two values — 50 and 60 Hz —
remain: 60 Hz is used on the American continent, whilst most of the rest of the
world uses 50 Hz, although Japan still has 50 Hz for the main island and 60 Hz for
the northern islands. The value of frequency is a compromise between higher gen-
erator speeds (and hence higher output per unit of machine volume) and the dis-
advantage of high system reactance at higher frequencies. Historically, the lower
limit was set by the need to avoid visual discomfort caused by flicker from incan-
descent electric lamps.

The distance that a.c. transmission lines can transfer power is limited by the maxi-
mum permissible peak voltage between conductor and ground. As voltages
increase, more and more clearance must be allowed in air to prevent the possibility
of flashover or danger to people or animals on the ground. Unfortunately, the criti-
cal flashover voltage increases non-linearly with clearance, such that, with long
clearances, proportionally lower peak voltages can be used safely. Figure 1.23 illus-
trates this effect.

The surge impedance of a line, described for a lossless line where the resistance
and conductance are zero, is given by Zy, = 1/L/C, where L is the series inductance
and C is the shunt capacitance per unit length of the line. When a line is terminated
in a resistive load equal to its surge impedance then the reactive power I*X; drawn
by the line is balanced by the reactive power generated by the line capacitance
V2 /Xc. The surge impedance loading is V?/Z,, typical values are shown in Table 1.5.

The curve given in Figure 1.24 shows that, in practice, short lines are usually
loaded above their surge impedance loading (SIL) but, to ensure stability is main-
tained, long lines are generally loaded below their SIL. A useful rule-of-thumb to
ensure stability is to restrict the phase difference between the sending and receiving
end voltages of an EHV transmission circuit to 30°. Lower voltage circuits will have
much smaller phase angle differences.
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Figure 1.23 Ciitical flashover voltage for V-string insulators in a window tower (Figure
adapted from Edison Electric Institute)

The highest a.c. voltage used for transmission is around 750kV, although experi-
mental lines above 1000 kV have been built.

The topology of the power system and the voltage magnitudes used are greatly
influenced by geography. Very long lines are to be found in North and South
American nations and Russia. This has resulted in higher transmission voltages,
for example, 765kV, with the possibility of voltages in the range 1000-1500kV.
In some South American countries, for example, Brazil, large hydroelectric
resources have been developed, resulting in very long transmission links. In
highly developed countries the available hydro resources have been utilized and
a considerable proportion of new generation is from wind. In geographically
smaller countries, as exist in Europe, the degree of interconnection is much
higher, with shorter transmission distances, the upper voltage being about
420kV.

Systems are universally a.c. with the use of high-voltage d.c. links for specialist
purposes, for example, very long circuits, submarine cable connections, and back-
to-back converters to connect different a.c. areas. The use of d.c. has been limited by
the high cost of the conversion equipment. This requires overhead line lengths of a
few hundred kilometres or cables of 30-100 km to enable the reduced circuit costs to
offset the conversion costs.
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Figure 1.24 Practical transmission-line capability in ferms of surge-impedance load-
ing (SIL) (Figure adapted from Edison Electric Institute)

1.8.4.1 USA

The power system in the USA is based on a comparatively few investor owned
generation/transmission utilities responsible for bulk transmission as well as oper-
ating and constructing new generation facilities when needed. Delivery is to smaller
municipal or cooperative rural distribution companies or to the distribution arm of
the transmission utility. The industry is heavily regulated by Federal and State
Agencies and the investor profits are carefully controlled.

The loads differ seasonally from one part of the country to another and load
diversity occurs because of the time zones. Generally, the summer load is the
highest due to extensive use of air-conditioning (Figure 1.1(a) and (b)). Consum-
ers are supplied at either 110V, 60Hz, single phase for lighting and small-
consumption appliances but at 220V for loads above about 3kW (usually
cookers, water-heaters and air-conditioners). This type of connection normally
uses a 220V centre-tapped transformer secondary to provide the 110V supply.
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1.8.4.2 UK

Here, the frequency (as in the whole of Europe) is 50 Hz and the residential supply is
230-240V single phase. The European standard is now 230V, but with £10% toler-
ance this voltage can vary between a maximum of 253 V and a minimum of 207 V;
equipment and appliance designers must take this allowed variation into account or
beware! Most commercial and industrial loads are supplied at 400-415V or higher
voltages, three phase. The winter load produces the highest peak because of the pre-
ponderance of heating appliances, although it is noted that the summer load is
growing due to increasing use of air-conditioning in commercial and industrial
premises.

1.8.4.3 Continental Europe

Many continental countries still mainly have combined generator/transmission util-
ities, which cover the whole country and which are overseen by government control.
Increasingly these systems are being ‘unbundled’, that is they are being separated
into different functions (generation, transmission, distribution), each individually
accountable such that private investors can enter into the electricity market (see
Chapter 12). Interconnection across national boundaries enables electrical energy to
be traded under agreed tariffs, and limited system support is available under dis-
turbed or stressed operating conditions.

The daily load variation tends to be much flatter than in the UK because of the
dominance of industrial loads with the ability to vary demand and because there is
less reliance on electricity for heating in private households. Many German and
Scandinavian cities have CHP plants with hot water distribution mains for heating
purposes. Transmission voltages are 380-400, 220, and 110kV with household sup-
plies at 220-230V, often with a three-phase supply taken into the house.

1.8.4.4 China and the Pacific Rim

The fastest-growing systems are generally found in the Far East, particularly China,
Indonesia, the Philippines and Malaysia. Voltages up to 500/750kV are used for
transmission and 220-240 V are employed for households. Hydroelectric potential is
still quite large (particularly in China) but with gas and oil still being discovered and
exploited, CCGT plant developments are underway. Increasing interconnection,
including by direct current, is being developed.

