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Preface

Electric Power Transmission and Distribution has been
designed for undergraduate courses in electrical and
electronics engineering in Indian universities. Tailored
to provide an elementary knowledge of power systems, a
foundation in electric circuits and engineering is a pre-
requisite for starting this course. The organization of the
topics and the pace at which they unfold have been
planned to enable students to proceed from the basic
concepts to the difficult ones with ease. The text can
ideally be taught at the sixth or seventh semester, and
can also be used as a reference book by BE, BTech and
AMIE students.

The contents of this book have been developed with
emphasis on clarity, with equal stress on the basic
concepts as well as advanced ideas, in detail over sixteen
chapters.

Chapter 1 introduces the conventional sources of
electrical energy, and explains about the load forecasting
and its various aspects, the various levels of power
transmission, and the need as well as the motivation for
restructuring the power industry.

Chapter 2 explains the four transmission line
parameters, namely, resistance and inductance in a
series combination and a shunt combination of
capacitance and conductance. Materials used for the
manufacture of conductors and the various types of
conductors are explained in detail. It is explained in
detail about the current distortion effect and the effect of
earth on transmission line capacitance to give a lucid
understanding of the constituent elements of the
transmission system.



Chapters 3 and 4 are devoted to the construction and
performance analysis of overhead transmission lines.
Classification of transmission lines, network constraints,
long line equations, regulation concepts, surge
impedance, Ferranti effect, and line loadability are dealt
comprehensively. Power circle diagrams used to
calculate the maximum power-transfer capacity, and
synchronous phase-modifier capacity are also discussed.

Chapter 5 describes the power system transients due
to surges. The travelling wave equation used to describe
the phenomena of incident and reflected waves, the
evaluation of surge impedance, its importance and the
analysis of the travelling wave under different
conditions, such as with open-circuited and short-
circuited end lines, are highlighted in this chapter.

Chapter 6 is devoted to the corona phenomenon. The
formation and effects of the corona, factors affecting
corona loss, and corona interference with
communication lines are examined.

Chapter 7 describes the mechanical design of overhead
lines. Different line supports, sag calculations with
reference to both equal and unequal supports, effect of
ice and wind-loading on sag calculations, string charts,
vibrations and dampers, and sag templates are all
covered in this chapter. This chapter gives an idea of the
different types of line supports and their design for
overhead lines.

Chapter 8 is devoted to the description of overhead
insulators. Insulating materials, types of insulators,
stringing efficiency and methods for its improvement,
arcing horns, and the various methods for testing
insulators are discussed. This chapter also gives a
selection of the ideal type of insulator for various given
voltages.

Chapter 9 gives the general construction of
underground cables, elaborates upon their various types,



and explains their properties, advantages and
disadvantages. The power factor, heating, testing and
laying of cables are also discussed.

Chapter 10 is concerned with power factor
improvement. The causes and demerits of lower power
factor are followed by a discussion of the methods for
their improvement. The most economical power factor is
also expounded suitably.

Chapter 11 discusses the necessity of voltage control,
the various sources of reactive power generation and
absorption of reactive power, the methods of voltage
control and rating of synchronous phase modifier. These
concepts help to choose the rating of the capacitors for
power factor improvement as well as for voltage control.

Chapter 12 discusses the economics of power-system
designing. The choice of system frequency, system
voltage and the advantage of high voltage transmission
are elucidated here. The calculation of economical size of
conductors using Kelvin’s law, and the limitations of the
applications of Kelvin’s law are illustrated to give the
student a holistic understanding of the methods of
calculating the ideal size of conductors for different load
levels.

Chapter 13 discusses the different types of substations,
the substation equipment and types of bus-bar
arrangements. Various types of neutral grounding
systems are also discussed in this chapter. Based on the
requirement and available budget, selection of bus-bar
arrangements and suitable earthing methods, are

described.

Chapter 14 gives a description of the different types of
distribution systems, distribution-system losses, and
their classification. We also look at voltage drop
calculations of various types of DC and AC distributors in
this chapter, to gain an insight into the designing of a
suitable type of distributor for a given system.



Chapter 15 is designed to give an idea of the EHV and
HVDC transmission systems including the need,
advantages and disadvantages of EHV and HVDC
transmission systems. The different types of HVDC
systems, three-phase bridge converters, components of
HVDC transmission systems, and harmonic filters form a
part of this chapter.

Chapter 16, the concluding chapter of the book,
introduces the flexible AC transmission systems
technology and provides basic definitions of the various
types of FACTS controllers, control of power systems and
an overview of FACTS controller circuits. It also includes
a brief discussion on voltage stability.

In-text Learning Aids

Each chapter opens with chapter objectives which are
listed and an introduction. Worked-out solutions follow
each section and serve to reinforce what the student has
learnt. ‘Test yourself’ questions, designed to act as rapid
review tests, are placed at strategic points within the
chapters. Each chapter concludes with ‘chapter at a
glance’, ‘multiple choice questions’ with answers, ‘review
questions’ and practice problems, and are aimed to
augment the student’s understanding of the topics
discussed.

An appendix containing datasheets, MATLAB
programs as illustrative resolution of complex problems,
and answers to odd questions added as a concluding
section to the book, serve to further clarify and sum up
the discussed concepts, enabling the student to solve
problems with ease.

We appreciate the efforts of all those who provided
inputs that helped us to develop and improve the text.
We are committed to improving the text further in its
future editions, and encourage you to contact us with
your comments and suggestions.



S. SIVANAGARAJU
S.SATYANARAYANA
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1

Transmission and Distribution: An
Introduction

CHAPTER OBJECTIVES

After reading this chapter, you should be able to:

Understand the various levels of power transmission

Provide an overview of conventional sources of electrical energy

Understand the purpose of load forecasting

Analyse the various load models

Understand the concept of deregulation

1.1 OVERVIEW

A power system consists of several generating stations
and consumers interconnected by transmission and
distribution networks. The objective of any power system
is to generate electrical energy in sufficient quantities at
the best suited locations, to transmit it to various load
centres and then distribute it to various consumers, and
to maintain the quality and reliability of transmission at
an economic price. Here, quality implies that frequency
and voltage are constantly maintained at a specified
value. (In India, the frequency is maintained at 50 Hz.)
Further, interruptions in supply of energy to consumers
should be minimal.

The energy generated must be sufficient to meet the
requirements of consumers. Because of the diverse
nature of activities of the consumers (for example,
domestic, industrial and agricultural) the load on the
system varies from time to time. Hence, the generating
station must be in a “state of readiness” to supply the



load without any intimation from the consumer. This
“variable load demand” has to be effectively tackled with
a suitably designed power system. This necessitates a
thorough understanding of the nature of the load to be
supplied to the consumers. The behaviour and properties
of the load can be easily studied from the load curve, load
duration curve, etc. for estimating the load demand.

Electrical power is an essential infrastructure for the
economic development of any developing country. In
India, phenomenal expansion has taken place in the area
of power systems in the last five decades. For example,
power generation capacity has grown at an average rate
of 9% and reached a level of more than 1,18,419 MW as
in March 2005.

The total power generation capacity in India at the end
of 1999 was 92,864.06 MW, comprising 22,438 MW
hydro and 67,617.46 MW thermal, 968.12 MW wind and
840 MW nuclear. But total installed capacity at the end
of March 2005 was 1,18,419 MW, comprising 30,936
MW hydro, 80,902 MW thermal, 3,811 MW wind and
renewable energy and 2,770 MW nuclear systems. The
total generation had increased by 21.58% from 1999 to
2005 in which, the hydel generation had increased by
27.47%, thermal by 16.4%, wind by 74.5% and nuclear by
69.67%.11

The development of transmission network has closely
followed the growth of power generation. Starting with a
meagre transmission network of 132 kV at the time of
Independence, today the Indian power system has,
besides high voltage direct current (HVDC) lines, 765 kV
as the highest transmission voltage level, five operational
regional grids and a national grid under formation,
which will interconnect all regional grids.

In the subtransmission and distribution sector also,
substantial expansion has taken place, and state
electricity boards (SEB) have been more or less able to
fulfil the objectives of the Government in terms of



expanding the electricity network to rural areas. Out of
5,87,258 inhabited villages in the country as per the 1991
census, more than 86% villages have been electrified.
Thirteen states have declared 100% electrification of
selected villages. However, despite the impressive
growth, the existing subtransmission and distribution
network is not adequate to deliver power to the end-
users with reliability. For the past many years, the
expansion of the distribution system is not on par with
the country’s power generating capacity and
consumption needs. This could be attributed to low
investments in the distribution sector in general.

1.2 VARIOUS LEVELS OF POWER TRANSMISSION

Electric power is normally generated at 11—21 kVin a
power station. In order to transmit the power over long
distances, the electric power so generated is then stepped
up to 132 kV, 220 kV or 400 KV, as required. Power is
carried through a transmission network of high-voltage
lines that usually run into hundreds of kilometres and
deliver the power into a common pool called the grid.
The grid is connected to load centres (cities) through a
subtransmission network of 132 kV or 33 kV lines that
terminate at a 33 kV substation, where the voltage is
stepped down to 11 kV for distribution of power to load
points through a distribution network of lines at 11 kV
and lower. This is illustrated in Fig. 1.1.

The power network, from the consumer’s perspective,
is generally the distribution network of 11 kV lines or
feeders, downstream to the 33 kV substations. Each 11
kV feeder, which emanates from the 33 kV substation,
branches further into several subsidiary 11 kV feeders to
carry power close to the load points (localities, industrial
areas, villages, etc.). At these load points, a transformer
further reduces the voltage from 11 kV to 400 V to
provide the last-mile connection through 400 V feeders
(also called low-tension feeders) to individual customers,
either at 230 V (as single-phase supply) or at 400 V (as



three-phase supply). A feeder could either be an
overhead line or underground cable. In urban areas,
owing to the density of consumers, the length of an 11 kV
feeder is generally up to 3 km. On the other hand, in
rural areas, the feeder length is much larger (up to 20
km). A 400 V feeder should normally be restricted to
0.5—1.0 km, as unduly long feeders lead to low voltage at
the consumer end.
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Fig. 1.1 Layout of a power system network

1.3 CONVENTIONAL SOURCES OF ELECTRICAL ENERGY

AC energy is generated by alternators, which require
prime movers to drive them. The prime mover may be a
turbine or a diesel engine. Depending upon the source
from which the prime mover receives energy, power
stations can be classified as follows:

Hydro power stations
Thermal power stations
Nuclear power stations
Diesel power stations

1.3.1 Hypro PowER STATIONS

If huge volumes of water are stored at suitable locations
and at calculated heights, the energy stored in the water
can be used to generate electric power. This water, stored
at higher altitudes, can be made to impinge on the blades
of a hydraulic turbine through penstock. This leads to the
sum of the potential and the kinetic energies stored in
the water to be converted into mechanical energy. Since
the turbine is mechanically coupled to the alternator, the
mechanical energy imparted to the alternator is
converted into electrical energy. Thus, for the
functioning of a hydropower station, there must be an
abundant quantity of water available throughout the
year. It requires, therefore, a reservoir with a large
catchment area in order to ensure the availability of
water during the dry seasons. This restricts the
possibilities for the location of hydroelectric plants to
less populated hilly areas.

1.3.2 THERMAL PowER STATIONS

A thermal power station is one that uses a prime mover
mechanically coupled to an alternator to derive energy
from fuels burnt in boilers. The fuel burnt in the boilers
may be solid fuel such as bituminous coal, brown coal or



peat; or liquid fuel such as fuel oil, crude oil, petrol or
paraffin oil; or gaseous fuel such as gasoline, kerosene,
gas oil or diesel oil. Fuel oil is normally used for firing
the boilers. The other gaseous fuels are used in internal
combustion engines.

Power stations which require solid fuels are called
thermal stations. Stations where liquid fuels are used are
called diesel power stations. In a thermal station, steam
turbines are used as the prime movers to drive the
alternators. Water is converted to steam using the heat
generated by burning the fuel in the boiler house. The
steam thus produced is passed through the turbine to
rotate its blades.

Thus, initially, heat energy is converted into
mechanical energy. The mechanical energy imparted to
the alternator is then converted into electrical energy.
The overall efficiency of a thermal station generally
ranges between 20% and 26%; however, it also depends
upon plant capacity.

1.3.3 NucLEAR PowER STATIONS

Hydroelectric stations require backup from thermal
stations because the operation of hydroelectric stations is
completely dependent on the availability of water
resources. Thermal stations require huge quantities of
coal, the sources of which too are fast depleting. This has
necessitated the identification of alternative sources.
Nuclear energy is one among them. In India, at present,
this source accounts for only 3% of the total power
generated, with nuclear stations at Tarapur
(Maharashtra), Kota (Rajasthan), Kalpakkam (Tamil
Nadu), Narora (Uttar Pradesh) and Kakrapar (Gujarat).

As discussed in the previous section, steam required to
drive the turbine is obtained by burning fuel in the boiler
house. However, in nuclear power stations, there are no
steam boilers. Instead, a nuclear reactor is used as the



heat producing source. Heat can be generated by nuclear
fission, i.e., by splitting the nucleus of a fissionable
material such as Uranium (U?3°), Thorium (Th*3?) or
Plutonium (Pu?®39) (the superscripts 235, 232 and 239
refer to the atomic mass numbers of these elements).
Uranium is most commonly used for the generation of
nuclear energy. The energy thus produced heats some
fluid like molten bismuth or sodium—potassium alloys.
These, in turn, heat the feed water to form steam, which
is used to drive the turbine.

These fissionable materials are highly expensive. Thus,
if a nuclear power station is to be considered as an
alternative, the availability of the fissionable materials
and their high costs are to be given due consideration.
However, the cost of running a nuclear power station is
relatively minimal.

1.3.4 DieseL Power STATIONS

As mentioned in Section 1.3.2, liquid fuels are used in
diesel power stations. A diesel engine acts as the prime
mover. It derives its energy from a liquid fuel generally
known as diesel oil, and converts it into mechanical
energy. The alternator that is coupled to the diesel
engine converts the mechanical energy into electrical
energy.

A diesel engine is a “compression-ignition” type power
source, since the compression of air in the engine
cylinder provides the necessary heat for igniting the fuel
charge, before it is introduced into the cylinder. Thus, in
a diesel engine the chemical energy of combustion is
released inside the cylinder to develop the mechanical
power, which is subsequently converted into electrical
power by the alternator.

The diesel engine, which forms a major component in
a diesel-electric power station belongs to the general



category of internal combustion engines. It may be a 2-
stroke or a 4-stroke engine.

1.4 LOAD FORECASTING

Electrical energy cannot be stored. It has to be generated
whenever there is a demand for it. It is, therefore,
imperative for the electric power utilities to estimate the
load on their systems in advance. This estimation of load
is commonly known as “load forecasting” and is
necessary for power system planning.?]

Power system expansion planning starts with a
forecast of anticipated future load requirements.
Estimation of both demand and energy requirements is
crucial to effective system planning. Demand predictions
are used for determining the generation capacity,
transmission and distribution system additions, etc.
Load forecasts are used to establish procurement policies
for construction of generating stations. Capital energy
forecasts are required to determine the future fuel
requirements. Thus, a good forecast reflecting the
current and future trends is the key to all plans.

In general, the term “forecast” refers to projected load
requirements determined using a systematic process of
defining future load in sufficient quantitative detail. This
permits the decision-making of important system
expansion. Unfortunately, the consumer load is
essentially uncontrollable, although, minor variations
can be effected by frequency control and more drastically
by load shedding. The variation of load does exhibit
certain daily and yearly pattern repetitions and the
analysis of these forms the basis of several load
prediction techniques.

1.4.1 PurPoOSE oF LoAD FORECASTING

Load forecasting is done to facilitate the following;:

1. Proper planning of power system



Planning of transmission and distribution facilities
Power system operation

Financing

Manpower development

Grid formation

Electrical power sales
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1. Proper Planning of Power System Proper
planning of power system is required to determine the
following;:

The potential need for additional power-generating facilities.

The location of units.

Size of plants.

The year in which they are required.

Whether they should provide maximum primary capacity or energy or
both.

Whether they should be constructed and owned by the Central
Government, State Government, and electricity boards or by some
autonomous corporation.
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2. Planning of Transmission and Distribution
Facilities The load forecasting is required for planning
the transmission and distribution facilities so that the
right amount of power is available at the right place and
at the right time. Wastage of resources due to improper
planning, like purchase of equipment not immediately
required, can be avoided.

3. Power System Operation Load forecasts based on
correct values of demand and diversity factors will
prevent higher rating of conductor, as well as
overloading of distribution transformers and feeders.
Thus, it might help to correct voltage, power factor, and
reduce the loss in the distribution system.

4. Financing Load forecasts help the State Electricity
Boards to estimate future expenditure, earnings and
returns and to schedule their financing programmes
accordingly.

5. Manpower Development Accurate load forecasting
reviewed annually will help the State Electricity Boards
in manpower planning on a long-term basis. A realistic



forecast will reduce unnecessary expenditure and put the
Board’s finances on a sound and profitable footing.

6. Grid Formation Interconnection between various
state grids is now becoming more and more common and
the aim is to have fully interconnected regional grids and
ultimately even a super grid for the country as a whole.
These expensive high-voltage interconnections must be
based on reliable load data as otherwise, the generators
connected to the grid may frequently fall out of step,
causing power shut downs.

7. Electrical Power Sales In countries, where
spinning reserves are more, proper planning and
execution of an electrical power sales programme is
aided by proper load forecasting.

1.4.2 CLassIFICATION OF LoAD FORECASTING

Load forecasting can be classified as demand forecast
and energy forecast.

Demand Forecast This is used to determine the reserve
capacity of the generation, transmission and distribution
systems. Future demand can be predicted on the basis of
rate of growth of demand from past history and
government policy. This will give the expected rate of
growth of load.

Energy Forecast This is used to determine the type of
facilities required, i.e., future demand requirements.

1.4.3 ForecAsTING PROCEDURE

Depending on the time period of interest, a specific
forecasting procedure may be adopted. This may be
classified as:

e Short-term technique
e Medium-term (intermediate) technique
e Long-term technique



Short-term Forecast Short-term forecasting is done for
day-to-day operations, to ensure enough generation
capacity for a week and for maintaining the required
spinning reserve. Hence, it is usually done 24 hours
ahead when the weather forecast for the following day
becomes available from the meteorological office.
Mostly, this consists of estimating the seasonal power
demand, taking into account any special event or festival
anticipated.

The power supply authorities can construct seasonal
load model of the system for this purpose or can refer
some previous estimated table. The final estimate is
arrived at after accounting for the transmission and
distribution losses of the system. In addition to the
prediction of hourly values, short-term load forecasting
is also concerned with forecasting of daily peak system
load, system load at certain hours of the day, hourly
values of system energy, and daily and weekly system
energy.

Applications of short-term load forecasting (STLF)
are:

e To meet the short-term load demand with the most economic
commitment of generation sources

e To access the power system security based on the information
available to the dispatchers, to prepare the necessary corrective
actions

Medium-term Forecast This forecasting is done for 5 or
6 years and plays a major role while planning the size of
a power plant, and for the construction and installation

of the equipment in power plants.

Applications of medium-term load forecasting (MTLF)
are:

e For the estimation of fuel (coal, diesel, water, etc.)
e For the estimation of peak power and energy requirement for each
month of the coming year

Long-term Forecast Long-term forecast may extend over
a period of 20 years or even more, and in advance, in



order to facilitate various plans like the preparation of
maintenance schedules of the generating units, plan for
future expansion of the generating capacity, enter into
agreements for energy interchange with neighbouring
utilities. Two approaches are available for this purpose:

Peak Load Approach In this approach, the simplest
way is to extrapolate the trend curve, which is obtained
by plotting the past values of annual peaks against years
of operation. The following analytical functions can be
used to determine the trend curve.

Straight line, Y= a + bX
Parabola, Y = a + bX + cX~
S-curve, Y =a + bX + cX° + dX°
Exponential, Y = ce™
Gompertz, log. Y =a + ce
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Let us derive the function for straight line by assuming
that the load increases in an exponential fashion, i.e., to
match exponential trend curve to the historical data. Let
D be the power demand (MW), x be the year in which
demand is considered, x, be the reference (or basic year).
Under the assumption of an exponential growth of load
demand, we have D = e? * ?(6“%0) where, a and b are the
constants (to be determined).

Let us assume x—x, = X,

D=e" +bX

Taking natural logarithms on both sides, we have
InD = a + bX, substitute Y = InD

.Y =a+ bX, now Yand X are related to linear and
hence varies in a straight line manner. The same



procedure applies for the remaining.

In all these functions, Y represents the peak loads and
X represents time in years. The most common method of
finding co-efficient a, b, ¢, and d is the least squares
curve-fitting technique.

The effect of weather conditions can be ignored on the
basis that weather conditions as in the past are to be
expected during the period under consideration.
However, the effect of change in the economic condition
should be accommodated by including an economic
variable when extrapolating the trend curve. The
economic variable may be, for example, the predicted
national income, Gross Domestic Product (GDP).

Energy Approach In this approach, the annual energy
sales is forecasted to different classes of customers like
residential, commercial, industrial, etc., which is then
converted to annual peak demand using the annual load
factor. A detailed estimation of factors such as the rate of
building a house, sale of electrical appliances, and
growth in industrial and commercial activities are
required in this method. Forecasting the annual load
factor also contributes critically to the success of the
method.

1.4.4 Loab CHARACTERISTICS

In general, the load can be divided into the following
major categories:

Domestic Load This type of load mainly consists of
domestic appliances such as lights, fans, heaters,
refrigerators, air conditioners, mixers, ovens, heating
ranges and small motors for pumping, and various other
small household appliances. Peak real load refers to
maximum real power load during a particular time. Peak
reactive load refers to the maximum reactive power load
during a particular time. The daily load curve (DLC) of a



week day of domestic load in terms of peak real (P) and
reactive (Q) loads as shown in Fig. 1.2.

Commercial Load Commercial load consists of lights,
fans, air conditioners, heaters and other electrical
appliances used in commercial establishments, such as
shops, restaurants and market places. The DLC of a week
day of this type of load in terms of peak load is shown in
Fig. 1.3.

Industrial Load This type of load may be subdivided into
small, medium and heavy depending on the required
power range. For example, small-scale industries require
loads up to 25 kW, medium-scale industries require
between 25 kW and 100 kW, and heavy industries
require loads of more than 500 kW. The chronological
load curve for industrial load depends on the type of
industry, one of the factors being most of the industries
operate on shift basis. These loads are considered as base
load that contain small weather-dependent variation.
The DLC of a week day of this type of load in terms of
peak load is shown in Fig. 1.4.
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Fig. 1.4 DLC of a week day: Industrial load curve in percentage of peak load

1.5 LOAD MODELLING

Many electric appliances and devices have an electrical
load that varies as the supply voltage is changed. Loads
are grouped into three categories depending on how
their demand varies as a function of voltage, viz.,
constant power (demand is constant regardless of
voltage), as constant current (demand is proportional to
voltage) or as constant impedance (power is proportional
to square of voltage). The load at a particular point might
be a mixture of some proportion of all these.

It is quite important in both planning and engineering
to model the voltage sensitivities of load correctly. For
example, incandescent lighting, resistive water heaters,
shunt compensation and many other loads are constant
impedance loads. Induction motors, controlled power
supplies as well as tap-changing transformers in the



power system are relatively constant power loads and
thyristor application drives are relatively constant
current loads.

In general, these models can be written as:

where, P°, Q° and V° are the nominal real power,
reactive power and voltages on per unit (p.u.) basis,
respectively.

n = 0, for constant power
n = 1, for constant current

n = 2, for constant impedance

1.5.1 CHARACTERISTICS OF LoAD MoDELS

The response of nearly all loads to changes in voltage can
be represented by some combination of constant power,
constant current, and constant impedance. Actually, the
constant current model is unnecessary as it is nearly
equivalent to 50% constant impedance load combined
with 50% constant power load. It has been found
convenient to retain the constant current model as it is
easily comprehensible and is frequently used in the
absence of a more complete data. Figures 1.5 and 1.6
show the relationship of load current and power with
voltage for three simple load types.



Constant impedance

E 1.4 -
’é 1.2 - Constant current
§ v
1.0
% —/\t
- Constant power
0.6 —
0.4 —

>
I I I I

0.8 10 1.2 1.4
—+ \oltage
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Fig. 1.6 Relationship between load (KVA) and node voltage for simple load
types

The constant power type load representation is the
most severe representation from the system stability
point of view because of the effect in amplifying voltage
oscillations. For example, a drop in voltage will cause an
increase in load current resulting in a further voltage
drop. Conversely, constant impedance load has a pre-
decided damping effect on voltage oscillations.



All models are initially defined by a complex power
and an assumed line-to-neutral voltage for star-
connected load or an assumed line-to-line voltage for
delta-connected load.

1.6 STAR-CONNECTED LOADS

The model of the star-connected load is shown in Fig. 1.7.
The complex power and voltages are represented as:

Phase R:|S; |26, = (B, + jQ,) and [V, |26,

R & * r %
3@, AC o
SUPPLY
sl%

Vo

A 4

/

iz
X

v X #

>
. \*/
B

Fig. 1.7 Star-connected load

Phase Y :|Sy|£6, = (B, + jOy) and |V |28y

Phase B: S, |26, = (B + jOg) and |V |£ 65



where, |s, |26, |Sy|28, and |S,|28, are the apparent

powers corresponding to the phase angle of phases R, Y
and B, respectively. (Pr +j Qr), (Py +j Qy) and (Pg +J
Qg) are the real and reactive powers of the respective

phases. [Viy| £, [P |£6y and |V |£8; are the magnitudes of

phase voltages and the corresponding phase angles of the
respective phases.

1.6.1 ConstanT Power MoDEL

The load power, S = VI

*

Current, 7= [l]
The line currents of this load model are given by

#

e =£i—‘£['éa —6y) = |I1a| Z0g
Van |PRN|
Oy
Iy = ?1: = |1:| ﬁl'év_gv]=|‘ru'|éﬂv (1.1)
Vi |l"w;|
so 1S
Ig= S_B _ |,B‘ ﬁlég_HB}ZPLBMaB
Van | ”Bh;|

where, || 2oy, |Iy| Zay and |I 5| 2oy, aTe the magnitudes of

line currents and the corresponding phase angles of
phases R, Y and B, respectively.

1.6.2 CoNsTANT CURRENT MoODEL



In this model, the magnitudes of currents are computed
using Eq. (1.1) and are then held constant while the angle
of voltage (6) changes, resulting in a changed angle on
the current so that the power factor of the load remains
constant.

Line current in phase R, g =|/iq |£(8 —6;)
Line current in phase Y, Iy =|/,4|£(6, -8, (1.2)
Line current in phase B, Iy =//,5|£(8 —65)

1.6.3 CoNsTANT IMPEDANCE MODEL

This load model first determines constant load
impedance from the specified complex power and
assumed phase voltages.

; &5
Impedance in phase R,  Z, = |[Rffr = MJER =726
Sa [Se]
: |er{ |2 |er: |2 :
Impedance in phase Y, L= & = WZ&. = d Al (1.3)
Sy Sy
Vo V _2
and, Impedance in phase B, £5 = | m'r = ‘ B“‘ Lo =7 8

Sy

A

s

The load currents as a function of the constant load
impedances are given by
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| L |
and, I, =$= %4{65 —8) =|lp| L0
‘B ‘B

Similarly, the load models are determined for the
delta-connected loads by considering line-to-line voltage
instead of phase-to-neutral voltage.

1.7 DEREGULATION

Deregulation of electric sector is nothing but its
privatization. While the two words are different literally,
“deregulation” often starts with the sale of state-owned
utilities to the private sector. This is widely adopted to
refer to the “introduction of competition”. Deregulation
often involves “unbundling”, which refers to
disaggregating an electric utility service into its basic
components and offering each component separately for
sale with separate rates for each. As shown in Fig. 1.8,
generation, transmission and distribution could be
unbundled and offered as discrete services.

One entity Three separate entities
. _mm Generation (©)
['3) .@3"'.

Transmission

¥ ) ! Distribution

Fig. 1.8 Unbundling of utilities

The success of privatization of the airline and
telecommunications industries has motivated the



deregulation and restructuring of the electricity industry.
In 1989, the UK became one of the pioneers in
privatizing its vertically integrated electricity industry.

In many countries, a central independent body,
usually called the independent system operator (ISO), is
set up to cater to the demand, and the maintenance of
system reliability and security. Sometimes the system
operator is also responsible for matching the bids of
generators with the demand bids to facilitate exchange.

The restructuring of the utility into separate
generation, transmission and distribution companies has
introduced competition in the generation and
transmission of electricity. Several independent power
producers and qualifying facilities produce electricity
and the energy is traded on a real time basis to meet
consumer requirements. The successful implementation
of deregulation of electric utilities, in several developed
countries, has motivated similar restructuring efforts in
other developing countries. The effect of deregulation
has had a great impact on the Indian power scenario,
which has recently initiated deregulation and
restructuring. There exist potential opportunities for the
successful implementation of the principles of
deregulation as there is an abundance of dispersed
sources of generation, such as renewable energy sources,
for supplying energy at remote locations or load centres.

There are several motives for deregulation and re-
structuring of electric utility, important among them
being the following factors, namely, (i) break up of
entrenched bureaucracy, (ii) reduction of public sector
debt, (iii) encouragement of private sector investment,
(iv) lower electricity prices, (v) introduction of price
competition, (vi) improvement of efficiency, and (vii)
utilization of assets.

1.7.1 NEeD FOR RESTRUCTURING



Restructuring promises an alternative to vertically
integrated monopoly and works on the basic principle
that transmission services should accommodate
consumer choice and supply competition. In the past,
vertically integrated utilities have been monopolizing
generation, transmission and distribution services. A
restructuring of this monopoly was required to provide
reliable power at a lower cost.

1.7.2 MoTivaTION FOR RESTRUCTURING THE POWER INDUSTRY

A significant feature of restructuring the power industry
is to allow for competition among generators and to
create market conditions in the industry, which are seen
as necessary for the reduction of the costs of energy
production and distribution, the elimination of certain
inefficiencies, the shedding of labour, and the increase of
customer choice. Many factors such as technology
advances, changes in political and ideological attitudes,
regulatory failures, high tariffs, managerial inadequacy,
global financial drives and the rise of environmentalism
contribute to the worldwide trend towards restructuring.

There are two potential benefits resulting from
deregulation. Firstly, the advance of technology makes
low-cost power plants owned by independent power
producers very efficient. These independent power
producers would not have emerged without the reform.
Secondly, unbundling the services may result in fairer
tariffs being assigned to individual services.
Restructuring was done with the view that private
organizations could do a better job of running the power
industry, and that higher operating inefficiencies and
reduction in labour could be reached by privatization.
Private utilities also refuse to subsidise rates and have a
greater interest in eliminating power thefts and
managerial or workplace inefficiencies. A competitive
power industry will provide rewards to risk takers and
encourage the use of new technologies and business



approaches. The regulated monopoly scheme was unable
to provide incentives for innovation, since the utility had
little motivation to use new ideas and technologies to
lower costs under a regulated rate of return framework.

1.8 DISTRIBUTION AUTOMATION

The customer demand for electrical energy with
adequate reliability and quality, and the growing cost of
investment required for distribution of energy have
driven the utilities (Electricity Boards) towards
automated distribution systems. The advent of
microelectronics and advances in communication
technology has promised a cost-effective automated
control and operation of distribution system. Today,
distribution automation means different things to
different utilities. This situation has arisen because the
automation of various functions of the distribution
system such as distribution substation control and load
management, are at different stages in the various
utilities. The IEEE has defined Distribution Automation
System (DAS) as a system that enables an electric utility
to remotely monitor, coordinate and operate distribution
components, in a real time mode.
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Transmission-Line Parameters

CHAPTER OBJECTIVES

After reading this chapter, you should be able to:

e Understand the various line parameters

e Provide an overview of materials used for transmission lines

e Calculate inductance and capacitance for various geometrical
configurations of both single- and three-phase systems

e Understand the effect of ground on capacitance calculations

2.1 INTRODUCTION

An overhead transmission line has groups of conductors
running parallel to each other, carried on line supports.
An electric transmission line conductor has four
parameters: which are series combination of resistance,
inductance, shunt combination of capacitance and
conductance. The parameters are symbolized as R, L, C,
and G, respectively. These are uniformly distributed
along the whole length of the line and representation of
these parameters at any point on the line is not possible.
These are usually expressed as resistance, inductance,
capacitance and conductance per kilometre.

The first three parameters depend upon material used
and physical dimensions of the conductor. Shunt
conductance, which is mostly caused by leakage over the
insulators, is always neglected in a power transmission
line. The leakage loss in a cable is uniformly distributed
over the length of the cable, whereas it is different in case
of overhead lines. In overhead lines, it is limited only to
the insulators and is very small under normal operating
conditions, hence, it is neglected.



2.2 CONDUCTOR MATERIALS

The material used as conductor for power transmission
and distribution lines must possess the following
characteristics:

e Low specific resistance leading to less resistance and high
conductivity.

e High tensile strength to withstand mechanical stresses.

e Low specific gravity in order to give low weight per unit volume.

e Low cost in order to use over long distances.

Copper and aluminium conductors are used for
overhead transmission of electrical power. In case of
high voltage transmission, aluminium with a steel core is
generally used. Sometimes cadmium, copper, phosphor,
bronze, copper weld and galvanized steel are also used as
transmission conductors. The choice of the conductor
used for transmission purely depends upon the cost, as
well as required electrical and mechanical properties.

Copper: It is an ideal material for overhead lines having
high electrical conductivity and greater tensile strength.
Copper has high current density and its advantages are:

e Smaller cross-sectional area of conductor is sufficient.
e The area offered by the conductor to wind loads is low.

Aluminium: Due to non-availability and high cost of
copper, it is replaced by aluminium conductors, which
are low in cost and light in weight. For the same
resistance, an aluminium conductor has a large diameter
than the copper conductor. Larger diameter leads to
lower voltage gradient on the conductor surface and less
tendency to ionize the air around the conductor.

Steel-cored aluminium (ACSR): For transmission of
high voltages, multi-stranded (composite) conductors,
such as, stranded copper conductors, hollow copper
conductors and aluminium conductor steel reinforced
(ACSR) are used. An ACSR conductor has a central core
of galvanized steel wire covered with successive layers of
aluminium strands, which are electrically in parallel.
Because of galvanized steel wire, the tensile strength of



conductor is increased, so that the sag is reduced. It
reduces the tower height and is useful for increasing the
span length (refer Chapter 7 for detail). Another
advantage of the ACSR is that the diameter of the
conductor may be increased, so that the effect of the
corona is less. The cross-sectional view of such a
conductor is shown in Fig. 2.1. When compared with the
equivalent copper conductor, the breaking strength of
ACSR is high, whereas its weight is less.

For large span, the number of transmission line
supports required will be reduced. Therefore, the cost of
supports, foundation, insulators, erection, and at the
same time, the cost of maintenance is reduced. 37/3
Panthar ACSR conductor is shown in Fig. 2.2.

ki

(a) (b)

Fig. 2.1 Stranded conductors

Stranded conductor



Fig. 2.2 37/3 panthar ACSR conductor

The various sizes of ACSR conductors commonly used
for overhead lines are given in Table 2.1.

