
1.1 ROLE OF EHV AC TRANSMISSION
Industrial-minded countries of the world require a vast amount of energy of which electrical
energy forms a major fraction. There are other types of energy such as oil for transportation
and industry, natural gas for domestic and industrial consumption, which form a considerable
proportion of the total energy consumption. Thus, electrical energy does not represent the
only form in which energy is consumed but an important part nevertheless. It is only 150 years
since the invention of the dynamo by Faraday and 120 years since the installation of the first
central station by Edison using dc. But the world has already consumed major portion of its
natural resources in this short period and is looking for sources of energy other than hydro and
thermal to cater for the rapid rate of consumption which is outpacing the discovery of new
resources. This will not slow down with time and therefore there exists a  need to reduce the
rate of annual increase in energy consumption by any intelligent society if resources have to be
preserved for posterity. After the end of the Second World War, countries of all over the world
have become independent and are showing a tremendous rate of industrial development, mostly
on the lines of North-American and European countries, the U.S.S.R. and Japan. Therefore, the
need for energy is very urgent in these developing countries, and national policies and their
relation to other countries are sometimes based on energy requirements, chiefly nuclear. Hydro-
electric and coal or oil-fired stations are located very far from load centres for various reasons
which requires the transmission of the generated electric power over very long distances. This
requires very high voltages for transmission. The very rapid strides taken by development of dc
transmission since 1950 is playing a major role in extra-long-distance transmission, complementing
or supplementing e.h.v. ac transmission. They have their roles to play and a country must make
intelligent assessment of both in order to decide which is best suited for the country's economy.
This book concerns itself with problems of e.h.v. ac transmission only.

1.2 BRIEF DESCRIPTION OF ENERGY SOURCES AND THEIR
DEVELOPMENT

Any engineer interested in electrical power transmission must concern himself or herself  with
energy problems. Electrical energy sources for industrial and domestic use can be divided into
two broad categories: (1) Transportable; and (2) Locally Usable.
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Transportable
Transportable type is obviously hydro-electric and conventional thermal power. But locally generated
and usable power is by far more numerous and exotic. Several countries, have adopted national
policies to investigate and develop them, earmarking vast sums of money in their multi-year
plans to accelerate the rate of development. These are also called 'Alternative Sources of Power'.
Twelve such sources of electric power are listed here, but there are others also which the reader
will do well to research.

Locally Usable Power
(1) Conventional thermal power in urban load centres;
(2) Micro-hydel power stations;
(3) Nuclear Thermal: Fission and Fusion;
(4) Wind Energy;
(5) Ocean Energy: (a) Tidal Power, (b) Wave Power, and (c) Ocean thermal gradient power;
(6) Solar thermal;
(7) Solar cells, or photo-voltaic power;
(8) Geo-thermal;
(9) Magneto hydro-dynamic or fluid dynamic;

(10) Coal gasification and liquefaction;
(11) Hydrogen power; and last but not least,
(12) Biomass Energy: (a) Forests; (b) Vegetation; and (c) Animal refuse.
To these can also be added bacterial energy sources where bacteria are cultured to decompose

forests and vegetation to evolve methane gas. The water hyacinth is a very rich source of this gas
and grows wildly in water logged ponds and lakes.

1.3 DESCRIPTION OF SUBJECT MATTER OF THIS BOOK
Extra High Voltage (EHV) ac transmission can be assumed to have seen its development since the
end of the Second World War, with the installation of 345 kV in North America and 400 kV in
Europe. The distance between generating stations and load centres as well as the amount of
power to be handled increased to such an extent that 220 kV was inadequate to handle the
problem. In these nearly 50 years, the highest commercial voltage has increased to 1150 kV
(1200 kV maximum) and research is under way at 1500 kV by the AEP-ASEA group. In few
countries, the highest voltage used is 400 kV ac, but has  increased after 1990 to higher levels.
The problems posed in using such high voltages are different from those encountered at lower
voltages. These are:

(a) Increased Current Density because of increase in line loading by using series capacitors.
(b) Use of bundled conductors.
(c) High surface voltage gradient on conductors.
(d) Corona problems: Audible Noise, Radio Interference, Corona Energy Loss, Carrier