1.9 Utilization
1.9.1 Loads

The major consumption groups are industrial, residential (domestic) and commer-
cial. Industrial consumption accounts for up to 40% of the total in many industrial-
ized countries and a significant item is the induction motor. The percentage of
electricity in the total industrial use of energy is expected to continue to increase
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due to greater mechanization and the growth of energy intensive industries, such as
chemicals and aluminium. In the USA the following six industries account for over
70% of the industrial electricity consumption: metals (25%), chemicals (20%), paper
and products (10%), foods (6%), petroleum products (5%) and transportation equip-
ment (5%). Over the past 25 years the amount of electricity per unit of industrial
output has increased annually by 1.5%, but this is dependent on the economic cycle.
Increase in consumption of electricity in industrialized countries since about 1980
has been no more than 2% per year due largely to the contraction of energy-inten-
sive industries (e.g. steel manufacturing) combined with efforts to load manage and
to make better use of electricity. Residential loads are largely made up of refrigera-
tors, fridge-freezers, freezers, cookers (including microwave ovens), space heating,
water heating, lighting, and (increasingly in Europe) air-conditioning. Together
these loads in the UK amount to around 40% of total load.

The commercial sector comprises offices, shops, schools, and so on. The consump-
tion here is related to personal consumption for services, traditionally a relatively
high-growth quantity. In this area, however, conservation of energy measures are
particularly effective and so modify the growth rate.

Quantities used in measurement of loads are defined as follows:

Maximum Load: The average load over the half hour of maximum output.

Load Factor: The units of electricity exported by the generators in a given period
divided by the product of the maximum load in this period and the length of
the period in hours. The load factor should be high; if it is unity, all the plant is
being used over all of the period. It varies with the type of load, being poor for
lighting (about 12%) and high for industrial loads (e.g. 100% for pumping
stations).

Diversity Factor: This is defined as the sum of individual maximum demands of
the consumers, divided by the maximum load on the system. This factor mea-
sures the diversification of the load and is concerned with the installation of
sufficient generating and transmission plant. If all the demands occurred
simultaneously, that is, unity diversity factor, many more generators would
have to be installed. Fortunately, the factor is much higher than unity, espe-
cially for domestic loads.

Table 1.5 Surge impedance loading and charging MVA for EHV overhead lines. The
range of values at each line voltage is due to variations in line construction

Line Voltage (kV) Surge Impedance Loading (MW) Charging MVAr per 100 miles
230 132-138 27-28

345 320-390 65-81

500 830-910 170-190

700 2150 445

750 2165 450

Data from Edison Electric Institute.
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Figure 1.25 Two extremes of load factor and diversity factor in a system with four
consumers

A high diversity factor could be obtained with four consumers by compelling
them to take load as shown in Case I of Figure 1.25. Although compulsion obviously
cannot be used, encouragement can be provided in the form of tariffs. An example is
the two-part tariff in which the consumer has to pay an amount dependent on the
maximum demand required, plus a charge for each unit of energy consumed. Some-
times the charge is based on kilovoltamperes instead of power to penalize loads of
low power factor.

1.9.1.1 Load Management

Attempts to modify the shape of the load curve to produce economy of operation
have already been mentioned. These have included tariffs, pumped storage, and the
use of seasonal or daily diversity between interconnected systems. A more direct
method is the control of the load either through tariff structure or direct electrical
control of appliances, the latter, say, in the form of remote on/off control of electric
water-heaters where inconvenience to the consumer is least. For many years this has
been achieved with domestic time switches, but some schemes use switches radio-
controlled from the utility to give greater flexibility. This permits load reductions
almost instantaneously and defers hot-water and air-conditioning load until after
system peaks.
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1.9.1.2 Load Forecasting

It is evident that load forecasting is a crucial activity in electricity supply. Forecasts
are based on the previous year’s loading for the period in question, updated by fac-
tors such as general load increases, major new loads, and weather trends. Both
power demand (kW) and energy (kWh) forecasts are used, the latter often being the
more readily obtained. Demand values may be determined from energy forecasts.
Energy trends tend to be less erratic than peak power demands and are considered
better growth indicators; however, load factors are also erratic in nature.

As weather has a much greater influence on residential than on industrial
demands it may be preferable to assemble the load forecast in constituent parts
to obtain the total. In many cases the seasonal variations in peak demand are
caused by weather-sensitive domestic appliances, for example, heaters and air-
conditioning. A knowledge of the increasing use of such appliances is therefore
essential. Several techniques are available for forecasting. These range from simple
curve fitting and extrapolation to stochastic modelling. The many physical factors
affecting loads, for example, weather, national economic heath, popular TV
programmes, public holidays, and so on, make forecasting a complex process
demanding experience and high analytical ability using probabilistic techniques.

Problems

1.1 Inthe U.S.A.in 1971 the total area of right of ways for H.V. overhead lines was
16000 km?. Assuming a growth rate for the supply of electricity of 7% per
annum calculate what year the whole of the USA will be covered with trans-
mission systems (assume area to approximate 4800 x 1600 km). Justify any
assumptions made and discuss critically why the result is meaningless.

(Answer: 91.25 years)

1.2 The calorific value of natural gas at atmospheric pressure and temperature is
40MJ/m?>. Calculate the power transfer in a pipe of Im diameter with gas at
60 atm (gauge) flowing at 5m/s. If hydrogen is transferred at the same velocity
and pressure, calculate the power transfer. The calorific value of hydrogen is
13MJ/m? at atmospheric temperature and pressure.