Table 2.1 Type of conductors used for different voltage levels

Sl. ne Transmission veltage (kV) Size (SWG) Diameter (mm) Tvpe of conductor

i 400 54/3.53 21.57 ACSR
. 220 37/4.27 29.89 ACSR
3 132 37/3.35 23.45 ACSR
37/3 21.00 ACSR
37/28 ||9.60 ACSR
37/2.59 18.13 ACSR
4, b6 {?1’4.0? ||2.2? ACSR
7/3.65 10,95 ACSR

7/3.175 9.525 ACSR stranded

copper
. 33 14.09 {1 2.27 ACSR
7/3.65 10.95 ACSR
&, 1 12.59 .77 ACSR
{7?}'3.65 F 0.95 ACSR
b 4.877 Solid copper

2.3 TYPES OF CONDUCTORS

In general, the types of conductors used for the
transmission of electrical power are:

1. Solid conductors
2. Stranded conductors
3. Hollow conductors

(i) Solid conductors Solid copper conductors and
copper-clad steel conductors of small cross-sectional
area are used as solid conductors. Conductors of large
size cannot be used because they are difficult to handle
and transport. Further, when used for long spans, they
tend to break at the points of support due to constant
swing caused by the wind blows. Due to less flexibility
solid aluminium conductors are not used.

(ii) Stranded conductors Generally, the stranded
conductors (composite) are used in transmission lines



for increasing the flexibility and overall diameter. These
conductors normally have a central wire around which,
there are successive layers of 6, 12, 18, etc., strands as
shown in Fig. 2.1. The expression for the number of
strands in a stranded conductor is given by N = 3n (n +
1) + 1, where n is the number of layers. The diameter of
stranded conductor is (D) = (2n + 1)d, where d is the
diameter of each strand.

In the process of construction, adjacent layers are
spiralled in opposite direction, so that the layers are
bound together. This type of construction is called
concentric lay. Another type of construction used for
conductors of large cross-section is rope lay.

(iii) Hollow conductors Hollow conductors have
large diameter when compared to solid conductors.
Corona loss is reduced or eliminated due to larger
diameter. Skin effect (refer to Section 2.6.1) is also less
when compared to stranded conductor. These
conductors have low inductance and low voltage gradient
when compared to solid conductors. A larger diameter of
a conductor exposes a larger surface to wind pressure
and large amount of ice accumulates over the surface of
the conductor. This increases the weight of the
conductor. This type of conductor is generally used for
bay extension in 400 kV substations.

Test Yourself

1. Now-a-days, why are aluminium conductors used for power
distribution?

2.4 BUNDLED CONDUCTORS

A bundled conductor is formed by two or more than two
sub-conductors in each phase as shown in Fig. 2.3. These
are used for transmitting huge units of power over long
distances. In a bundled conductor, the sub-conductors
are separated from each other by a constant distance,



whereas in the case of composite conductors, the sub-
conductors are placed in close proximity so that they
touch each other. The overall diameter of bundled
conductor increases due to filler material or air space in
between the sub-conductors. Figure 2.4 shows a 750 kV
bundle conductor consisting of four sub-conductors.

OO0 00 00

Phase A Phase B Phase C
Fig. 2.3 Bundled conductor arrangements

The advantages of bundled conductors are:

Reduced corona loss due to larger cross-sectional area

Reduced interferences with communication circuits

Reduced inductance per phase due to increased geometric mean
radius (GMR), which in turn reduces the net series reactance
Improved voltage regulation

Bundled conductor

Fig. 2.4 Bundled conductor for 750 kV transmission line



e Improved stability margin
e Increased power transmission capacity with reduced power loss
leading to increased efficiency of transmission.

Disadvantages of bundled conductors are:

e Increased ice and wind loading because of large cross-sectional area
e Increased clearance requirements at structures
e Increased charging kVA.

2.5 RESISTANCE

Resistance is defined as voltage per unit current at
constant temperature. The resistance of transmission
line conductors causes power loss in the transmission
line. The term resistance means effective resistance. The
effective resistance of a conductor is

Power loss in conductor (in waits)

R= : Q (2.1)
[

where, I is the current (r.m.s.) in the conductor in amperes.
Resistance of a conductor is also determined by the formula

R:&ﬂ

A

where, p = resistivity of the material used for conductor (Q-m)
L= length of the conductor (m) s
A= cross-sectional area of the conductor (m ).

The value of the resistance (R) depends not only on the
conductor material but also on its temperature. If R, and
R.are the values of resistance corresponding to the
temperatures t, and t,, then,

R, =RI[]+:1:] (



where, a is the temperature coefficient of resistance of
the material (°C) and t = (t, — t;) is the change of
temperature.

The resistance of the stranded conductor is slightly
more than the solid conductor of equivalent cross-
sectional area. Since a stranded conductor is spiralled,
each strand is longer than the finished conductor.

Test Yourself

1. Why is the resistance in transmission lines low when
compared to distribution systems?

2.6 CURRENT DISTORTION EFFECT

When a conductor is carrying a steady direct current
(DC), it will distribute the current uniformly over the
entire cross-section of the conductor. In practice, the
alternating current (AC) does not distribute uniformly
over the cross-section of the conductor, but is distorted
due to:

1. Skin effect
2. Proximity effect
3. Spirality effect

The sum of these three effects is small at normal
frequencies, but is a main factor in determining the
conductor resistance under high frequency conditions.

2.6.1 SkiN EFFecT

When DC flows in the conductor, the current is
uniformly distributed over the whole cross-section of the
conductor. But the flow of AC in the conductor is non-
uniform, due to which the outer filaments of the
conductor carry more current than the filaments closer



to the centre. This results in a higher resistance to AC
than to DC and is known as skin effect.

Due to skin effect, the effective area of cross-section of
the conductor, through which the current flows, is
reduced. Consequently, the resistance of the conductor is
slightly increased when carrying an AC.

Cause of Skin Effect Consider a solid conductor
consisting of a large number of filaments each carrying a
small part of the current. The inductance of each
filament will vary according to its position. Thus, the
filaments near the centre are surrounded by a greater
magnetic flux and hence have larger inductance than
those near to the surface as shown in Fig. 2.5.

The high reactance of inner filaments causes the AC to
flow near the surface of conductor. This crowding of
current near the conductor surface is termed as the skin
effect.

The skin effect depends upon the following factors:

. Nature of material

. Diameter of wire — increases with the diameter of wire

. Frequency — increases with the increase in frequency

. Shape of wire — less for stranded conductor than the solid conductor

A WDN R

Mo current flow

Current flows
over the surface

Fig. 2.5 Illustration of skin effect

5. Distance between conductors
6. Resistivity of material



7. Permeability of material

It may be noted that skin effect is negligible when the
supply frequency is low and the diameter of the
conductor is small.

2.6.2 ProximiITY EFFECT

Non-uniformity of current in the cross-section of the
conductor is also observed in the case of proximity effect,
and is similar to that of skin effect. The alternating
magnetic flux in a conductor caused by the current
flowing in a neighbouring conductor gives rise to
circulating currents, which cause an apparent increase in
the resistance of a conductor. This phenomenon is called
the proximity effect.

Cause of Proximity Effect Let us assume that two
conductors A and B are placed closer to each other.
When current passes through conductor A, a flux is
produced around it. A fraction or even the whole of this
generated flux links with the conductor B, which is near
conductor A.

The shaded portion of the conductor, shown in Fig.
2.6, is the part of the conductor which has more flux than
the other part. In other words, the additional lines of flux
in a two-wire system link elements otherwise situated far
apart than the elements nearer each other. Therefore, the
inductance of the elements farther apart is more as
compared to the elements nearer to each other, and the
current density is less in the elements farther apart, than
in the elements situated near each other. The effective
resistance is, therefore, increased due to non-uniform
distribution of current.



Fig. 2.6 Illustration of proximity effect

The proximity effect can be influenced by the following
factors:

Size of the conductor

Frequency of supply

Resistivity of material
Permeability of material
Distance between the conductors

The proximity effect is pronounced in case of cables
where the distance between the conductors is small,
whereas for overload lines with usual spacing the
proximity effect is negligibly small.

2.6.3 SPIRALITY EFFECT

This effect tends to increase both the resistance and
internal reactance of a stranded conductor. The
magnitude of the effect depends on the size and method
of construction of the conductor (i.e., solid, stranded or
hollow conductor). But this effect at normal supply
frequencies is very less and can be ignored in non-
magnetic conductors.

Test Yourself

1. Why are skin and proximity effects neglected in DC
transmission?



2.7 INDUCTANCE

Inductance is a measure of the amount of magnetic flux
produced for a given electric current. It is also defined as
the flux linkages per unit ampere and is denoted by L.

Flux linkages _w

2 Inductance, [ = (H) (2.3)

Current {

where,
p = Flux linkage (Wb-T)
I = Current (A)

For a transmission line, the inductance depends upon
the material used, and the dimensions of the conductor.
It also depends on the configuration of lines, the spacing
between them and the flux linkages of a particular
conductor (due to the current in the conductor) and flux
linkages between the conductors.

2.7.1 InoucTanceE oF A ConbucTor DUE 10O INTERNAL FLUX

By Ampere’s law, for a closed magnetic path the magneto
motive force (m.m.f.) is equal to the current enclosed.
Also by Maxwell’s law, m.m.f. is equal to the line integral

of magnetic field intensity i.e., m.m.f. = [H.dl. Hence,

line integral of field intensity is equal to the current
enclosed.

Let us consider a conductor of radius r and the
magnetic field H, inside the conductor at a distance x
from the center of the conductor as shown in Fig. 2.7.
Since the field is symmetrical, and if I, is the current
enclosed by a circle of radius x, Hx is constant at any
point on the circle.



According to the Ampere’s law

aja H -dl=I, (24)

2nxH_ =1, (2.5)

If I, is current enclosed by a circle of area =+, then I, =

current density x area enclosed

where, I is the current enclosed within the conductor of

radius r i.e., within the area mr°.

Fig. 2.7 Flux linkages due to internal flux

2
Hence, I, =1 (2.6)

o 2

-



Substitute the value of I, from Eq. (2.6) in Eq. (2.5)

o, =15
>

X

orH =1 AT/m (2.7

= 4

2

The flux density B, over a circle of cross-section mx” is

B.=puH, =l —— Whim’ (28)
=

n

Flux = flux density x area

Let us take an incremental area of the conductor whose
width is dx and length is L m

Then, area = dx x L m>.

.. Flux = B, - dx- L Wb

Flux enclosed by an element of thickness dx per axial
length 1 m is

X

dgp=pul cde-1 Wh (2.9)

1]

2

2
X

The flux d¢, from Eq. (2.9) links with current 7, = i

2
Tr

only.



Therefore, flux linkages per meter axial length of
conductor is

u K
rt

dy :E—I?-dlp =

de Wh-T/m (2.10)
ar 2n

Therefore, the total internal flux link is

"t it ! 2ﬂ}'4 Eﬂ i

where,

u = permeability = .,
Uy = relative permeability
Uo = absolute permeability

The relative permittivity in dielectric medium i.e., air
or free space, u, = 1.

=, =4% x107" H/m
Then, y,, = 0.5/ %107 Wb-T/m

Inductance of a conductor due to internal flux

_Vin

linkages, L., i

oL = 0.5 1077 H/m (2.11)



2.7.2 INobucTANCE oF A CoNbucToRrR DUE To EXTERNAL FLUX

To determine external flux linkages between two points 1
and 2, on circles of radius R,and R,, which are greater
than the radius of conductor r (Fig. 2.8), let us consider a
small elemental length dx between the points 1 and 2.

The field intensity at any point on the circle which has
radius x greater than r is,

I
H = AT/m
2rx

And flux density is given by

B =L wim?
2rx

Now flux d¢ through a cylindrical shell of thickness dx
is

dp =B dx = a1 wo
2Ty

This flux d¢ links with the current I.
Therefore, the flux linkages dy due to the flux dé¢ is,



Fig. 2.8 Flux linkages between two external points

dy = d¢

ay =L g W Tim (2.12)
2y

Thus, the flux linkages between the points 1 and 2 is,

R, R
va=vm [ Mg = 10 % Wo.Tm

B 2xx 2t R

The relative permeability in dielectric medium, u,. = 1

U =y =4n x107 Him

4rx1071, R,
Y,=————I—==

R 7 pAk
2 In—2x107 Wb-T/m &)

n :

The inductance of conductor contributed by the flux
including points 1 and 2 is



=2x107 Ih = H/m (2.14)
2

Let the external point be at a distance D from the
centre of the conductor. The inductance of the conductor
due to an external flux is obtained by substituting R,=
rand R,= (D —r) in Eq. (2.14).

- . D
L=2x10" W= Hm (- D>>r) (2.15)
r r

=2x107 lnE H/m
m

.. D
5Ly =2x107 In

2.8 INDUCTANCE OF A SINGLE-PHASE TWO-WIRE SYSTEM

Consider a single-phase overhead line consisting of two
circular conductors parallel to each other, each with a
radius r, the spacing between the conductors (centre to
centre) is D meters as shown in Fig. 2.9. One conductor
is the return circuit to the other.

The internal flux linkage of conductor 1 due to current
in the same conductor is

w,, =0.51x107 Wb-T/m Cop =1)

The external flux linkage of conductor 1 due to current
in the same conductor is




Fig. 2.9 Single-phase two-wire system

D—r

s

sy, =2x1071 In Wb-T/m

i

2x107 1 1n 2 Wb-T/m (oD>>n)
"

WV ext

Therefore, the flux linkages of the conductor 1 due to
its own current is

Wi = Wine TWon
oy [%xlt}:’ +2%107 1n£]
= }-

2 (1 D
=2x107" [ —+1r1—]

\ .
=2x107I| In D.]

yof 1
sy, =2x107 1 1n—,J Wb-T/m

where, 1’ = re “/4 = 0.7788r is the effective radius of the
conductor (or GMR of the conductor).

Similarly, the flux linkage of conductor 1 due to
current in the second conductor is

Sl =2%1077 7 [ln%J Wb-T/m

Flux linkages of conductor 1 due to current in both the
conductors,



!

a2 D a2 !
v, =2x107 I[lan _2x10” f[ln’EJ Wb-T/m

-+ current in one conductor is opposite to the other

oy, =2x107 I[lng]aﬂ x107 f[] n£_ ] Wb-T/m

3 ! (2.16)
=4x1:}"’f[1n£,]
=
The inductance of single-phase circuit is
D
L=4x10"In= Hm (2.17)
.
L
Inductance per conductor = -
=zx|0"’1n[9,)ﬂ.-‘m (2.18)
},
D
Hence,L:[}.Eln[—J]n‘lH;kn‘l (2.19)
"

The value of inductance of one conductor due to
current in the same conductor is obtained from Eq.
(2.19). Loop inductance means the inductance of a
single-phase circuit. It is equal to double the inductance
per conductor in a single-phase line.

EXAMPLE 2.1



Calculate the inductance of a single-phase two-wire system, if
the distance between conductors is 2 m and radius of each
conductor is 1.2 cm.

Solution:
Radius of each conductor, r = 1.2 cm

Effective radius, " = 0.7788 x 1.2 = 0.93456 cm

Distance between conductors, D = 2 m = 200 cm
. 7 (D
Loop inductance, = 4 x 10 ‘In| —
5

Inductance of a single phase circuit (both go and return),

200
L=4x10"In| ———
(.93456

=21.46x107" H/m

Inductance of a single phase circuit (both go and return), L = 2.146
mH/km.

EXAMPLE 2.2

Calculate the loop inductance of a single-phase line with two
parallel conductors spaced 3.5 m apart. The diameter of each
conductor is 1.5 cm.

Solution:

Spacing between the conductors, D = 3.5 m
Diameter of the conductor, d = 1.5 cm
Radius of the conductor, r = 0.75 cm

Effective radius of conductor, r’ =0.7788 x 0.75 cm = 0.7788 x 0.75 x
-2
10 " m

D
Inductance of a conductor, . =2x 107 In — H/m
=

Inductance of both the conductors (loop inductance) =4 %107 In E, H/m
»

3.5

— H/m
07788 =x0.75x10™
=2.558 mH/km

=4x107In



EXAMPLE 2.3

Calculate the inductance of a single-phase circuit comprising
of two parallel conductors of 6 mm in diameter spaced 1 m
apart. If the material of the conductor is (i) copper and (ii)
steel with a relative permeability of 50.

Solution:

Spacing between the conductors, D =1m

Diameter of the conductor, d = 6 mm

Radius of the conductor, r=3mm =3 x 10 °m

2, D
Inductance of a conductor, L =2x107 In— H/m
=

Relative permeability of copper and steel are 1 and 50, respectively.

1. Inductance of any conductor due to the effect of internal and external

7 D
fluxes, L =10~ [‘u—’+ 2x1n —J H/m

2 ]

2 l ;
Inductance of copper conductor, L, =10 [; +2xIn 105 ] H/m

Inductance of both the conductors (loop inductance)

7 l
=107 1+4%In — |H/m
Ix10™

=2424 mH/km

2. Inductance of any conductor due to the effect of internal and external

g ¥

fluxes, L=107" [‘“—’+ Exlng] H/m

[ 30 l ,
Inductance of steel conductor, L, =10 [T +2xIn PR ] H/m

: 1
Inductance of both the conductors (loop inductance) =107 | 50+ 4 xn T ] H/m (" Loop inductance =
¥ .
’ Twice the conductor
=7.324 mH/km i“du':mwej

EXAMPLE 2.4



Determine the inductive reactance of single-phase 25 Hz, 16
km long transmission line, which consists of a pair of
conductors of diameter 1.2 cm and spaced (i) 1.2 m (ii) 60 cm
apart.

Solution:

1. Spacing between the conductors, D = 1.2 m = 120 cm
Diameter of the conductor, d = 1.2 cm
Radius of the conductor, r = 0.6 cm

Effective radius of conductor, r* = 0.7788 x r = 0.7788 x 0.6 cm

Inductance of a conductor, L =2x107In E, H/m
-
120

—— H'm
07788 = 0.6
=1.11 mH/km

=2x10"1In

Inductance of a single-phase system (both go and return) = 2 x 1.11 = 2.22 mH/km
Total inductance for 16 km length = 2.22 x 16 = 35.52 mH
Inductive reactance of the single-phase system

=@l =2xfL =27 x25x0.03552
=35.579Q

2. Spacing between the conductors, D = 60 cm
Diameter of the conductor, d =1.2 cm
Radius of the conductor, r = 0.6 cm

Effective radius of conductor, r* = 0.7788 x 0.6 cm

Inductance of a conductor, L =2x107 In E, H/m

¥
Y]

0.77T8E = (.6
=0.97] mH/km

=2x10"In

Inductance of a single-phase system (both go and return) = 2 x 0.971 = 1.942
mH/km Total inductance for 16 km length = 1.942 x 16 = 31.07 mH

Inductive reactance of the single-phase system

=@l =2xfL =2r x25x0.031073
=4.88 Q

2.9 FLUX LINKAGES WITH ONE SUB-CONDUCTOR OF A COMPOSITE
CONDUCTOR



A composite conductor is a conductor which has n sub-
conductors (strands) arranged electrically parallel to
each other.

Consider a composite conductor, which has n sub-
conductors (strands) as shown in Fig. 2.10. The currents
carried by the strands 1, 2, 3, ... nare I, I, ... I,
respectively. Then the total current I, + I, + ... + I, = 0.

Let us consider a point P, which is far away from the
composite conductor. Now take the distances from each

strand to point P as D,,, Dy, ..., Dy,

P
Do
By o
2 =TT S H___,..--"'"" :__,_.-
@rdré 3 %_ﬂ_‘,_ﬂ#"' ____‘_...-""’f
0~ 0T
o 0@

Fig 2.10 A composite conductor with n sub-conductors

If y,p, is the flux linkage between the strand 1 and
point P due to current in strand 1i.e., I, including
internal flux linkages is

o] =1 IBl'-T-‘ f
Wi =2%10 !|1|17 Wb-T/m (2.20)

And the flux linkage between the strand 1 and point P
due to current I, in strand 2 is

a -1 =7 DEF T 9
Wy =2X107 Ly In— Wb-T/m (2.21)

12



Similarly, flux linkage between the strand 1 and point

P due to current I,, in strand n is

-7 Dﬂl’ T
Wige =2X107 [ In— Wb-T/m

(2.22)

-. Total flux linkage between the strand 1 and point P

due to currents in all the n strands is

Wiy =W H¥10 +---+|;:
: D, D, Dy
=2x10" Iln +." In— +I In—L+ +J'1
12 13 ln

Eq. (2.23) can be re-written as,

& In]—+! iuL+ =+ ln]—+f In D,
y,=2x107| 1 Dy, D, Wh-T/m

+1,InDy, +-+++1,In D,

Wnlslin bt LD, + L InD,

=2x107 S D, M WhT/m
In (I, +1,+- +I_J)InDW

Hoot ]

n-l

{r| 1ip

| | 1 D
Lin=+5LIn—+--+1 In—+1, InD + I, In—

" JEII! In np up

w, =2x107 Wb-T/m

D,
+oot  In—2

p

Because the point P is very far away from the
composite conductor, the values of

Q.2

(2.24)



ﬂ —~ i = = (n—Dp =
n D

P =2 =, =ln" P =g
JI:F}"'"I"l JI:F}"'"I"l ap

Therefore, the flux linkages y,, from Eq. (2.24) is

I | I
vy, =2x107 [ [ In—+ L In—+--+1, In— | Wb-T/m (2.25)
d 2 D,

Moreover, the effective radius r* can be represented by
D,, then Eq. (2.25) can be written as

| I I
y, =2x107 | [\ ln—+1,ln— 4+, In— | Wb-T/m (2.26)
11 12 In

1% 1
In a more compact form, y, =2x10™ ZIAIn—

x=l |z

2.10 INDUCTANCE OF A SINGLE-PHASE SYSTEM (WITH COMPOSITE
CONDUCTORS)

Consider a single-phase system consisting of two
composite conductors A and B, each having m and n
number of strands, respectively as shown in Fig. 2.11.

'O Om 'O Or
Lo 2
3 9 a'O 9

Conductor A Conductor B



Fig. 2.11 Single-phase transmission line with composite conductors

The current is assumed to be equally divided amongst

all the strands of ‘A’ conductor and is equal to L (acts as
m

‘g0’ conductor for the single-phase line) and current in

all the strands of ‘B’ conductor is == (acts as ‘return’
n

conductor for the single-phase line).

Using Eq. (2.26), the flux linkages of strand 1 due to
currents in all conductors is given by

- :’ 1 | |
y, =2X107" —| ln—+In—+---+In—
m{ Dy D, D,

Im (2.27)
& | | |
X072 ln—+l—+ 4l —
n 14 Dy, D,
1 | . |
v, =2x107 = In———— |-2x107 | h —
m\  DyDy,...D, n\ DyDy ...D,
y, =2x107 1] In ~In :
oD,D, ...D, ;{D,L.Du. ol
=zxm-7f[ ‘“”D” L (2.28)
%Dy Dy.Dy .. n
Inductance of a strand 1 of conductor A is
L!=—=2mxlt} |n‘f Do % i (2.29)

[/m JD”-D,E-D,S.., \



Inductance of strand 2 of conductor A is

L= "U‘_ =2mx107 | In

(2.30)
Iim

U‘ﬂzi'ﬂﬂ’ﬂzr -+ Dy, H/m
2Dy, Dy Dy ... D

Im

Similarly, the inductance of strand m of conductor A is

JD.D.D....D
oL, =¥m = 2mx107 o er Doy Do | (2.31)
Iim '{fDm],sz,ij s

mm

The average inductance of each strand in conductor A
is

L :f.]+;'.z+--~+f.m

v
m

Conductor A is composed of m strands connected
electrically in parallel. If all the strands had the same
inductance, the inductance of the conductor A would be
1/m times the inductance of one strand. Here, all the
strands have different inductances, but the inductance of
all of them in parallel (shown in Fig. 2.12) is 1/m times
the average inductance. Thus the inductance of
conductor A is

L +Ly++ L
',‘.\ :_“:‘{1-—2”' {233}

m m



O
>
s
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]
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0

0

Fig. 2.12 m-Average inductances are in parallel

Substituting the logarithmic expression for inductance
of each strand in Eq. (2.29) and combining terms, we get

w(DyDyy: ... DyXDyDyy .. Dyy) ... (DyDyye ... D)
={(DyDy - .- DDyDy ... D). (DyDyy - - D)

im

L, =2x107In

(2.34)

In Eq. (2.34), the numerator is known as Geometric
Mean Distance (GMD or mutual GMD) and is denoted as
D,, and is equal to

By = =Dy - < By, DD <+ D)+ » ADyuDiga < Dig) (2.35)

nn

It is the mnth root of the product of the mn distances
between m strands of conductor A and n strands of
conductor B.

The denominator is known as GMR or self GMD,
denoted as Dy and is equal to

D

mz e

D, :mUEDHDm s Dp YDy Dy ... Dy,) ... (D,

ml

DHTJT }

It is the m” root of the product of m* distances within
the conductor A. Now Eq. (2.34) can be written as



D
L H/m (2.36)

5A

L, =2x10"1In

Similarly, the inductance of composite conductor B is

[ ]

Ly=

7, D
X107 In—= (2.37)
D

Therefore, the total inductance of a single-phase
system of composite conductors is

L=L.+Is (2.38)

If conductors A and B are identical i.e., Dgp = D = D,
then the inductance is

2. D
SL=4x107 In—= H/m
D

D
or L =04In F‘“ mH/km (2.39)

i

The GMR or self GMD of bundled conductors can be
found in the same manner as that for stranded
conductors.

Twin Conductor Bundle In this group, a two sub-
conductor arrangement is shown in Fig. 2.13(a)

D, = (D)’ =" D) (2.40)



Triple Bundle A three sub-conductor arrangement is
shown in Fig. 2.13(b)

D, =(r' D) ={(r'D*) (241)

Quadruple Bundle A four sub-conductor arrangement
is shown in Fig. 2.13(c)

D, ={(2r'D*)* =1.094(r' D) (242)

GMR of bundled conductor
GMR of each sub-conductor of bundle
Spacing between the sub-conductor of a bundle

where, Dy},
Dy
D

D

—o—
P —

lo ©!

-
=

<
(c)

Fig. 2.13 Bundled conductors

The GMD of a bundled conductor line can be found by
taking the root of the product of distances from each
conductor of a bundle to every other conductor of the
other bundles.

It can be observed from Egs. (2.40) to (2.42), that the
GMR of a bundled conductor increases. For the
calculation of inductances, the GMR is a denominating
factor. Therefore, the inductance of a bundled conductor



line is less than the inductances of the line with one
conductor per phase.

1. Is the GMR less in bundled conductors? If yes, justify.

Find GMR of a stranded conductor having seven identical strands each
of radius r and is shown in Fig. 2.14. Also, find the ratio of GMR to
overall conductor radius. Comment on the results.

Solution:

From Fig. 2.14, the distances from strand 1 to the other strands are

Dy, =Dy=D,;=2r; D,=4r

Dy :Jﬂuz -Dy’ :‘\/{4"]2 _[zr]z =23r
Dy =Dy,

The GMR of the seven-strand conductor is the 49th root of the product
of 49 distances.

Dy=D,=Ds=D,=D;=D, :ﬂﬂu Dy Dz Dy - Dys - Dyg - Iy
]
Dy =Dy =Dy = Dy =Dys = Dy ={r'x(2r)' x (28] x4r

D :EJIr'Dl.Dﬂ DD, -Ds-Dy- Dy

D, =%/ "x(2r " x(z-d’ir)ux[atr]“ =2.177r



Fig. 2.14 Cross-sectional view of a seven-strand conductor

D = *{,‘I{[].??H&']T [(3r)* 1(4r) x(57)(3r) | 3r)" = 2177

The overall conductor radius is 3r.
Therefore, the ratio of GMR to overall conductor radius

2.177r

= =0.7257.
3r

As the number of strands increases, the ratio approaches 0.7788, for
a solid conductor. For three strands, the ratio is 0.678 and for 169
strands, the ratio is 0.777.

Example 2.6

Find the inductance of line consisting two ACSR conductors
spaced between conductors of 1 m as shown in Fig. 2.15. The
outer diameter of the single layer of aluminium strand is 50.4
mm and the radius of each strand is 8.4 mm. Neglect the
effect of the central strand of steel on inductance.

Solution:

Diameter of steel strand = 50.4 — 4 x 8.4 = 16.8 mm = 1.68 cm
Radius of each strand, r = 8.4 mm = 0.84 cm

From Fig. 2.15, the distances from strand 1 to the other strands of
conductor are



D, = r'=0.7788r, D, =D, ,Eq‘:4r

D, =D} -D,} «J'Hf —(2r) =23r
Dy =D,

The GMR of the six strands (excluding steel; since it is given that the
effect on inductance is neglected) conductor is the 36th root of the
product of 36 distances.

D,=D,=D;,=D,=D,=D,= s'u'llﬂn Dy Dy Dy - Dys - Dy

Do =Dz = D =Dy = Dyo = Doy = (2 (25

= ;;J'u_??- 88r % (2r) x(243.r) x4r =2.304r

= Q,IEE.E[HPT" =2304x0.84=1.935cm

D =1m=100cm(" D>>r)
100

Inductance of each conductor, I =2=107" In =789.012x107 H'm

=0.789 mH/km

Fig. 2.15 Line composed of ACSR conductors

2.11 INDUCTANCE OF THREE-PHASE LINES

2.11.1 EQUIVALENT (SYMMETRICAL) SPACING

Figure 2.16 shows a three-phase line with conductors a, b
and c spaced at the corners of an equilateral triangle,
each side being D and the radius of each conductor being
r.



The currents in conductor a, b and c are I, I, and I,
respectively which satisfy the relationship I, + I, + I. = 0.
Flux linkages of conductor a due to currents I, I;,, and I,
is [by using the expression in Eq. (2.25)] given by

!

y, =2x107 [f, >+l 41, In%} Wh-T/m )

since, (I, +1,)=-1,

vy, =2 107 ( I In %— L lnIE] Whb-T/m (2.44)

!

D
=2x107 (.’a]n - ) Wh-T/m
”

Moreover, inductance of conductor a is

D
L= “’;—*: 2x10” In= H/m
] d (2.45)

D
or L, =0.2ln— mH/km
’

Because of the symmetry, inductances of conductors b
and c are also equal to inductance of conductor a.

. Inductance per phase, L=0.21In 2 mH/km (2.46)
r

For stranded conductors, replace r* by D (self GMD).



a

| D »|
Fig. 2.16 Three-phase line with equilateral spacing

EXAMPLE 2.7

Calculate the inductance of a conductor (line-to-neutral) of a
three-phase system as shown in Fig. 2.17, which has 1.2 cm
diameter and conductors are placed at the corner of an
equilateral triangle of sides 1.5 m. (This question is also
solved using MATLAB programs in the appendix.)

Solution:

Spacing between the conductors, D = 1.5 m = 150 cm
Diameter of the conductor, d = 1.2 cm
Radius of conductor, r = 0.6 cm

Effective radius of conductor, r’ = 0.7788 x 0.6 cm

7, L
Inductance of a conductor per phase,L =2x107"In — H/m

’
150

0.778E =0.6
=1.154 mH/km

=2x107"1n



Fig. 2.17 Arrangement of conductors for Example 2.7

EXAMPLE 2.8

Calculate the inductance of a conductor per phase of a three-
phase, three-wire system. The conductors are arranged at the
corners of an equilateral triangle of 3.5 m sides and the
diameter of each conductor is 2 cm.

Solution:

Spacing between the conductors, D = 3.5 m = 350 cm
Diameter of the conductor, d = 2 ¢cm
Radius of conductor, r = 1 ¢cm

Effective radius of conductor, r’ = 0.7788 x 1 = 0.7788 cm

Inductance of a conductor per phase, L =2 %107 In E, H/m
=

350
0.7788

=2x107"In H/m

..Inductance of a conductor per phase, L = 1.222 mH/km

2.11.2 UNSYMMETRICAL SPACING (UNTRANSPOSED)



Consider a three-phase single circuit system as shown in
Fig. 2.18(a) having three conductors a, b and c, carrying
currents I, I;, and I, respectively. The three conductors
are unsymmetrically placed i.e., D;, # D,5 # D4, and each
conductor has a radius of r m. From Eq. (2.25), the flux
linkages of conductor a due to I, I, and I is

w, =2X107] I, lnl,+fa lnLHclnL] (2.47)
E 12 3l

4 D

Fig. 2.18(a) Three-phase, untransposed line with unsymmetrical spacing

Similarly,

. | | |
y, =2X107 [ In—+1, ln—’,+:'c In— (2.48)
12 r Dy,

_ | | |
v, =207 | [, In—+],In—+],ln— (2.49)
g1l Dy, r



Now take I, as reference phasor of unbalanced three-
phase system as shown in Fig. 2.18(b)

From Fig. 2.18(b)

2408
b 120°

Fig. 2.18(b) Phasor diagram

L, =a?l, and I,=al,

where,

a=—05 + j0.886
a® = —0.5 — j0.886

Substituting the values of I}, and I, in the Eq. (2.47)

i I | |
w, =2x107 | [, In—+ 1, (-0.5— j0.866)In—+1, (—0.5+ j0.866) In — ]
¥ D, Dy,

The inductance of conductor a is



q i3, D
L, =2x10" [m%—%mL—ani]

L =250

H/m (2.50)

Similarly,

w, =2X10° [f In—+1, ln—+1r lnL]
r 12 D,

A1 |
I, =2x107 [1n—,+[—u_5 + j0.866)1n—-+(~0.5 - j0.866)In—
-

12 px

,._.
e

) D, -

.'.Lh:EXIU"[I Lz Dy “f D” (2.51)
= 12
and
st Lo ; b : |

L, =2x10" [ln—,ﬂ—n_s ~ j0.866) ln—+L—(}.5+\;(}.866)1n—]

r D, pr!
I =2x107 1n—“”',23 ’J— ] (252)
: r 2 D‘JI

From Egs. (2.50), (2.51) and (2.52), it is clear that the
inductance of conductors a, b and c are unequal and they
contain imaginary values, which is due to the mutual
inductance.

EXAMPLE 2.9

Calculate the inductance per phase of a three-phase
transmission line as shown in Fig. 2.19. The radius of the
conductor is 0.5 cm. The lines are untransposed. (This
question is also solved using MATLAB programs in the
appendix.)



Solution:

Spacing between the conductors a and b, D,}, = 3.5 m
Spacing between the conductors b and ¢, Dy =3.5 m
Spacing between the conductors a and ¢, D, = 7.0 m
Radius of each conductor, r = 0.5 cm =0.5 x 10 -~ m
Effective radius, r’ = 0.7788 x 0.5 x 10 ~ = 0.003894 m

Now take I, as reference for unbalanced three-phase system. From
phasor diagram shown in Fig. 2.18(b),

JON

35m 35m

O O

le—— 7T m ——>]

Fig. 2.19 Cross-sectional view of conductors’ location in triangle
IL=ca’l, =12240" and I =al, =I12120°
where,

o = —0.5+j0.886
? = —0.5-j0.88

. DD, i I
Inductance of conductor a, £, =2x107| In el J:‘E In Dy,

’
r Dy,



A, B35xT 3.7
L, =2x107 n ¥33X7_ N3,
0003894 2 35

=(1.4295 — j0.0963) mH/km

Similarly,

. Dy 3 D,
Inductance of conductor &, I, =2x107 {In *."I‘Dl;’—* + ﬂIn Dy ]

r ¥ i,

=2x10

0.0035894 2 35
=(1.3602 + 0.0) mH/km

ol TR RIS el 3_5]
In + In—

L&

DD i
Inductance of conductor ¢, L =2xl 07 { In # —%In = L ]
r = 3l

V1x35 _j\f3, 35
0003894 2
=(1.4295 — j0.0309) mH/km

=2x107| In

Note: It is clear from the results of the unsymmetrical untransposed
transmission line that inductances of conductors a, b and c are unequal,
and they contain imaginary term which is due to the mutual
inductance.

2.11.3 TraNsPOSITION OF OVERHEAD LINES

Transposition of overhead line conductors refers to
exchanging the positions of power conductors at regular
intervals along the line, so that each conductor occupies
the original position of every other conductor over an
equal distance.