Interference, and TV Interference.
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(e) High electrostatic field under the line.
(f) Switching Surge Overvoltages which cause more havoc to air-gap insulation than

lightning or power frequency voltages.
(g) Increased Short-Circuit currents and possibility of ferro resonance conditions.
(h) Use of gapless metal-oxide arresters replacing the conventional gap-type Silicon Carbide

arresters, for both lightning and switching-surge duty.
(i) Shunt reactor compensation and use of series capacitors, resulting in possible sub-

synchronous resonance conditions and high shortcircuit currents.
(j) Insulation coordination based upon switching impulse levels.
(k) Single-pole reclosing to improve stability, but causing problems with arcing.
The subject is so vast that no one single book can hope to handle with a description, analysis,

and discussion of all topics. The book has been limited to the transmission line only and has not
dealt with transient and dynamic stability, load flow, and circuit breaking. Overvoltages and
characteristics of long airgaps to withstand them have been discussed at length which can be
classified as transient problems. Items (a) to (e) are steady-state problems and a line must be
designed to stay within specified limits for interference problems, corona loss, electrostatic field,
and voltages at the sending end and receiving end buses through proper reactive-power
compensation.

Chapter 2 is devoted to an introduction to the e.h.v. problem, such as choice of voltage for
transmission, line losses and power-handling capacity for a given line length between source and
load and bulk power required to be transmitted. The problem of vibration of bundled conductors is
touched upon since this is the main mechanical problem in e.h.v lines. Chapters 3 and 4 are basic
to the remaining parts of the book and deal with calculation of line resistance, inductance,
capacitance, and ground-return parameters, modes of propagation, electrostatics to understand
charge distribution and the resulting surface voltage gradients. All these are directed towards an
N-conductor bundle. Corona loss and Audible Noise from e.h.v. lines are consequences of high
surface voltage gradient on conductors. This is dealt fully in Chapter 5. In several cases of line
design, the audible noise has become a  controlling factor with its attendant pollution of the
environment of the line causing psycho-acoustics problems. The material on interference is continued
in Chapter 6 where Radio Interference is discussed. Since this problem has occupied researchers
for longer than AN, the available literature on RI investigation is more detailed than AN and a
separate chapter is devoted to it. Commencing with corona pulses, their frequency spectrum, and
the lateral profile of RI from lines, the reader is led into the modern concept of 'Excitation Function'
and its utility in pre-determining the RI level of a line yet to be designed. For lines up to 750 kV,
the C.I.G.R.E. formula applies. Its use in design is also discussed, and a relation between the
excitation function and RI level calculated by the C.I.G.R.E. formula is given.

Chapter 7 relates to power frequency electrostatic field near an e.h.v. line which causes
harmful effects to human beings, animals, vehicles, plant life, etc. The limits which a designer
has to bear in mind in evolving a line design are discussed. Also a new addition has been made in
this chapter under the title Magnetic Field Effects of E.H.V. Lines. Chapters 8-11 are devoted to
the discussion of high transient overvoltages experienced by an e.h.v. line due to lightning and
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switching operations. Chapter 8 introduces the reader to the theoretical aspects of travelling
waves caused by lightning and switching operations, and the method of standing waves which
yields the same results as travelling waves but in many cases gives more convenient formulas.
With the advent of the Digital Computer, the standing-wave method poses no problems for handling
the calculation. The Laplace-Transform and Fourier-Transform Methods for handling transients
on e.h.v. lines are described.

Chapter 9 deals with important aspects of lightning over-voltages and protection. The latest
type of Metal Oxide Varistor known as gapless Zinc Oxide arrester is discussed as well as the
conventional gap-type SiC arresters of both the non current-limiting and current-limiting types.
The chapter commences with outage level aimed by a designer, and leads step by step in describing
the factors affecting it, namely the isokeraunik level, probability of number of strokes to  a tower
or midspan, the tower-footing resistance, probability of lightning-stroke currents, and finally the
insulator flash-over. Pre-discharge currents on towers and hardware are taken into account.
Chapter 10 discusses all the possible conditions of internal overvoltages on e.h.v. lines commencing
with circuit-breaker recovery voltage, terminal and short-line faults, interruption of low inductive
current and overvoltages resulting from 'current chopping', line dropping and restrike in circuit
breakers and ferroresonance conditions. The bulk of the chapter, however, is devoted to calculation
of switching-surge overvoltages. Measures used for reduction of overvoltages are thoroughly
discussed. Equations in matrix form dealing with the resulting transients are developed and
examples using the Fourier Transform method for obtaining the switching overvoltages are worked
out.

Having known the magnitude of overvoltages that can be expected on a system, the next
aspect is to design air-gap clearances on tower. This requires a thorough knowledge of the flashover
and withstand characteristics of long air gaps. Chapter 11 is devoted to a description of these
characteristics. Commencing with the basic mechanisms postulated by engineers and physicists
for the breakdown of a long air gap, the reader is exposed to the statistical nature of insulation
design. The work of the eminent Italian engineer, Dr. Luigi Paris, ([51], IEEE) is described and
examples of using his equations for insulation design are given.