(Answer: 9.4GW, 3.1 GW)

1.3 a. An electric car has a steady output of 10kW over its range of 100 km when
running at a steady 40 km/h. The efficiency of the car (including batteries) is
65%. At the end of the car’s range the batteries are recharged over a period
of 10h. Calculate the average charging power if the efficiency of the battery
charger is 90%.

b. The calorific value of gasoline (petrol) is roughly 16 500 k] / gallon. By assum-
ing an average filling rate at a pump of 10 gallon/minute, estimate the rate
of energy transfer on filling a gasoline-driven car. What range and what
cost/km would the same car as (a) above produce if driven by gasoline with
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1.4

1.5

a 7 gallon tank? (Assume internal combustion engine efficiency is 60% and
gasoline costs £3 per gallon)

(Answer: (a) 4.3kW; (b) 2.75MW, 77 km, 27p /km)

The variation of load (P) with time (f) in a power supply system is given by the
expression,

P(kW) = 4000 + 8t — 0.00091#

where t is in hours over a total period of one year.

This load is supplied by three 10 MW generators and it is advantageous to

fully load a machine before connecting the others. Determine:

Q. n T

. the load factor on the system as a whole;

. the total magnitude of installed load if the diversity factor is equal to 3;

. the minimum number of hours each machine is in operation;

. the approximate peak magnitude of installed load capacity to be cut off to

enable only two generators to be used.

(Answer: (a) 0.73 (b) 65 MW (c) 8760, 7209, 2637 h (d) 4.2 MW)

a.

b.

Explain why economic storage of electrical energy would be of great benefit
to power systems.

List the technologies for the storage of electrical energy which are available
now and discuss, briefly, their disadvantages.

. Why is hydro power a very useful component in a power system?

d. Explain the action of pumped storage and describe its limitations.

f.

. A pumped storage unit has an efficiency of 78% when pumping and 82%

when generating. If pumping can be scheduled using energy costing
2.0 p/kWh, plot the gross loss/profit in p/kWh when it generates into
the system with a marginal cost between 2p and 6p/kWh.

Explain why out-of-merit generation is sometimes scheduled.

(Answer: (e) Overall efficiency 64%; Profit max. 2.87p/kWh; Loss max.
1.25 p/kWh)

(From Engineering Council Examination, 1996)
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2.1 Three-Phase Systems

The rotor flux of an alternating current generator induces sinusoidal e.m.f.s in the
conductors forming the stator winding. In a single-phase machine these stator con-
ductors occupy slots over most of the circumference of the stator core. The e.m.f.s
that are induced in the conductors are not in phase and the net winding voltage is
less than the arithmetic sum of the individual conductor voltages. If this winding is
replaced by three separate identical windings, as shown in Figure 2.1(a), each occu-
pying one-third of the available slots, then the effective contribution of all the con-
ductors is greatly increased, yielding a greatly enhanced power capability for a
given machine size. Additional reasons why three phases are invariably used in
large A.C. power systems are that the use of three phases gives similarly greater
effectiveness in transmission circuits and the three phases ensure that motors
always run in the same direction, provided the sequence of connection of the phases
is maintained.

The three windings of Figure 2.1(a) give voltages displaced in time or phase by
120°, as indicated in Figure 2.1(b). Because the voltage in the (a) phase reaches its
peak 120° before the (b) phase and 240° before the (c) phase, the order of phase volt-
ages reaching their maxima or phase sequence is a-b-c. Most countries use a, b, and ¢
to denote the phases; however, R (Red), Y (Yellow), and B (Blue) has often been
used. It is seen that the algebraic sum of the winding or phase voltages (and currents
if the winding currents are equal) at every instant in time is zero. Hence, if one end
of each winding is connected, then the electrical situation is unchanged and the
three return lines can be dispensed with, yielding a three-phase, three-wire system,
as shown in Figure 2.2(a). If the currents from the windings are not equal, then it is
usual to connect a fourth wire (neutral) to the common connection or neutral point,
as shown in Figure 2.2(b).

! Throughout the book, symbols in bold type represent complex (phasor) quantities requiring complex
arithmetic. Italic type is used for magnitude (scalar) quantities within the text.
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Figure 2.1 (a) Synchronous machine with three separate stator windings a, b and

c displaced physically by 120°. (b) Variation of e.m.f.s developed in the windings
with time

Figure 2.2 (a) Wye or star connection of windings, (b) Wye connection with
neutral line
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Figure 2.3 (a) Phasor diagram for wye connection, (b) Alternative arrangement of
line-to-line voltages. Neutral voltage is at n, geometric centre of equilateral triangle

This type of winding connection is called ‘wye” or ‘star’ and two sets of voltages
exist:

1. the winding, phase, or line-to-neutral voltage, that is, Van, Vbn, Ven; and
2. the line-to-line voltages, Vab, Ve, Vaa. The subscripts here are important, V,p,
means the voltage of line or terminal a with respect to b and Vi, = —Vyp,.

The corresponding phasor diagram is shown in Figure 2.3(a) and it can be shown
that”

‘Vab| = |Vbc| = ‘ch| = ‘/§|Vun| = \/§|Vbn| = \/§|Vcn|~

The phase rotation of a system is very important. Consider the connection
through a switch of two voltage sources of equal magnitude and both of rotation
a-b-c. When the switch is closed no current flows. If, however, one source is of
reversed rotation (easily obtained by reversing two wires), as shown in Figure 2.4,
that is, a-c-b, a large voltage (/3 x phase voltage) exists across the switch contacts
cb’ and bc/, resulting in very large currents if the switch is closed. Also, with
reversed phase rotation the rotating magnetic field set up by a three-phase winding
is reversed in direction and a motor will rotate in the opposite direction, often with
disastrous results to its mechanical load, for example, a pump.

A three-phase load is connected in the same way as the machine windings. The
load is balanced when each phase takes equal currents, that is, has equal impedance.
With the wye connection the phase currents are equal to the current in the lines. The
four-wire system is of particular use for low-voltage distribution networks in which

2Elsewhere, throughout the book, magnitude (scalar) quantities are represented by simple italics.
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Figure 2.4 (o) Two generators connected by switch; phase voltages equal for both
sets of windings, () Phasor diagrams of voltages. V. = voltage across switch; V4o =0

consumers are supplied with a single-phase supply taken between a line and neu-
tral. This supply is often 230V and the line-to-line voltage is 400 V. Distribution
practice in the USA is rather different and the 220 V supply often comes into a house
from a centre-tapped transformer, as shown in Figure 2.5, which in effect gives a
choice of 220 V (for large domestic appliances) or 110V (for lights, etc.).