When the conductors of a three-phase system are not
spaced regularly, then the inductances and capacitances
are not the same in the different phases. The important
one is that there is an interchange of power between the
phases so that there may be wide differences between the
apparent resistances of the conductors. Thus, the line
constants are affected by irregular spacing. Therefore,
the general practice with such lines is to interchange or
transpose the conductors at equal intervals along the



lines, so that each of the three wires occupies all three
positions relatively to the other conductors for one-third
of the total length of the transmission line. This results in
the elimination of effect of mutual inductance. Modern
power lines are not transposed at regular intervals, but
they interchange the positions of the conductors at
switching stations in order to balance the inductance or
capacitance of the phases more closely.

When a communication line such as a telephone line
runs parallel along a high voltage overhead line, high
voltages are induced in the communication line resulting
in acoustic shock and noise. The induced voltages are
due to electrostatic and electromagnetic induction, which
is reduced considerably by transposing power lines as
shown in Fig. 2.20(a).

X — —

(a) Power line (b) Telephone line

Fig. 2.20 Transposition of conductors

Effect of Transposition The purpose of transposition
is to balance the capacitances of the line, so that the
electrostatically induced voltages balance out in the
length of a complete set of transposition, and this length
is called a barrel.

Transposition also results in the decrease of
electromagnetically induced e.m.f. on the wires, because
of fluxes due to the positive and negative phase
sequence, currents will add up to zero along the barrel.

This flux due to the zero phase sequence or
longitudinal current is unaffected by transpositions of



power systems because it flows along the three
conductors in parallel. To reduce the e.m.f. in the
telephone line as shown in Fig. 2.20(b) due to its zero
phase sequence current, the telephone line is transposed
by a proper co-ordination of transpositions of the power
and communication lines. The induced voltage can be
reduced to very small proportions under normal working
conditions.

2.11.4 UnsYMMETRICAL SPACING (TRANSPOSED)

When the conductors of a three-phase line are spaced at
the corners of triangle, the inductances of three
conductors are different because of different spaces
between adjacent conductors. This results in unequal
voltage drops in three-phases. Therefore, the voltages are
not the same at the receiving-end. This problem can be
overcome by the transposition of conductors.

Figure 2.21 shows the arrangement for a transposed
line conductor a (say phase a) that will occupy all the
position 1, 2 and 3 with 1/3rd of total length. Similarly,
conductors b and c will occupy all three positions each
for 1/3rd of total length.

Let us assume that the distance between positions 1
and 2,2 and 3,3 and 1are D, D,, and Dy, respectively,
and the currents carrying in conductors a, b and c are I,
I}, and I, respectively.

By using Eq. (2.25), the flux linkages of conductor a
due to the currents in all three conductors, when the
conductor a is in position 1, b in position 2 and c in
position 3 is

F | | 1
vy =2x107| I In=+1, Ih—+1. In— | Wb-T/m (2.53)
r Dy, D,



Similarly, y,,, when a in position 2, b in position 3
and c in position 1

. | | 1
Wy =2X107| L In—+1, In—+1 In— | Wb-T/m (2.54)
r bt} Db,

And w,4, when a in position 3, b in position 1 and ¢ in
position 2

W, =EXI[]"{ILIn L

—+.|'h|nl—+1'c In L ]‘k‘.‘h-T.-"m (2.55)
B

il pi]

b

®
© @,

c

-

75N,
HoJox
- D,,
Position-I

b(:) <:)c

Fosition-I| FPosition-111

Fig. 2.21 Three-phase line with unsymmetrical spacing (transposed)

The average value of the flux linkages of a is



W :I.‘I"I{al +I.'Ura2 +I.'Ura3

-
X b el e
3 7 DDD, ¢ DyD,D

L 123 k) b i <

ax107 | 1 1
3, In—-1 In
3 D D,D,,

L H 12

(2.56)

[2h+1.=-1,and'= D]

DJI

13
=2x107 (I 1ni—fa ln[ : ]
D

‘DIZ DQJDJI

]

. 3D,DyD
=2x107 [ n Y222 Wh-Tim

]

The average inductance of phase a is

D
L, =2x107 In—= H/m (2.58)

where,
Duq =3D,0, D,

D,
. Inductance per phase, L =2x107 In—=H/m

i

D,
Inductance per phase, L=0.2 XInD—“‘ mH/km (2.59)

i

EXAMPLE 2.10

Calculate the inductance per phase of a 750 kV three-phase
single circuit line that utilizes a bundled conductor
arrangement as shown in Fig. 2.22. The space between the
two phases is 15 m in a horizontal formation. The sub-
conductors of a phase are at the corners of a square of sides
0.5 m, each sub-conductor having a diameter of 3 cm.

Solution:

Spacing between the conductors, D,p, = Dy =15 m and D, =30 m

Distance between sub-conductors of a bundle, d = 0.5 m



Effective radius of conductor,

FP=07788 x —=1.1682cm = 1.1682 X 107 m

b | s

Fig. 2.22 Three-phase bundled conductor line with four sub-conductors
per phase

I
Inductance per phase of the line, L =2 %107 In F._-q H/m

where,
D._-q =3/D,D, D_ =315%15%30=18.894 m

Self GMR of the bundled conductor
DJ: = 1%“'('[}3 'I'DIEDIJDI& :”'r'DE'I'DEEDEDBd :”-r'D 'D D D :"-r'DA'I'DAE'DAS'D&}

3334
where,
D =D,=D =D,=
Dy=Dy =Dy =Dy=d and D, =Dy =24
sD ="04r)d"? =1, 09x4/r'd® =1.09x4 $0(1.1682x107)(0.5F =0213 m

[3.894

Inductance per phase of the line, L =2x107 In 0 =0.897 x10°H/m

=0.897 mH/km

EXAMPLE 2.11

Calculate the inductance and reactance of each phase of a
three-phase 50 Hz overhead high-tension line (HTL) which
has conductors of 2.5 cm diameter. The distance between the
three-phases are (i) 5 cm between a and b, (ii) 4 m between b
and c and (iii) 3 m between ¢ and a as shown in Fig. 2.23.



Assume that the phase conductors are transposed regularly.
(This question is also solved using MATLAB programs in the
appendix.)

5m =]

Fig. 2.23 Cross-sectional view of conductors’ location in triangle
Solution:

Diameter of each conductor, d = 2.5 cm

Radius of conductor, r = 1.25 cm = 0.0125 m

Inductance per phase =2 x 1o~" In{i—m]

Mutual GMD (D,,) or Do = 3[D, XD, xD_

=35x4%3=39143m

GMR or self GMD, ' = 0.7788 r
= 0.7788 % 0.0125 = 0.009735 m

. D
Inductance per phase =2x107" In—= H/m
=
; 3.914
=2x107" In———=1.199 mH/km
0.009735

Inductance per phase X, = 2xfL = 2r x50 x1.199 % 107 =0.3767 Q/km

EXAMPLE 2.12

Repeat the Example 2.9, when three-phase lines are fully
transposed.

Solution:

Spacing between the conductors a and b, Dy, = 3.5 m



Spacing between the conductors b and ¢, Dy = 3.5 m
Spacing between the conductors a and ¢, Dac = 7.0 m
Radius of each conductor, 7 = 0.5¢cm =0.5x 10 - m

Effective radius of conductor, 7’ = 0.7788 x 0.5 cm = 0.3894 x 10 ~m

For transposed line:

. D
Inductance of each conductor, L =2=107" In—2 H/m

,

o
'Deq ZEY'DnhDthca.
Mutual GMD (Dy) or (D) = %{3_5 ®*3.5%T7 =4.409 m

4.409

0.3894 %107
=1.406x107" H/m
.. Inductance per phase = 1. 406 mH/m

Inductance of each conductor, L =2 x 107 In

EXAMPLE 2.13

A 300 kV, three-phase bundle conductor line with two sub-
conductor per phase has a horizontal configuration as shown
in Fig. 2.24. Find the inductance per phase, if the radius of
each sub-conductor is 1.2 cm. (This question is also solved
using MATLAB programs in the appendix.)

40cm
3 b b’ c c'
24em() O @ ()
"8 1@ 10cm —»le—10cm —»

Fig. 2.24 Three-phase bundled conductor line with two sub-conductors per
phase

Solution:

Radius of each conductor, r = 1.2 cm

Inductance per conductor of three-phase double circuit line,

L=2%10"1In22 H/m

5

Self GMD in all three positions are same,



~. Self GMD, D, =4(D xDy %D, % D,.,) (< Dy =Dy =r)
= M.'I[U.??HHXU.U 12x0.4)=0.0611m

Mutual GMD in position 1 (D) and position 3 (D ) are same.

'Dm'l = 'Dm_'m = \I{'Da.h X'Da.h' >{'E"a.n: >{'E:"a.n:' >|<'E"a."h X'Da."h' X'Da.'c X'Da.'c'
=310x10.4x20x20.4x9.6x10%19.6x 20
= ﬁ.‘rl 596801024 =14.1386 m

Mutual GMD in position 2 (D)

s, =YD, XDy XDy KD X De XD XD XD
=§10x10.4x10%9.6x9.6x10x10.4x10

oDy =V99680256 =9.996 m

D _=3D %D . xD .

=D, =14.1386x9.996x14.1386 =12.595 m

Inductance per phase = 2x107 In’D—rrL H/m

12.595

0.0611
=1.0657T mH/'km

=2x107"In H/m

2.12 INDUCTANCE OF THREE-PHASE DOUBLE CIRCUIT LINE

In a three-phase double circuit transmission line, two
conductors run parallel to each phase on the same tower.
This leads to more reliability and increased transmission
capacity due to reduced inductive reactance.

The aim of running the conductors in parallel is to
have low inductance of the equivalent circuit. This can be
achieved by reducing the spacing between phases (low
value of D,;,) and increasing the distance between the
conductors in each phase (high value of D). The
arrangement of the three-phase double circuit line in
vertical spacing is shown in Figs. 2.25(a). 220 kV and
400 kV double circuit three-phase transmission lines are
shown in Figs. 2.25(b) and (c).



O O-
O O
O O-

Fig. 2.25(a) Vertical arrangement of three-phase double circuit line

Fig. 2.25(b) 220 kV Three-phase double circuit line



Fig. 2.25(c) 400 kV double circuit bundled three-phase transmission line
with two sub-conductors per phase

2.12.1 InbucTANCE OF THREE-PHASE DouBLE-CIrRcuIT LINE
WITH SYMMETRICAL SPACING (HEXAGONAL)

In double-circuit line, it is necessary to arrange the phase
conductors diagonally to reduce the inductance of each
phase.

Conductors a, b and c belong to one circuit and a’, b’
and ¢’ to another circuit. Conductors a and a’ are
electrically parallel. Similarly, conductors’ b, b’ and c, ¢’
are also parallel.

From Eq. (2.25), the flux linkages of conductor a is

’ . '
a 51 ab ah ac ao

= l l l l l |
v =2x2100 [ | In—+ln— L | In—+Ih— 1 [ In—+In— || Wb-T/m Bl
[Prll { l‘.[ r’ D ] h{ ] c{ D D ]} l 6“]

Since, the conductors are identical, the GMR of the
conductors will be same. From Fig. 2.26, the distances



between the conductors are

D,.=2D, D,,=D_=+3D ad D, =D_=D

4 l l l
w, =2x107 I In| — +1, In| — [+1_In| — || Wb-T/m
2 ) VA J3p?

1
=2x107| I In +(I+1 )In| —— || Wb-T/m
[ * \2ap | " o [Jiﬂﬁﬂ

f 1 1
=2x107[ I In -IIn Wb-T'm (o1 +1 +1 =0
a EDJ" a {ﬁ 2 H { a b = )
37

=2x107L In
2
3D
=2x107L In JT—, Wb-T/m
¥

Therefore, the inductance of conductor a is

7 gD oo
L =—=2x10" ln£—, H/m
/i T

Since, conductors are electrically in parallel, the

inductance of each phase - £
2

G
- Inductance per phase, L =10 ’ln\'T"E, Him
& F

(2.61)

(2.64)
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@

Fig. 2.26 Double-circuit line with symmetrical spacing

EXAMPLE 2.14

Calculate the inductance per phase of a three-phase double
circuit line as shown in Fig. 2.27, if the conductors are spaced
at the vertices of a hexagon of side 2 m each. The diameter of
each conductor is 2.0 cm. (This question is also solved using
MATLAB programs in the appendix.)

Solution:

Each side of a hexagon, D = 2.0 m = 200 cm
Diameter of a conductor, d = 2.0 cm

Radius of a conductor, r = 1.0 cm

Effective radius of a conductor, r’ = 0.7788 x 1.0 = 0.7788 cm
V3 200

»

Inductance per phase, [ =10"In
2 07788

=0.54 mH/km




Fig. 2.27 Location of conductors for Example 2.14

2.12.2 INDUCTANCE OF A THREE-PHASE TRANSPOSED DOUBLE-
CircuIT LINE wiTH UNSYMMETRICAL SPACING

The arrangement of three-phase double-circuit lines,
which are vertically spaced is shown in Fig. 2.28. Since,
the conductors are transposed at regular intervals, the
transposition cycle and conductor positions are shown in

Fig. 2.28 (a), (b), and (c¢).

Transposition cycle of the double-circuit three-phase

line is given in Fig. 2.28(d)

Ta I—Eb i g O b’
Eb g% b’ ag%ﬁ\ﬁ)a ,
ic :

0 Yo | 80

o'

Position | Position||

(a)

(b)

bO Qe
el L)
al ¥ Lh

Position |l

(c)

Fig. 2.28 (a), (b) and (c) Three-phase transposed double-circuit line



.
s

Fig. 2.28(d) Transposition cycle of double-circuit three-phase line

Now flux linkage of conductor a of phase ‘a’ in position 1

1S

y, =2x107( 1, ln1—,+1nl +1, et~ +1, tn——+hn- || Wb-Tim
: D J I

I n m

Similarly, for position 2,

W, =2x107 [Ja[lnlﬁlnl]Hh[lnlﬂnl]ﬂ'c[Inl+lnlﬂ Wb-T/m
A D D

! m m

For position 3,

s =2x107 | 1 1nl,+1nl 41, SLE +1, I+ || Wo-T/m
: r n 2D | D m

The average value p,; is



Y+
:I.yal I.J"raf! I.U{EIJ Wh-T/m [268]

ra

Since for balanced three-phase system, I, + I}, + I, = O

Substituting the Egs. (2.65) to (2.67) in conditions in Eq.
(2.68) and simplifying, we get,

v, =20 (1, + 1) | Wo-T/m
3 (r) In 207 [m
q (2.69)
& i
= L, | WbTm (21, +1,=-1,)
3 (r') In” 2D Im
2 -7 ] 2
p =20 “D?"'” Wb-T/m .10
3 (r') In* i
v =2x1077 e[ 2| ] Wb-T/m :
fa— = a e | ! (2.71)
Therefore, the inductance of conductor a is
23
L=Y=x0"m2?| 2| 2| u (27
i rjn R

o (D 12 - 13 | |
SL=2x10" 2" —| | — | Hm (2.73)



It can be observed from Fig. 2.28, that the conductor
of a double circuit line is placed diagonally opposite
rather than in the same horizontal plane in all three
positions. By doing this the GMR of the conductors is
increased and the GMD is reduced, thereby lowering the
inductance/phase.

Test Yourself

1. What is the need of double circuit transmission lines?

EXAMPLE 2.15

Calculate the inductance of the single-phase double circuit
line shown in Fig. 2.29. The diameter of each conductor is 2
cm.

Solution:

Diameter of each conductor, d =2.0 cm
Radius of each conductor, r =1.0 cm

Effective radius of each conductor, r’ = 0.7788 x 1.0 cm = 0.7788 cm

Inductance per conductor, L. =2 %107 In [& ]

5

Geometric mean radius (Self GMD or GMR), D, = §/(D,, x D, x D, X D,;, )
=40.7788x100x100x0.7788 (- D, =D,,.=r")

=+/0.7T788 %100 =8.825 cm




100 cm

&t i, i
O ;

l«—100 cm —»

Fig. 2.29 Single-phase, double circuit line

Mutual GMD, D, = §f(Dy, XD X Dy, X D,y,.)

=4100x141.42x100x141.42 =118.921 cm

118.921]

Inductance per conductor, L =2x107 In =0.5201 mH/km

.. Inductance of a single-phase system = 0.5201 mH/km.
EXAMPLE 2.16

Calculate the inductance per phase of a three-phase, double
circuit line as shown in Fig. 2.30. The diameter of each
conductor is 1.5 cm. (This question is also solved using
MATLAB programs in the appendix.)

Solution:

Horizontal distance, [ = 6 m
Vertical distance, D = 2.5 m
Diameter of conductor, d = 1.5 cm
Radius of conductor, r = 0.75 cm

Effective radius of conductor is



F=0.7788 x 0.75 = 0.5841 cm

m=+6>+2.5 =42.25 =6.5 =650 cm

n:\l'rﬁz + 57 :v'm 781 m=T81cm

23
The inductance of conductor a is L, =2x107 In 2" {[E, ][ s ] }> H/m

I
Inductance of each phase, L :;L;

/2 /3
. Inductance per phase, L=2x107 In{f-‘“‘I [E,] [ﬂj }> H/m
¥ n

y a 1/2 %
=2x107 In{2"® .20 650 H/m
0.5841 781

=0.617 mH/km

|-[—I=6m 4)‘|

O

D= 25m "

+O ™

D 25m

A

Fig. 2.30 Three-phase, double circuit line

EXAMPLE 2.17

Calculate the inductance per phase of a three-phase double
circuit line as shown in Fig. 2.31. The diameter of the
conductor is 2 cm. Assume that the line is completely
transposed. (This question is also solved using MATLAB
programs in the appendix.)

Solution:

Diameter of conductor, d = 2 cm

Radius of conductor, r =1 cm



Effective radius of conductor, r’ =1 x 0.7788 = 0.7788 cm

Distance a to b, Dy =v3.5 +1° =3.64 m
atod', D, =~3.5+7 =7.826 m
atoa,D_=v7"+6"=92m

D
Inductance per phase =0.2 In— mH/km

where,

Dy is the self - of one phase and suffixes 1, 2 and 3

GIVID =3 'D-:]'D:Z'Dﬂ

denote the self GMD in positions 1, 2 and 3, respectively. Also Dy is the
same for all the phases.

D, =4{(D_D_D,.D,.) =40.7788 x102 x9.22 x0.7788 X107 x9.22
=0.2680 m =26.8 cm

D, =4(D.D_D,.D,.) =40.7788 X107 x8x0.7788 x10 8

a'a™~a'a'

= illll[xl.ﬁ?x 102) 8% =0.2496 m=24.96 cm
D,=D,=268cm=0.268m

D, is the self GMD = 3(D_D_ D,

= 3/(0.268)* x0.2496 =0.2617 m=0.2617 cm

D, =3D_D,.D,,

where, Dy, Do and Dy, are the mutual GMDs in positions 1, 2 and 3,
respectively.



O O
o d
SRe)

Ecm

Fig. 2.31 Three-phase double circuit line

I
D:rn.'l :{“:\'Da.hﬂuﬂahrﬂu :":"D 'Da.cDa.’hD ]
D=0 =43.64xTx7.826x6x7.826x6%3.64x7 =5.881 m
_Rlll:\'Da.h'D 'D 'D JII[ a.c a. JII

= q'r3.ﬁ4x3.ﬁ4x?_32ﬁx 7.826 %7 _Hzﬁx?_ﬁzﬁxlfﬂxlfﬂ =53337Tm

Mutual GMD, D,, =3/D,,,DpzDps = ¥5.881%5.881%5.337 =5.694 m

*. Inductance per phase, L :[l.Elni—m mH/km

5.69%4
02617

=0.2In =0.616 mH/km

EXAMPLE 2.18

In a single-phase double circuit transmission line as shown in
Fig. 2.32, conductors a and a’ are parallel to each other in
one conductor, while conductors b and b’ are parallel to each
other in the other conductor. Each conductor radius is 2 cm.
Determine the loop inductance of the line per kilometre
assuming that the two parallel conductors equally share the
current.



OO OQ

|<—>-|-<—?5
15¢cm ol }|‘ 150m

Fig. 2.32 Single-phase transmission line
Solution:

Loop inductance per kilometre is

L=04 Irfll:}—rrL mH/km
'D"i

D, —{,"D“D DDy

V90105 x?’ﬁx‘}[l =89.37 cm

D-': =3 'Duﬂu'ﬂa."a.'ﬂa.'a.

D_=D.,=07788x2=1.5576 cm
and D, = D, = 15¢cm

oD, =4(1.557615)* =4.83 em

D17
L=0.4In ELE =1.167 mH/km
4.83

2.13 CAPACITANCE

Considering magnetic field is important for the
determination of inductance, whereas the electric field is
important for capacitance.

Capacitance is the ability or capacity to store electric
charges in conductors. It exists between any two
insulated conductors and hence, electric energy is related
to the capacitance of the conductors. A capacitor or
condenser is made of two conductors separated by a
dielectric or insulating medium. The capacitance of a
capacitor is defined as the charge per unit potential
difference. It is denoted by C and its units are faradays

().



c :%‘ F (2.74)

where,

C s the capacitance in farads (F)
Q is the charge in coulombs (C)
V'is the potential in volts (V)

2.14 POTENTIAL DIFFERENCE BETWEEN TWO POINTS DUE TO A
CHARGE

The potential difference between two points is equal to
the work in joules per coulomb necessary to move a
coulomb of charge between the two points. The electric
field intensity in volts per metre is equal to the force in
Newton’s per coulomb. According to the Gauss’ theorem,
the field intensity (E) at distance x on the circle is

E :i Vim (2.75)
2ncx

Between two points, the line integral of the force
acting on a positive charge (Q) is the work done in
moving the charge from the point of lower potential to
the point of higher potential, and is numerically equal to
the potential difference between the two points.

Consider a long straight wire carrying a positive charge
as shown in Fig. 2.33. Points 1 and 2 are located at
distances R, and R, metres from the centre of the wire.
The potential difference between the points 1 and 2 on
equipotential surfaces can be computed by integrating
the electric field intensity over a radial path between the
equipotential surfaces. Thus, the instantaneous potential
difference between points 1 and 2 is



Fig. 2.33 Path of integration between two points in an electrical field

nxe e

N m-:in%v (276

where, Q is the instantaneous charge on the wire in
coulombs per metre length.

2.15 CAPACITANCE OF A SINGLE-PHASE LINE (TWO-WIRE LINE)

Figure 2.34(a) represents the cross-sectional view of
single-phase two-wire system. Capacitance between the
two conductors of a two-wire system is defined as, the
charge on either conductor per unit potential difference
between the conductors. Mathematically it can be
written as,

C =% F/m (2.77)

where,

Q is the charge on the line in coulombs per metre
length.



V is the potential difference between the conductors in
volts.

Let us consider a single-phase system, which has
conductors a and b with radius r and spaced D m apart.
If the charge per metre length of conductor a is Q,, then
the charge on conductor b is Qy,.

Now, assume a point P, which is far away from the
circuit as shown in Fig. 2.34(a). Then the voltage
between the conductor a and point P (imaginary), Vy,
(also equal to V,) of the two-wire line can be written as

per Eq. (2.76)

Fig. 2.34(a) Single-phase two-wire system

v i Das Dy :
Vo=V ="h—V (2.78
o e r )

where,
r is the radius of each conductor
D is the distance between two conductors
Q, is the charge on conductor a

Dy, is the distance between the conductor a and the
point P

Vap 1s the voltage between the conductor a and point P
due to charge on conductor a



Similarly, the voltage V,;, is the voltage due to charge
on conductor b between the conductor a and point P

) D
yo=r =S plny 2.19)
g D

By the principle of superposition, the voltage between
the conductor a and the point P, due to the charges on
both the conductors, is the sum total of the voltages
caused by each charge alone

D
Vo= l 0, In ;"’+Qh lnE Vv (2.80)
e r th

where, Q, and Qy, are the charges on both the conductors

D
= Q22 (:0,=-0,)
r th

D
s Qalng‘v' v =] (2.81)
ne r th

The symbolic representation of line-to-line and line-
to-neutral capacitances are shown in Figs. 2.34(b) and

(0).

ac ob

4



Fig. 2.34(b) Line-to-line capacitance

.". Capacitance of conductor a (between line-to-
neutral),

The capacitance between the conductors a and b (line-
to-line) is,

w107 | , ;
Cy= R HE/km (2.83)

In— 361n—_ 361n2_

r ! I

Charging current due to capacitance The charging
current for single-phase system is,

V
IL=——=joC,V A
m

@C,,

where, V' = voltage between the conductor in volts

@ = 27 f rad'sec

o m

=

o

3
oo

Fig. 2.34(c) Line-to-neutral capacitance



EXAMPLE 2.19

Calculate the capacitance of a conductor to neutral in a
single-phase transmission line having two parallel
conductors spaced 3 m apart. The diameter of each conductor
is 1.2 cm.

Solution:

Spacing between the conductor, D = 3 m
Diameter of a conductor, d = 1.2 cm
Radius of conductor, r = 0.6 cm

.".Capacitance of conductor a to neutral,

2e 107"
O i

= —2
" D = 300 =8.94 nF/km
=

In | 8ln —

0.6

The capacitance between the conductors,

C, = G =4.47 nF'km

ah 2

EXAMPLE 2.20

Calculate the capacitance of a pair of parallel conductors
spaced 40 cm apart in air. The diameter of the conductor is 12
mm.

Solution:

Spacing between the conductors, D = 40 cm
Diameter of the conductor, d = 12 mm
Effective radius of conductor, r = 6 mm = 0.6 cm
.".Capacitance between line-to-neutral,

 2nE 1o~
('"I :__D :—4[:. =13.23 nF/km

In— 18ln—
¥ 0.6

The capacitance between the two conductors (line-to-line),

(

C =%= 6.615 nF'km

EXAMPLE 2.21



Calculate the capacitance of a single-phase overhead line
consisting of a pair of parallel wires 12 mm in diameter and
spaced uniformly 2.5 m apart. If the line is 30 km long and its
one end is connected to 50 kV, 50 Hz system, what will be the
charging current when the other end is open-circuited?

Solution:

Spacing between the conductors, D = 2.5 m
Diameter of the conductor, d = 12 mm

Effective radius of conductor, 7 = 6 mm = 6 x 10 °m

. Capacitance of one conductor, ; = ——= =921 nF/km

G =4.605 nF'km

The capacitance between the two conductors, € =—*

And the capacitance between the two conductors for 30 km, C = 4.605 x 107 = 30 wF
= (0.138] pF

The charging current for single-phase system, jc = I— = jolCV A

i
where,
I = voltage between the conductor in volts
w = 2w} rad/sec
Charging current, jc = joll" A
= j2xm x50x0.13815 %107 % 50000
J2IT A

2.16 POTENTIAL DIFFERENCE BETWEEN TWO CONDUCTORS OF A
GROUP OF CHARGED CONDUCTORS
Consider N number of parallel conductors arranged in a
group, each conductor with a radius r (and assume all
are in parallel). A group of parallel conductors are shown
in Fig. 2.10.

Let us assume an infinite point P which is far away
from the group of conductors and the potential of each is



Vi, Vo, Va,..., Vi with respect to the point P due to the
charges on all conductors in a group.

: ] I | |
The potential of conductor 1 due to all charges, V; = z [Q| In—+0,;In o +et Oy In—D }
5 P

<My 12 I
Similarly,
The potential of conductor 2,7, :I_ 0, InL+Q, lnl+---+Q,_. InL
2z, L, " D,
i g s | | I I
And the potential of conductor N, V,, = = Qin—+0,In—+---+0, In—
< Nl N2 F

Then the potential difference between conductors 1
and 2 is

1 D r 7 I
Poie= 21 —_—ea . N
= {Ql In +0 In—+---+0,; In }

] 12 IV

Similarly,

The potential difference between conductors 1 and N is

DNE

»
+-+ 0y lnD—}

12 IN

Viv =3 | {Ql In D}""' +0, In

2ne,

Here, D, Dig,..., D,y are the distances from the
conductors 1 and 2, 1 and 3,..., 1 and N, respectively.

2.17 CAPACITANCE OF THREE-PHASE LINES

The capacitance of three-phase transmission lines can be
determined by symmetrical and unsymmetrical spacing



between the conductors which is discussed in the
following sections.

2.17.1 EQUILATERAL SPACING

Figure 2.35 shows the three-phase conductor a, b and c
placed at the corners of an equilateral triangle and
assumes each side to be D and the radius of each
conductor to be r. If the conductors a, b and ¢ have
charges Q,, Q, and Q,, respectively then the sum of all
the charges is equal to zero.

Expression for the voltage between the conductor a
and the point P which is far away from the circuit due to
the charge on conductor a is

! |
V= ) In— |V (2.85
e [L r ] :

Similarly expressions for the voltage between the
conductor a and the point P due to the charges on
conductors b, and c, are

The potential difference between the conductor a and
the point P due to charges Q,, Q, and Q. are



|
e

Y 0, I11£+[Q,,+Qc]lni]v
r D

a 1 |
| Q. n~+0, 1n5+gtm3] v (288)

i

2ne

-Lg mi-@,lniJv 0,+0,=-0)
r D

e

o1 D
g2l == 0=

) 2ne N
. Capacitance of conductor, Ca:i'—’: = = L - Fim (2.89)

roro

Because of the symmetrical system the capacitance of
all the conductors are same.

G

O

OJNNO

D |

Fig. 2.35 Three-phase line with symmetrical spacing

= N 11 o
.. Capacitance per conductor, C = = - Fim (2.90)

g

Charging Current due to Capacitance The
charging current per phase of a three-phase system is




I.=joCVy A (291)

where,
C is the capacitance per phase
Vpn is the voltage per phase

EXAMPLE 2.22

Calculate the capacitance of a conductor per phase of a three-
phase 400 km long line, with the conductors spaced at the
corners of an equilateral triangle of side 4 m and the
diameter of each conductor being 2.5 cm. (This question is
also solved using MATLAB programs in the appendix.)

Solution:

Spacing between the conductors, D = 4 m = 400 cm
Diameter of the conductor, d = 2.5 cm

. -2
Radius of conductor, r = 1.25 cm = 1.25 X 10 ~ m

10~
.. Capacitance per conductor, C =——— F/m

]

107 , Fa
=——Fm=9.631x10"" F'm

[&ln i
1.25

=9.631 nF/km
- Capacitance of a 400 km long conductor per phase, C = 9.631 > 10712 x 400 10°
=3852 X 10%F
= 3852 pF

EXAMPLE 2.23

A three-phase, 50 Hz, 66 kV overhead transmission line has
its conductors arranged at the corners of an equilateral
triangle of 3 m sides and the diameter of each conductor is 1.5
cm as shown in Fig. 2.36. Determine the inductance and
capacitance per phase, if the length of line is 100 km and
calculate the charging current.



Solution:

Spacing between the conductors, D =3.0 m = 300 cm
Diameter of each conductor, d =1.5 cm
Radius of each conductor, r = 0.75 cm

Effective radius of each conductor, ' = 0.7788 x 0.75 cm = 0.5841 cm

: B
Operating voltage per phase, V,, :%X 1000 =38105.1V

S
(a) Inductance per phase, L =2x107 In— H/m
>
. 300 g
L=2x10""In =1.248x107"H/m =1.248 mH/km
0.5841

1.5cm

A
7™ ke

©

Fig. 2.36 Location of conductors for Example 2.23

Inductance of 100 km long conductor per phase = 1.248 x 10 °

0.1248 H

X 100 =



2me
D
In—
-
2me
= In”’}‘[”m =928 pF/m =9.28 nF/km

0.75

(b) Capacitance per phase of a three-phase circuit, C =

9

Capacitance for 100 km long line per phase = 9.28 x 10—~ x 100 =
0.928 uF
Charging per phase, I, = jwCFu A
=2 x 50 X 0928 x 10-% x 38105.1 = 11.11 A

2.17.2 CapracITANCE OF AN UNSYMMETRICAL THREE-PHASE
SysTem (TRANSPOSED)

For a three-phase unsymmetrical system
(untransposed), the capacitance between conductors to
neutral of the three conductors are unequal, whereas, for
transposed system, the average capacitance of each
conductor to neutral is the same. The three positions of
the conductor are shown in Fig. 2.37.

From Fig. 2.37, let us consider a point P, which is far
away from the system. The potential difference between
the conductor a and the point P due to the charges, Q,,
Qp and Q. in position 1 is

The potential difference between the conductor a and
point P due to the charges Q,, Qy, and Q. in position 2 is



D D D
V.= 1 [Qa 1n%+Qb1nD—3p+chni} (2.93)

2re - =

® ® ©
[\
{@ 51,@) @10 O

— 0, —» C a b c

Position-1 Position-2 Position-3

Fig. 2.37 Three-phase unsymmetrical spaced transmission line
(transposed)

The potential difference between the conductor a and
point P due to the charges Q,, Q and Q. in position 3 is

it = 4

[193

Djp ‘Dlp Dﬂp ;
O In—+0,Ih—+0, In— (2.94)
2re r . D,

The average voltage of phase ‘a’ with respect to point P
is

s Vi it

4 (2.95)
3

Substituting the value of V,,, V;, and V5 derived from
Egs. (2.92) to (2.94) in Eq. (2.95), we get



I | DDsD. D,D DD,
V,=—|0,n==—+0, In DD +0,Ih—2 ]
bree L g D, Dy Dy, D, Dy Dy,
,D, D,D,D.
=L @ln‘”“ Q| (20 +0,=-0,)
be | M
- I QI D!'DHD*I]
6me |
D, Dy, Dy,
:—QI PhPu (2.96)
r
S : b e ,
Capacitance of conductor ‘a’, C, =——= F/m (2.97)

In j\| Du DHDH

r

Similarly, the conductors b and c also occupy all the
three positions as that of conductor a. The capacitance of
the conductors b and c is also the same as conductor a.

Therefore, the capacitance per phase of the three-
phase unsymmetrical spaced (transposed) single circuit
system is

’) ~
Capacitance per phase, C = L F/m (2.98)

NE
In {DIQDH D, }
r

For the symmetrical spacing of the conductors,

27
. Capacitance per phase, C = % (2.99)

In—
¥

EXAMPLE 2.24

Calculate the capacitance per phase of a three-phase three-
wire transposed system as shown in Fig. 2.38 when the



conductors are arranged at the corners of a triangle with
sides measuring 1.5 m, 2.0 m, and 2.5 m. Diameter of each
conductor is 1.2 cm. (This question is also solved using
MATLAB programs in the appendix.)

Solution:
Diameter of each conductor, d =1.2 cm
Spacing between the conductors aand b, D, = 1.5 m
Spacing between the conductors b and ¢, Dy = 2.0 m

Spacing between the conductors c and a, D¢, = 2.5 m

1.

o]

Radius of each conductor, r = =06 cm=06x10"m

tu"|

2 -4
" Fim = F/m

In—= 18In—=
F F

Capacitance of a conductor per phase, C =

Mutual GMD, D, or(D_ )=3/D,D, D,
=(15%2.0x25)" =1.957 m=195.7 em

GMR, r =0.6 cm.

107
.. Capacitance of a conductor per phase = — o957 Fim =9.6 pF/'m
18ln——
0.6
G
25m 20m




Fig. 2.38 Arrangement of conductors for Example 2.24

EXAMPLE 2.25

Calculate the capacitance of a three-phase three-wire system
with triangular configuration with sides D, =3 m, D3 =4 m
and D3, = 5 m (See Fig. 2.39). The diameter of the conductor
is 2.5 cm and the permittivity of the conductor material is
150.