Although transients caused by lightning and switching surges have been studied extensively
by e.h.v. engineers, overvoltages caused under power-frequency are important for the design of
line compensation. This is covered in Chapter 12. The power-circle diagram and the geometrical
relations resulting from it are used throughout  for evaluating synchronous-condenser design,
switched capacitors under load, shunt-reactor compensation including an intermediate station
for a very long line, and finally a line with series-capacitor compensation is discussed. This
problem leads logically to the problems of high short-circuit current and possible sub-synchronous
resonance conditions. These are described from the point of view of the line. Countermeasures for
SSR are described fully as used on the Navajo Project ([67], IEEE) and elsewhere. The chapter
then describes Static Var compensating systems (SVS) of several types which are now finding
more and more use instead of unregulated or fixed reactors. The problem of injection of harmonics
into e.h.v. line is discussed and the performance of a series L-C filter in suppressing them is
analyzed. The chapter ends with a short description of high phase order transmission (6 phase)
even though it does not yet belong to the e.h.v. class.
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Chapter 13 deals with e.h.v. laboratories, equipment and testing. The design of impulse
generators for lightning and switching impulses is fully worked out and waveshaping circuits are
discussed. The effect of inductance in generator, high voltage lead, and the voltage divider are
analyzed. Cascade-connected power-frequency transformers and the Greinacher chain for generation
of high dc voltage are described. Measuring equipment such as the voltage divider, oscilloscope,
peak volt-meter, and digital recording devices are covered and the use of fibre optics in large e.h.v.
switchyards and laboratory measurements is discussed.

Chapter 14 uses the material of previous chapters to evolve methods for design of e.h.v.
lines. Several examples are given from which the reader will be able to effect his or her own design
of e.h.v. transmission lines in so far as steadystate and transient overvoltages are concerned.

The last chapter, Chapter 15, deals with the important topic of e.h.v cable transmission.
Cables are being manufactured and developed for voltages upto 1200 kV to match the equipment
and overhead-line voltages in order to interconnect switchyard equipment such as overhead lines
to transformers and circuit breakers. They are also used for leading bulk power from receiving
stations into the heart of metropolitan industrial and domestic distribution stations. In underground
power stations, large stations located at dam sites, for under-river and under-sea applications,
along railways, over long-span bridges, and at many situations, e.h.v. cables are extensively
used. The four types of e.h.v. cables, namely, high-pressure oil-filled (HPOF) with Kraft paper
insulation, the same with composite laminated plastic film and paper insulation (PPLP), cross-
linked polyethylene (XLPE), and gas-insulated (SF6) lines (GIL's) or bus ducts are described and
discussed. Design practices based on a Weibull Probability Distribution for initial breakdown
voltage and stress and the Kreuger Volt-Time characteristics are also dealt with. Extensive
examples of 132 kV to 1200 kV cables already manufactured or under development are given.

Each chapter is provided with a large number of worked examples to illustrate all ideas in a
step by step manner. The author feels that this will help to emphasize every formula or idea when
the going is hot, and not give all theory in one place and provide examples at the end of each
chapter. It is expected that the reader will work through these to be better able to apply the
equations.

No references are provided at the end of each chapter since there are cases where one work
can cover many aspects discussed in several chapters. Therefore, a consolidated bibliography is
appended at the end after Chapter 15 which will help the reader who has access to a fine library
or can get copies made from proper sources.

Review Questions and Problems

1. Give ten levels of transmission voltages that are used in the world.
2. Write an essay giving your ideas whether industrial progress is really a measure of

human progress.
3. What is a micro-hydel station?
4. How can electric power be generated from run-of-the-river plants? Is this possible or

impossible?
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5. What is the fuel used in (a) Thermal reactors, and (b) LMFBR? Why is it called LMFBR?
What is the liquid metal used? Is there a moderator in LMFBR? Why is it called a
Breeder Reactor? Why is it termed Fast?

6. Draw sketches of a wind turbine with (a) horizontal axis, and (b) vertical axis. How can
the efficiency of a conventional wind turbine be increased?

7. Give a schematic sketch of a tidal power development. Why is it called a 'bulb turbine'?
8. Give a schematic sketch of an ocean thermal gradient project showing a heat exchanger,

turbine-generator, and condenser.
9. List at least ten important problems encountered in e.h.v. transmission which may or

may not be important at voltages of 220 kV and lower.