The system planner will endeavour to connect the single-phase loads such as to
provide balanced (or equal) currents in the three-phase supply lines. At any instant
in time it is highly unlikely that consumers will take equal loads, and at the lower
distribution voltages considerable unbalance occurs, resulting in currents in the
neutral line. If the neutral line has zero impedance, this unbalance does not affect
the load voltages. Lower currents flow in the neutral than in the phases and it is
usual to install a neutral conductor of smaller cross-sectional area than the main line
conductors. The combined or statistical effect of the large number of loads on
the low-voltage network is such that when the next higher distribution voltage is
considered, say 11kV (line to line), which supplies the lower voltage network,
the degree of unbalance is small. This and the fact that at this higher voltage, large
three-phase, balanced motor loads are supplied, allows the three-wire system to be

Tllo Vv
220V
TllO \%

Figure 2.5 Topped single-phase supply to give 220/110V (centre-tap grounded),
US practice
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Figure 2.6 (a) Mesh or delta-connected load-current relationships, (b) Practical
connections

used. The three-wire system is used exclusively at the higher distribution and trans-
mission voltages, resulting in much reduced line costs and environmental impact.

In a balanced three-wire system a hypothetical neutral line may be considered
and the conditions in only one phase determined. This is illustrated by the phasor
diagram of line-to-line voltages shown in Figure 2.3(b). As the system is balanced
the magnitudes so derived will apply to the other two phases but the relative phase
angles must be adjusted by 120° and 240°. This single-phase approach is very conve-
nient and widely used in power system analysis.

An alternative method of connection is shown in Figure 2.6. The individual phases
are connected (taking due cognizance of winding polarity in machines and trans-
formers) to form a closed loop. This is known as the mesh or delta connection. Here
the line-to-line voltages are identical to the phase voltages, that is.

Viine = Vphase
The line currents are as follows:
Ia = Iab - Ica Ib = Ibc - Iab Ic = Ica - Ibc

For balanced currents in each phase it is readily shown from a phasor diagram
that Ijjne = \/§Iphase. Obviously a fourth or neutral line is not possible with the mesh
connection. The mesh or delta connection is seldom used for rotating-machine stator
windings, but is frequently used for the windings of one side of transformers.
A line-to-line voltage transformation ratio of 1:1/3 is obtained when going from a
primary mesh to a secondary wye connection with the same number of turns
per phase. Under balanced conditions the idea of the hypothetical neutral and
single-phase solution may still be used (the mesh can be converted to a wye using
the A — Y transformation).

It should be noted that three-phase systems are usually described by their line-to-
line voltage (e.g. 11, 132, 400 kV etc.).
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2.1.1 Analysis of Simple Three-Phase Circuits
2.1.1.1 Four-Wire Systems

If the impedance voltage drops in the lines are negligible, then the voltage across
each load is the source phase voltage.

Example 2.1

For the network of Figure 2.7(a), draw the phasor diagram showing voltages and currents
and write down expressions for total line currents I,, Iy, I, and the neutral current I,.

Solution
Note that the power factor of the three-phase load is expressed with respect to the

phase current and voltage.

Q
\ B
L ]
Wg

Induction
motor -
power factor

angle - ¢

v IZa

=3

o
= s
e
5
El £

j
\ F

(b)

Figure 2.7 (o) Four-wire system with single-phase unbalanced loads and three
phase balanced motor load, (b) Phasor diagram: only the phasors lzq and Ina
have been added to show lq. Ip, and I can be found in a similar way. Note: V4,
is the reference direction. Rotation is anticlockwise
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The phasor diagram is shown in Figure 2.7(b). The line currents are as follows:

I, :%-ZiaJrIm(cosd)—jSind’)
v 1 : 2

Ip = ﬁ(—O.S—jO.866) 1z + I {cos <§—¢) —Jsin (?”_d’)]
v . 1 4 .. (4

I. = ﬁ(—O.S +70.866) .Z+Im {cos (§—¢) = e (g_ ¢>}

The neutral current (as the induction motor currents do not contribute to I,,)

YV Yo+ Yo (—05 — 0.866) + Ye(—0.5 + j0.866)]
V3
1

1 1
where Y, = Z—a, Y, = Z_b and Y. = Z_c

In:Ia+Ib+Ic:

2.1.1.2 Three-Wire Balanced Systems

The system may be treated as a single-phase system using phase voltages. It must be
remembered, however, that the total three-phase active power and reactive power
are three times the values delivered by a single phase.

2.1.1.3 Three-Wire Unbalanced Systems

In more complex networks the method of symmetrical components is used (see
Chapter 7), but in simple situations conventional network theory can be applied.
Consider the source load arrangement shown in Figure 2.8, in which Z, # Z,, # Z..
From the mesh method of analysis, the following equation is obtained.

Z,+Zy -Zp | || _ |Va| _ 14
-7y Zy + Z, ip - Vi - V(—O.S—j0.866)

Figure 2.8 (0) Three-wire system with unbalanced load, i; and i, are loop currents,
(b) Phasor diagram-voltage difference of neutral connection n from ground n’ — n;
n’ = neutral voltage when load is balanced
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Hence i; and i, are determined and from these I,, I, and I, are found together
with the voltage of the neutral point (n) from ground (see Figure 2.8(b)). Depending
on the severity of the imbalance, the voltage difference from the neutral point n to
ground can attain values exceeding the phase voltage, that is, the point n can lie
outside the triangle of line voltages. Such conditions produce damage to connected
equipment and show the importance of earthing (grounding) the neutral.