5m 4m

"k am >

Fig. 2.39 Arrangement of conductors for example 2.25
Solution:

Diameter of each conductor, d = 2.5 cm
Spacing between the conductors a and b, D;» = 3m
Spacing between the conductors b and ¢, Do3 = 4 m

Spacing between the conductors ¢ and a, D5, = 5m



2.5

Radius of each conductor, r i 1.25 cm=1.25%10" m

. . ) , 2ne ) 107 )

Capacitance of a conductor per phase, C = F/m :—D’ F/m
In— [8ln—=

Mutual GMD, D, or (D) =3/D,,D5D;,
=(3x4x5)" =3.915 m=391.5 cm
GMR, r =1.25 cm.
107 %150
391.5
1.25

.. Capacitance of a conductor per phase = Fim =145 uFkm

[81n

EXAMPLE 2.26

A three-phase, three-wire 50 kV, 50 Hz overhead line
conductor is placed in horizontal plane as shown in the Fig.
2.40. The conductor diameter is 1.5 cm. If the length of the
line is 100 km, calculate (i) capacitance per phase per meter,
(ii) charging current per phase.

v

a b C
1.5 cm
4.5m 55m T

Fig. 2.40 Cross-sectional view of conductors in horizontal plane

Solution:

Diameter of each conductor, d = 1.5 cm

Radius of each conductor, r = 0.75 cm



WVoltage per phase, V, = S0x10° =288673 V
SC Yo = \E =4 L

Mutual GMD, D =3/D, =D, =D _
D =D, =34.5x55x10 =6.2785 m =627 .85 cm

2me 107
Capacitance of a conductor per phase, C = z Fim = F/m
In— 18n—

¥ ¥
S . 10°
Capacitance of a conductor per phase = — 53785 8255 nF/km

[8ln—
0.75

9

Capacitance for 100 km per phase = 8.255 x 10 ~ x 100 = 0.8255 uF

Charging current per phase =@ CV, =2nx50x0.8255x1 07 x28867.5 A
=T749 A

EXAMPLE 2.27

Calculate the capacitance per phase of a three-phase, three-
wire system as shown in Fig. 2.41, when the conductors are
arranged in a horizontal plane with spacing D,, = D»3 = 3.5
m, and D,; = 7 m. The conductors are transposed and each
has a diameter of 2.0 cm.

Fig. 2.41 Arrangement of conductor 1 for Example 2.27

Solution:

Diameter of each conductor, d = 2.0 cm

Radius of each conductor, r = 1.0 cm



Mutual GMD, D =30, x D, x [,
D,=D_=13.5%x35x7=441m =441 cm

2me 107
Capacitance of a conductor per phase, C = o Frm=————F/m
In— 18In—
F ¥
sy : 107 :
Capacitance of a conductor per phase =————=9.124 pF/m =9.124 nF/km

[8ln—
1.0

2.18 CAPACITANCE OF A THREE-PHASE DOUBLE-CIRCUIT LINE

Normally, two configurations of conductors are used in a
double circuit line:

1. Hexagonal spacing
2. Flat vertical spacing

2.18.1 HEXAGONAL SPACING

Since the conductors of the same phase are connected in
parallel, as shown in Fig. 2.42, the charge per unit length
is the same. In addition, because of the symmetrical
arrangement, the phases are balanced and the
conductors of each phase are also balanced if the effect of
group is neglected. Therefore, the transposition of
conductors is not required.



DED

Fig. 2.42 Double-circuit three-phase line with hexagonal spacing

Assume a point P very far from the system of
conductors, such that the distances of the conductors
from P are almost same. It is to be noted here that point
P corresponds to almost zero potential. The potential of
conductor a with respect to point P due to the charge on
the conductor itself and the charges on conductors b, c, a
’,b" and ¢’ is given by



(2.100)

—_

J_ J_D i D

Since 0, = Q1 O = 01 0 = O
it =2f]m -{' [In£+InD ]+;f_,lb |1&+I|:J.—]+L[ln%+hlﬂ—ﬂ
DD, Db, D,, DD

In ”D ]+Qb J_D J_D

i
=5 QInD,D, +G,nDD, +Q.n DD, +0,In— +(),‘an_ 0. In

=—I|0
e 0.

I
]
=EQalnDaD,+lenﬂth,+QtlnD +Q]n +{(_}b+(_c}an_ 1

=—IQ,InD,D,+0,In DD, -(0, +G,)In DD, +0, ]n anJ. } (+0,+0.=0,)

2ne |
| | DD | DDD
=—0 n—+) n——+() In——
e | & D.D, a D.D, o ol J'.{r
=I_-““J§D’ DDy DDy
2ne 2Dr DD, DD
:..I_ Laln‘f‘_D
2;rr 2Dr

F/m (2.101)

Capacitance of conductor, C, =

JD

In—
2y

Equation (2.101) represents an expression for the
capacitance of conductor ‘a’ alone, whereas there are two
conductors per phase, a and a’. Therefore, the
capacitance of the system will be twice the capacitance of
one conductor to neutral.

Capacitance per phase, € =2C, = ——= — F/m (2.102)




Since the conductors of different phases are
symmetrically placed, the expression for capacitance for
other phases will also be the same.

EXAMPLE 2.28

Calculate the capacitance (phase-to-neutral) of a three-phase
100 km long double circuit line shown in Fig. 2.43 with
conductors of diameter 2.0 cm each arranged at the corners
of an hexagon with sides measuring 2.1 m. (This question is
also solved using MATLAB programs in the appendix.)

Fig. 2.43 Cross-sectional view of conductors in hexagonal spacing
Solution

Phase A is composed of conductors a, a’; phase B of b and b’; and phase
C of cand c¢’. The two conductors of each phase are electrically parallel
and have the same charge. Because of the symmetrical arrangement,
the phases are balanced and the conductors of each individual phase
are also balanced, if the effect of ground is neglected. Therefore,
transposition of conductors is not necessary to balance the phases.

Diameter of each conductor, d = 2.0 cm
Radius of each conductor, r = 1.0 cm

Each side of a hexagon, D = 2.1 m = 210 cm



Capacitance per phase, C, =2C_ =————— F/m

2me 1o~

In[ ﬁﬂ i lHIn[ ﬁﬂ ]“2

2r 2r

¥
-
- L —=0.0213 pF/km

1
o 2
H‘“ﬂ[ 3x210

2x1

Capacitance for 100 km length per phase, C = 0.0213 x 100 = 2.13 uF

2.18.2 FLAT VERTICAL SPACING (UNSYMMETRICAL SPACING)

Consider Fig. 2.44, the conductors of different phases are
not symmetrically placed; therefore, the derivation of
capacitance expression will require the transposition of
conductors as shown in the figure.

The average voltage of conductor ‘a’ is required to be
calculated in the three different positions due to the

charge on conductor ‘a’ and the conductors b, c, a’, b’
and c’.

d—f—h

EEG%HOC' cO Ot bO Oe
$60 MO0 | a0 QOa' | O O¢
=40 \®ﬂ' bO Q¢ a0 Ob

Position 1 Position 2 Position 3

Fig. 2.44 Conductor arrangement of three-phase double-circuit transposed
line



For this, we again assume a point P which is far away
from the system of conductors such that D, = Dy, = Dc =
Da/ ~ Db/ ~ Dcl.

Since point P is at a very large distance from the
system of conductors, the potential of point P is
approximately zero.

Dy D,
Va ')m:li" = h "—+Q ln— I ] (2.103)

Using the relations D, =D, =D =D .=zD.=D,,
0,+0,+0.=0and 0, =0,;0, =G, and 0, =0,

[{}l . a+() lnD"D" +0. In “D°]
mD 2iD

1
) ) ) In— Jl
[L In—+0, In +( ]HZD} (2.104)

Similarly the potential of conductor a in position 2

—la, In 0, |nE+g“|n$ (2.105)

and position 3

Vi g 0, |n—+Q lr1—+Ql |I'|L (2.106)

e Dm

The average potential of conductor a in all three
positions is

(2.107)



Substituting the Egs. (2.104) to (2.106) in Eq. (2.107)
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EXAMPLE 2.29

The capacitance per phase, C =

(2.108)

(2.109)

(2.110)

(2.112)

Calculate the capacitance per phase of a three-phase, double-

circuit line as shown in Fig. 2.45. The diameter of each
conductor is 1.5 cm. (This question is also solved using

MATLAB programs in the appendix.)



Fig. 2.45 Vertical configuration of three-phase, double-circuit line

Solution:
Horizontal distance, [ = 6 m
Vertical distance, D = 2.5 m = 250 cm
Diameter of conductor, d = 1.5 cm

Radius of conductor, r = 0.75 cm

And, m=+6"4+2.5 =442.25 =6.5=650 cm

n=+6>+5* =61 =7.81 m =781 cm

Capacitance of conductor a, C, =

i F/m/phase ( " Conductors per phase are connected in

In 3152 i 7 parallel)
rin

Capacitance per phase, C =

L= UF/km/phase =0.0188 pF/km

oy 13 250650
o 0,751 781




EXAMPLE 2.30

Calculate the capacitance per phase of a three-phase double-
circuit line as shown in Fig. 2.46. The diameter of the
conductor is 2 cm. Assume that the line is completely
transposed. (This question is also solved using MATLAB
programs in the appendix.)

|=: il Bm — b‘
G oF
c L2 a

Fig. 2.46 Three-phase double circuit line

Solution:

Diameter of conductor, d = 2 cm

Radius of conductor, r = 1 cm

Distance froma to b, D, =+35°+1° =3.64 m
atob,D,;, =35> +7* =7.826m
atoa', D, =\7* +62 =922 m

Capacitance per conductor, C :; UFkm

[8In—=
D

5

where, Dy is the self GMD = ﬂlﬂﬂﬂqzﬂ«j of one phase and suffixes 1, 2

and 3 denote the self GMD in positions 1, 2 and 3, respectively. Also Dy
is the same for all the phases.



D, =4{(D_D_D, D,) =1x10%x9.22x1x10?x9.22
=03036 m

D, =3(D_D_D_D,.) ={1x102x8x1x10? x8
=02828m

D,= D,=03036m

D, is the self GMD = 3/D,D,,D,,
=30(0.3036)? x0.2828 =0.2965 m

Mutual GMD, D, = 3/D_,D_.D. .

where, Dy, Do and Dy, are the mutual GMDs in positions 1, 2 and 3,
respectively.

D,, =3(DyD, DD, )(D,D,. D,y D, )

[

= §364xTx7826x6x7.826x6x%3.64x7 =588 m =D_,
D,y =3(DyD. DD, ) Dop D DoyDse)

a'c™~ath

=43.64x3.64x7.826x7.826x7.826x 7.826%3.64 x3.64 =5337 m

D, =3D,.D,,D,, =¥5.881x5881x5337 =5.694 m

m

Capacitance per conductor, C = MF/km
[ 8ln —=
0

5

l
=————==0.0188 uF'km

L
18I0 5.694
0.2965

2.19 EFFECT OF EARTH ON TRANSMISSION LINE CAPACITANCE

Earth affects the capacitance of an overhead line, as its
presence alters the electrical field of the line. The earth
level is an equipotential surface, therefore the flux lines
are forced to cut the surface of the earth orthogonally.
The effect of the presence of earth can be accounted for
by the method of image charges.

Consider a circuit, consisting of a single overhead
conductor with a charge +g C/m of height h m above
ground and imagine a fictitious conductor of charge —q
C/m placed with a depth h m below the ground surface



as shown in Fig. 2.47. This configuration, without the
presence of the earth surface, will produce the same field
distribution, which is produced by single charge, and the
earth surface. Thus, for the purpose of calculation of
capacitance, the earth may be replaced by an image
charged conductor below the surface of the earth by a
distance same as the height of the actual conductor
above the earth. Such a conductor has a charge, equal in
magnitude but opposite in sign to that of the original
conductor and is known as image conductor.

O F

Fig. 2.47 One conductor line and its image

So far, the presence of earth was ignored while
calculating the capacitance of transmission line. The
effect of earth on capacitance can be conveniently taken
into account by the method of images.

2.19.1 CapraciTANCE OF A SINGLE CONDUCTOR

It is required to determine the capacitance of conductor
to ground. The earth is replaced by a fictitious conductor
as shown in Fig. 2.47. This means the single conductor
with the earth is equivalent to a single-phase
transmission line. The capacitance of a single-phase
transmission line from Eq. (2.83) is given by



0 |

Fig. 2.48 Single-phase transmission line conductors and its images

The capacitance of the conductor with reference to
ground is

2ng,

(= Fim (2.113)

Ry
ln“—!i
"

2.19.2 CaAPACITANCE OF A SINGLE-PHASE TRANSMISSION LINE

Consider a single-phase transmission line as shown in
Fig. 2.48. The earth surface is an equipotential surface.
In order to include the effect of this surface on the
capacitance of line ab, we imagine that there are two
mirror image conductors below the earth surface with
opposite charges.

Assume a point P very far from the system of
conductors, such that the distances of the conductors
from P are almost the same. It is to be noted here that
point P corresponds to almost zero potential.



The expression for the voltage drop V,j, is calculated by
the two charged conductors a and b and their images a’
and b’ can be written as

V =¥V = 1 lnl+ lnL+ lnL+ ln;
= T [T Ty T T JD? +4h?

1

1 1 1 1
In——g,In——g,In—+g, In ———

"y =4y, gy =g, and g, =g, '

oo {fj In B 2h
o | VD e

C = Fim (2.114)

And the capacitance of single-phase system (between
the conductors) is

Cy= HF/km (2.115)

6| 2
N4 4D

Comparing Egs. (2.115) and (2.83), it is observed that
due to earth effect, the capacitance of a single-phase



transmission line is increased. However, when the
distance between each conductor and the earth-level is
large (when compared to distance between the
conductors), the effect of earth on the capacitance is
negligible.

EXAMPLE 2.31

Calculate the capacitance of a conductor to neutral in a
single-phase transmission line having two parallel
conductors spaced 3 m apart, by considering the earth effect
on capacitance, when conductors are placed 5 m above the
ground level as shown in the Fig. 2.49. The diameter of each
conductor is 1.2 cm.

l 3m »|
O ®
5m

flm
Fig. 2.49 Single-phase transmission line with two parallel conductors

Solution:

Spacing between the conductor, D = 3 m
Height of conductor above the ground, h = 5 m
Diameter of a conductor, d = 1.2 ¢cm

Radius of conductor, r = 0.6 cm



.. Capacitance of conductor a, C, = - F/m

o[22

10~

3
rJan? + D

—a
= 10 F/m

3 2x5
&1ln .
0.006 /4%5 +3°

= 9.0 pF/'m

(:; = 4.5 nF/km

And the capacitance between the conductors 15, C, =

EXAMPLE 2.32

The conductors in a single-phase transmission line are 6 m
above the ground as shown in the Fig. 2.50. Taking the effect
of the earth into account, calculate the
capacitance/kilometer. Each conductor is 2.0 cm in diameter
and the conductors are spaced 3.5 m apart.

le—3.5m —->
T O &
O —HOH—

Fig. 2.50 Single-phase transmission line with two parallel conductors

Solution:

Diameter of a conductor, d = 2 cm
Radius of conductor, r =1 cm

Spacing between the conductors, D = 3.5 m



) ) , e )
Capacitance of conductor a, C, = L F/'m

D 2k
In| = ——
r N4 +p?

107°
= Fim

35 2%6
181n| 22 I
0.01 Ja4x6*+3.5

=9.55 pF/'m

And the capacitance of the single-phase system (between the
conductors) is

C,= G =4. 775 pF/m

ah 2

2.19.3 CapraciTANCE OF THREE-PHASE LINE

The method of images can also be applied for the
determination of capacitance of a three-phase line as
shown in Fig. 2.51. The line is fully transposed. The
conductors a, b, and c carry the charges q,, g, and g. and
occupy positions 1, 2 and 3, respectively in the first
position of the transposed cycle. The earth effect is
simulated by image conductors with charges g,, g, and

dc-

Assume a point P very far from the system of
conductors such that the respective distances of the
conductors from P are almost the same. It is to be noted
here that point P corresponds to almost zero potential.

The expression for the voltage drop V,, in three
positions of the transposed line can be written by
considering three charged conductors and their images.



Fig. 2.51 Three-phase line conductors and its images

For position (1)

L;'II — 1 q. lnl_lni +gh lni_lni +'E_!r.h IHL—]I[L
2ns L d H, Dy, H, D, H,y
i | H H H
=— = eg b =2 g Tn =2
27e _g"[ r ] g“[ D,z] g‘[ I, ]]

For position (2)

1 1 1 1 1 1 1
Vi = [ga In——In— +gh[1n——1n— + g, [ln——ln— ]
27 r o H, Dy H, D, H,
! q, 1r1i + g, 1r1i +q. 1r1i
2me r D, Dy,

For position (3)




Va = : q, 1r1l—1r1L + g, 1r1L—1r1L +q, 1r1i—]nL
2ne | r H, Dy, H, D, H,
. q, 1r1i + g, 1r1i +q. 1r1i
Ire | o D, D,

The average value of potential at a with respect to the
point P is

12772331 127237731

L [ (. mEH H,H.H
= s In I3 > ]+{'ci'rh +(j|f¢}[1l'1 S ]:l
.

i HIH H.H.H H,H.H
[;a — 1 q, In I__i - +4q, b e 2 +q. g imadios
6me . D.D..D “\ “D.D.D

DIZDZJDJI

l H2H H.H.H
= s In : 3 - ]_'ci'ra [ln#]:i gy T4, :_'Ej'ra}

6ne r Dy, DD,

\ :
— | q In DIZDEJDJI HIEHS
bre| ¥ H,H,H,

LA

13
_ 1 g In JUDIEDEJDM[ HIZHS ]J

2re r H2H3H4

Capacitance of conductor a is

e

El [,"
a In ' J\IIDIZDQJDJI

r

5 13
Hl HS
mmm]

O =——"- [
5 D, (2.116)
In TH"q



where, ch :"J'IIDIZDHDJI

H2H, )
H, =|-=—"-
H,H,H,

Comparing Egs. (2.116) and (2.98), it is observed that
due to earth effect, the capacitance of a three-phase
transmission line is increased. But when the distance
between conductors and the earth-level is large as
compared to the distance between the conductors, the
effect of earth on the capacitance of a three-phase line is
negligible.

Test Yourself

1. Do you require to consider the earth effect while calculating
capacitance? If yes, justify.

EXAMPLE 2.33

Calculate the capacitance per phase of a three-phase, three-
wire system by considering earth effect, when the conductors
are arranged in a horizontal plane with spacing D,, = D3 =
3.5 m, and D3, = 7 m as shown in the Fig. 2.52. The
conductors are transposed and each has a diameter of 2.0
cm. Assume that the transmission line is 4 m above the
ground level. (This question is also solved using MATLAB
programs in the appendix.)

B—35 m——35m—H

10 @ ©



Fig. 2.52 Horizontal configuration of three-phase transmission line
Solution:

Diameter of conductor, d = 2.0 cm

Radius of conductor, r = 1.0 cm

2mz 107
Capacitance per phase, C = i
Gl

‘D-'q
In }—‘-Heq 1 8ln T-Hﬂ'

where,

'Deq =3 D050,
H,

L —
(#1382,)

L]

D, = {I'I DDy D

=3Tx3.5%x35=44Im=41cm

H, is the distance between conductor a and its image a’ = 8 m

H, is the distance between conductor a and its image b’ =
V843,57 =872 m

H, is the distance between conductor a and its image ¢’ =

N8 +71 =1063m

H ]
H = ] = s = [}_HSH m

T (H2H,)"  (8.7322x1063)

10~

Capacitance per phase, U = F/m =936 pF/m

lﬂln[ﬂx{l.ﬂﬁﬂ]
0.01
CHAPTER AT A GLANCE

1. Transmission line constants or parameters are resistance,
inductance, capacitance and shunt conductance.



2. Shunt conductance is caused due to leakage in current
(through insulators, etc.) which is very minimal and hence,
neglected.

3. Cadmium, copper, phosphor, bronze, copper weld and
galvanized steel are used as transmission line conductors.

4. Resistance: DC resistance of a conductor is given by, Rpc =

£ —. The AC resistance is more than DC resistance due to

skin and proximity effects
.. Rac=1.1Rpcori1.2Rpc
Normally, RAC =1.5 RDC

5. A bundled conductor is a conductor, which is formed by two
or more than two sub-conductors in each phase. The use of
bundled conductors increases the GMR. Therefore, the
inductance of the bundled conductor line is less than the
inductance of the line with one conductor per phase.

6. Inductance is defined as the flux linkages per unit current.
7. Inductance calculations:

1. Inductance due to internal flux linkage, L;y; = 0.5 x
10 /H/m

. D
2. External inductance, Legt =2 x 10 In — H/m
5

3. Inductance of single-phase two-wire line (loop
inductance):

L=L +1L_ —4x107 ln% H/m

int
T

s

Inductance per conductor = 2x107 1r1[E ] H/m
=

where, r’=re™* =0.7788" GMR of the conductor.

4. Inductance of a single-phase system with composite
conductors

D
L=4x107 In—= H/m.
D

-



5. Inductance of three-phase lines with equivalent
spacing between the conductors.

Inductance per phase, L =2 x 10/ In E’ H/m
r

6. Inductance of three-phase lines with unequivalent
spacing between the conductors (transposed),

D
Inductance per phase, L =2 x 10/ In ﬁ H/m

-

where, Deq = .|3||',EJ'EJEJ':,J.‘EJEl

7. Inductance of three-phase double circuit line with
symmetrical spacing (hexagonal), Inductance per

phase, [, =10~ ln[T—

8. Inductance of a three-phase double circuit line with
unsymmetrical spacing (transposed), inductance per
phase is

8. Transposition: Transposition of overhead line conductors
refers to the exchanging of the positions of power conductors
at regular intervals. By doing this, the average distance
between conductors is made equal, which in turn will help
the system to have equal inductances per phase. This method
also reduces radio interference.

9. Capacitance: It is defined as charge per unit of potential
difference.

10. Capacitance calculations:

1. Capacitance of a single-phase (or two-wire) line



z 107° .
e m:D = W
In= 36ln—
r r

and charging current is
I, = joCV, A

2. Capacitance of three-phase transmission lines with
equivalent spacing between the conductors,
capacitance per conductor is

27 107~* .
3 i _ F/m

(B

and charging current per phase is
[, =joCV, A

3. Capacitance of a unsymmetrical three-phase system
(transposed)

The capacitance per phase of three-phase
unsymmetrical spaced (transposed) single circuit
system is Capacitance per phase =

13
i= |:{D12D:JJD31) :|

For the symmetrical spacing of the conductors,
i.e., D12 = D23 = D31 = D

e 2ns
..Capacitance per phase, ~ — n D
r

4. Capacitance of a three-phase double circuit line with

symmetrical spacing (hexagonal), Capacitance per

2ne
= F/m

sase, (B (D)
2 r




5. Capacitance of a three-phase double circuit line with
flat vertical spacing (unsymmetrical spacing),

The capacitance per phase,

dme

" F/m
In {2 Dfm P
F "

6. Effect of earth on transmission line capacitance: The
line capacitance increases marginally due to the effect
of earth on capacitance

1. Capacitance of single conductor:

G =

The capacitance of the conductor with reference
to ground is

_ 2ms,

= 2
In—
7

F/m

2. Capacitance of single-phase transmission line:

Capacitance of single-phase system (between the
conductors) is

T i F/m

D 2k
n| — ——
r J4n +D*

3. Capacitance of three-phase line (transposed),
capacitance of each conductor is

2ne
C=—— Fm

D,
In > i
Where, D, =3/D,,D,,D;,

1

. :[ﬂ]’
4 | H.H.H
Tt 4
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10.

12.

13.
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SHORT ANSWER QUESTIONS

Define resistance.

Define inductance.

Define capacitance.

Define skin effect.

Write the expression of capacitance to neutral.
What are the factors affecting the skin effect?
What is meant by proximity effect?

What are the causes of proximity effect?

What is meant by loop inductance?

What are the properties of conducting material?

. What are the advantages due to increase in voltage transmission?

What are the advantages of bundled conductor?

What is the use of double circuit transmission lines?

MULTIPLE CHOICE QUESTIONS

If the conductor diameter decreases, inductance of the line
1. increases
2. decreases
3. remains same
4. none of these

. A conductor carries more current on the surface as compared to

its core, this phenomenon is known as
1. permeability
2. corona
3. skin effect
4. unsymmetrical faults

. The inductance of a power transmission line increases with

1. decrease in line length

2. increase in diameter of conductor

3. increased spacing between conductor

4. increase in load current carried by the conductors
The inductance of the line is minimum when

1. GMD is high

2. GMR is high

3. GMD and GMR are high

4. GMD is low and GMR is high
The self inductance of a long cylindrical conductor due to its
internal flux linkages is 1 mH/km. If the diameter of the
conductor is doubled, then the self-inductance of the conductor
due to its internal flux linkages would be

1. 0.5 mH/km



2. 1 mH/km
3. 1.414 mH/km
4. 4 mH/km
6. In DC transmission, full cross-section of the conductor is utilized
because of no
1. inductance
2. capacitance
3. phase displacement
4. skin effect
7. Skin effect depends on
1. supply frequency
2. size of conductor
3. nature of material
4. all of these
8. A three-phase overhead transmission line has its conductors
arranged at the corners of an equilateral triangle of 2 m side.
Calculate the capacitance of each line conductor per kilometer.
Given that diameter of each conductor is 1 cm

Z’Tﬂﬁ

1. 200
In—
0.5

2ne,

2
In—
0.5

F/m

2re i
200
In—

e
% F/m

T

9. The DC resistance of conductor is less than AC resistance due to
1. skin effect
2. proximity effect
3. both are correct
4. none of these
10. For increasing the capacity of a transmission line to transmit
power, which of the following must be decreased
1. voltage
2. line inductance
3. capacitance
4. all of these
11. The following effects are associated with transmission lines i)
skin effect ii) corona effect iii) proximity effect The effect
resistance of a conductor is increased by



12.

13.

14.

15.

16.

17.

18.

19.

20.

iand ii only
ii and iii only
i and iii only

4. i,1i and iii
Inductance is equal to

1. Flux/current

2. Flux linkages/current

3. EMF/flux

4. EMF/current
In which of the following supply system, is skin effect ignored

1. AC

2. DC

3. both

4. none
Use of bundle conductor increases

1. GMR

2. GMD

3. potential gradient

4. radius of the conductor
Which of the following is not a standard transmission voltage

1. 400 kV

2. 11kV

3. 190 kV

4. 750 kV
The overall diameter (D)of stranded conductor is given by

1. D=2(n-1)d

2. D=(2n-1)/d

3. D=(2n-1d

4. D=(n-1d

Where, d = diameter of each strand, n = number of layers

w N

Shunt conductance in transmission lines is caused by the
1. leakage current
2. shunt capacitance
3. shunt inductance
4. series resistance loss
Stranded conductors are easier to
1. handle
2. transport
3. handle and transport
4. none of these
ACSR conductor consists of a central core of
1. copper
2. steel
3. stainless steel
4. cadmium
The inductance of a single-phase two-wire power transmission
line per kilometre gets doubled when the
1. distance between the wires is doubled
2. distance between the wires is increased four-fold
3. distance between the wires increases as square of the



21.

22,

23.

24.

25.

26.

27.

28.

20.

original distance

4. radius of the wire is doubled
Capacitance of a transmission line with
increase in its length.

1. increases

2. decreases

3. remains same

4. none of these
The capacitance between the conductor and neutral of the single-
phase line is

1. equal to the capacitance between the lines

2. half the capacitance between lines

3. double the capacitance between lines

4. none of these
ACSR conductors have

1. all conductors made of aluminium

2. outer conductors made of aluminium

3. inner conductors made of aluminium

4. no conductors made of aluminium
The number of conductors is increased in a bundle, when the self
GMD

1. decreases

2. increases

3. remains same

4. none of these
Both skin and proximity effects depends upon

1. conductor size

2. frequency

3. distance between conductors and permeability

4. all of these
The self GMD of the conductor with three strands, each of radius
r and touching each other is

1 #(0.7788 X2%2)7

2. r(0.7788 x 2 x 2 x 2)
3. 7(0.7788 x 2 x 2 x 2)3
4. 7(0.7788 x 2 x 2)°
The following are regarded as line parameters
1. shunt reactance and conductance
2. series reactance and resistance
3. aorb
4. aand b
The skin effect does not depend on
1. nature of material
2. size of wire
3. supply frequency
4. ambient temperature
For the overhead transmission lines, the self GMD method is
used to evaluate.
1. capacitive



30.

31

32.

33-

34.

35-

36.

37-

38.

2. inductive
3. bothaandb
4. none of these
If the supply frequency increases, the skin effect is
1. decreased
2. increased
3. remains same
4. none of these
The power loss in an overhead transmission line mainly depends
on
1. inductance of each conductor
2. capacitance of each conductor
3. resistance of each conductor
4. none of these
In which of the following conductors is spirality effect ignored
1. magnetic
2. non-magnetic
3. both
4. none of these
The inductance of a bundle conductor line is than that
of the line with one conductor per phase
1. less
2. greater
3. same
4. none of these

Highest transmission voltage in India is
1. 500 kV
2. 450 kV
3. 750 kV
4. 400 kV
If the height of transmission tower is increased
1. the line capacitance will increase but line inductance will
decrease
2. the line capacitance and inductance will not change
3. the line capacitance will decrease and line inductance will
increase
4. the line capacitance will decrease but line inductance will
remain unchanged.
Bundle conductors in a transmission line
1. increase radio interference
2. decrease radio interference
3. no effect
4. increase the resistance
Distribution of AC current over the cross-section of a conductor is
distorted due to
1. skin effect
2. proximity effect
3. spirality effect
4. skin, proximity and spirality effect
The capacitance of an overhead line increases with (i) increase in



39-

40.

41.

42.

43.

44.

45.

mutual GMD (ii) increase in height of conductors above ground
1. both are true
2. both are false
3. only (i) is correct
4. none of these
Bundled conductors are used in EHV lines primarily for
1. reducing cost of the line
2. reducing corona loss and radio interference
3. increasing stability limit
4. none of these
Expanded ACSR conductors are used
1. to increase the tensile strength of the line
2. to reduce corona loss
3. to reduce 1° R loss
4. to reduce the voltage drop

A conductor with 19 strands, each of same diameter and each
having an inductance of L H is used for a transmission line. The
total inductance of the conductor will be
1. L/19
2. L/361
3. 19L
4. 38L
The line-to-neutral capacitance of single-phase line with
conductors of radius 1 cm and spaced 1 m apart is equal to
1. 10 ?/72 F/m
2. 10 °/36aF/m
3. 27°10 'F/m
4. 710 F/m
In a double-circuit line with hexagonal spacing,
1. The phases are balanced, but the conductors of each
individual phase are not balanced
2. The conductors of each individual phase are balanced, but
the phases are not balanced
3. The phases, and the conductors of each individual phase
are both balanced
4. None of these
Bundle conductors are preferred in EHV transmission lines
because
1. Itis easy to fabricate thin conductors and combine them to
make a bundle
2. Inductance of the line is reduced, and the corona loss, and
radio and TV interference is minimized
3. Tower height is reduced and hence transmission cost is low
4. None of these
Inductive interference between power and communication lines
can be minimized by
1. Increasing the spacing of power line conductors
2. Transposing power line conductors
3. Transposing communication line conductors
4. Eitherborc



46.

47.

48.

49.

50.

Which one of the following statements is true?
1. Resistance of a conductor decreases and the internal
inductance increases as the frequency is increased
2. Resistance and internal inductance of a conductor both
increase with increase in frequency
3. Resistance of a conductor increases and the internal
inductance decreases as the frequency is increased
4. None of these
Which one of the following statements is not true?
1. The GMD method of finding inductance does not apply to
ACSR conductors
2. Current density in ACSR conductors is uniform
3. The GMD between two circular areas, each of different
diameters, is equal to the distance between their centres
4. None of these
As the temperature increases, the temperature of coefficient of
resistance
1. increases
2. decreases
3. does not change
4. doubles
Crowding of current towards the surface of conductor is known as
1. skin effect
2. proximity effect
3. spirality effect
4. Ferranti effect

AC resistance of a conductor is more than DC resistance due to
1. proximity effect
2. skin effect
3. corona effect
4. sagging effect

Answers:

1.a 2.c 3.c 4.d 5.b

6.d 7.d 8.a 9.c 10.b
11.c 12.b 13.b 14. a 15.¢C
16. ¢ 17.a 18. ¢ 19.b 20.¢
21.a 22. ¢ 23.b 24.b 25.d
26.¢c 27.d 28.d 20.b 30.b
31c 32.b 33.a 34.d 35.d
36.b 37.d 38.b 39.b 40.b
41. a 42.a 43.c 44.b 45.d
46.c 47.b 48.b 49. a 50.b

REVIEW QUESTIONS

1. What are skin and proximity effects?



10.

11.

12.

13.

14.

15.

. Clearly explain what you understand by GMR and GMD of a

transmission line.

. What are ACSR conductors? Explain the advantages of ACSR

conductors, when used for overhead lines.

What are bundled conductors? Discuss the advantages of bundled
conductors, when used for overhead lines.

Distinguish between AC and DC resistance of a conductor. Do the
two differ? Explain.

Prove that the inductance of a group of parallel wires carrying
current can be represented in terms of their geometric distance.
A conductor is composed of seven identical copper strands each
having a radius r. Find the GMR of the conductor.

Derive an expression for the flux linkages of one conductor in a
group of n conductors carrying currents whose sum is zero.
Hence, derive an expression for inductance of composite
conductors of a single-phase line consisting of m strands in one
conductor and n strands in the other conductor.

. What do you understand by transposition of lines? What are its

effects on the performance of the line?
Derive the expression for inductance of a three-phase
unsymmetrically spaced transmission line.
Develop an expression for the inductance of a single-phase
transmission line taking into account the internal flux linkages.
Derive the expression for inductance per kilometer of a three-
phase line with diagonal spacing between the conductors.
Derive an expression for the capacitance of a single-phase
overhead transmission line.
Derive an expression for the capacitance of a three-phase
transmission line with unequal spacing assuming uniform
transposition.
What do you understand by electric potential? Derive an
expression for electrical potential and deduce the formula for
capacitance for the following cases:

1. Single-phase two conductor line

2. Three-phase unsymmetrical spacing but transposed.

PROBLEMS

Calculate the inductance of a conductor (line-to-neutral) of a
three-phase system, which has a 1.8 cm diameter and conductors
placed at the corner of an equilateral triangle of sides 3.5 m.

. Calculate the inductance (line-to-neutral) of a three-phase three-

wire system when the conductors each of diameter 1.5 cm are
placed at the corners of a triangle with sides 4 m, 3.8 m and 5.3 m
as shown in Fig. 2.53. Assume that the conductors are transposed
at regular intervals and that the load is balanced.



#

Fig. 2.53 Conductors’ location in triangle

3. Calculate the inductance and reactance of each line of a three-
phase 50 Hz overhead high-tension line which has conductors of
diameter 2 cm. The distance between three-phase shown as in
Fig. 2.54 are: between A and Bis 3 m, B and Cis 4.6 m and C and
A is 2.1 m. Assume the lines are transposed regularly.

/ - \
21m 46 m

Fig. 2.54 Conductors’ location in triangle

4. A 300 kV, three-phase bundle conductor line with two sub-
conductors per phase has a horizontal configuration as shown in
Fig. 2.55. Find the inductance per phase, if the radius of each sub
conductor is 1.5 cm.
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Fig. 2.55 Conductors’ location in horizontal configuration

5. Calculate the inductance per phase of a three-phase transmission
line with horizontal spacing as shown in Fig. 2.56. The radius of
the conductor is 0.9 cm. The line is untransposed.

Fig. 2.56 Conductors’ location in triangle

6. Calculate the inductance per phase of a three-phase double circuit
line if the conductors are spaced at the vertices of a hexagon with
sides 1.8 m each. The diameter of each conductor is 1.5 cm.

7. Calculate the inductance per phase of a three-phase, double
circuit line as shown in Fig. 2.57. The diameter of each conductor
is 2.1 cm.
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Fig. 2.57 Three-phase, double circuit line

8. Calculate the capacitance of a conductor per phase of a three-
phase 450 km long line with the conductors spaced at the corners
of an equilateral triangle of side 3.5 m and the diameter of each
conductor is 2.8 cm.

9. Calculate the capacitance per phase of a three-phase three-wire
transposed system when the conductors are arranged at the
corners of a triangle with sides of 1.6 m, 1.8 m, and 2.3 m. The
diameter of each conductor is 1.8 cm.

10. Calculate the capacitance (phase-to-neutral) of a three-phase 150
km double circuit line as shown in Fig. 2.58 has a conductor of
diameter 1.8 cm and the conductors are arranged at the corners
of an hexagon with side 2.8 m.




Fig. 2.58 Conductor’ location in hexagonal spacing

11. Calculate the capacitance per phase of a three-phase, double
circuit line as shown in Fig. 2.59. The diameter of each conductor
is 1.8 cm.

'-175”“—}:

FO ()

3.8m
) ©
3.8m

5 =

Fig. 2.59 Vertical configuration of three-phase, double circuit line

12. Calculate the capacitance per phase of a three-phase double
circuit line as shown in Fig. 2.60. The diameter of the conductor
is 1.8 cm. Assume the line is completely transposed.
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Fig. 2.60 Three-phase, double circuit line

13. Calculate the capacitance per phase of a three-phase, three-wire
system by considering earth effect, when the conductors are
arranged in a horizontal plane with spacing D;, = D5 = 5 m, and
D, = 10m.The conductors are transposed and each has a
diameter of 1.9 cm. Assume that the transmission line is 6.5 m
above the ground level.
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Performance of Short and Medium
Transmission Lines

CHAPTER OBJECTIVES

After reading this chapter, you should be able to:

e Develop mathematical models for short and medium
transmission lines

e Analyse performance of short and medium lines

e (Calculate A, B, C, D parameters from mathematical models

3.1 INTRODUCTION

Generally, power is generated at generating stations and
is then supplied to the various categories of consumers
through transmission lines. They act, therefore, as
pathways for the flow of power from its source to the
consumption points in a power system. A transmission
line therefore, has both sending and receiving ends and
its own parameters namely, series resistance and
inductance, and shunt capacitance and conductance. The
performance and design of a transmission line is purely
dependent upon its parameters that are uniformly
distributed, along its length. Performance of a
transmission line then, refers to the calculation of
efficiency, regulation, and power flows of transmission
lines as affected by these.

Usually, the values of voltage, current, and power
factor are known at the sending end. These values are
prerequisites of system planning. With power systems
expanding rapidly, it has become difficult to manually
compute these values at the receiving end. At present,
digital computers are being used extensively for these



calculations. However, it is necessary to know the
formulae and methods for such calculation.

Efficiency of a transmission line is defined as the ratio
of receiving-end power to the sending-end power.

Receiving-end powe
eceiving-end power

% Efficiency =
& Sending-end power

B Power delivered at the receiving end 100
(Power delivered at the receiving end + losses )

Mathematically, efficiency of the transmission line can
be represented by

VI cos ;
g=—rr cosf, x100  (Perphase basis)

V.1 cosg, +I*R

or
— [z:l' JF:I’ cos ':ﬁf

= x100
VI cosg,

n

where,
V., I, are the voltage and current at the receiving end
cos@, is the power factor at the receiving end
Vs, I are the voltage and current at the sending end
cos@s is the power factor at the sending end

When a transmission line carries current, there is a
voltage drop in the line due to the resistance and the
inductance of the line. This results in reduced receiving-
end voltage as compared to the sending-end voltage.



Regulation is defined as the change in voltage at the
receiving-end when full load is thrown off; with constant
sending-end voltage, expressed as a percentage of
receiving-end voltage at full load.

V.. —F
% Regulation = %x 100
"R

where,
Vi1, = receiving-end voltage at no load

VL = receiving-end voltage at full load.

3.2 REPRESENTATION OF LINES

Figure 3.1(a) shows a three-phase star load connected to
the generator through a three-phase overhead
transmission system. The sum of all the currents in a
balanced polyphase network is zero. Therefore, the
current passing through the wire connected between the
star points of load and neutral of the system is zero. This
means that the star point of load and neutral of the
system have the same potential.

@ Transmission line

Load

Fig. 3.1(a) Three-phase power system
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Fig. 3.1(b) Equivalent single-phase representation of Fig 3.1(a)

A three-phase can, therefore, be analyzed on single-
phase basis where in the neutral, the wire is of zero
impedance. The equivalent single-phase representation
of a three-phase system is shown in Fig. 3.1(b).

Test Yourself

1. Why are the three-phase lines represented in single-phase
base?

3.3 CLASSIFICATION OF TRANSMISSION LINES

Transmission lines are classified into three types based
on the length of the transmission line and the operating
voltage. They are:

1. Short transmission lines
2. Medium transmission lines
3. Long transmission lines

In case of short and medium transmission lines, the
total resistance, inductance and capacitance (line
parameters) are assumed to be lumped at one place but
actually, they are distributed along the line. For long
transmission lines, they are considered as uniformly
distributed parameters.

3.4 SHORT TRANSMISSION LINE



When the length of an overhead transmission line is less
than 80 km with an operating voltage upto 20 kV, it is
considered as short transmission line as shown in Fig.
3.2(b). Due to smaller length and low operating voltage,
the charging current is low. So, the effect of capacitance
on performance of short transmission lines is extremely
small and therefore, can be neglected, as in the case of
distribution lines (a distribution line is that which
connects distribution substations to the consumer
point).

So these lines have resistance (R) and inductive
reactance (X) as shown in Fig. 3.2(a).

From the equivalent circuit of Fig. 3.2(a),

V,=V,-IZ (sincel =1, =1) (3.1)

where, IZ = voltage drop along the line.

-
————— T ——————8

Fig. 3.2(a) Short transmission-line model



Fig. 3.2(b) View of a 11 kV distribution line

The phasor diagram of a short line for lagging power
factor is shown in Fig. 3.2(c). The horizontal line OA is
the per phase receiving-end voltage (V) (considered as a
reference phasor), OD is the load current (I) which is
lagging behind the V; by an angle ¢,. To the voltage V,,
the resistance drop and the inductance drop are added in
correct phase to get V; as shown in Fig. 3.2(c). The angle
¢, is the angle between the sending-end voltage V and
the sending-end current, I. The angle between V and V.
is known as load angle (or torque angle) and is denoted

by 6.
From Fig. 3.2(c),

O+ EC?

(V; cosd, + IRV + (V, sing, + [XY

V2+2IRV, cosg, + 2IXV, sing, + F(R*+ X%

VE+2IRV, cosd, + 2IXV, sing, + PZ* (32)

oc

2

Real power received, P, = V. I,. cos¢,



Real power received, Q, = V; I, sing,

Fig. 3.2(c) Phasor diagram

Substituting these values in Eq. (3.2), we get

P2ZQ
V=V +2APR+0X) +——
V. cos ¢,
Pzzz
or V) =V =2ABR+0.X)——+
) V2 cos’g,

Multiplying the Eq. (3.3) by V;*cos®¢, on both sides

and re-arranging, we get

(3.3)



Vi cos' g = ViV, cos” 6, =20 (RR+Q.X)oos" ¢, ~F'Z

PZZQ

vt =112 -2(PR+0Q.X)|-—

T T l & ( r Lr )] C-OSQ C()f

Pzzz
—=0 34

cos’ ¢, 4

V-V =2(PR+0X)+

From Eq. (3.4), we can determine any one quantity by
knowing the others.

Alternative Method

From Fig. 3.2(c), we can write

¥, = OC = \[(OE) +(EC)’

— (0D + DEY +(EB + BC)

= J(V.cos, +IRY +(Vsing, +1x)

= (Vi + 2V, IR cosd, +2V,IX sing, +1* (R* + X°)

f 2

2IR W 2 I
=V, ||1 +_I' COS gD, —I——[, sing, —I—[,—z(}?z & Xz)
5 I|||-|- 2(IR cosg, +IX sing, )
(A
112 'RQ i 2
because = is very small when compared with the other terms
r=ris 2{:‘R cos¢, +1X sing, + higher order terms) 35)
o,
2 k.
Note: (] +_r]"'2=1+i+i+i-|-.......
234

In practice, the value of higher order terms of Eq. (3.5)
are small and can be neglected, and therefore, we get the



approximate formula for V; as

Vez Vo + IR cosg, + X sing, (3.6)

From Fig. 3.2(c), the power factor at sending end is
given by

OE  Vcosg, +IR
oc V

&

cosgh, =

Regulation:

% Regulation = [_ £ x100

T

V. 0S¢ sing, —V,
_ j+!Rc0%¢:j[-|'-L¥ sing, £100

r

IR cosd, + IX sing, 5
— -

T

100 (3.7)

Efficiency:
In short transmission lines, power delivered, P, = V. I
coso,

Line losses per phase = I'R

Power supplied per phase, Ps = V,I cos¢; + I 'R

The efficiency of a short transmission line,

n.% = Power dclwclrcd %100
Power supplied




:ix] 00

-

(3.8)

Test Yourself

1. Why is line capacitance neglected in short transmission
lines?

Example 3.1

A short transmission line has an impedance of (0.2 + jo.45) Q
per phase [see Fig. 3.2(d)]. The sending-end voltage being 3.3
kV (L-L) and the load at the receiving end being 250 KW per
phase at a 0.8 p.f. lagging, calculate (i) the receiving-end
voltage (ii) the line current, and (iii) efficiency.

R=020 X=0450

. — A ST
L
V v |0 F=250 kW
3 3 ED‘ p.f. lag

| |

Fig. 3.2(d) Circuit model for Example 3.1

Solution:

Impedance of the line, Z = (0.2 + jo.45) Q/phase
Therefore, resistance per phase, R = 0.2 )

Reactance per phase, X = 0.45 Q

. 33
Sending-end voltage, I, = 3.3kV{L — L)=—=kV=1905.26 V/phase

V3

Load at receiving end per phase, P, = 250 kW

Power factor at receiving end, cos¢, = 0.8 lag

3
Reactive power at receiving end, 0, = %x 0.6=187.5 kVAr



.. P Pz
1. Voltage at the receiving end, ¥,* =V, *[F,* —2(PR + 0.X )] — ———
cos’ ¢

T

el

250%% 10%0.4927

rd _1r2
e

1905262 — 2(25[1 x10°% 0.2 +187.5x10° xn.ﬁ)]—

082
¥ —3361265.7 V7 +2.3639x10" =0
y2 33612657+ 1.120355 < 10"
e 2
33612657 £3347170.6
g

Fo=+3354218.2
F. =1831 .45 V/phase
=183145x3 =3172.17 V(L - L)

=33542182

=317kV(L-1L)
9 3
2. Load current, [ = o =170.63 A
1831 45=< 0.8
7 2 7
Transmission loss = M =17.47 kW

10°

3. Transmission efficiency,

: 2
- Output power I =250 %100 = 97.72%

Input power 3= 25041747

Example 3.2

A 220 kV, 50 Hz, three-phase transmission line is 50 km long.
The resistance per phase is 0.15 Q/km, the inductance per
phase is 1.33 mH/km and the shunt capacitance is negligible.
Use the short line model to determine (i) the voltage and
power at the sending end, (ii) voltage regulation and
efficiency when the line is supplying a three-phase load of
400 MVA, 220 kV at 0.8 p.f. lagging.
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Fig. 3.3 Circuit model for Example 3.2

Solution:

. . . 220 ; ,
Receiving end voltage, V, = J__Ex 10" =127017 V/phase

Impedance, £, =(0.15+ j314x1.33x 107%) x50

=754 j20.881=22.187£70.24° Q

Receiving end power factor, cos¢, = 0.8 lag

400=10°
I=—=1049.73 A

J3 %220
—1049.73/ — 36 .86°
—839.8— /629.84 A

Load current,

From the circuit diagram shown in Fig. 3.3,

1. Sending-end voltage is, Vg =V, + IZ

=127017 +1049.732 —36.86° x 22.187.£70.24°
=127017 42329036233 37°

=127017 + jO +19450.62 + j12810.71

= (146467.62 + j12810.71) V
=147026.825°V

Sending-end line voltage, J, = V3 x147026.8=254657.89 V
=25466kV(L-L)
Sending-end power, P = 3 V.Icos g,
= /3 x 254.66 x1049.73 x cos[5° —(—36.86)]
= 344.846 MW



P
- _ & r

2. Regulation =100

[
T

_ 254657.89— 220000
B 220000
= 15.75%

Line losses = 3I°R
=3 % (1049.73)2 X 7.5

=100

= 24,79 MW
Efficiency, %n=——20x08 159
400% 0.8 +24.79
=92.81%
Example 3.3

A three-phase short transmission line has resistance and
reactance per phase 4 Q and 6 Q, respectively. The sending-
end voltage and receiving-end voltage are 110 kV and 100 kV
respectively, for some receiving-end load at a 0.8 p.f. lag.
Calculate (i) output power (ii) sending-end power factor and
(iii) efficiency.

Solution:

Resistance of each conductor, R = 40
Reactance of each conductor, X}, = 6Q

Load power factor, cos¢, = 0.8 lag

1ox10°

Sending-end voltage per phase, V, = T = 635085V
. . 100=10°
Receiving-end voltage per phase, V, = % =57735V

Let I be the load current, the approximate expression for Vy is

V., = V. + IR cos¢y + LX; sing,

Substituting the values in the above equation



SO350B5=5T135+ 7T X4 X088 +1X6X006
or 6.81 = 5773.5
5773.5

6.8

or I = = 89.044 A

1. Output power = 3 F [ cosg,

=3 X 3TT735x 849044 0.8= 117.647T MW
2. In phase component of voltages, Vg cos¢s = V;. + IR cosd,

V.cosg + IR
V.

_ 57735x0.84-849.044 < 4
63508.5

Theretore, sending end power factor, cosg,=

=1.78 lag

Input power, P, = \,"E * VoI cosg,

V3 X 110X 849.044 % 0.78
[26.176 MW

3. Transmission efficiency,

= Output power . 140 = 117847 . 1 00 = 93249,
Input power 126.176
Example 3.4

The following data refers to a 50 Hz, three-phase
transmission line: length 10 ki; sending-end voltage = 11 kV;
load delivered at receiving end 100 kW at 0.8 p.f. lagging;
resistance of each conductor = 0.4 Q/km; reactance per
phase = 0.45 Q/km. Find (i) receiving-end voltage, (ii) line
current and (iii) efficiency of transmission.

Solution:

Resistance of each conductor, R = 0.4Q/km x 10 = 10Q
Reactance of each conductor, X1 = 0.45Q/km x 10 = 4.5Q

Load power factor, cos¢, = 0.8 (lag)

. - 11000
Sending end phase voltage, V, = ———=6350.85 V

V3



Let V; be the phase voltage at receiving end.

. Power delivered
Linecurrent,/ =

3=V % cosg,
_100x10°
C 3xV.x08
_ 41.667x10°
V.

r

1. The approximate expression for Vj is

V. =T + IRcosg, +IX sing,

41.667 x10° 41.667 x10°
6350.85 =V, +”I—,xx4x 0.8 +”I—,xx4_5 0.6

6350.85F, =F? 4+245835.3
V2 —6350.85V, +245835.3=0

On solving this equation, we get (consider only positive value of V}.)
V:;=6311.9V

Line voltageat receiving end = J3Ix63119V
=10932kV

2. Line current, / = 60710 =3811A

10.932 % 10°
Line losses = 3 I°R = 3 x 3.811° x 4 = 174.33W

3. Transmission efficiency, n= 10010 x 100 = 99 _R3%,.

100x10° +174.33

3.4.1 EFFecT oF Power FACTOR ON REGULATION AND
EFFICIENCY

A change in the power factor of the load affects the value
of the sending-end voltage. The phasor diagram for the
short line is drawn for the lagging power factor as shown
in Fig. 3.2(c).



Fig. 3.4(b) Phasor diagram for leading power factor

The phasor diagram for unity power factor is shown in
Fig. 3.4(a).

From Fig. 3.4(a), V; = [(V; + IR)* + (IX)*]"/?

The phasor diagram for leading power factor is shown
in Fig. 3.4(b).

(0D} = (OCP + (CDY?
= (04 + ACR+ (BC - BDY?

V, = (¥, cosg,+ IR)* +(V, sin ¢, —IX)’




The regulation will depend upon the power factor of
the load. If the power factor is lagging, the voltage at the
sending end is more than that at the receiving end.
Hence, voltage regulation is positive. On the other hand,
if the power factor is leading, the voltage at the sending
end will be somewhat less than that at the receiving end.
In that case, the regulation is negative.

The current is inversely proportional to the power
, P
factor of the load, since /. = B s When the current
3V, cosg

increases, the power loss in the line increases with fall in
the power factor of the load. Thus, efficiency of the line
decreases with the fall in power factor and vice versa.

Test Yourself

1. Does regulation vary with the power factor? If so, draw a
power factor vs. regulation curve.

2. Does the efficiency vary with power factor ? If yes, why?

Example 3.5

A single-phase, 11 kV line with a length of 15 km is to transmit
500 kVA. The inductive reactance of the line is 0.6 Q/km and
the resistance is 0.25 Q/km. Calculate the efficiency and
regulation for a power factor of (i) 0.75 lagging, (ii) 0.75
leading and (iii) unity.

Solution:

Receiving-end voltage, V. = 11000 V

Length of the line, L =15 km

Power to be transmitted, S, = 500 kVA = 500 x 10° VA
Resistance of the line = 0.25 Q/km

Inductive reactance of the line = 0.6 Q/km

Total resistance of the line, R = 0.25 x 15 = 3.75 Q

Total inductive reactance of the line, X = 0.6 x 15 = 9.0 Q



5 500x10°

r

Li =
1ne curren I’r 11000

4545A

1. When power factor at receiving end, cos¢, = 0.75 lag and sing, =
sin(cos™ ' 0.75) = 0.6614

Sending-end voltage, V,= \J‘I[I",cos ¢, +IR)* +(V,sing, + IX)’

= (110005 0.75 +45.45x 3.75) + (11000 x0.6614 + 45.45x 9)*
=11399.76 V

V-V
Percentage regulation = ——x 100

_ 11399.76 —11000
L1000
= 3.634%
Receiving-end power, P, = 500 x 0.75 = 375 kW
Losses in the line = PR=(45.45Y X 3.75 = T.75 kW
Sending-end power = 375+ 7.75 = 382.T5 kW.
Receiving-end power | 375

Efficiency of the line, 7= X1=
leiency of the e, 7 Sending-end power 382.75

100

x100=9798%

2. When power factor at receiving end, cos¢, = 0.75 lead and sing, = sin
(cos ™' 0.75) = 0.6614

Sending-end voltage, ¥, = \/(F, cosg, + IRY® +(V,sing, — X, )’

.Jrfl 1000 0.75 +45.45%3.75) 4+ (11000 0.6614 — 45.45x 9)*
=10865.1V

i
5 I

Percentage regulation = %100

.y
T

s 10865.1-1 lmmxl{lﬂ
L1000
=—123%
Receving-end power, P, = 500 X 0.75 =375 kW
Lossesin the line = I°R = (45452 X 375 = 1.5 kW
Sending-end power = 375+ 7.75 = 38275 kW
Receiving-end power 3 X100 =97.98%

gE o T %100 =
iciency of the line, ¥ Sending-end power 382.7

3. When the power factor at receiving end is unity i.e., cos¢, = unity and
sing, = 0



Sending-end voltage, ¥, =‘l{”’;CDR¢TJ IRV 4 UX,_]E

= Mn'llil 100014 45.45x3.75)* +(45.45x9)
=11177925V
: V—F
Percentage regulation = =——=x 100
_ 11177.925—11000
L1000
=1.61T%
Receiving-end power, P, = 500 kW
Losses in the line = [?R=(4545) x 375 = 7.7T5 kW
Sending-end power = 500+ 7.75 = 507.75 kW
500

507.75

= 100

Efficiency of the line, n= x100="98.4T%.

3.5 GENERALISED NETWORK CONSTANTS

We can represent a three-phase overhead line as a two-
port (four-terminal) network with one-port terminals as
input (where power enters) and other port terminals as
output (where power leaves). Further, the current
entering in one port (sending-end) equals the current
leaving the other port (receiving-end). Also such a circuit
is passive, linear and bilateral.

P B
v, A,B.C,D v
| I

Fig. 3.5 Two-port representation of transmission line

The three-phase transmission line can be represented
as a two-port network as shown in Fig. 3.5.

The steady-state voltages at the sending and receiving
ends are expressed in terms of voltage and current at the
receiving end.

They are expressed as



V,= AV, +BI, (3.9)
I.=CV,+ DI (3.10)

where, A, B, C and D are called the generalised
transmission network constants. They are also known as
transmission-line constants or auxiliary network
constants, etc. They are complex numbers. The constants
A and D is dimensionless; the constant B has the
dimension of impedance (ohms) and the constant C has
the dimension of admittance (mhos).

Equations (3.9) and (3.10) can be written in matrix
form as:

e oL

. [4 BT. :
The matrix L D} is called the transfer matrix or the

transmission-line matrix of the network.

The relation of a two-terminal pair network expressed
in terms of general network constants A, B, C and D are
useful in the analysis of power systems, viz., for the
combination of the network, for drawing circle diagrams,
etc.

The Egs. (3.9) and Egs. (3.10) can be re-written for
computing receiving-end voltage and receiving-end
current in terms of voltage and current at the sending
end.



From Egs. (3.9), _(—av)

Substituting the expression of I, in Eq. (3.10), we get

=, [(_‘ _ﬂ ]+£!’;
B B

: (AD-BC)
‘ B
-V, =DV, - Bl

D_
+—V,
B

(3.12)

The condition for any passive network is AD — BC = 1.

From Eq. (3.10), we have

DL=1I,-CV,

Substituting the value of V; from Eq. (3.12) in the
expression, we get

DI, =1,-C(DV,-BI,)

=1_—CDV, +BCI,

. 1.(1+BC)

orf =-CV +——
D

Substituting AD — BC for 1, we get

. 1(AD-BC+BC)
I, ==CV,+—

ol =—CV, +4I,

(3.13)



3.6 A, B, C, D CONSTANTS FOR SHORT TRANSMISSION LINES

A short transmission line can be considered as a circuit,
having a series impedance. Its capacitance is negligible.
Therefore, the shunt admittance, Y, is zero.

—

|
r€|
5

I, —
-

Fig. 3.6 Short transmission-line model
For the network shown in Fig. 3.6, we may write

V. = V.+ ZI. (3.14)
and [, = [, (3.15)

For generalized transmission circuit constants,
comparing Egs. (3.14) and (3.15) with the Egs. (3.9) and
(3.10), we get

C=0,D=1 (3.16)

) . 1 -2
The transfer matrix for the network is L} l }



We can verify the relation AD—BC = 1 x 1 for this
network

i.e, AB-BC=1x1—-Zx%x0=1.

3.7 MEDIUM TRANSMISSION LINE

When the length of an overhead transmission line is
between 100 km and 250 km with an operating voltage
ranging from 20 kV to 100 KV, it is considered as a
medium transmission line. In medium lines, the series
impedance and shunt admittance (pure capacitance)
lumped at a few pre-determined locations are considered
for calculation. These lines can be analyzed by using load
end capacitance, nominal-T and nominal-7t methods.

Subtransmission lines are examples of medium
transmission lines. The subtransmission line is
connected between transmission substation and
distribution substation as shown in Fig. 3.7.

Fig. 3.7 View of a 132 kV transmission line

3.7.1 Loap Enp CapaciTANCE METHOD



In this method, the entire line capacitance is assumed to
be concentrated at the receiving end as shown in Fig.

3.8(a).

Fig. 3.8(a) Circuit diagram

Fig. 3.8(b) Phasor diagram

Phasor Diagram The phasor diagram for the load end
capacitance circuit is shown in Fig. 3.8(b).

The horizontal line OA is the per phase receiving-end
voltage (V;) (considered as a reference phasor). OD is the
load current (I,) which is lagging behind the V. by an
angle ¢,. OE = DF is the current passing through the
shunt capacitance connected at load end (I.) which leads
the receiving-end voltage V, by 90°. OF is the sending-
end current (I) passing through the line and is equal to
the phasor sum of receiving-end current (I,) and
capacitive current (I.). AB is the resistive voltage drop



(IsR) which is in phase with I BC is the reactive voltage
drop I.X that leads the Iy by 90°. OC is the sending-end
voltage (V5) and is equal to the phasor sum of V,, I;R and
I.X (or phasor sum of V, and I,2).

The angle ¢, is the angle between the sending-end
voltage V; and sending-end current I and the angle
between Vi and V. is known as load angle (or torque
angle) and is denoted by &.

From the Fig. 3.8(a), the sending-end current is

I =1+ =1 +YV
LI =YV (3.17)

The sending-end voltage is

V.=V,+1Z

By substituting I from Eq. (3.17) in the equation, we
get

V

8
e

+(YV,+1)Z

i;'
(1+YZ)V, +1 Z (3.18)

Regulation To calculate regulation, it is required to
calculate the no-load receiving-end voltage at (/)
keeping the sending-end voltage (V;) as constant. From

Fig. 3.8(a), the voltage at the receiving end (¥7) at no load

1S



{5
Vi ol

T

R+jX -
il
Regulation, % = r; =100 (3.19)
Efficiency
e e e 3.20
The efficiency, 0 P 3R (3.20)
For generalized transmission circuit constants,
comparing Egs. (3.18) and (3.17) with Egs. (3.9) and
(3.10), we get
A=1,YZ,B=7
C=Y,D=1.
1+YZ Z
The transfer matrix for the network is [ y l] (3.21)

The disadvantages of this method are:

1. There is a considerable error in calculations because the distributed
capacitance has been assumed to be lumped.
2. This method overestimates the effect of line capacitance.

Example 3.6

A three-phase transmission line of 160 km long has the
following constants: Resistance per km (r/km) = 0.15 Q,
inductive reactance per kilometre (x/km) = 0.6 Q, charging

admittance per kilometre (y/km) = 8 x 10" % 15 and the

receiving-end voltage = 66 kV. Using load-end capacitance

method, calculate (i) sending-end current (ii) the sending-

end voltage and (iii) power factor at the sending end, when
the line is delivering 15 MW at 0.8 p.f. lag.

Solution:



6e000

Receiving-end voltage, I, = 66 kV(L-L) = = 38105 V/phase

NE)
Z = R+jx
e E oo
L R Jx ) I
I L
B 5| 15Mw,
r Y ‘J‘MT T a| 0.8 p.f. lagging

Fig. 3.9 Circuit diagram

Power factor of load, p.f. = 0.8 lag
Resistance per phase, R = 0.150 x 160 = 24 Q

Reactance per phase, X = 0.60 x 160 = 96 Q

Impedance, Z = 24 + j96 = 98.95.775.96°Q

Admittance per phase, Y = 8 x 10 °x160=12.8x10 7S

&
Receiving-end current, | — 15x10 = 164.02A

T Bx66x10°%0.8

1. Current at the sending end, I = V.Y + I

=38105x j12.8x107™ +164.022 - 36.87°
=j48.7744+131.22 — 98412 A
=131.22 - j49.64 A

=1403£-20.72" A

2. Voltage at the sending end, Vi = V. + [.Z

SV, =38105+14032—-20.72 2 98.95 £75.96
= 38105 + 13882.685 £ 5524
= 381054 7915.08 + f11405.28
= (46020.08 + ;11405 28) V/phase
=47412.32/13.92" V/phase



3. Sending-end power factor angle, ¢s = 13.92° + 20.72° = 34.64°

.. power factor = cosg, = 0.823 lag.

Example 3.7

A single-phase transmission line 100 km long has the
following constants: resistance per kilometre is 0.4 Q,
reactance per kilometre is 0.6 Q, admittance per kilometre is

14 uij, and receiving-end voltage is 33 kV. Assuming that the

total capacitance of line is localized at the receiving-end,
determine (i) sending-end current, (ii) sending-end voltage,
(iii) regulation, (iv) efficiency, and (v) supply power factor if
the line is delivering 5 MW at p.f. 0.8 lagging.

Solution:

Resistance of line per phase, R = 100 x 0.4 = 40 Q
Reactance of line per phase, X = 100 x 0.6 = 60 Q
Admittance per phase, Y = 100 x 14 x10 ° = 14x10 8

Recieving-end voltage, V; = 33 KV = 33000V

&
Load current, I = L0 A 189.4 Alag = 18942 — 36.87°A

33000 0.8

Line impedance, Z = (R + jX) = (40 +j60) Q = 72.11.-56.31°Q

Using load-end capacitance method and taking receiving-end voltage as
reference vector

Voltage of reference phasor, V. = (33000 +jo) V

Power factor, cos¢ = 0.8

sing=+/1—-0.8" =0.6

Charging current, I, = YV, = j14 x 10 % x 33000 =j46.2 A

1. From Fig. 3.10, sending-end current, I = I;. + I



=189.42-3687°+ j46.2
=151.52 — j113.64 + j46.2
=151.52 —j67.44 =165.852-24"A

Sending-end voltage, I’; = I’; +Zf5 = 33000 +- 165857 — 24*xT72.11756.31°
=33000411959.4432.31°
= 3300041010774 4 ;639232
=43107.74 4 j639232 =43579.1 1LB43° V

2. Sending-end voltage, Vs = 43579.11V

v | —_J]
T

Rise in voltage at no load, ¥,"=

. i
R+ X -——

4 m

_-JII
43579.11| ———
B 14x107* | - j31127935.71
i 40— j654.3
40+ j60 ——— !
14 %10

_ 3112793571 £-90°
655.52 £ —86.5

=47485.86 L -35°V

V' -V 4748586 —33000
3. Voltage regulation = II' Lx100= S5000 x100 =43.9%

5

VI cosg,
VI, cosg,

4. Line efficiency, 1 = x 100

33000 x189.4 =08

= x 100 =81.96%
43579.11x165.85 xcos(8.43 4 24)

5. Supply power factor, cosgs = cos (8.43 + 24) = 0.844 lag.



5 MW,

Y=joc ¥ 0.8 p.f. lagging

L

Fig. 3.10 Circuit diagram for Example 3.7

cwors

F P T
V. R | L [
L

3.7.2 NomINAL-T METHOD

In this method, the capacitance of each conductor is
assumed to be concentrated at the mid-point of the line
with half the series impedance on either side of it, as
shown in Fig. 3.11(a). The charging current, therefore,
flows through half the length of the line and the drop of
volts in the impedance of this half-length of line will be
approximately equal to the drop in the actual line. Here,
Y represents the shunt admittance.

Fig. 3.11(a) T-equivalent circuit of medium transmission line



Fig. 3.11(b) Phasor diagram

Phasor Diagram The phasor diagram of the nominal-T
circuit is shown in Fig. 3.11(b).

The horizontal line OA is the per phase receiving-end
voltage (V) (considered as a reference phasor). OF is the
load current (I,) passing through the right half of the
series impedance and lags behind the V;

2

by an angle ¢,. AB is the resistive voltage drop [I‘R ] in

the right half of the series impedance and is in phase

4
2

with I.. BCis the reactive voltage drop

] in the right

half of the series impedance and leads with I, by 90°. OC
is the voltage across the capacitor (V) and is equal to the

IR IX 1.7
= and S [orphamr sum of If;and‘T]_

phasor sum of V,,

OG is the charging current (I.) which passes through
shunt admittance and this current leads the capacitor
voltage V, by 90°.

OH is the sending-end current (I) passing through the
left half of the series impedance and is equal to the
phasor sum of the receiving-end current (/) and the
charging current (I.). CD is the resistive voltage drop



[ I;R ] in the left half of the series impedance which is in

I.X
2

phase with I. DE is the reactive voltage drop [ ] in the

left half of the series impedance and this voltage drop
leads the sending-end current (I) by 90°.

OE is the sending-end voltage (V) and is equal to the

LK 1.7
phasor sum of V,, I;R and =5~ [or phasor sum of V.and —— ]

The angle ¢ is the angle between the sending-end
voltage V; and the sending-end current I;, and the angle
between Vi and V. is known as load angle (or torque
angle) and is denoted by &.

From Fig. 3.11 (a)

V.=V +=I, (3.22)

The current through the shunt admittance is

4 (3.23)

Now the sending-end current is



L=l +I,

.
=1 +¥¥, +—1,

74
L=YV +{1+T ]f‘ (324)

and the sending-end voltage is

For general transmission circuit constants, comparing

the Egs. (3.24) and (3.25) with the Egs. (3.10) and (3.9),
respectively, we get

.‘|=|+E= D: B:}’f{1+£] C=Y
2 4
W A
2 4
The transfer matrix for the network is vz (3.26)

Y 1+—
7

Regulation Under no load condition, the equivalent
circuit of Fig. 3.11 (a) is shown in Fig. 3.11 (¢).

At no load, the voltage at the receiving end (7) of the

transmission line is same as the voltage (V,) across the
admittance, which is located at midpoint of the
transmission line.



.

o= Y =jwce

——————— !
L _|-q;|—|-|

Fig. 3.11(c)

From Fig. 3.11 (c), the voltage across the capacitor by
using voltage divider rule is

When the receiving end is on no load, the no-load
voltage, V' =V,

(3.27)

T
r

% Regulation = *x 100 (3.28)

Efficiency



Power delivered at the receiving end

=

The efficiency, n = (3.29)

| =
— =

Power delivered at the receiving end (P)+3

Example 3.8

A 50 Hz, three-phase transmission line is 250 km long. It has
a total series impedance of (40 +j100) Q and a shunt
admittance of 914 x 10~ % Q. It delivers 50 MW at 220 kV with
a p.f. of 0.9 lag. Find the (i) sending-end voltage, (ii) voltage
regulation and (iii) transmission efficiency by nominal-T
method.

Solution:
Length of the line, [ = 250 km
Impedance per phase, Z = (40 +j100)Q
Admittance per phase, Y =j 914 x 10 %0
Power at receiving end, P, = 50 MW

Voltage at receiving end, V;. = 220 kV (L-L)

Power factor, cos¢, = 0.9 lag

. Z
Impedance of each series branch, 5 (20 + j50) Q=522/733°Q
220x10°
Voltage per phase, , J. =———=127017V
r \E

B 50%10°
B % 220%10° x09

Receiving current, /, = . =1458 A lag
& V3 Voosg,

~1 =1458/ —2584°A

From Fig. 3.12,



I (20 + j50)0 (20 + /50)Q |

|

Fig. 3.12 Circuit diagram for Example 3.8

L{50 MW
o|09p.f.

&
P14x10°5 V|3l 1

=

V. = V.+ L(Z1)
127017.£0° + 145.86/-25.84° X 53.85.2682°V
127017 + 7854.8.242.36°
132926.64./2.28° V.
L =jVY
= (132926.642 2.28) (914 X 1052 90°)
= 121.52 9228
= (483 +/121.4) A
=1+ 1,
131.27 — j63.57 — 4.83 + j121.4
126.45 + j57.83 = 139 £ 24.59° A

—
|

1. K=V +1I —

=132926.6422 28" + (139.224.597)(53.85.268.27)
= 133070.68.25.51° V/phase

Sending-end voltage, Vs = 230.48 kV (L-L)

3 VI, cosg,

. I&
2. Efficiency, n=—-=
P 3V coso,



B 50x10°
3 %230.48% 139 % cos(5.51° - 24.59°)

If' xl
i
Rejx_ T

2 m C

=95.3%

Receiving-end voltage atno load, =

133070.6825.51°x——

= 914x10™° _ {37637 "
= W00, - =137537.81£3.35°V

2 914x107°
=137.54 kV.

z.-F_ s - 177
i I’xl[l[]=ll'ﬁl4Tlmxl[]{l=H.23‘.’fn_

3. Voltage regulation =

r

3.7.3 NominAL-TT METHOD

In this method, the capacitance of each conductor is
assumed to be divided into two halves, one half being
shunted between conductor and neutral at the receiving-
end and the other half at the sending-end. The total
impedance is placed in between them as shown in Fig.