The power and reactive power consumed by a balanced three-phase load for both
wye or mesh connections are given by

P =+3VIcos¢pand Q = V3VIsin ¢
where

V = line-to-line voltage;
I =line current;
¢ = angle between load phase current and load phase voltage.

Alternatively
P =3Vl cos pand Q = 3V 1, sin ¢

As the powers in each phase of a balanced load are equal, a single wattmeter may
be used to measure total power. For unbalanced loads, two wattmeters are sufficient
with three-wire circuits while for unbalanced four wire circuits, three wattmeters
are needed.

Example 2.2

A three-phase wye-connected load is shown in Figure 2.9. It is supplied from a 200V,
three-phase, four-wire supply of phase sequence a-b-c. The neutral line has a resistance
of 5(). Two wattmeters are connected as shown. Calculate the power recorded on each
wattmeter when:

a. R,=10Q,R,=10Q, R, =10Q
b. R,=10Q, R, =100, R. =20

Solution
The mesh method will be used to determine the currents in the lines and hence in the
wattmeter current coils.

a. As the phase currents and voltages are balanced, no current flows in the neutral line.

The line voltage V,p, is used as a reference phasor. Hence,

Vap = 200
Vie = (—0.5 — j0.866) x 200
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Figure 2.9 Use of two wattmeters to measure three-phase power, Example 2.2.
cc - current coil, ve - voltage coll

From Figure 2.9, with i3 = 0

20 -10] [i] _ 200
~10 20 | |ip] ~ | -100 1732

From which

iy = 10— j5.75
i, = —j11.5

Power in wattmeter (1) = real part of Vp, x I:>=200(10 +j 5.75)
=2kW
Power in wattmeter (2) =real part of Vg, x I} = —Vp x I}

= (100 + /173.2) (i,)"
= (100 + 173.2)(j11.5)
= 2kW

The total measured power is therefore 4 kW.

3See Section 2.3 for use of the complex conjugate I*.
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This can be checked by considering an equivalent balanced Y system.

200

V hase = —=

phase \/5
115.5%

=1155V

=4kW

As expected the two wattmeter method gives the correct answer for a three-phase
connection with no neutral current.
b. The line voltages remain unchanged but with the unbalanced load it is now neces-
sary to calculate iz

Actual power consumed =3 X

Vb = 200
Vbe = (—0.5 —j0.866) x 200

Vea = (—0.5+0.866) x 200
and
200
Ve = ==
c ]\/g
20 -10 0 4 2oq
10 12 =2|-|ip| = —100 —j173.2
0 2 7 5 .200
- 1; -
3 ]\/’3

Eliminate iy,
- 5 . —j173.2
7, HH ]
-2 7 13 1—=
V3

From which

is = j10.26 A
ip = —j21.8A
Therefore,
ij =10 —j109 A
Now,

I =ip =10—j109A
Ip = ip — iy = —j21.8 — 104+ j10.9 = —10 — j10.9 A
I = i3 —ip = j10.26 + j21.8 = j32.06

Power in wattmeter (1) =real part of V,, x I = Re[200(10 + j10.9)] = 2kW
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Power in wattmeter (2) =real part of Vg, x I} = —Vp X I}

= Re[(100 + j173.2) x 32.06]
=555kW

Actual power consumed =12 x 10 +I7 x 10 +I2 x 2 + I2 x 5 = 6.96 kW
As the loads are not balanced and there is a return current in the neutral, the actual
power consumed by the load is not the sum of the two wattmeter readings.

2.2 Three-Phase Transformers

The usual form of the three-phase transformer, that is, the core type, is shown in
Figure 2.10. If the magnetic reluctances of the three limbs are equal, then the sum of
the fluxes set up by the three-phase magnetizing currents is zero. In fact, the core is
the magnetic equivalent of the wye-connected winding. It is apparent from the
shape of Figure 2.10 that the magnetic reluctances are not exactly equal, but in an
introductory treatment may be so assumed. An alternative to the three-limbed core
is the use of three separate single-phase transformers. Although more expensive
(about 20% extra), this has the advantage of lower weights for transportation, and

a b c
D, Dy, D,
A A A
I
T : i Primary

A\ y y
o o, o
a' b ¢’

Figure 2.10 Three-phase core-type tfransformer. Primary connected in wye (star), sec-
ondary connected in mesh (delta)
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Figure 2.11 Windings and phasor diagram of a YA fransformer

this aspect is crucial for large sizes. Also, with the installation of four single-phase
units, a spare is available at reasonable cost.

The wound core, as shown in Figure 2.10, is placed in a steel tank filled with insu-
lating oil or synthetic liquid. The oil acts both as electrical insulation and as a cooling
agent to remove the heat of losses from the windings and core. The low voltage
windings are situated over the core limbs and the high-voltage windings are wound
over the low-voltage ones. The core comprises steel laminations insulated on one
side (to reduce eddy losses) and clamped together.

The phasor diagram of the transformer is shown in Figure 2.11. The voltages
across the two windings are related by the turns ratio (1). In this ¥ — A wound
transformer the secondary equivalent phase voltages are —30° out of phase with the
primary phase voltages. With this winding arrangement the transformer is referred
to as type Yd1 in British terminology. Y: star HV winding, d: delta LV winding;:
1: one o’clock or —30° phase shift.

2.2.1 Autotransformers

There are several places in a power system where connections from one voltage
level to another do not entail large transformer ratios, for example, 400/275,
500/345, 725/500 kV, and then the autotransformer is used (Figure 2.12).