3.13 (a).

The disadvantage of nominal-T and st methods is error
in the calculation of sending-end voltage in the order of
10% at 50 Hz frequency since parameters are assumed to
be lumped for medium transmission lines.

~




Fig. 3.13(a) m-equivalent circuit of medium transmission line

Fig. 3.13(b) Phasor diagram

Phasor Diagram The phasor diagram of the nominal-s
circuit is shown in Fig. 3.13 (b). The horizontal line OA is
the per phase receiving-end voltage (V,) (considered as a
reference phasor). OD is the load current (I;) and this
current lags behind the V, by an angle ¢,. OE is the
charging current (I.,) of the right half of the shunt

V.Y
.

admittance and is equal to . OF is the current passing

through the series impedance (I) and is equal to the
phasor sum of I, and I.,. AB is the resistive voltage drop
(IR) in series impedance and is in phase with I. BC is the
reactive voltage drop (IX) in series impedance and this
voltage leads the current I by 90°. OC is the voltage at the
sending end or the voltage across the shunt admittance
connected at the sending end (V;) and is equal to the
phasor sum of V,, IR and IX (or phasor sum of V. and
17). OG is the charging current (I.,) which passes
through shunt admittance at the sending end and this
current leads the voltage V by 90°. OH is the sending-
end current (I;) and is equal to the phasor sum of the
current (I) and charging current (I..,).



The angle ¢ is the angle between the sending-end
voltage (V) and the sending end current (I;), and the
angle between V; and V. is known as load angle (or

torque angle) and is denoted by 6.
From Fig. 3.13 (a)

o
Iy =V, .
v
_Elr (3.30)
I=1,+1,
P (3.31)
2
Vo=V, +IZ
=¥ +[f, +£|f;}7,
2
(1+£ ]V +71,
(3.32)

V, isalso equal to V,
) _[I+E]l, +ZI

, )
The charging current, [, =V, =

The sending-end current, [, =1+,
=], +—I’ H :]If +r"!]
Y ¥z vz (3.33)
272 T}’r*[ 7

b



For general network constants, comparing the Eqgs.
(3.32) and (3.33) with general transmission circuit
constants of Egs. (3.9) and (3.10)

IsDs1i%: Bz
2
(‘:}-'[|+£]
4
1z
l+— Z
2
The transfer matrix for the network is }—'[1 }?J | Y7 (3.34)
4 2

Regulation To calculate regulation, it is required to
calculate the no load receiving-end voltage (/) keeping

V, as constant. The voltage at the receiving end at no
load V. is equivalent to V.

From Fig. 3.13 (a), the voltage at the receiving end
under no load is

g
v [_-.: ]

. w(
V5= ——

¥ ."f
R+jX -—
i

(3.35)

F ¥ fa
14 r

% Regulation =

X100 (3.36)

Efficiency

Power delivered at the receiving end (P)

The efficiency, n = . — =
Power delivered at thereceivingend(£2)+3/°R



Test Yourself

1. Will the sending-end voltage be equal to the receiving-end
voltage at unity power factor load for medium lines? If yes,
why?

2. What is the order of error for the methods usually employed
for medium lines? Justify your answers.

3. What is the effect of line capacitance for lagging load?

Example 3.9

A three-phase, 50 Hz transmission line, 100 km long delivers
25 MW at 110 kV and a 0.85 p.f. lagging (see Fig. 3.14). The
resistance and reactance of the lines per phase per kilometre
are 0.3 Q and 0.5 Q respectively, while capacitive admittance
is 2.5 x 107 Q/km/ph. Calculate the efficiency of
transmission. Use nominal-t and T methods.

Solution:

Nominal-sr method:

Admittance per kilometre per phase, Y = 2.5 x 10 %0

Total admittance per phase, Y = 2.5 x 10 % x 100 = 2.5x 10 03
Impedance per kilometre per phase, Z = (0.3 +j 0.5) Q

Total impedance, Z = (0.3 +j 0.5) x 100 = (30 +j 50) = 58.31.59° Q
Receiving-end voltage, V. = 110 kV (L-L)

= lll_,“x 10° =63508.5 V/phase

W3

25x10°

B x110x10° x0.85
=154.372-31.790 A

Load current, I, = =15437 Alag

-. Charging current, I, =V, 5 G V., =V.)

[+

= 63508.520 % 1.25 X 10*29(°
=T7.94790" A



A R=300Qx=500 |
I - -

L .

—

L
0|0.85 p.f. lagging
2 2 2 3

¥, 255104 ¥ v

Fig. 3.14 Circuit diagram

sI=L+ L = 15437431797 + 7.94.290°
131.21 - 8132 + 0 +,7.94 = 131.21 - j73.38 = 150.342-29.22° A
S Ve =Va=VatlZ = 63508520 +150.342-29.22° X 58312597
= 63508.5 + 8766.32.229.78°
= 71250.29435°V
.. Sending-end voltage, V; = 12341 kV (L-L)

¥
Charger current, I, = V’E =7125029.£3.15°x1.25 X107 £90°

=891£93.5°A
. Sending-end current, [, =1+ I
=15034,-2922° + 8 91.£93.5°
= 14572/-2627° A
.. Power factor at sending end = cos¢,= cos(3.5" + 26.24") = 0.87 p.f. lagging.

Sending-end power, P = \EI",I L 0S4,

=3 x123.41x145.72x0.87
=27.037kW

P
Transmission-line efficiency, 1 :F’x 100

=B 100

" 27.037
=92.46 %,

Nominal-T method:



I (15+25) Q (15+25)Q2 |

V, V= Y=25x100 V

|

Fig. 3.15 Circuit diagram

As seen in Fig. 3.15,

Total admittance per phase, Y = 2.5 x 10 4§
Total impedance, Z = (30 + j50) /phase
Receiving-end voltage, V; = 110 kV (L-L)

110

=—x10° =63508.5 V/phase

V3
25 x10°

J3 x110%10° %0.85
—15437/-31.79° A

Load current, [, = =154.37 A




Voltage across condenser, V, =F_+1[

r r

b | N

= 635085 + 1543723179 XK 29.15.59°
= 63508.5 + 4499.89-2721°
= 635085 + 4001.92 + j2057.59
= 6751042 + j2057.59
= 67541 8121.746° W
Charging current, [, = F ¥
= 6754181 21.746° > 2.5 x 1092907
= |688291.746° A
Sending-end current, I, = I, +1I,
= 154.372-31.79" + 16.88291 .746°
I31.21 —j81.32-0.51 + jl1687
[30.7 —j64.45
145.73./-26.25°
: A Z
Sending-end phase voltage V=V, +1, 5

= 67541 8121.746% + 145.732-2625% x 29 152759
= 67541 8121.746% + 4248.03.232.75
= 67541 81 + jO.00148 + 357270 + j2298
= TI0B32 + j4355.98
=7121655-351°
Sending-end line voltage, ¥, = J3%71216.55 =123.35kV

Total line loss = 3%;3 +17) =3x15(145.5* +154.37°
i =2028029.84 W = 2.03 MW

7
Transmission efficiency, 1 :ﬁx 100 =92 48% .

Example 3.10

A three-phase 50 Hz transmission line is 150 km long and
delivers 25 MW at 110 kV and a 0.85 p.f. lagging (see Fig.
3.16). The resistance and reactance of the line per conductor
per kilometre are 0.3 Q and 0.9 Q, respectively. The line

charging admittance is 0.3 x 10 %% /km/ph. Compute the

voltage regulation and transmission efficiency by applying
the nominal-st method.



5 MW
B5pf lag

N

j22.5x107° 05

22,51 D*EET l

Fig. 3.16 Circuit diagram for Example 3.10

p—— =

Solution:

Total resistance phase, R = 0.3 x 150 = 45 Q
Total reactance phase, X = 0.9 x 150 = 135 Q

Capacitive admittance per phase; Y = 0.3 x 10 % x 150 = 45 X 10°%s



11010
Receiving-end voltage phase, I, = ji = 63508 kV

Load (I 25%10° 154.37 Al
Add Current, = = 5 da
F B x110%10° 085 ¥
cosd, = 0.85, sing, = 0.53
L= 154,37 (0.85 - j0.53) = (131.21 - /81.81) A

1=, L
2

—
=63.5x10° x j il

=143 A

f= .Ir,. + .1::]
= 131.21 — jB1.81 + j1.43
=(131.21 — jB0.38) A
Sending-end voltage, V.=V, + [Z

= 63508 + (13121 — jBO3B)45 + j135)
= 63508 + (153.872— 31.497) (142.3271.567)
= 63508 + 2189624007
= 63508 + 16756.1 + j14094 95
= R0263.75 + 1409676
= 81.49.29 96" kV/phase

Line-to-line sending-end voltage, (Fy 1) =81.49x 3
= 141.14 kV

)
ol

; J
R+x-——1_
B oach

- Receiving-end voltage at no load, V"=

.
25 x10°
) 72
45+ 7135
T
_ 3621777.8£—80.04°

45— j44309.4°
_ 3621777.8£L-80.04°

T 44309.422 —89.94°
=81.74.29.9

SV = BL1429.9°kV

B1.49£9.96°x

,

Ve
Percentage of regulation = ——=x100

. HI,?4—63,SX

63.5
=28.7%

100



I = jV,

b | =

. -
— (80263.87 + j14004.76)x 222 X10"

= j1.81-032
={-032+ 181} A

oo Sending-end current, [, = I+ [»
= 131.21 —j80.38 — 0.32 + ;1 81

130.89 —j78.57

I, = 152.66-3097° A
Sending-end phase angle, ¢, = 9.96° + 30.97" = 40.93°
Sending-end power, P, = 3V, cosg,

=3 X 81490 x 152.66 * cos 40.93°

= 2819 MW
.. Recerving-end power, P, = 25 MW (given)

I
.. Transmission efficiency = F’x 100

5

25

> 100 =88.72%.
]

Example 3.11

A three-phase, 50 Hz transmission line as seen in Fig. 3.17,
has resistance, inductance and capacitance per phase of 1 Q,
0.3 H and 0.01 pF, respectively and delivers a load of 25 MW
at 110 kV and 0.8 p.f. lagging. Determine the efficiency and
regulation of the line using nominal-st method.

25 MW
0.8 p.f.

lagging

Fig. 3.17 Circuit diagram for Example 3.11

Solution:



Resistance R =1
Inductance, L = 0.3 H

Inductance reactance, X = 27fL

=2xr X350 X03=94250

Series impedance, Z = 1 + j 94.25 = 94.26_.-89.39° Q

Capacitance, C = 0.01 pF
Shunt admittance, Y = j2afC

=j2 X w X 50 X001 X 10%=43.142 X 10°8

Voltage at receiving end, V; = 110 kV

Power factor, cose = 0.8 lag



P 25%10°

r = =164.02.£ -36.87° A
JV.cosg,  3x110x10° %08

Receiving-end current, [, =

110
I;r = I;c] =—x l{]{]{] . 635{]&.5 'ql',r
V3
. &
fc] :EXI’;] =Mxﬁ35'ﬂﬂ.5
=0.1290" A

Then, I=1L+I,=164.02--36.87 + 0.1 £90°
=131.22 —j98.41 +0+;0.1
=131.22 —j98.31
163.96.7-36.84" A
Sending-end voltage, V,= Vo=V, +1Z
= 635085207 + 163,962 -36.84° x 9426789 397
=63508.520° + 1545487252 .55°
=63508.5 +70.0 +939762 +712269.4
=729062 + 7122694
=7393]132/29.6°V

Sending-end line voltage, ¥, = 73931.32x4f3 = 12805 kV

¥ 3.142
Charging curent, J :EIX;Q: 7393 l.32£9.ﬁ°x~’Txm* (2 ¥ =F,)

=0.116.£99.6" A

Sending end current, I =1 +1_,=13122— j98.31+0.116.299.6°
=13122 - /98.31-0.019+ 70.114 =131.201 — j98.196
=163.882-3681" A

- Sending-end power tactor, cos(@,) = cos(9.6" + 36.817) = 06895
. Powerat sending end, P.=3 X Vg X I, X cosg,
=3 X F, X I X cosg,
=3 X 73931.32 X 163.88 X 0.6895
=2506 MW

25

P :
- Effici =—Zx[00 = =100 =99.76%
iciency, 1 ; 7506 o

FiF I: _E'JII
Receiving-end voltage at no load, V; :—(—]
(R+ jx) - 2L\ @C

o

_ 73931.3249.6°x636537.24£ - 90°
1+ j94.25+0 - j636537.24
4.706x10" £ -80.04°

= = T3942.38.29.96°V
636442992 -90

% Regulation :@x 100

_ 7394238 -76210.2
762102

#1000 =-2.98%




Example 3.12

A three phase, 50 Hz, 100 km long transmission line (see Fig.
3.18) delivers a load of 20,000 kW at 110 kV at 0.9 p.f.
lagging. The copper conductors of the line are 1.25 cm in
diameter and are spaced at the corners of the equilateral
triangle with 2.5 m sides. Using nominal-xt method, calculate
(i) sending-end voltage, (ii) current, (iii) power factor, (iv)
regulation, and (v) efficiency of the line. Neglect the leakage.

Fig. 3.18 Circuit diagram for Example 3.12

Solution:

Diameter of copper conductors, d = 1.25 cm



Radius of copper conductors, » :%= 0.625cm

Effective radius of conductor, ¥ = 0.7788 = 0.625 = 048675 cm
Distance between conductors, D = 2.5m= 250 cm

D
. The inductance of the line, L=2x10"7In —H/m
¥

=2x10"In =30

=2.12 mH/km

. For 100 km, inductance (L) = 2.12 X 107 X 100=0.212H
Inductive reactance, Xy = 2L

=2 X314 X50x0212 =66.570Q

2me

The capacitance of the line, C = m:;
In—

¥

-12
=2"3-l4xt§3"xm =9.28%107" F/m

0.625

. For 100 km, capacitance, C =9.28x107*x100x10° =9.28 %107 F

Total admittance, ¥ = j2xfC =2x x50x9.28x107" = j2.916x107*S

3
Recelving-end voltage per phase, V', = %

=635085V

v

Current at receiving end, [, = &
V3x110%09

=116.642—2584° A

Ia=3.

2

2916
S

A=116.64 Alag

x107* x63508.5=,926 A

I=I1+1,
=105— j50.84 + j9.26
=(105— j41.58) A

1. Sending-end voltage, Vs =V, + IZ

=63508.5 + (105 — j41.58)(j66.57) (- R =0)
= 66644.126.02°V



2. The sending-end current, Iy = I + VY/2

R 4
— (105 — j41.58) + (66644.1.£6.02°) x 12216 X107

= 108.792-17.06° A

3. Sending-end power factor, cos¢gg = cos (6.02° + 17.06°) = 0.919 lag

2
66644.1.26.02° xﬂ;j_‘
Receiving-end voltage at no load, J/'= H-:.l 6=10
e
2.916x107
=6729827 /602 V

J66.6T +

. 67298.27 —63508.5
4. Percentage of regulation = : e *x100 =5.96%

63508.5

The line current = I'R

=(105)* %0 (since R=0)
=0

5. Efficiency = 100%.

Example 3.13

A balanced three-phase load of 30 MW is supplied at 132 kV,
50 Hz and 0.85 p.f. lag by means of a transmission line. The
series impedance of a single conductor is (20 +j40) Q and the

total phase-neutral admittance is 315 X 10°° 3. Use nominal-st

and T methods to determine (i) A, B, C, D constants of the
line, (ii) Vj, and (iii) regulation of the line.

Solution:

Series impedance of the line = (20 +j 40) )/phase

Shunt admittance of the line =j 13 x 10_6U/ phase

Nominal-r method



YZ 20+ j40)315x107°
L A=D:l+?=l+|: J :'5’

i 44.72..63.43°x315x10° 290"
2

=1+ 0.00704153.435% = 09937 +j0.00315
S A =D=09937-0.1816°
B=2Z2=20+ 40 = 44.72..63.43° 0

C:}r’[l+E}
4

= 315 X 1052907 [1 + 0.003522153.4357]
= 315 X 1052907 [0.99685 + j0.001575]
= 315 X 105290°[0.99685.20.0905°]

SO =314.01 % 10°°290.0905° §

Recelving-end voltage, V= %kwp‘nuﬁe =T6210£0 V/phase
30x10°

=154372-31.79" A
J3x132x1000%0.85

Receiving-end current, [, =

2. Vy=AV, + BI,

= 099372018167 = 7621020 4+ 4472763437 = 154.37.4-31.79°
= 757298720 1816%+ 6903 6423 1.645°
= BlI606.67 + j3862.047
= 81698.2.71°
F, = B1698.0 V/phase

Sending-end line voltage = 3 x81698.0 =141.505 kV

=2 F
bl

3. Voltage at receiving end under no load, j "= il
r 2 a
RSl
i



135x107°
+j2

135x107°

1210340741 £ —87.29°

14774.83 £ —-89.92°
=§1919.098 £2.63°V

— 772
816982271 ‘:‘x{i}

(20+ j40) —

% Regulation =78 vj00= *100
76210

V-V 81919.098 - 76210

[
r

= 7.49%.

Nominal-T method:

1. A=D =0.9937<0.1816°

B:Z[I+E]
4

= 44.72/63.43°[1+ 0.003527153.435%]
= 44.72/63.43°[0.99685 + j0.001575]
= 44.72/63.43° [0.99685.20.0905°]
= 44.579.63.521° Q)

C=¥=315 x 10%290° §

2. Vs = AVr + BII'

= 0993720, 1816° % 7621020+ 44,72 /63 43° % 15437/ -31.79°
=T75729.88.£0.1816° + 6881.682 —31.79°

=81673.81.22.71°

=81673.81 V/Phase

Sending-end line voltage = J3 x81529.06 =141.463 kV

3. Voltage at receiving end under no load,

s _
v, | — 81673.81 £2.71°%— 4
oC 135 %107

Vo=

: R X ' 20+ j 40 iy
__'_J.__JT 7 J 2
2 2 ) aC 2 135x107°




_BI6TIRLL2TI?xT407.41L -90¢

(10+ j20) - j7407.41
_ 60499139692 —87.29°
T 7387414/ -89.92°
=81894.882./2.63°

SV =81894.882 V

V'—¥ 31894.882 76210
t 100 = X100
y 76210

=T7.46%.

% Regulation =

T

Example 3.14
The A, B, C, D constants of a lossless three phase 400 kV
transmission line are A = D = 0.86 +jo, B =0 +j130.2Q,C=j
0.002 {j. Obtain the sending-end voltage and the voltage

regulation when line delivers 120 MVA at 400 kV and 0.8 p.f.
lagging.

Solution:

A=D=0.86+j0,B=0+j130.2Q C=j0.002S



. 400KV
Receiving-end phase voltage, V= B =230940.1V

3 (]
Receiving-end current, /= L = 173.205A

3 x400x10°
—173.2052 —36.87°A

Sending end voltage, I, =4 V. + B I,

0.86 = 2309401 + j130.2 = 173.2052-36.87°
198608 486 4+ 22551.29]1 753,137

198608 486 + 1353081 + j18041.009
2121393 + j18041.009

= 2129054 86°V

Atnoload, ., =0
Vy=AVg4
where, V' = voltage at receiving end at no load
4
V,=-2

=y

V
_"_Iz;
4 100

% Regulation = ——

r

£laa 230940.1

=_0.86 100
230940.1

CHAPTER AT A GLANCE

1. Performance of the line refers to the determination of
efficiency and regulation of lines. For better performance,
efficiency must be high and regulation must below.

2. Efficiency of a transmission line is defined as the ratio of
receiving-end power to the sending-end power.

Receiving-end power
Sending-end power

100

% Efficiency=

3. Regulation is defined as the change in voltage at the
receiving-end when full load is thrown off; the sending-end
voltage remains same, expressed as percentage of receiving-
end voltage at full load.



If _If
% Regulation = %x 100
FL

However, if losses are low, then efficiency is high and if the
drop in voltage is less, then regulation will be good.

4. Transmission lines can be classified into three types, i.e.,
short, medium and long transmission lines.

5. Short transmission lines: The lines of length below 80
km, with an operating voltage up to 20 kV, are called short
lines. This line is represented by the lumped parameters R
and L.

1. Voltage at the sending end can be approximately
calculated as

¥V, = V.+ IR cosd, + IX sind,

IRcosg, +1X sing, .t

If

00

2. % Regulation =

3. If the power factor is lagging, the voltage at the sending
end is more than that at the receiving end. Hence,
voltage regulation is positive. In case the power factor
is leading, the V will be somewhat less than V.. In this
case, the regulation is negative.

4. Voltage regulation is zero when tang, = E This is
X

possible only at leading power factor.

5. The generalized transmission-circuit constants for
short lines are

A=1,B=Z7Z,C=0and D =1.

6. Medium transmission line: When the length of the line
is between 80 km and 160 km, with an operating voltage
from 20 kV to 100 kV, it is called a medium line. These lines
can be analyzed by using three different ways, i.e., load-end
capacitance, nominal-T and nominal-sr methods.

1. Load-end capacitance: This method assumes that
the entire line capacitance is concentrated at the



receiving end.

The sending-end current, Is = YV + I

The sending-end voltage, Is= (1 + Y2) V. + [L.Z
The generalized transmission circuit constants are
A=1+YZB=ZC=YandD=1.

. Nominal-T method: In this method, the capacitance
of each conductor is assumed to be concentrated at the
mid point of the line with half the series impedance on
either side.

YZ
The sending-end current, {, = ¥Y¥, + [1 +— ]fI

The sending-end voltage,

V. :[HE)& +z[1+£)11
2 4

The generalized transmission circuit constants are

A:1+¥:D; B :z[1+%} C=Y

. Nominal-x method: In this method, the capacitance
of each conductor is assumed to be divided into two
halves, one half being shunted between conductor and
neutral at the receiving end and the other half shunted
at the sending end and the total impedance being
placed between them.

YZ
The sending-end voltage, ¥, = [1 i }V; +Z1,

The sending-end current,

L :Y(HE]VI +(1+E)11
4 3

The generalised transmission circuit constants are



W N

®© 3

10.
11.
12.

13.

14.
15.

d=h-1122 . p_7 coylisie
3 4

SHORT ANSWER QUESTIONS

What are the different types of overhead transmission lines?
Define voltage regulation.

Define the efficiency of transmission line.

Write the expression for transmission efficiency for short
transmission lines.

What are the methods used for solution of medium transmission
lines?

Write A, B, C, and D constants for medium transmission lines
using nominal-T and  methods.

Define lumped parameters.

Define distributed parameter.

. How do you classify transmission lines as short, medium and

long lines?

What are the disadvantages of load-end capacitance method?
How are capacitance considered for medium lines?

What are the limitations of nominal-T and nt methods?

What is the order of loss for the methods usually employed for
medium lines?

What is the effect of line capacitance for lagging load?

Define the nominal-T network.

MULTIPLE CHOICE QUESTIONS

The length of a short transmission line is up to about

km.

1. 80

2. 120

3. 150

4. 300

. Regulation is defined as the change in voltage at the receiving end

when full load is thrown off, the end voltage
remaining the same.

1. receiving

2. receiving node

3. sending

4. eitheraorc

. The formulae for percentage regulation is

B
1. =——Lx=100

Py

r



4. Efficiency of a transmission line is given by

receiving end power

sending end power

sending-end power

2. —
receiving-end power

sending-end power

,— %100
receiving-end power loss

sceiving-end -
receiving-endpower

sending-end power
5. The formula for regulation of short transmission lines is given by

[NGT..GAD_[LGAD

Vo LoaD

1.

Vi ST
WOLOAD LA *100

[T..GAD

V, -V
O %100

Moap

4. none of these
6. A single-phase line is transmitting 1100 kW power to a factory at
33 kV at 0.9 p.f. lagging. It has a total resistance of 10 Q, and a
total inductive reactance of 15 Q. The voltage at the sending end
is

1. 33577.26 V
2. 33708.33V
3. 33608.9V
4. 44505V
7. A single-phase line is transmitting 1100 kW power to a factory at
33 kV at 0.9 p.f. lagging. It has a total resistance of 10 Q, and a



10.

11.

12.

13.

14.

15.

total inductive reactance of 15 Q. The percentage regulation is

1. 3%

2. 4%

3. 1.75%

4. 2.16%
A single-phase line is transmitting 1100 kW power to a factory at
33 kV at 0.9 p.f. lagging. It has a total resistance of 10 Q, and a
loop reactance of 15 Q. The transmission efficiency is

1. 90%

2. 98%

3. 98.45%

4. 98.77%

. The capacitance of a transmission line is a element.

1. series

2. shunt

3. both (a) and (b)

4. none of these
A single-phase transmission line is delivering 500 kVA load at 2
kV, resistance is 0.2 (), inductive reactance is 0.4 Q, the voltage
regulation if the power factor is 0.707 lag is

1. —5.3%

2. 5.3%

3. 5%

4. 5.2%
A single-phase transmission line is delivering 500 kVA load at 2
kV, resistance is 0.2 (), inductive reactance is 0.4 Q, the voltage
regulation if the power factor is 0.707 lead is

1. 1.64%

2. —1.64%

3. 2%

4. 3%
The most important cause of power loss in the transmission line
is

1. resistance

2. reactance

3. capacitance

4. admittance
In any transmission line, AD — BC =

1.1

2. 0

3. —1

4. 2
The line constants of a transmission line are

1. uniformly distributed

2. lumped

3. non-uniformly distributed

4. non-linear
If the power factor of the load decreases, the line losses

1. increase

2. decrease

3. remain constant



16.

17.

18.

19.

20.

21.

22,

4. none of these
The generalized constants of A and D of the transmission line
have

1. no dimension

2. dimension of ohm

3. dimension of mho

4. none of these
The sending-end voltage of a transmission line will be equal to
the receiving-end voltage on load when the power factor of the
load is

1. leading

2. leading

3. aandb

4. none of these
Voltage regulation of a short transmission line is

1. always positive

2. always negative

3. either positive, negative, or zero

4. zero
The percentage regulation of an overhead transmission line can
be zero when the load power factor is

1. lagging

2. unity

3. leading

4. none of these
Transmission lines having length between 80 km and 160 km are
known as lines.

1. short

2. medium

3. long

4. all
For a short transmission line, the transfer matrix is given by

(1 z
1.
0 1}

[ &
3.
0 0

I
4.
Z 1
The performance of a medium transmission line can be obtained

by
1. nominal-T method




2. nominal-7t method
3. aorb
4. aandb
23. For a short line with r/x ratio 1.0, the regulation will be zero
when the load power factor is
1. unity
2. 0.707 lead
3. 0.707 lag
4. z power factor lead
24. While finding out the relation between Vg and V;, shunt
capacitance is neglected, in
1. short transmission line
2. medium transmission
3. long transmission line
4. none of these
25. Which of the following relationships is not valid for short
transmission lines

1. Iy=1;
2. B=Z=C
3. A=D=1

4. none of these

Answers:
1.a 2.¢ 3.a 4.a 5.b
6.a 7.¢C 8.d 9.b 10.b
11.b 12.a 13.a 14.a 15.a
16.b 17.a 18.¢c 19.¢c 20.b
21.a 22.¢ 23.b 24. a 25.b
REVIEW QUESTIONS

1. How do you classify transmission lines?

2. Write a brief note on short transmission lines. Derive their
performance characteristics.

3. What do you understand by the terms “nominal-T” and “nominal-
7t” circuits? Derive the expressions for the A, B, C and D constants
for the nominal-n circuit of a medium transmission line.

4. Draw the vector diagrams of nominal-T and nominal-7t models of
a medium transmission line. Derive the expression for voltage
regulation of both the models.

5. Show that for a transmission line the receiving-end voltage and
current in terms of the sending-end voltage and current and
auxiliary constraints are given by

V. =DV,—BI, and [ =-CV,+ Al



10.

11.

Explain the effect of power factor on regulation and efficiency.
What are the various parameters of a transmission line and how
are they considered for different lines?

Draw the phasor diagram of a short transmission line and derive
an expression for voltage regulation.

Draw the vector diagram of nominal-T and nominal-n models.
Explain the physical significance of the generalized constants A,
B, Cand D.

What is a nominal-circuit representation? Find A, B, C and D
constants for nominal-T circuit of a transmission line.

PROBLEMS

A three-phase line delivers 3600 kW at a 0.85 p.f. lagging to a
load. The resistance and reactance of each conductor is 5 Q and 8
Q, respectively. If the sending-end voltage is 33 kV, determine the
following

1. Receiving-end voltage,

2. Line current, and

3. Transmission efficiency.
An overhead single-phase delivers a load of 1.5 kW at 33 kV at 0.9
p.f. lagging. The total resistance and inductance of the overhead
transmission line is 8 Q and 15 Q, respectively. Determine the
following;:

1. Percentage of voltage regulation

2. Sending-end power factor

3. Transmission efficiency.

. An overhead three-phase transmission line delivers a load of 5

MW at 22 kV at 0.85 p.f. lagging. The resistance and reactance of
each conductor of overhead line is 3 Q and 4 Q, respectively.
Determine the following:

1. Sending-end voltage

2. Voltage regulation,%

3. Transmission efficiency
A three-phase overhead line conductor has the following data:

Resistance = 15 Q/phase;

Inductive reactance = 35 Q/phase

Capacitive suceptance = 0.0004 7j/phase

The receiving-end load is 12500 kVA at 66 kV, 0.85 p.f. lagging.
Determine the regulation and efficiency of the transmission line
using nominal-T method.

A three-phase, 50 Hz, 80 km transmission line is designed to
deliver a load of 20 MVA at 0.86 p.f. lagging at 6.6 kV to a
balanced load. The conductors are of copper, each having a
resistance of 0.105 (0/km and an outside diameter of 1.8 cm, and



are spaced equilaterally 2 m apart. Determine the sending-end
voltage and current using nominal-mt method.

. A balanced three-phase load of 35 MW is supplied at 110 kV, 50
Hz and 0.8 p.f. lagging by means of a transmission line. The
series impedance of a single conductor is (15 + j35) Q and the

total phase-neutral admittance is 300 x 10° ©3. Use nominal-n

and T methods to determine (i) A4, B, C and D constants of the
line, (ii) Vg (iii) regulation of the line and (iv) efficiency.
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Performance of Long Transmission
Lines

CHAPTER OBJECTIVES

After reading this chapter, you should be able to:

e Develop mathematical models for long transmission lines

e Understand the performance analysis of long lines with the help
of analytical and circle diagrams

e Understand the effect of surge impedance and Ferranti effect on
long lines

4.1 INTRODUCTION

It is a known fact that the resistance (R), inductance (L),
capacitance (C), and conductance (G) are the parameters
of overhead transmission lines distributed uniformly
over the whole length of the line. The localized
capacitance methods (for both short and medium lines)
have already been discussed in Chapter 3, but adopting
these methods to long transmission lines will result in
considerable error. Hence, the rigorous solution
approach is adopted, which assumes that line parameters
are distributed uniformly along the length of the line.
Lines of length above 250 km and operating voltage
above 100 kV would be categorized as long transmission
lines, the parameters of these lines are not lumped but,
rather, are distributed uniformly throughout their
length. A 400 kV transmission line is shown in Fig.

4.1(a).

The performance of a long line is calculated by
considering uniformly distributed parameters along the



length of the line for obtaining the results accurately.

Any three-phase balanced system can be represented
on a single-phase basis. The equivalent single line
diagram of a long transmission line is shown in Fig.

4.1(b).

where, r = resistance per unit length of the line
XL = inductive reactance per unit length of the line
be.= capacitive susceptence per unit length of the line
g= conductance per unit length of the line

Fig. 4.1(a) View of 400 kV transmission line




Fig. 4.1(b) Schematic diagram of single-phase circuit model for long
transmission line

The following points should be observed:

e The line parameters r, xg, b, and g are uniformly distributed over the
whole length of the line

e The series elements of line are r and x,

e The shunt elements of line are b, and g

For the analysis of long transmission lines, shunt
conductance is neglected.

4.2 RIGOROUS SOLUTION

The rigorous mathematical treatment is required for
getting a fair degree of accuracy in results of long
overhead transmission lines. For the performance
calculation of long transmission lines, the exact
equivalent circuit representation of a long transmission
line along with distributed parameters is shown in Fig.

4.1(c).

Let z = series impedance per unit length
y = shunt admittance per unit length

[ = length of the line

T

|
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|
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Fig. 4.1(c) Equivalent single-phase representation of a long transmission
line



Then,
Z = zI = total series impedance of the line
Y = yl = total shunt admittance of the line

Consider a very small element of length Ax at a
distance of x from the receiving-end of the line.

The voltage and current at distance x from the
receiving-end are V, I and at distance x + Ax are V + Ax
and I + Ax, respectively.

So, the change of voltage, AV = Ax (4.1)

where, zAx is the impedance of the element considered

AV
—=k
Ax
AV dl
It —=—=1] l42]
&0 Ay dy
Similarly, the change of current, A/ = ¥ yAx (4.3)

where, y Ax is the admittance of element considered

Differentiating the Eq. (4.2) with respect to x, we get



&y dl :
?: ZE [45]

Substituting the value of élﬂ from Eq. (4.4) in Eq. (4.5),

we get
dv _
? =zyb l46]

Equation (4.6) is a second order differential equation.
The solution of this equation is

V= .fil.}":;A + Bl:_‘:;A (4.7)

Differentiating Eq. (4.7) with respect to x, we get

dv — e
&y e s "
de :

From Egs. (4.2) and (4.8)

k= A|yz €7 -Byz ™

f I
Ji' - AVI'T C\'_V—'J- _B,“ll’% c'\')’:z [A_[;l]

From Eq. (4.7)



V=dAe* +Be™" (4.10)

From Eq. (4.9)

(.11)

Vy

where, Z. =, |— is known as characteristic impedance or

surge impedance and y = ,/y- is known as propagation

constant.

The constants A and B can be evaluated by using the
conditions at the receiving end of the line.

The conditions are,
atx=0,V=V,and I= I,

Substitute the above conditions in Egs. (4.10) and
(4.11), we get

V=448 (4.12)

1
and [ =—(A-B (4.13
=7 ) (4.13)

Solving Egs. (4.12) and (4.13), we get

V.+1.Z, Pi=FT
ﬁ: r r [ il r r [

and B =



Now substituting the values of A and B in Egs. (4.10)
and (4.11), V can be expressed as:

V= [;r +]rzc o1 4 Vf _]12": s ;

= (4.142)

v, [“ i }Hiz [“ = }
2 i 2

= V=V, cosh yx+I Z, sinh yx (4.14b)
= l lz; +'rrrzc ¥ [;1 _'rrfzc —rx

3 B (4.150)
_L[j [ et ] + JT[C'M B8R ]

Z 2 2

V. .
:Z—’smh}r.HL cosh yx (4.15b)

where, V and I are the voltages and currents at any
distance x from the receiving end.