In the autotransformer only one winding is used per phase, the secondary voltage
being tapped off the primary winding. There is obviously a saving in size, weight
and cost over a two-windings per phase transformer. It may be shown that the ratio
of the weight of conductor in an autotransformer to that in a double-wound one is
given by (1 —N2/N1). Hence, maximum advantage is obtained with a relatively
small difference between the voltages on the two sides. The effective reactance is
reduced compared with the equivalent two winding transformer and this can give
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A Ny

Vo _Na

Figure 2.12 One phase of an autotransformer, V.o N,
1 1

rise to high short-circuit currents. The general constructional features of the core and
tank are similar to those of double-wound transformers, but the primary and sec-
ondary voltages are now in-phase.

2.3 Active and Reactive Power

In the circuit shown in Figure 2.13, let the instantaneous values of voltage and
current be

v = V2Esin (ot) and i = V2I sin (ot + ¢)
The instantaneous power

p = vi = El cos ¢ — El cos 2wt + ¢)
also
—EI cos (2wt + ¢) = —EI(cos 2wt cos ¢ — sin 2wt sin ¢)

..p = vi = [El cos ¢ — EI cos (2wt) cos ¢] + [EI sin (2wt) sin ¢]
= [instantaneous real power| + [instantaneous reactive power
p p

Figure 2.14 shows the instantaneous real and reactive power.

()

Figure 2.13 Voltage source and load
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The mean active power = EI cos ¢.

The mean value of EI sin (2wt) sin ¢ = 0, but its maximum value = EI sin ¢.

The voltage source supplies energy to the load in one direction only. At the same
time an interchange of energy is taking place between the source and the load of
average value zero, but of peak value EI sin ¢. This latter quantity is known as the
reactive power (Q) and the unit is the VAr (taken from the alternative name, Volt-
Ampere reactive). The interchange of energy between the source and the inductive
and capacitive elements (that is, the magnetic and electric fields) takes place at twice
the supply frequency. Therefore, it is possible to think of an active or real power
component P (watts) of magnitude Elcos¢ and a reactive power component
Q (VAr) equal to EI sin ¢ where ¢ is the power factor angle, that is the angle between
E and I It should be stressed, however, that the two quantities P and Q are physi-
cally quite different and only P can do real work.

Vi b - - - - _ v Ip = Active current component
lqg = Reactive current component

Instantaneous
Power = vi

Active Power
Component -~
4

7/
+ Reactive Power
/" Component = vi,

Figure 2.14 Real and reactive power (single phase)
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»

o 9 Reference axis

Figure 2.15 Phasor diagram
The quantity S (volt-amperes), known as the complex (or apparent) power, may

be found by multiplying E by the conjugate of I or vice versa. Consider the case
when I'lags E, and assume S = E*I. Referring to Figure 2.15,

S = Ee’f‘f’l X I€j¢2 = EI@*]‘(%*(PZ)

= Ele7/?
=P—jQ
Next assume
S = EI
= Ele/(#1-¢2)
= P+jQ

Obviously both the above methods give the correct magnitudes for P and Q but
the sign of Q is different. The method used is arbitrarily decided and the usual con-
vention to be adopted is that the volt-amperes reactive absorbed by an inductive
load shall be considered positive, and by a capacitive load negative; hence S = EI*.
This convention is recommended by the International Electrotechnical Commission.

In a network the net stored energy is the sum of the various inductive and capaci-
tive stored energies present. The net value of reactive power is the sum of the VArs
absorbed by the various components present, taking due account of the sign. VArs
can be considered as being either produced or absorbed in a circuit; a capacitive
load can be thought of as generating VArs. Assuming that an inductive load is rep-
resented by R+ ;X and that the S = EI" convention is used, then an inductive load
absorbs positive VArs and a capacitive load produces VArs.

The various elements in a network are characterized by their ability to generate or
absorb reactive power. Consider a synchronous generator which can be represented
by the simple equivalent circuit shown in Figure 2.16. When the generator is over-
excited, that is, its generated e.m.f. is high, it produces VArs and the complex power
flow from the generator is P + jQ. When the machine is under-excited the generated
current leads the busbar voltage and the apparent power from the generator is
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E
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®) /AN Ref.
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E
X
lq |
(©)
vl Ref. 4

Figure 2.16 (o) Line diagram of system, (b) Overexcited generator-phasor diagram,
(c) Underexcited generator-phasor diagram

P —jQ. It can also be thought of as absorbing VArs. The reactive power character-
istics of various power-system components are summarized as follows: reactive
power is generated by over-excited synchronous machines, capacitors, cables and
lightly loaded overhead lines; and absorbed by under-excited synchronous
machines, induction motors, inductors, transformers, and heavily loaded overhead
lines, see Figure 2.17.

The reactive power absorbed by a reactance of X; [Q] = PX; [VAr] where I is the
current. A capacitance with a voltage V applied produces V°B [VAr], where B=1/
Xc=wC [S] and Xc=1/wC [Q]. At a node, 3P =0 and 2Q =0 in accordance with
Kirchhoff’s law.

+P
Under-excited | Over-excited
Generators Generators
= . .+
Q Inductive Capacative Q
Loads Loads

s=vrp+jQY
Generator —
or Load |—»

Figure 2.17 Power quadrant
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2.4 The Per-Unit System

In the analysis of power networks, instead of using actual values of quantities it is
usual to express them as fractions of reference quantities, such as rated or full-load
values. These fractions are called per unit (denoted by p.u.) and the p.u. value of any
quantity is defined as

actual value (in any unit)

- - 2.1
base or reference value in the same unit (2.1)

Some authorities express the p.u. value as a percentage. Although the use of p.u.
values may at first sight seem a rather indirect method of expression there are, in
fact, great advantages; they are as follows:

1. The apparatus considered may vary widely in size; losses and volt drops will also
vary considerably. For apparatus of the same general type the p.u. volt drops and
losses are in the same order, regardless of size.