Atx=1LV=V,andI= I

Putting these values in Egs. (4.14b) and (4.15b), V, and
I is expressed as

V.=V, cosh yl+ I, Z, sinh yl (4.16a)



L= V' sinh vl +1I cosh yl

Z

(4.16b)

By comparison of Egs. (4.16a) and (4.16b) with general

transmission circuit constant of Egs. (3.9) and (3.10)

yields

A =D = cosh yl,
B = Z, sinh yl/ and

|
C =—sinhy!
Z

c

4.3 INTERPRETATION OF THE LONG LINE EQUATIONS

Consider Eq. (4.14a) as

This equation can be modified as

V412, V,-12,
3

L"”E"[""W"+ ‘ﬂlae;[-Jiawll

¥= ¢

where, y=a + jfi
@ = attenuation constant
[ = phase constant
w = AV, +1Z,)
yy =¥ -117)

The instantaneous voltage V can be expressed from

Eq. (4.17) as

4.17)



e A V -1Z.

3

]{“ _,l{uf+ria+l.u'|] +[ ] X ;{u: fh-wz]:l}

e ]
]L a1nm;+b’r+w]+\r2[ . j‘

St (

x

z . .
: ]c*“sm[m! -Bt+y,) (4.18)

Similarly, from Eq. (4.15a), the instantaneous current i
can be written as

::[[

where, 0 = 2 Z,

V. +1Z V-17

]L ‘sin(at +fx+y, —6) - \E[ - 7ZT : ]c“’“s;in(mr—[ﬂ+|;f2 -0) (4.19)

The Eq. (4.18) or (4.19) is composed of two traveling
waves. The first term in Eq. (4.18), increases in
magnitude and advances in phase with increase in
distance x from the receiving end. Conversely, if the line
from the sending end towards the receiving end is
considered, the term diminishes in magnitude and is
retarded in phase. This is the characteristic of a traveling
wave. The first term in Eq. (4.18) is called the incident
voltage wave and its magnitude decreases with
increasing distance from the sending end.

The second term in Eq. (4.18) diminishes in
magnitude and is retarded in phase as the distance
increases from the receiving end. It is known as reflected
voltage wave. At any point along the line, the voltage is
the sum of two components (the incident and the
reflected) of voltages at that point. These two
components travel as wave along the line and is called
the velocity of propagation of wave.

Since Eq. (4.19) for current and Eq. (4.18) for voltage
are similar, the current may be considered as being



composed of incident and reflected current waves.
Therefore, the voltage and current at a point along the
line consists of incident and reflected waves travelling in
opposite directions.

4.3.1 PrRoOPAGATION CONSTANT

The magnitude and phase of a travelling wave is
governed by the complex quantity known as propagation
constant y. The real part of the propagation constant is a,
which determines the change in magnitude per unit
length of the line of the wave, which is called attenuation
constant. It is expressed in Nepers per unit length. The
imaginary part of the propagation constant is . It
determines the change in phase of the wave per unit
length of the line and is called as phase constant or wave
length constant. It is expressed in radians per unit
length.

We know, 7 =t +jp= JF = joC (r+jol)

Since shunt conductance, g =1.

La+jp —«‘j; 0'LC |—+1

;ft)

= ,mhf_\ll——

ml

et

20l

I— = ,m)\f_ (4.20)

The real part of Eq. (4.20) is



el ||EN i
2NE B

and the imaginary part is

¥
ik

f=wm \.'" LC rad/m.

4.3.2 WaVE LENGTH AND VELOCITY OF PROPAGATION

At any moment, the voltage and current vary
harmonically along the line with respect to distance x. A
complete voltage or current cycles along the line
corresponds to a change of 27t rad in the angular
argument Px. The corresponding line length is called the
wave length.

2T

B

The velocity of propagation of a wave in m/sec is the
product of the wave-length in meters and the frequency
in hertz.

i.e., Velocity of wave propagation, v = Af m/s.

L :xfj; :; (- B =oLC),

4.4 EVALUATION OF TRANSMISSION LINE CONSTANTS

The transmission line constants can be written from Eq.
(4.16) as

A= D=coshy! = cosh Jy_:J =cosh(a + jf) (4.21a)



-

B= Vf%sinh yl=Z,sinh[yz1=Z, sinh (o + jB)! (421b)
f
c= sy :ZLsinh\/y_:f :leinh{a +B)l (4210

From Eqgs. [4.21(a), (b), and (c)], it is observed that y is
a complex quantity and it is not easy to obtain the
hyperbolic function of it directly from tables or
calculators.

The following two methods are generally used to
compute the transmission line constants.

Convergent Series of Real Angle Method In this
method, the hyperbolic sines and cosines of Egs. [4.21
(a), (b), and (c)] are expanded by the trigonometrical
formulae. From the tables of trigonometric functions and
hyperbolic functions of real numbers, the transmission
line constants can be calculated.

i.e., 1z =a+jp

. A=D=cosh J}':I: cosh (& + jB) | = cosh & cosh jpl + sinh & sinh jpl
= cosh atlcos il + j sinh ol sin Bl (4.22a)
[Since, cosh jp! = cos fl and sinh j5l = sinh fil |

B =Z, sinh JL_-I = Z(sinh o/ cosh jBI + cosh el sinh j3l )
= Z,(sinh o cos B + jeosh el sin fi) (4.22b)

and similarly



(= ZLsinh \h_e’ = [sinh af cos Bl + jeosh o sinfl]

Convergent Series of Complex Angle Method By
using the well known Maclaurin’s series (convergent
series), the hyperbolic sines and cosines are expanded.

According to this series

2 4
cosh @ =l4+—+—+. ..
21 41

3 5
sinh @ =¢ +g_+g_+m
3t 5l

where, 0 may be real or complex

Now, }“Z\/,T: and }fe’ZJEJ
50 e T v G
ff:D:C.OShJ}TTJ:[+L\E“ +[‘1‘E“ +[‘E“ 4o

I o o T S G I A LT L
:I+LJ€}er +[\;‘:}g +[J}__}e’ B

24 720

YZ }'222+}'3z3
2 24 720

{ Neglecting higher order terms)




" f_:1 fzly
B:chinh\!}?f:zc[‘[':_‘rﬁ-;” +‘\{-‘5_r“ b

_E[fe Wt (e
\y| | 6 120
KRk
16 120

Z yz
=7 (I4—+—+)

6 120

6 120

1 .. —
C =—sinhyvz!
7 V)

iz (ol (el
GR N

\:z 6 120
RS
16 120
# r2 2
= }-{H%ﬂ ij} :| (Neglecting higher order terms)

(423)

(4.24)

Note: This method is not very useful beyond the

seventh power.

The A, B, C, D constants for transmission line modes

are given in Table 4.1.

Table 4.1 Overhead transmission line ABCD constants

Sl. no. Type of line model Parameter
1 Short line A=1,B=7Z,C=0,D=1
2 Medium line:




Load-end A=1+YZ,B=7Z,C=Y,D=1
capacitance

Nominal-T method

|

Nominal-it method

3 Long line:
Real angle method
A = D= cosh of cosgl + jsinhcf simngr
B = Z_(sinh «f cosg! + jecosh of sin G0
C = =l (sinh cef cos Al + jcosh of singl)
Zc
Complex angle
method
22
A=D =1+ = + LT
2 24
T
B=F|1+ E + i
& 120
2 2
C=Y[1+ X + >
=] 120

4.5 REGULATION

The voltage regulation of a transmission line refers to the
rise in voltage at the receiving-end. It is expressed in
percent of full-load voltage, when full load at a specified

power factor is removed with constant sending-end
voltage.

V.. —FV
Percentage regulation = =5 x| 0
r,FL




At no load the receiving-end voltage, V ;. x1, can be
computed from Eq. (3.9).

5

A

V
b T

/on = —» atno load

And if V;, gy, is the receiving-end voltage at full load for

a given sending-end voltage of V, the above equation
becomes

1A

~Vn
Percentage of regulation = A" 00

rFL

EXAMPLE 4.1

A three-phase, 200 km long transmission line has the
following constants. Resistance/ph/km = 0.15 Q,
reactance/ph/km = 0.20 Q, shunt admittance/ph/km = 1.2 x

10 % ©5. Calculate by rigorous method, the sending-end

voltage and current when the line is delivering a load of 20
MW at 0.8 p.f. lagging. The receiving-end voltage is kept
constant at 110 kV.

Solution:

Resistance per phase, R/ph = 0.15 x 200 =30 Q

Reactance per phase, X7,/ph = 0.20 x 200 = 40 Q

Shunt admittance per phase, Y/ph =j1.2 x 10 % x 200 = 0.00024 90°

Impedance, Z/ph = R + jX; = 30 +j40 = 50/ 53.13°Q



—
Sending-end voltage, V¥, =V coshy¥Z +1, _J?Rinh VZY

Now, «ZF =4/50£53.13°%0.00024.£90° =0.1095271.56°
ZY =0.012£143.13°
=0.0001442286.26°

=]
( || 5025313 =456.43L -18.43°
0.00024.290°

r—{] D0219.£18.43°

cosh¥Z =1 +£+2 v =1+ n'ﬂlzﬁl43.13"+w£236_26°
2 24 2 24
=1+0.006.£143.13°+0.0000062286.267
=1-0.00458+ j0.0036+0.00000168 — j0.00000576
=0.99519 + j0.0036
=0.9952.20.207"°
32

0.001313.2214.68°

ﬁithrE:\."'E-i—[Yz]

=0.1095£71.56° +

f
=0.1095£71.56" +0.00021882214.68°
=0.03464+ j0.1039 - 0.0001799 — ;0.0001245
=0.03446+ j0.103776
=0.10935271.63"

20108
Receiving-endcurrent, I, = - =131.22/-3687°A
V3 x110x10° x0.8
i i : 110107
Receving-end voltage/phase, V, = T: H3508.53 W

..Sending-endvoltage, F; = 63508.5320%x 0995202077
+131.222 - 3687« 456,432 — 1843 = 0.10935271.63°
= 63203.6820207° 4654927 716.33°
= 694883282 4+ j2069.796
=69519.147£1.706° V

Vy, =3 x69519.147
=120.410 kV

v — .
Sending-endcument, [, =¥, \I% sinh /¥Z + I cosh Jvz

= 63308.5320°=0.00219418.43% = 0.10935.71.63°
+131.22/ - 36877 = 0.9952.0.207°
=15.21290.06"4+130.592 — 36.66°
=104.742 4 j62.760
=122.1062—30929° A
.. Sending-end current = 122106 A.



EXAMPLE 4.2

A three-phase, 50 Hz, 180 km long transmission line has
three conductors each of 0.6 cm radius, spaced at the corners
of an equilateral triangle of side 3 m. The resistance of each
conductor is 0.2 Q/km and the line delivers 20 MVA at 110 kV
and at a lagging p.f. of 0.9. Determine (i) ABCD constants
(both real and complex angle methods) (ii) sending-end
voltage and current (iii) efficiency and regulation.

Solution:

Radius of each conductor, r = 0.6 cm

Spacing between the conductors, D = 3 m = 300 cm
Supply frequency, f = 50 Hz

Length of the line, [ = 180 km

Power to be transmitted, S = 20 MVA

Receiving-end line voltage, V. = 110 kV

Load power fraction, cos¢, = 0.9 lag

Receiving-end power, P,. = S cos ¢, = 20 x 0.9 = 18 MW
Resistance per conductor per kilometre = 0.2 Q

Total resistance of the line, R = 0.2 x 180 = 36 Q
Geometrical mean distance, D= 1%3%3 =3 cm

Geometrical mean radius, Ds = 0.7788 x 0.6 = 0.46728 cm

Inductance of each conductor (per phase), L =2x 107" InD—mx! H

5

300
0.7788 x 0.6

=2x l[l"ln[ x 180000 =0.232TH

Inductive reactance per phase, X1, = 2nfL = 27 X 50 x 0.2327 = 73.1 Q)

Impedance of the line, Z = 36 + j73.1 Q = 81.48 7 63.78° Q



-9
Capacitance of each conductor (per phase), C= m—ﬂx {F
[8ln—=
¥
1g*
=———x1B0000=1.609UF

lﬂlnE

0.6

Capacitive suceptance per phase, Y, = 271fC = 27 X 50 x 1.609 x 10 ° =

5.055 x 10+ 13

yi= «.I'rﬁ 055x107°.290°% 81 .48.263.78° =0.203.276.89° = 0.046 + j0.197
=al+ !

> 20= 108
Line current, [ = = = =105 A

J3V, T J3x110000

Receiving-end phase voltage, I/ = M =63508.5V

V3

(i) ABCD constants (real angle method)

A =D = cosh v/ = cosh «/ cos 1 + jsinhad sinfi i
= cosh (0.046 + j0.197)
= (cosh 0.046) cos 0.197 + j(sinh 0.046)sin 0.197
= 09816 + jO.007 % 103 =0981620525"

sinh ¥/ =sinh ol cos il + jeosha/sin i
=(sinh0.046) cos 0.197 + jicosh 0.046) sin 0.197
=0045+ j0.196 =0.2.77.07°

E | g
B gt {E vl v | Si L08R
Yy \5.055x107 2£90°

=401.482 —13.13°x02277.07° =80.296..63.94" ()

x02.77.07°

l [y
C=—-sinhyl = \[ix;inhy: =2.49 %107 £13.13°x0.2£77.07°

=498x107290.2°0

ABCD constants (complex angle method)



Yz Y'z7°

A=D =142+
2 4
2
|, S:055%107 £90° X81.48 £63.78° (5:055x10 £90°) x(81.48£63.78°)
=1+ +
2 24
=140.0207.£153.78°+7.06 X107 £307.56°
=0.9815£0.53°
271
guglytyt 2
6 120

5055107 /90°x81 48£63.78° (5.055x10* £90°x81.48£63.78°)
6 120

=8148263.78° 1+

=81.48.£63.78°(0.99441£0.17°)
=81.0245£63.95° Q

252
C=Y{l+%+}rz ]

120

=5.055x10~ £9070.99441.£0.17°]
=5.0267x107£90.17° O

(ii) Sending-end voltage, Vg = V; cosh yl + I.Z, sinh yl

= 63508.520°x 0.9816£0.525% +105£ —25.84° x 401.482 —13.13°% 0.2£77.07°
= 69213.26/4.78° V
F_sinh y!

Sending-end current, fe = +1, coshyl

[«

_ 63508.520°%02£77.07°

401482 —-13.13°
=93.8972-T7.59° A

+105£—25.84"x 0.9816.0.5257

L _¥

(111) Percentage of regulation = A — 100

g2 2
w—(ﬁﬁ{lﬁj
- _0.9816 x100 =11.02%
635085

Sending-end power, F} =3V I cost),
=3x69213.26x93.897 xcos(4.78°+7.59°)
=19.044 MW

Receiving-end 1
Transmission efficiency, p = ecm?mg SHEPRRE = X100 =9452"% .
Sending-end power 19.044




4.6 EQUIVALENT CIRCUIT REPRESENTATION OF LONG LINES

In the third chapter, we have seen that a transmission
line can be represented by nominal-st or nominal-T. But
they do not represent it accurately, since the parameters
of the line are not assumed to be uniformly distributed
along the length of the line. The discrepancy becomes
larger as the length of the line increases. However, it is
possible to find the equivalent circuit of a long line and
to represent the line accurately, insofar as the
measurements at the ends of the line are concerned by a
network of lumped parameters. They are called
equivalent-m and equivalent-T networks.

4.6.1 REPRESENTATION OF A LONG LINE BY EQUIVALENT- I
MobEL

To represent the long lines by m-equivalent, draw the -
network and replace Z by Z’ and Y by Y” as indicated in
Fig. 4.2.

Now the generalized equations from the m-equivalent
network are [from Egs. (3.32) and (3.33)]

V :(1+¥]v; +Z1, (4.26)

I :}'[1+i]!ﬂ+[1+£]@ 4.27)
4 2

Compare the Egs. (4.26) and (4.27) with generalized
transmission circuit constant of Egs. (3.9) and (3.10)



|
= _l
N<
L
——p

.
\
/
\ |
A

Fig. 4.2 m-equivalent circuit representation of a long line

Y7
A=14+——
2

B=7
c:r-[HE]
4

}.’izi
D=1+——
2

Now comparing Eq. (4.26) with Eq. (4.16a) yields

55
1+T =coshy/ (4.28)

and Z' = Z_sinh y/ (4.29)

Considering Eq. (4.29) as;



Z' = Z.sinh vyl
[z sinhy!

SR o detacunel iy PO
1'q| y ezl e
sinh y/

v
_7 sinh ¥/
v

=z/

From the above results, the equivalent series
impedance of the circuit shown in Fig. 4.2 is equal to the
product of the series impedance of the circuit of Fig.
3.12(a) and sinh yl/yl.

Again, by comparing Eq. (4.27) and Eq. (4.16b), we get

}"l Zf
[”T]‘“’Sh £ (4.30)

}'i ZI‘
f"md[HT]: cosh {Er [43]]

Considering Eq. (4.31) after substituting Z’ = Z sinh
yl from Eq. (4.29), it can be written as;



Y
1+7.E'c sinhy/ = cosh ¥/
Y ) ;
7Zc sinh ¥/ =coshy /-1

}—Z\ sinh ¥/ = cosh? ﬁ+smhz ﬂ—c.oshz ﬁﬂinhg 1id
7 ¢ 2 2 2 2

S : (4.32)

where, Y’ = total shunt admittance.

Resulting view of Eq. (4.32), the equivalent shunt
admittance of the circuit of Fig. 4.2 is equal to the
product of the shunt admittance of the circuit of Fig.
3.13(a) and (tanh yl/yl.

The equivalent-n circuit can be represented as shown
in Fig. 4.3.

7 Zsinhyl
.-:‘rlf
- s
I i P 1
b Y Y'_Y tanhvl2
I ) S Lt T l

Fig. 4.3 Equivalent mt-network

Test Yourself



1. Is the equivalent-t model of a long transmission line
accurately represented in all conditions?

4.6.2 REPRESENTATION OF A LONG LINE BY EQUIVALENT-T
MobpEL

To represent long lines by T-equivalent, draw the T-
network and replace Z by Z’, Y by Y’ as indicated in Fig.

4.4.

1

71

.{
=~

Fig. 4.4 T-equivalent circuit representation of a long line

Now the generalized equations from the T-network
[from Egs. (3.24) and (3.25)] are as follows:

I O L T L L

o },"lzi
I =] [T+[1+T]J’j (4.34)

By comparison of the Egs. (4.33) and (4.34) with
generalized transmission circuit constant vide Egs. (3.9)
and (3.10), we can write;



Now compare Egs. (4.33) and (4.34) with Egs. (4.16a)
and (4.16b), to obtain;

Z'[I+%]:chinhy{

(4.35)
Ve sinhy! _
Z (4.36)
}'lzf
&md(H'T]:mh'r’Er (4.37)
To determine the shunt branch of the equivalent-T
circuit, consider the Eq. (4.36) as;
. (vl/
] |[1' - smh[ 7]
Y'=—sinhyl = |2 yrl—p2
Z sinhy ‘“|:J} v’}?f’
sinhyl
= L'!r
"
_sinhy!
=] (4.38)

vl



From the above result, the equivalent shunt branch
admittance of circuit vide Fig. 4.4 is equal to the product
of the shunt branch admittance of circuit of Fig. 3.10(a)

and (sinh yl/yl).

To get the series impedance of the equivalent-T,
substitute Y’ from Eq. (4.38) in Eq. (4.37) to obtain;

1+

Z'sinhyl _
e <5

coshyl

7 sinh ﬂ_cmhﬂ i i
—3 2 2 _cosh? Lo 4sinh2 2
2 Z. 2 )
vl vl
7 sinh %_cmh% ]
—.2 = = 2sinh’ !
2 55 £
Z—':.?_' tanh -
2 3
. v/
_ [y =i tanh(f;'"z ]
z 12 \{r}':

. Ysinhv!
|::| Y'= SI:H W

(4.39)

vl vl
_cosh? 22 4+sinh2 22
3 B

T




Fig. 4.5 Equivalent T-network

This means, in order to get the series branch of the
equivalent-T circuit, the series branch of the nominal-T
(lumped series impedance) should be multiplied by the

tanh [f—er
factor 2
vl 7

i

The equivalent-T circuit can be represented as shown
in Fig. 4.5.
EXAMPLE 4.3

A three-phase, 50 Hz, 160 km long transmission line has
three conductors each of 0.75 cm radius spaced at the corners
of triangle of sides 2.5 m, 3 m and 3.5 m. The resistance of
each conductor is 0.3 Q/km and the line delivers 30 MVA at
132 kV and at a lagging p.f. of 0.95. Determine ABCD
constants as (i) medium line (both T and x methods) (ii) long
line (both real and complex angle methods) and (iii)
parameters of equivalent T and «t representations of long
lines.

Solution:

Radius of each conductor, r =0.75 cm

Spacing between the conductors, D;, = 2.5m, Do3 =3 mand D3, = 3.5
m

Supply frequency, f = 50 Hz

Length of the line, [ =160 km

Power to be transmitted, S = 30 MVA
Receiving-end line voltage, V. = 132 kV

Load p.f., cos¢, = 0.95 lag

Resistance per conductor per kilometre = 0.3 Q

Total resistance of the line, R = 0.3 x 160 = 48 Q)

Geometrical mean distance, D, =3[0, ¥ D,, %D,

=32.5%3%3.5=2.972m=2972 cm



Geometrical mean radius, Dg = 0.7788x0.75 = 0.5841 cm

Inductive reactance per phase, X; = 27 fL= 21 x50%0.2 = 62.83 Q

Impedance of the line, Z =48 +j62.83 = 79.067 4 52.62° Q

107
*lF

Capacitance of each conductor (per phase), C =

D
[8ln—
r

B LU
18lp e
0.75
Capacitive suceptance per phase, ¥, = 2nfC = 2n % 50 >} 1486 = 107% = 46684 x} 1090
vl =J4.6684 X 10™ 2907 79.067£52.62° =0.192.£70.33° = 0.065 + j0.18
=al + jil.

160000 =1 .486UF

(1) Medium lines

Nominal-T method

A=yl
2

N 4.6684 107 £90° % 79.067£52.62°

2

=1+0.01846.2142.62°
=1-0.01274 + j0.01336 =0.98726 + j0.01336 =0.9874.20.65"

E:Z[I+E]
4

=T79.067£52.62°(1-0.006368 + j0.006682 )
=T79.067 £58.47°(0.9936 + j0.006682 )

=1

=79.067£58.47°%0.99362.20.428° =78.5626..52.95° Q
C =Y =4.6684x107290°8

Nominal-t method



YZ
A=D=1 +? =0.9874.£0.65°

B=Z =79.067£52.62° Q

c:r[wz]
4

=4.6684107£90°x0.99362.£0.428° =4.6386.£90.428" §
=0.0145 +j0.03392.

(ii) Long lines

ABCD constants (real angle method)

A = D = coshy! = cosh alcosfi! + jsinh o sinfi{

= cosh(0.065 + j0.18)
= cosh{0.065)cos 0.18 + j(sinh0.065)sin 0.18
= 0.968 + j0.01164
= 0986206767

sinhy! = sinh{0.063 + j0.18)
= (sinh0.065)cos 0.18 + jicosh0.065)sin 0.18
= 0.064 + j0.1794
= 0.064270.367

[ [ =~ o
B=2Z,sinhyl = [ xsinhyl = | 200745262
\ V4.6684x10™ £90°

=26.3386.£51.70° Q

20064270367

= 0.064..70367

1 \/4.ﬁﬁﬂ4xl{]"£9{]°
C =—sinhyl =
g 79.067.252.62°

=1.55x107"£89.025° ©

ABCD constants (complex angle method)



21
T L
2

y2

466845107 £90°x79.067 /52,620 . (4.6684x107*£90°) x(79.067£52.62°)
+ +
) %

=1+0.0185£148.47°+5.677x107 £296.94°

=]

=1-0.01276+ j0.01339+3.1123 107 - j4.7478 %107
=0.9873+ j0.01334=0.9874.£0.65"

YZ 77t
6 120

3=z[|+—+

\2

46684 X10% /90°% 79,067 L5267, [4.&684xl[l"[‘}{]°]2x[?9.[]:’:?152.&? )
6 120

=79.067£52.62°| 1+

=79.067£52.62° (1+6.1519%107 £142.62°+1.1354 % 1[1'55285.24°J

=79.067.£52.62° (0.99512.£0.214°)
=T78.681/52.83°Q

c:r[wgﬂﬂz_ ]

f 120
=4.6684 %107 2907 (0.99512.£0.214°)

=4.64x107°290.214° 0

(iii) Equivalent-T representation

Shunt admittance, Y = 4.6684 x 10 #7900 15

Series impedance, Z = 79.067. 52.62°



yi=0.192.270335°
% =0.096.£70.335° =0.032 + j0.09

Then,
Y. =4.6684x 107*.290° Q

Z'_ Ztanhyl/2
2 2 yi2

},rr:},.."\'!ﬂh}’f
¥i
inh(v{/2
tanh(y [/ 2) = S 1/2)
cosh(y !/ 2)

sinhyl/2 = sinh(0.032 + j0.09)
= (sinh 0.032) cos 0.09 + j(cosh 0.032) sin 0.09
0.03187 + j0.0899 = 0.09538.270.48°

coshyl/2 = cosh(0.032 + j0.09)
= (cosh 0.032) cos 0.09 + j(sinh 0.032) sin 0.09
= 0.9965 + 2.92 X 107 = 0.9965.20.168°
L] L i T [=]
—— sinh(y//2) _0.09538.£70.48

cosh(y{/2) 0.9965.£0.168°
=0.0957£70.31°

E _Ztanh(y//2) _ ?G.Dﬁ?éﬁz.fvz‘jx 0.0957£70.31°

> =

2 yli2 2 0.096..70.335
=39.416.£52.59° Q

0.064.270.36°
Y=Y = 4.6684 %107 £90°X ——————
vl 0.192.270.335°

=1.556x107290.03° 73

Equivalent-nt representation

itk 0.064.270.36°
Zr=z MY 290675262 % —1T20  _26356./52.64° Q

yi 0.192.£70.335°

2 yli2 3 0.096.270.335°
=4.6538 %107 £89.96° ().

E _Ytanh(y//2) 4.6684x1 0~ £90° . 0.0957£70.31°
5 =

EXAMPLE 4.4

Derive the ABCD constants when two transmission lines are
connected in cascade.

Solution:

Two transmission lines are said to be connected in cascade when the
output of one transmission line is connected to the input of the other.



sl

Jr.s'l

Let the constants A,, B,, C;, D, and A, B,, Cs, D, be two
transmission lines which are connected in cascade as shown in Fig. 4.6.

Fig. 4.6 Cascade connection of two transmission lines

From transmission line 1, the sending-end voltage and the current are
expressed in terms of line constants as

ha = AV + By, (4.41)

=01 + D, (4.42)

Similarly, from transmission line 2

Via =4V + Bl (4.43)

I

B

= Vg + Doy (4.44)

Conditions for combined transmission lines are

Vola =1,V = VoandI, =1, (4.45)

T

After consideration of conditions from Eq. (4.45), Egs. (4.41) to
(4.44) becomes



V,= AV, + B, (4.46)

B

L=CGVg + Dil (4.47)
Via = AoV, + Bol; (4.48)
and [, = GV, + D, (4.49)

Substitute the values of Vg, and Is2 from Egs. (4.48) and (4.49) in
Egs. (4.46) and (4.47), we get

V, = A, (4, + B,l) + B,(CV, + D,I)
= (41d+ B.C)) V, + (4,8, + B.Dy) ], (4.50)

I, = Gy (AF: + Baly) + Dy( GV + Dol
=(Cydy + D,Cy) V, + (C,B, + D\D,) I (4.51)

Compare the Egs. (4.50) and (4.51) with generalized transmission
circuit constant of Egs. (3.9) and (3.10)

A= 44 +BC,
B=4B, +BD,
C=4,C,+C,D,
D=B,C,+DD,

The relation is given in matrix form as follows:

A Bl |4 B |4 B 453
¢ o[ | b b, e

1



Note: If transmission line 2 is connected at the sending end and 1 at
the receiving end, the overall constants for the combined transmission
line can be obtained by interchanging the subscripts in Eq. (4.53).

EXAMPLE 4.5

Derive the ABCD constants for two transmission lines
connected in parallel. Solution

Solution

In case two transmission lines are connected in parallel as shown in Fig.
4.7, the constants for the overall transmission line can be obtained as
follows:

Fig. 4.7 Parallel connection of two transmission lines

From transmission line 1, the sending-end voltage and the current
are expressed in terms of line constants as

Va=diVa + By (4.54)

Ly =GV, + Dy, (4.53)

Similarly, from transmission line 2

Via = A2V + Bal (4.56)

la = GVatDily (4.57)



Conditions for combined transmission lines are

Vi=Va= Ve, M= Va=Vas k= la + 1o
and =1, + I (4.58)

On applying the conditions from Eq. (4.58) to Eq. (4.54) to (4.57), we
get

V=41, + Bl (4.39)
L, =CF, + Dl (4.60)
Vi=4:1, + Bl (4.61)
la =G + Dily (4.62)

Multiply Egs. (4.59) and (4.61) by B, and By, respectively and add, we
get

yARTBA, BB

. { g (4.63)
* B+B B +B,
From Eq. (4.58)
L=1,+1,
Jrﬂ = Jllr = JII:|"I (4(?4:]

From Egs. (4.59) and (4.61)



AV, + B =4V, + B,
(1 —A2) Ve = Bol. — I4(By + B7)
1 B —(4 -4V,

dn B +5, (4.65)

Adding Egs. (4.60) and (4.62), we get

'|r.1 - Jr.s'l it Jr.G
=0V + D+ GV, + DLl
= I:C'| + Cg)l’; + ng,- + jﬂl:D] o .Dg:l
BJ —(A-A),

=(C, + C)V, + D,1 + (D, -D,)
B +B, )
A-4)(D-D,
. (:1 + C,, i [ 1 2 ]{'D] -.] I,'I + BIDE + DIBE j‘r |:4.(?(7‘:|
3 B +8, B +B,
Compare the Egs. (4.63) and (4.66) with generalized transmission
circuit constant of Egs. (3.9) and (3.10)
(AR tBA,
B +8,
B R B]B.E
B +B,
4-4)(D-D,)
C:Q+Q-LL—QEL—Q
B +B,
pAP.+DB (4.67)
B +B,

EXAMPLE 4.6

Derive the ABCD constants of a transmission line with series
impedance at the receiving end.

Solution:



Fig. 4.8 Transmission line with series impedance at the receiving end

From Fig. 4.8,
(4.68)

V=V +5LZ
and V, = AV + BI,

Substituting the value of V from Eq. (4.68) in the above V; expression

= AV, + I, Z) + Bl (4.69)
AV, + (B + AB),

= CV+ DI,

=
n
=]
—
I

Substituting the value of V from Eq. (4.68) in the above I expression

L=CV.+L4)+ DL
SL=CV+ (D + CE)L

If the new generalized constants for the whole combination are A,,
B,, C;, and D, then from Egs.(4.69) and (4.70), we get

A4 =4,8B, =B+ 47
C=CD=D+CZ=4+CZ isince 4 = D).

EXAMPLE 4.7

Derive the ABCD constants of a transmission line with series

impedance at the sending end.



Solution:

From Fig. 4.9,

V= A4V, + Bl
I, = CV, + Di, (4.71)

ad V,=V+12
AV, + Bl + 172
= AV, + BL + (CV, + DI)Z
SV=A+CAY + (B + DI (4.72)

I

|

|

|

|

|

|

|

5,

%
L#j

o~
— <
A

>

&

{?@

Fig. 4.9 Transmission line with series impedance at the sending end

If the generalized constants for the whole combination are A,, B, C;,
and D, then from Egs. (4.71) and (4.72), we get

A =A+CZB =B+ DZ
=€ De=0D0=d (A =D)

EXAMPLE 4.8

Derive the ABCD constants of a transmission line with
transformers (series impedance) at both ends.

Solution:

A step-up transformer is connected at the sending-end of the
transmission line and a step-down transformer is connected at the
receiving end of the line, which is equivalent to series impedances
connected at both the ends of the transmission line.



Let the impedance of the transformer at the sending and receiving
ends be Z; and Z,, respectively and the resultant equivalent circuit of a
transmission line is shown in Fig. 4.10.

Tran 5mi55i0n
line

Fig. 4.10 Transmission line with series impedance at the sending and
receiving ends

From Fig. 4.10,

Vo=V, + 12,
and 7, = AV, + BI,
= A(V,+ Z[) + B,

=AY+ (24 + B (4.73)
IL,=Cl, + DI,
= (V. + 1Z,)C+ DL
S L=0V +H (D + L0 (4.74)
VS = Vl + ZlIS

Substituting V; and I from Egs. (4.73) and (4.74) in the above
equation, we get

V.= AV, + (Zzd + B)+ ZJ[CV, + (D + Z,O)L}]
= (4 + CZ)W,+ (ZA+ B+ DZ, + CZ. L),

Since the line is symmetrical, so D = A

V= (A + CZW o+ [B+A(Z+ Z)+ CL Z:)l, (4.75)



If the generalized constants for the whole combination are A;, B;, C;

and D1 then from Egs. (4.74) and (4.75), we get

.‘]‘] =4+ (:Z],B] =5+ .‘TEZ] + sz + (:Z]Z;g
O =0Ch=D+ 08, =4+ CF, (since 4 = D)

4.7 TUNED TRANSMISSION LINES

In a long transmission line, if the sending-end voltage
and current are numerically equal to the receiving- end

voltage and current then the line is called a tuned line.
ie., | Vs|=| Vil
and s |= |1 |

If, @l LC =mt,n=123..
(476)

nir nt
!I e

- mﬁ - Q;T\fﬂ

=v = velocity of light

Since
IO
=3 x 10 m/s.

For tuned performance, the length of line

2 " x3x10°m  (-+ f =50 Hz)

er: =
2fJLC 100
=3 X 10¥fm, forn =
=6 X 10Ffm, forn=

1
2

Therefore, the length of the tuned lines can be 3000
km, 6000 km, 9000 km, etc. These lengths are too long



for power transmission from the point of view of cost and
efficiency. In practice, such lines would have to be at
EHV-levels. In long AC lines, the length is subdivided
into sections of 250—300 km and compensation is
provided at such intervals.

Test Yourself

1. Is it practically possible to maintain | V| = | V| and | I|= |
I| in a transmission system?

4.8 CHARACTERISTIC IMPEDANCE

Characteristic impedance is defined as the square root of
the ratio of line impedance z to shunt admittance y.

IlT_
e, Z = |—
r.LI

where,
|— is a complex number, when y and/or z are in complex.

\Vy

e lll?_ I| r+joL
© Ny Vg+joC

From this equation, Z. depends upon the characteristic
of the line per unit length. It is, therefore, called
characteristic impedance of the line. It also depends
upon the length of the line, radius and spacing between
the conductors. For a lossless line, r = g = 0, the
characteristic impedance becomes

Z== @)



The characteristic impedance is also called the surge or
natural impedance of the line.

Surge impedance is the impedance offered to the
propagation of a voltage or current wave during its travel
along the line. The approximate value of surge
impedance for overhead lines is 400 Q, for under ground
cables it is 40 2 and the transformers have several
thousand ohms.

Test Yourself

1. Why is surge impedance low in underground systems as
compared to overhead systems? Justify your answer.

4.9 SURGE IMPEDANCE LOADING (SIL)

The surge impedance loading (SIL) of a transmission line
is the power (MW) loading of a transmission line when
the line is lossless.

A transmission line produces reactive power (MVAr)
due to their natural capacitance. The amount of MVAr
produced is dependent on the transmission line’s
capacitive reactance (X,.) and the voltage (kV) at which
the line is energized.

Now the MVAr produced is,

(kVY
MvAr =&Y
X

(4.78)

Transmission lines also utilize reactive power to
support their magnetic fields. The magnetic field
strength is dependent on the magnitude of the current
flow in the line (kA) and the natural inductive reactance
(Xp)of the line. The amount of MVAr used by a



transmission line is a function of the current flow and
inductive reactance.