2. The use of 1/3’s in three-phase calculations is reduced.

3. By the choice of appropriate voltage bases the solution of networks containing
several transformers is facilitated.

4. Per-unit values lend themselves more readily to digital computation.

2.4.1 Resistance and Impedance

Given that base value of voltage is V}, and base value of current is I;, the base value
of resistance is given by:

Vi

R, — ¢
b I,

(2.2)

Now from (2.1) and (2.2), the p.u. value of the resistance is given by:

R(Q) R(Q) R(Q)-I, voltage drop across R at base current

R u = = =
PEUR(Q) W/ Vi base voltage
Also
R _ RO
pau. = Vol

power loss at base current

~ base power or volt-amperes

". the power loss (p.u.) at base or rated current=R,, ,,.
Power loss (p.u.) at I, current = Rp,u,lf,'u'
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Similarly
. impedance in ohms Z(Q)I,
p-u.impedance = =
base voltage Vi
base current
Example 2.3

A d.c. series machine rated at 200V, 100 A has an armature resistance of 0.1 () and field
resistance of 0.15 Q). The friction and windage loss is 1500 W. Calculate the efficiency
when operating as a generator.

Solution
Total series resistance in p.u. is given by

0.25
pu. — 200/100 =0.125 p-u.
Where V5, = 200 V and I, = 100 A
Friction and windage loss
1500

At the rated load, the series-resistance loss = 1% x 0.125
and the total loss =0.125+0.075=0.2 p.u.
As the output =1 p.u., the efficiency

1
“1702" 0.83 p.u.

2.4.2 Three-Phase Circuits

In three-phase circuits, a p.u. phase voltage has the same numerical value as the
corresponding p.u. line voltage. With a measured line voltage of 100kV and a
rated line voltage of 132kV, the p.u. value is 0.76. The equivalent phase voltages
are 100/+/3kV and 132/,/3kV and hence the p.u. value is again 0.76. The actual
values of R, X;, and X¢ for lines, cables, and other apparatus are phase values.
When working with ohmic values it is less confusing to use the equivalent phase
values of all quantities. In the p.u. system, three-phase values of voltage, current
and power can be used without undue anxiety about the result being a factor of
/3 incorrect.
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It is convenient in a.c. circuit calculations to work in terms of base volt-amperes,
(Spase)- Thus,

Sbase = Vbase X Ibase X \/3_’

when Vi, is the line voltage and Iy, is the line current in a three-phase system.
Hence

S base
Tpose = 2.3
e \/gvbuse ( )

Expression (2.3) shows that if Sy and Vi, are specified, then Iy, is determined.
Only two base quantities can be chosen from which all other quantities in a three-
phase system are calculated. Thus,

Vbase \/g Vbase \/g V2
Thse Stase / \/gvbase Stase

Hence

Z(Q))  Z(Q) X Spase
P Zbase B V2

base

Z

(2.5)

Expression (2.5) shows that Z, , is directly proportional to the base VA and
inversely proportional to the base voltage squared.
If we wish to calculate Z, ,,. to a new base VA, then

Snew base (2 6)

Z,.u.(new base) = Z,, (old base) x
old base

If we wish to calculate Z, ,,. to a new voltage base, then

(Vold base)2
Zp.u.(new base) = Z,, (old base) x ——

new base)

2.4.3 Transformers

Consider a single-phase transformer in which the total series impedance of the two
windings referred to the primary is Z; (Figure 2.18).

Then the p.u. impedance Z, . where I;, and V;, are the base values of the

Vi/I
primary circuit.
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o Z(9) o
Tvl § TVZ

(¢ O

1:N
(@)

o——Z(pu)——— o0
Vi(p.u.) V,(p.u.)

o— —0

(b)

Figure 2.18 Equivalent circuit of single-phase transformer

The ohmic impedance referred to the secondary is

Z, = Z1N? [Q]
and this in p.u. notation is
1%
2 [/ V2
Zp.u. = ZlN E

V, and I, are base voltage and current of the secondary circuit. If they are related to
the base voltage and current of the primary by the turns ratio of the transformer then.

L 1  Zih
Zpu = ZIN* = - —— ="
p.u. 1 N V1N V]

Hence provided the base voltages on each side of a transformer are related by the
turns ratio, the p.u. impedance of a transformer is the same whether considered
from the primary or the secondary side. The winding does not appear in the equiv-
alent circuit (Figure 2.18b), the transformer impedance in per unit is only calculated
once and Equation (2.7) is not required.

Example 2.4

In the network of Figure 2.19, two single-phase transformers supply a 10 kVA resistance
load at 200 V. Show that the p.u. load is the same for each part of the circuit and calcu-
late the voltage at point D.
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D
- |
|
100:400 V 400:200 V
X =0.1p.u. X=0.15 p.u.
10 kVA 10 kVA

Figure 2.19 Netfwork with two fransformers-p.u. approach

Solution
The load resistance is (200%/10 x 103), that is, 4 Q.

In each of the circuits A, B, and C a different voltage exists, so that each circuit will
have its own base voltage, that is, 100 V in A, 400V in B, and 200 V in C.

Although it is not essential for rated voltages to be used as bases, it is essential that
the voltage bases used be related by the turns ratios of the transformers. If this is not so
the simple p.u. framework breaks down. The same volt-ampere base is used for all the
circuits as V111 = VI, on each side of a transformer and is taken in this case as 10 kVA.
The per unit impedances of the transformers are already on their individual equipment
bases of 10kVA and so remain unchanged.

The base impedance in C

Vi 200

base

~base VA 10000

Z base

The load resistance (p.u.) in C

In B the base impedance is

Viee 4007

base VA 10000 0%

Z base =

and the load resistance (in ohms) referred to B is
=4xN?=4x2>=160Q
Hence the p.u. load referred to B

16
—=1p.u
16 PY

Similarly, the p.u. load resistance referred to A is also 1 p.u. Hence, if the voltage
bases are related by the turns ratios the load p.u. value is the same for all circuits.



66 Electric Power Systems, Fifth Edition

jO.lpu. p j0.15p.u.

1p.u.
VST TVR: Ip.u.

Figure 2.20 Equivalent circuit with p.u. values, of network in Figure 2.19

An equivalent circuit may be used as shown in Figure 2.20. Let the volt-ampere
base be 10kVA; the voltage across the load (Vg) is 1p.u. (as the base voltage in C
is 200 V).

The base current at voltage level C of this single phase circuit

base VA 10000 _50A

Ippse =— =
base Vbase 200

The corresponding base currents in the other circuits are 25 A in B, and 100 A in A.
The actual load current is 200V/4 =50 A=1 p.u.
Hence the supply voltage Vs

Vs = 1(j0.1 4-70.15) + 1 p.u.
Vs =1 +0.25" =1.03p.u.
=1.03 x 100 = 103V

The voltage at point D in Figure 2.17

Vp = 1(j0.15) + 1 p.u.

Vp = V12 40.15* = 1.012 p.u.
= 1.012 x 400 = 404.8V
It is a useful exercise to repeat this example using ohms, volts and amperes.

A summary table of the transformation of the circuit of Figure 2.19 into per unit is
shown.

Section Stase Viase (chosen as Ipase (calculated | Zpue (calculated
of (common for | transformer from Sppse/Vise) | from Vﬁase / Stase)
network network) turns ratio)

A 10kVA 100V 100 A 1Q

B 10kVA 400V 25A 16 Q)

C 10kVA 200V 50 A 40
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Example 2.5

Figure 2.21 shows the schematic diagram of a radial transmission system. The ratings
and reactances of the various components are shown. A load of 50 MW at 0.8 p.f.
lagging is taken from the 33kV substation which is to be maintained at 30kV. It is
required to calculate the terminal voltage of the synchronous machine. The line and
transformers may be represented by series reactances. The system is three-phase.

VS
5 11 kv 132 kV 132kV 33KV S0 MW
") Line { 0.8 p.f.
3 - %% :
50 MVA 11000 somva $——*=lagging
X = 10% X=12% |30 kv

Figure 2.21 Line diagram of system for Example 2.5

Solution
It will be noted that the line reactance is given in ohms; this is usual practice. The volt-
age bases of the various circuits are decided by the nominal transformer voltages, that
is, 11, 132, and 33 kV. A base of 100 MV A will be used for all circuits. The reactances
(resistance is neglected) are expressed on the appropriate voltage and MVA bases.
Base impedance for the line
VZ

base

B Sbuse

(132 x 10°)?
100 x 10°

= 1740

Hence the p.u. reactance

— 111% = j0.575 p.u.

Per unit reactance of the sending-end transformer

j0.1 x % =j02p.u.

Per unit reactance of the receiving-end transformer

j0.12 x % =j0.24p.u.

1 6
Load current = 50 x 03 =1203 A
V3 x 30 x 10° x 0.8
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Base current for 33kV, 100 MVA

6
_ 100 %10 = 1750A
V3 x 33 x 10
Hence the p.u. load current
1203
Voltage of the load busbar
30
=33= 091 p.u.

The equivalent circuit is shown in Figure 2.22.
Also,

Vs = 0.687 x (0.8 — j0.6)(j0.2 + j0.575 + j0.24) + (0.91 + j0)
— 1.328 +0.558 p.u.

Vs = 144pu
=144 x 11kV = 15.84kV

0.687 p.u. 0.8 p.f. lagging

TO000 TO000 :
j0.2 p.u. j0.575p.u. j0.24 p.u.

jlp.u.

Vg=0.91

L—— Load

w3l
|

Figure 2.22 Equivalent circuit for Example 2.5

2.5 Power Transfer and Reactive Power

The circuit shown in Figure 2.23 represents the simplest electrical model for a source
(with voltage V) feeding into a power system represented by a load of P +jQ. It
can also represent the power flows in a line connecting two busbars in an intercon-
nected power system.

The voltage at the source end and load end are related by:

Vg = VL + (R +jX)1 (2.8)
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Figure 2.23 Power transfer between sources

If R 4 jX = Z/0 where Z = \/R* + X* and 6 = tan"' (X/R), then the current can be
obtained as:

Vg-Vi
AL

I

Therefore the apparent power at the source end is given by:

(2.9)

Ve — Vi
Sg = Vgl = Vg [ L
¢— e G( 7.0 )

If the load end voltage is chosen as the reference and the phase angle between the
load end and source end is é:

VL = VLZOO = VL and VG = VGZ(S (210)
Substituting for Vi, and V from equation (2.10) into (2.9) yields:
: Vcefj‘3 -V
2 VeV
— G0 _ YGVL j(6+5)
Z Z
Therefore
2 VeV
Pg =5 cosf — cos (6 +6)
(2.11)
2
VeV
Q¢ 76 sinf — GZ L sin (6 + &)
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Similarly,
VL—VGE_jS % o ViVe
v, (2L TEE ) TL,je  TLYG,j(6-9)

St L( Ze 7 z¢ "z ¢

VZ
Py = 7L cosf — VLZVG cos (6 — §)

2.12

1% ViVg 212

QLZYLSinQ— > sin (6 — §)

The power output to the load is a maximum when cos(6 — §) = 1, thatis, § = §

2.5.1 Calculation of Sending and Received Voltages in Terms
of Power and Reactive Power

The determination of the voltages and currents in a network can obviously be
achieved by means of complex notation, but in power systems usually power (P)
and reactive power (Q) are specified and often the resistance of lines is negligible
compared with reactance. For example, if R = 0.1X, the error in neglecting R is
0.49%, and even if R = 0.4X the error is 7.7%.

From the transmission link shown in Figure 2.23:

For the load:
ViI' = P+jQ
[ _P-iQ
Vi

The voltage at the source and load ar