The MVAr used by a transmission line = I°X; (4.79)

Where, I is in kA,

Transmission line SIL is simply the MW loading (at a
unity power factor) at which the line MVAr usage is
equal to the line MVAr production. From the above
statement, the SIL occurs when:

(kV)*

'k =

172
XX, = [k\z] (4.80)
i

And the Eq. (4.80), can be rewritten as

|I ["2 zfl'fL

L (Since for lossless ling, R = 0)
V2 afe
or L surge impedanc (4.81)
== ¢ & ] !
I yg T

—

The term \(% in the Eq. (4.77) / (4.81) is the surge

impedance.

The theoretical significance of the surge impedance is
that, if a purely reactive load that is equal to the surge
impedance were connected to the end of a transmission
line with no resistance, a voltage surge introduced at the



sending end of the line would be absorbed completely at
the receiving end. The voltage at the receiving end would
have the same magnitude as that at the sending end, and
would have a phase angle that is lagging with respect to
the sending-end by an amount equal to the time required
for the volt age wave to travel across the line from the
sending to the receiving end.

The concept of surge impedance is more readily
applied to telecommunication systems than to power
systems. However, we can extend the concept to the
power transferred across a transmission line. The surge
impedance loading (power transmitted at this condition)
or SIL (in MW) is equal to the ratio of voltage squared
(in kV) to surge impedance (in ohms).

A
~.SIL (MW) = ——L (4.82)
Surge impedance

Note: From Eq. (4.82), it is observed that the SIL is
dependent on the voltage (kV) of the line to which it is
energized and the line surge impedance. The line length
is not a factor in the SIL or surge impedance
calculations. Therefore, the SIL is not a measure of a
transmission line power transfer capability, neither does
it take into account the line length, nor does it consider
the strength of the local power system.

For loading much higher than SIL, shunt capacitors
may be needed for improving the voltage profile along
the line and for light load conditions, i.e, load much less
than the SIL, shunt inductors may be needed to reduce
the line charging current.

4.10 FERRANTI EFFECT

When medium or long transmission lines are operated at
no-load or light-load, the receiving-end voltage becomes



more than the sending-end voltage. The phenomenon of
rise in voltage at the receiving-end of a transmission line
during no load or light load condition is called the
Ferranti effect. The charging current produces a voltage
drop in the series reactance of the line. This voltage drop
is in phase opposition to the receiving-end voltage, and
hence the sending-end voltage becomes smaller than the
receiving-end voltage.

In order to determine the magnitude of voltage rise,
one-half of the total line capacitance will be assumed to
be concentrated at the receiving-end as shown in Fig.
4.11(a). The phasor diagram is shown in Fig. 4.11(b).

Taking receiving-end voltage as reference phasor, we
have

Vo=V AP (4.83)

And is represented by phasor OA

Charging current,

L=1V (4.84)

—

=
50
<

Fig. 4.11(a) Circuit diagram



Fig. 4.11(b) Phasor diagram

This is represented by phasor OD

The sending-end voltage,

Vo=V, + LR + jX0)
=V, + JYV(R + jX)
= ¥, - YKLV, + YRV, (435)

The vector OC represents the sending-end voltage
under no load condition and is less than the receiving-
end voltage. The line resistance is usually small as
compared to the line inductive reactance. Hence, the
resistance is neglected.

Neglecting resistive drop of the line, I .R, we get

Rise in voltage, V' = OC — 04
=¥t

= —YxV (4.86)

The negative sign in Eq (4.86) indicates that V. is more
than V..

If Cy and L, are the capacitance and inductance of the
transmission line per meter length, respectively and [ is
the length of the line in meters, then Eq. (4.86) becomes,



wCl
V'=——LxaL/xV,
2

2 2yr
, o C LI
y :_% (487)

In case of short lines, the effect is negligible, but it
increases rapidly with the increase in length of the line.
Therefore, this phenomenon is observable only in
medium and long lines.

For long high voltage and EHV transmission lines,
shunt reactors are provided to absorb a part of the
charging current or shunt capacitive VAr of the
transmission line under no load or light load conditions,
in order to prevent the over voltage on the line.

Test Yourself

1. What compensation is required to avoid Ferranti effect on
transmission lines? Justify your answer.

EXAMPLE 4.9

Find the no load sending-end voltage and the voltage rise
from the sending-end to the receiving-end for a 50 Hz, 300
km long line if the receiving-end voltage is 220 kV.

Solution:

220 .
The receiving-end voltage, V, = 5y =127.017kV

@ GLIY,
3

Rise in voltage, ' =

1
The quantity ——=is constant for all transmission lines and it is equal
y Laten

to the speed of light in km/sec



i.e., 3 x 105 km/sec.

o'V, oW x107°

Ix(3%10°PF 18

Therefore, rise in voltage, ' =—

27 X50)% X300 %300%107™ x127.017
e | ) = =—6.268 kV

As, ¥V, — V, = —6.2689 kV
The sending-end voltage,
V.=V, — 6.268
S V,=127.017 — 6.268 = 120.749 kV/phase
= \Ex 120,749 =209.14 kV (L - L),

4.11 CONSTANT VOLTAGE TRANSMISSION

In case of constant voltage transmission, a constant
voltage drop is maintained along the line by installing a
synchronous condenser (a synchronous motor running
without a mechanical load) at the receiving-end. When
the loads are changed, the power factor of the system is
also changed by the synchronous condenser (motor).
Therefore, the voltage drop along the line is constant
even when the loads are changed.

The main advantage is the availability of constant
voltage at the load-end for all loads.

Disadvantages are:

e Short circuit current of the system is increased.
e Risk of interruption of supply becomes more in case of synchronous
phase modifiers falling out off synchronism.

4.12 CHARGING CURRENT IN LINES

The effect of capacitance of an overhead transmission
line above 100 km long is taken into consideration for all
calculations. The effect of the line capacitance is to
produce a current usually called the charging current.
This current will be in quadrate with the applied voltage.
It flows through the line even though the receiving-end is



open-circuited. It has its maximum value at the sending-
end of the circuit and decreases with increased length
from the sending-end and finally reaches zero at the
receiving end.

The charging current of the open circuit line is referred
as the amount of current flowing into the line from the
sending-end to the receiving-end when there is no load.
In many cases, the total charging current of the line is
determined by multiplying the total admittance of the
line by the receiving-end voltage. This would be correct if
the entire length of the line had the same voltage as at
the receiving-end. However, this method of finding
charging current is sufficiently accurate for most lines.

Therefore, assuming voltage-equality along the line,
the actual value of the charging current will decrease
uniformly from its maximum value at the sending-end to
zero at the receiving-end. Due to charging current, there
will be power loss in the line even if the line is open-
circuited.

4.12.1 Power Loss DuUe To CHARGING CURRENT (OR OPEN-
CIRCUITED LINE)

Consider an open-ended single line diagram of a
transmission line of length [ with a charging current I,
per unit length and the resistance per unit length r ohms.
Let us assume a small section dx at a distance x km from the sending-
end of the line as shown in Fig. 4.12.

The current flowing through a small section dx from sending-end =
i(l-x) A

Resistance of a section dx = rdx

¥4

4—X—h-|d)ﬁd—




Fig. 4.12 Equivalent phase diagram of open-circuited transmission line

The total charging current, I. = il A

.. Loss in the element, dx = i*(1 — x)* rdx

i

Total loss in the entire line :J (1 -x)* rdx

S (4.88)

From the Eq. (4.88), the total power loss in the line is
equal to 1/3 of the maximum power loss due to charging
current (no load current).

Test Yourself

1. Why should an open-circuited line encounter power loss?

4.13 LINE LOADABILITY
In practice, power lines are not operated to deliver their
theoretical maximum power, which is based on rated
terminal voltage and load angle, 6 = 90° across the line

1.e.,

max —

V.V, -
?_ Figure 4.13 shows a practical line

loadability curve plotted below the theoretical steady
state stability limit. This curve is based on the voltage-
drop limit (V; = 0.95) V; and on a maximum load angle
of 30°—359, in order to maintain stability during



transient disturbances.

Note that for the short lines of length less than 100
km, loadability is limited by the maximum current
carrying capacity (thermal rating) of the conductors or

by terminal equipment rating, and not by voltage drop or
stability considerations.

Steady state
stability limit

Thermal

Line loadability

—+ Loadability

— & Line length(km)

Fig. 4.13 Practical line loadability curve

4.14 POWER FLOW THROUGH A TRANSMISSION LINE

Generally, loads are expressed in terms of active and
reactive powers. Consider a single-line diagram of a

three-phase transmission line with a two-bus system as
shown in Fig. 4.14.

E

S P+

-5

Z(0) |

I )
|
S=PQ,

Fig. 4.14 Equivalent single-phase representation of a three-phase
transmission line



Let us take the voltage at the receiving-end as a

reference i.e., V. ~0° and then the sending-end voltage

would be V; # 8, here ¢ is the torque angle (6 is the angle

between V; and V).

Now, the complex power per phase at the sending end
is

S=P +jO. =Vl (4.89)

And the complex power per phase at the receiving end
is

S =P +jO. = VI (4.90)

where, I;* and I.* are complex conjugate of I and I,
respectively.

From the Egs. (3.9) and (3.12), we can write

L=2h-2,

B° B
and [, :Elf's—llf
B

: (491
3 )

where, A, B and D are the transmission line constants

and are expressed as,A=|A| 2z a,B=|B| zBand D =
ID| 2 a. (. A=D)

Now the expressions from Eq. (4.91) can be written as



|

s Iy
I, :Egz(a B )-fpldle-p) (4.92)

and [, =

i !
v Z(a+6-B)-=V.L-
2[l<la+0-p) B p (4.93)

Substituting I. from Eq. (4.92) in Eq. (4.90)

A ;
S = V.| 20| — ——[’;iﬁ—ﬂ{

Similarly, power supplied from the sending end per
phase is

: vv.| .
Vfi{ﬁ’—a}—| ]J;"'g{ﬁ +5)

5,2
B

Expressing the S, and S, in real and imaging parts, and
writing the active and reactive powers at the receiving
end, we get

: [j;[ | cos(f -6 )- g




’2
V

T

e A .
0, :‘ ‘B‘ |=;m[ﬁ -0)- ‘B sin(ff —a ) (4.95)

Similarly, the active and reactive powers at the sending
end are

'y
—|‘ |‘|I‘ cos(f-a) ‘| |‘c0¢; f+6) (4.96)

B o BB v o
QS:U‘VS‘ sin —ﬂ}—‘|3|‘- (f+d) (4.97)

8

The receiving power P, will be maximum when 8 = £,
so that from Eq. (4.94), we get

C-OS{;G’ =il ] [498]

. | ,
And corresponding 0, = —‘fg |l*; ‘2 sin (f -« ) (4.99)

Now, consider a special case of a short transmission
line with a series impedance Zi.e., A=D =10
B =7 =7 s B,where, 0 = impedance angle.

Substituting the above quantities in Egs. (4.94) and
(4.95), the receiving-end powers are



it

[ -0 ——cmr?

. \V V \

S0

where, a = 0, = 0 for short lines

AR (6-6 A
and 0, = |Z‘ sin(0 -0 ) ‘Z‘ sin

Similarly, sending-end powers are

‘[ ‘ cost — ‘[r['|cm[9+‘n]

i
C=g g )

The receiving-end power is maximum, when 6 = 6.

From Eq. (4.100)

VY
P (max)= costl
2
= ‘P‘["‘ —|[J’|2 R, (sincc cosf :E]
7 1 ‘.

(4.100)

(4.101)

(4.102)

(4.103)

(4.104)

The resistance of a transmission line is negligible when

compared to its reactancei.e., R = 0,then Z=X



X
0 =tan™ [— ]’: a0~
R

". From Eq. (4.100), the receiving-end power is

‘[f’sl';| 2
£, =—sino (4.105)
X

And from Eq. (4.101), the reactive power at receiving
end is

|[J

@) :Mcm:‘i —i
Tl

J (4.106)
The load angle 6 is assumed to be small for the
consideration of power system stability. So the Eq.
(4.106) can be further modified as
mam
0. =2Vl
AR (4.107)
orQ), = 7 4

where, |AV] =(| V5| — | V5|) = magnitude of voltage drop
across the transmission line.

From these equations it is observed that:

1. When the resistance of a transmission line is negligibly small, i.e.,
zero, the active power transmitted through the transmission line is
proportional to sin § = § (for small values of §) and the reactive power
is proportional to the voltage drop across the line i.e., AV.

2. The active power received is maximum when 6 = 90° and has a value



VV
M. However, the value of § is always less than 90° for stability
X

considerations.

3. Maximum active power transfer over the line can be obtained by
raising the excitation of the system or by reducing transfer reactance
of the line.

4. From Eq. (4.107), the reactive power transfer over the transmission
line is proportional to the line voltage drop and is independent of 6.
Therefore, for maintaining a desired voltage profile at the receiving-
end, it is necessary to control the reactive power transfer.

EXAMPLE 4.10
A typical line has the following parameters:

A=D=1/1.0° B =98 /80°

1. If the line supplies a load of 30 MW at 0.86 p.f. lagging, 105
kV, determine the sending-end voltage and hence the
regulation of the line.

2. For aload of 45 MW at 0.86 p.f. lagging, 105 kV, find the
reactive power supplied by the line and by synchronous
capacitors if the sending-end voltage is 120 kV. Also
determine the power factor of the line at the receiving end.

3. Find the maximum power that can be transmitted if the
sending-end and receiving-end voltages are as in (a).

4. Find the power and power factor of the load if the voltages
at the two ends are 105kV and with a phase difference of
259,

Solution:

1051000
Receiving-end voltage per phase, J, =——=——=60621.8 ¥

V3

load in MW x10° _ 30x10°

» _ =191.81A
V3V, cos, 3 x105x10° x0.86

Receiving-end current, [, =

Recerving-end current, [, = 191.81 £ —-30.86" A

Sending-end phase voltage, V, = 4V, + B[,
= 1L1.0° X 606218207 + 982807 % 191.81 £—30.86"
= 60621.821.0° + 18797.38249.14° = TH928/. 11837V

Sending-end line voltage I, = V3% 74492.8=129025.3 V or 129.025 kV

V., —F 129.02 =105
Voltage regulation =——=x100= 03 x100=22.8%

1L




Receiving-end true power, P = VSII’EV'L cos(f -6)- erLz cos(ff —ct )

120105
98
or cos(fi—8) = 0516
S (=) = 58.87°

cos(f -4 )—;—BXIUSZCM{SG"—I %)= 45 MW

WegWse: oy -
Receiving-end reactive power, & :%s'ﬂw mid )—EV;S'"(}@ —a)

120105

sin{SE.ETC’}—;—Ex]ﬂizsin[8(]“—]"]

= 110.06 — 11043 = —0.373 MVAr

Reactive power of load = 45sin(cos'0.86) = 22.96 MVAr
. The synchronous capacitors must deliver =22.96 + 0373 = 23.33 MVAr.

P

Power factor of the line at receiving end, cosg, :ms[tan'] o ]

-0.373
=ms(tan'] ?]:0.9999 lead

3.
. ; VoV, A
Maximum power transmitted, P___ == __J* cos(fi —ct)
S120x105 _ 1 s(79°) =128.569 MW
GR G
4.

VoV A
Real power transmitted, F, = S;’Lccls{ﬁ —a}—EVimsw —it)

105 %105 1
=— " cos(80° —25"}_ﬁx1~:1|52 cos(80°—1°)

=112.5(0.5736 —-0.1908) = 43.0639 MW

A Ay,
Reactive power transmitted, ¢, = %sm{ﬁ —ix) —EVism{ﬁ —ix)

:%sin{ﬂﬂ“—ﬁ"} —sin{79%)

=-18.278 mVAr

4 —18.278%
.. Power factor of the load, cos¢, =cos| tan ! =10.999 lead
43,0639



A 200 km, three-phase, 50 Hz transmission line has the

following data: A = D = 0.98 /1.2°; B = 131.2 7 72.3° Q/phase;

C = 0.0015 ./ 90° S/phase. The sending-end voltage is 225 kV.

Determine (i) the receiving-end voltage when the load is
disconnected, (ii) the line charging current and (iii) the

maximum power that can be transmitted at a receiving end
voltage of 220 kV, and the corresponding load reactive power

required at the receiving end.

Solution:

Sending-end phase voltage, V, = 23X _ 1299038V
NE)

When the load is disconnected, [, =0

Sending-end phase voltage, Fg = AV, + Bl,= AV, + B x 0

¥,  129903.8.£0°

Or receiving-end phase voltage, V, =%
A 098.4.2°

1. Receiving-end line voltage,

Vo= J3x132554.8=229591.8 V or 229.59 kV

=—————=]32554.8£-12°V

2. Line charging current, Ic = CV; = 0.0015 . 90° x 132554.8 / —1.2° =

198.83.7 88.8° A

3. Maximum power that can be transmitted for Vi1, = 220 kV and Vg =

225 kV

V.V, A
sufi _EI»'IT_E cos “f —r,f] MW

MAX

B
27 by C \
_ 225x220  0.98 x225%cos(72.3°-1.2°)
131.2 1312 '

=377.29-122.49 =254.8 MW
A :
Corresponding reactive power required at the receiving-end, J, = —EI",T_E sin(ff - )

0.98

(~f =0)

= x225% xsin(72.3°-12°)

1312
=-357.76 MVAr



4.15 CIRCLE DIAGRAM

The performance of a transmission line can be studied
either by analytical methods or graphical methods.
Analytical methods are often found to be cumbersome
and laborious. In such cases, a graphical method of
analysing by means of a circle diagram approves to be a
convenient method. These diagrams are useful in system
stability studies, reactive volt-amps calculations and in
the system design and operation. They are easy to
construct and use, and the accuracy is fairly high.

4.15.1 ReceIvING-END PHAsOR DIAGRAM

Consider Egs. (3.9) and (3.10)

i.e., and
ie, V,=AV.+Bi, (4.108)
and [ =AV, + DI, (4.109)

The problem is to determine the value of V, I and
steady the system behavior for known values of V,, I. and
the power factor at the receiving end. The best method is
to draw curves relating to these variables.

In Eq. (4.108), the complex constants A, B and D may
be written in the form of their magnitudes and
arguments as

A=|d|La,B=|B|£B,and D = |D|LA

Assume the receiving-end voltage (V) as a reference
vector and the receiving-end current (Ir) lags behind the
V; at a phase angle of ¢ ,.



Now, Vi =AV. + BI,

The sending-end voltage, V; is obtained by adding AV,
and BI,. The vector diagram for V5 is drawn as shown in
Fig. 4.15.

Vs leads V. by an angle § called torque angle or load
angle.

Fig. 4.15 Receiving-end phasor diagram

Construction of phasor diagram is as follows:

1. Draw a line, which is equal to V;. (reference phasor) from O.

2. Draw another line equal to AV . and make a leading angle a with
V:; phasor.

3. Draw BI, phasor from AV, making an angle (f—¢;) with the
horizontal axis and then join the points O and N. This ON phasor
is the sending-end voltage, V.

From the phasor diagram shown in Fig. 4.15, the angle between
Vrand I is ¢; Vi and AViis a; V; and BI, is B—a—¢,; V; and Vg is
0; and the angle I;. and BI, is . Also draw XX line in parallel with
line X’X” and indicate the angle ¢, and phasor BI,.



Complex power, &= V;.I;
=, L0 [L4,
=V, Lcos g, + Vil sin g,
=Pt jo, (4.110)

4.15.2 ReceivING-END Power CIRCLE DIAGRAM

It is the circle diagram drawn with receiving-end real and
reactive powers as horizontal and vertical coordinates,
respectively. The receiving-end power circle diagram is
developed from the voltage phasor diagram shown in

Fig. 4.15.
Consider the expression for Vg from Eq. (4.108) and its
phasor diagram shown in Fig. 4.15. In this diagram, all

the phasors except I, are voltage phasors. These phasors
can be converted into power

vectors by multiplying the entire voltage phasors by

I V
current phasor, which is equal to (Fj}

Let us examine the resultant phasors of a new diagram
after multiplying voltage phasors by current. The
resultant phasors are

Aav,

Bi :|fof|‘£_¢f

V'V
5 T

FEeg




Due to multiplication of all the voltage phasors of Fig.

4.15 by current [% }, the phasors in Fig. 4.15 are rotated

by an angle-f and the resultant diagram obtained is
shown in Fig. 4.16.

Let the line XO’X be taken as the horizontal axis, and
line YOYY as the vertical axis. In Fig. 4.16, the product V,
I, gives the total volt-amps at the receiving end. The
horizontal projection of VI, is V.I, cos¢, (active power).
The vertical projection of V.1, is VI, sing, (reactive
power). Hence, XO’X and YO’Y become active and
reactive power axes.

Under the sign convention adapted in general, the
inductive load draws positive reactive volt-amps. So, the
diagram shown in Fig. 4.16 is to be rotated 180° about
the horizontal axis XO’X. This diagram shown in Fig.
4.17, gives the receiving-end power circle diagram.

The important part of the diagram is the triangle
OO'N. For constant values of V and V,, and variable
receiving current I, it will be seen that the only degree of
freedom in the triangle OO’N is for point N to move in a

. . ok
circle whose radius is equal to [?] and the centre O.

Since the locus of the operating point is a circle with the
axis of reference as real power and reactive volt-amps at
the receiving end, the diagram thus obtained is called the
receiving-end power circle diagram.

The co-ordinates of the centre of the receiving-end
power circle represents the (—O’K, ‘KO)in Fig. 4.17.



-0K :_’Ej[,;z cos(f —e)W

{5 : :
KO = —’Evf sin(f — ) VARs. (4.111)

: .. : = (I
Radius of receiving end power circle =MN = o |VA

Y
X—'———D ____________________ '
44
;: WV,
AV? =
B
x_P0 il X
V2 o &
B Vil
" N

Fig. 4.16 Receiving-end phasor diagram rotated by an angle-$



Fig. 4.17 Receiving-end power circle diagram

The distance of the centre O from the origin O’is,

AV?

00" =

The equation of the power circle referred to P, and Q,
as referred axes (—O’K, —KO) and radius ON may be
written as

(P, + OK)* + (0. + KO)

Substituting the values obtained in Eq. (4.111) in the
above equation, we get

A .1 . A SR A4 /
P+=Vcos(f ) | +| 0, +=V sin(f -t | =| = (4112



) p2 Y. )
It is to be noted that {? J is marked as reference line

from which torque angle § is measured. This line
corresponds to phasor of Fig. 4.15. § is the angle between

2
the line {% J and ON. The reference line and torque

angles are important in correlating a receiving-end
power diagram with a sending-end power diagram. We
shall consider the following two cases.

Case 1: Receiving-end voltage is kept constant
and sending-end voltage is changed

In this case, centre of receiving-end circle is fixed
(independent of sending-end voltage) i.e., the point O is
same, but the radius of circles vary for different values of
Vs. Such concentric circles are shown in Fig. 4.18.

Case 2: Sending-end voltage is fixed and
receiving-end voltage is changed

In this case, the centres of the circles are at different
points for each value of y but all centres lie on line OO".
The radii of circles vary with changes in V;. and are
shown in Fig. 4.19.



Load line

Fig. 4.18 Receiving-end power circle diagram for different values of Vj

Y
Load line
v, 0 / Xll"':'s}lll":g =V,
V, /
Ve
Vis
0
Y

Fig. 4.19 Receiving-end power circle diagram for different values of V;

4.15.3 ANnaLYTIcAL METHOD FOR RECEIVING-END PoweR CIRCLE
DiAGRAM



The receiving-end power circle diagram can be derived
analytically by considering the phasor volt-amps at the
receiving-end.

From the equation, V; = AV, + BI,
o o tecd ;
B B
_ [’;ﬁﬁ AL

BB BZB

Ve J(5-8V-Av /(o -
=2 2(5-p)-2VL(a~p)

[ =22 L(p-5)-27,2 (B ~a)

V.20

Volt-ampere at the receiving end will be

S, =B+j0. =V,
" g -5) -2
=— — _ -y
% ip-0)-2vitp-a)
S

:?[cos{ﬁ =4 )+ jsin(p —n‘]]—g!ff [cos[ﬁ —at )+ jsin(p -« J]

S W, cos(f -6 ) A!’zcoe(ﬁ m)} '[VTVS%in[ﬁ ) A!'zsin(ﬁ a) (4.113)
3 =|—cos|p -0 )——F cos|fp - g -0 )——F " = :
N B’ '8 B

By separating real and imaginary parts, we have

VV A

P =—¢os(f-6)-—=V}cos(f - (4.114
2 0s(f=8)-2 ¥ cos(f ~a) (4.114)
VW, . oy Ao -

0= 7 sin —:‘)]—E!fr sin(f —a ) (4.115)

1 . Vi :
0rE+jEVf cos(f —a )= ‘B‘ cos(f-6) (4.116)



1 . vy . .
0, +§stm[[&’ ~a)= :9‘ sin(f -0) (4.117)

Squaring and adding Egs. (4.116) and (4.117), we get

A i A . 2 :
[E +2V; cos(B - }} +[Qj #o Vi sin (ﬁ—ﬂ)} =[ 9 j (4.118)

This is the equation of the circle in rectangular
coordinates.

The co-ordinates of centre of the circle are:

. : v:
Horizontal coordinate :—/Br cos(ff —ot) W

!

; ; A
Vertical coordinate :—/Br sin(f) o) VARs (4.119)

FV
Radius=—=—- VA
B

(Note that both the co-ordinates of the circle are
negative, and therefore, it is in the third quadrant in the
X-Y plane. Other results obtained analytically are the
same as that of the one obtained graphically.)

4.15.4 SENDING-END PoweR CIRCLE DIAGRAM

It is the circle diagram drawn with the sending-end real
and reactive powers as the horizontal and the vertical
coordinates, respectively. The process of construction of



a power circle diagram is the same as that of the
receiving-end diagram.

First, the phasor diagram of voltage is drawn and is
shown in Fig. 4.20. The basic equation for the sending-
end power circle diagram is V. = DV — BI

Taking V ¢ as the reference vector

Ve =V 0. D=DsA = L7 —dh

| ]

LWL —6=D/A VA0 — BB LS — o,

e, Vi£—0=DV,ZA — BLZ(P—¢s) (4.120)

Once the sending-end phasor diagram is drawn (see
Fig. 4.20), then draw XX line parallel to line X’X’, also
indicate the angle ¢, and vector BI.

Now, the sending-end circle diagram is drawn from
the sending-end phasor diagram by following a method
similar to that of a receiving-end circle diagram.




Fig. 4.20 Sending-end phasor diagram

_[zs

B

Each phasor of Fig. 4.20 is multiplied by

_[z' _Iz'
00' x| —= |=DV, x| —=
B B

DZAV, 20
= 25Ty Z180°.

Dy:
= Z(180°+A - )

_[z' 3 _[z'
r)'fn.-'x[ — J= (~BL, JX[ = J= VI,

V. V.L-5 V.A80° VV L
ONx| =2 |= 2= =2t Z(180°—5 - B)
B B/p B

By such multiplication it is found that all the voltage
phasors are converted into volt-amps and Fig. 4.20 is
rotated to an angle 180°.

The modified diagram is shown in Fig. 4.21. In this
phasor, VI, represents the volt-amps at the sending-end
and is inclined at an angle ¢ with the horizontal axis
XO’X. The projection of V5 I on the horizontal axis X—X
gives the real power in watts and projection on the
vertical axis Y-Y gives the reactive volt-amperes.

The diagram in Fig. 4.21 is rotated 180° about the
horizontal axis to conform to the convention of the sign
of reactive volt-amps and is shown in Fig. 4.22.

If Vi and V, are held constant as the power delivered
to the network is varied, the location of the point O
remains fixed and the distance from the point O to point
N remains constant. The location of point N, however,



varies with the changes in the load delivered to the
network and N is constrained to move in a circle, since, it
must remain at a constant distance from the fixed point
O. Thus, the locus operating point N is a circle with
centre O and radius ON. Since the locus of the operating
point is a circle with the axes of the reference as active
power and reactive volt-amps at the sending-end, the
diagram so obtained is called the sending-end power
circle diagram.

| \%
X O \B X
Vi
J-AR~s%
(f N
DV¢ ViV
B B
A
&
r ﬁ r
Mk W X
0

Fig. 4.21 Sending-end phasor diagram rotated through an angle (180°)



r D r
D T —pm—————— X
B
Al 5
WY,
D 2 / E
il £
B
M
(B-A Vel
X = X
1%
=]

/'«— Reference line

Fig. 4.22 Sending-end phasor diagram rotated 180° about horizontal axis

2
Horizontal coordinate = B“ cos(fi —A)W

. . e .,
Vertical coordinate = BS sin(ff —A) VAR

(4.121)
Radius = L VA
The equation of the sending-end power circle is
[Ps -%vf cos (B —a}}z +[Qs —%Vf sin(f —i\.)T = [%]Z 412)

where,



P, and Qg are the real and reactive powers at the
sending-end.

2. . . .
[3] is the reference line from which torque angle & is

measured.

If V is maintained constant, we get a family of
concentric circles for various values of V.. If V. is kept
constant, we get a family of circles lying on the same line

making an angle (8—A) with the horizontal axis.

4.15.5 ANALYTICAL METHOD FOR SENDING-END PoweR CIRCLE
DiaGRAM

The sending-end power circle diagram can also be
drawn from the consideration of phasor volt—amps at the
sending-end.

From the equation,

V. = DV, - Bl
DV F

I = £t
B B

Taking V; as the reference vector

, _DLAVL0 V.L-5
" B/B BZB
Dy : V
=—LlA-B)-2~L-(6+
B (A-B) B (6+5)

DY, soe. o B e
=—=L(B-8)-24(5+B)

&

Phasor volt-amps at the sending-end



Ss=Wd;
S A4

DV :
ie, P +j0 = 7 L(f-A)- 5

g

B0, =20 feos )+ jsin (6 ~8)]-LLe cos(5 4 )+ sino +5)]

£(5+P)

Separating the real and imaginary parts, we get

Vv %
B ;;c.os[:)'+ﬁ]+DB‘ cos(ff —4)

vy oY (4.123)
0.= }‘sin[:‘i+ﬁ}+ BS sin(f —4)

From Eq. (4.123) we can write

D, PPN N (A
-] D] {2

This equation is similar to the Eq. (4.122) obtained
earlier in the graphical method.

When V; and V; are phase voltages, their co-ordinates
of the sending-end circle will be in watts and VARs per
phase. The readings will be in volt—amps per phase.
However, if the voltages are line to line in kV, then the
co-ordinates of the center will be MW and MVAr for all
the three phases and the radius of the circle will be total
MVA.

Test Yourself

1. Why are the receiving-end power circle diagrams for
different values of Vi, for a given value of V; not concentric?



2. Is it necessary to draw the circle diagram using per phase
values only? If so, why?

Example 4.12

The generalized circuit constants of a transmission line are
as follows

A=D=0895/14° 8B = 182.5/.78.6°

1. If the line supplies a load of 50 MW at 0.85 p.f. and 220 kV,
find the sending-end voltage.

2. For aload of 80 MW at 0.85 p.f. lagging, at 220 kV,
determine the reactive power supplied by the line and by the
synchronous condenser, if the sending-end voltage is 240
kV. Also determine the power factor of the line at the
receiving end.

3. Determine the maximum power transmitted if the sending-
end and receiving-end voltages areas in (ii)

Solution:

The generalized circuit constants of a transmission line

A=D=0895.14" B = 182.5/78.6° ohms

load, P = 50 MW
Receiving-end p.f. =0.85

Receiving-end voltage, V. = 220 kV

; oo 50x10° =
Current at receiving-end, [, =—=—————=154.37A
V3 X 220085

and (f —c) = TR — 1.4°=T72°
Scale

1cm = 20 MW (on x-axis) and 1 ecm = 20 MVAr (on y-axis)

Co-ordinates of receiving-end power circle diagram



2
b T

X-co-ordinate = — cos(fi —at)

0.895 x220°
e —

182.5
=-S52.59 MW

Fig. 4.23 Receiving-end power circle diagram

To scale, it is equal to 2.63 cm.

AV? 0.895 %2207
T T W

sin(f —at ) = e 5in77.2°=-23 .46 MVAr

Y-co-ordinate = —

To scale, it is equal to 11.57 cm.

Construction of circle diagram

1. Locate point O at a co-ordinate of (—2.63, —11.57)
2. Draw load line at angle ¢, = cos '0.85 = 31.8° to the x-axis and



cut a point N corresponding to 50 MW (2.5 cm) on x-axis and add
the points O and N.
1. From the graph shown in Fig. 4.23,

[
ON = 14.25 cm = 285 MVA it is also equal m?

y. ;.
.. Sending-end voltage,V, = % =23642kV
% 23642

% Regulation = 4 x100="0895 100 =20.07
F 220

r

2. When load is 80 MW (4 cm) at p.f. of 0.85, receiving-end
voltage is 220 kV and sending-end voltage is240 kV

; ’ ) FF  240=220 )
Radius of new circle = 2—X= =289 31MW =14.5cm
B 182.5

PR is the total reactive power (MVAr) required by the load.
Out of total PR, QR is supplied by the line and PQ is
supplied by the synchronous capacitor.

PO =12cm =24 MVAr
OR =12 cm =24 MVAr

Receiving-end p.f. = cos¢, = cos 17.8° = 0.952

3. The maximum power that can be transmitted corresponds
to LM, which is 11.9 cm and therefore the maximum power
that can be transmitted is 238 MW.

Example 4.13

A three-phase, 300 ki long transmission line has R = 0.1
Q/km, X=0.4 Q/kmand Y=5X 10-° £ 90° UJ /km. By drawing
the receiving and sending-end power circle diagrams,
determine the sending-end voltage, current and p.f. when the

line is delivering a load of 200 MW at a p.f. of 0.8 lag and 250
kV. Assume T-configuration.

Solution



Resistance of line per phase, R = 0.1 x 300 = 30 Q
Reactance of line per phase, X = 0.4 x 300 = 120 Q

Impedance of line per phase, Z = 30 + j120 Q
Admittance of line per phase, Y = 5 x 10°° £90° x300=15x%10 * /
90°TJ

Line constants

15%107 %(30+ /120
.4:D:l+¥:l+ Sakalizl)

2

, 15x1 0~ £90° x123.7.£75.96° _, 018555165.96°
2 B 2
=1-0.091 + j0.023 =0.909 + j0.023 =0.9093/1 45°
B=30+/120=123727596°Q

Load p.t. angle, ¢, = cos™' 0.8 = 36.86°

=1+0.0938.2165 96"

Receiving-end power circle diagram
B —a=75.96°-1.45° = 74.51°
Scale
1 cm = 50 MW (on x-axis) and 1 cm = 50 MVAr (on y-axis)

Co-ordinates of receiving-end power circle
diagram

Av: 0.9093x250°
X-co-ordinate = — H’ cos(ff —a ) :—Txmﬁﬂ.ﬁl“:—lzz.ﬁ?’ MW
To scale, it 1s equal to 2.45 cm

AE" = 0.9093x250°
Y-co-ordinate = ———sin(f} —« :—szﬂnﬂ_ﬁl“:—ﬂiﬂ.ﬁ MV Ar

To scale, it is equal to 8.35 cm

Construction of circle diagram

1. Locate point O at co-ordinates of (—2.45, —8.85)

2. Draw load line at angle, ¢, = cos '0.8 = 36.9° to the x-axis and
cut a point N corresponding to 200 MW (4 cm) and add the
points O and N.



1. From the graph shown in Fig. 4.24(a),

ON = 14.2 cm = 710 MVA it is also equal to

T
5 r

il

= (p-48)

Fig. 4.24(a) Receiving-end power circle diagram

(f+5)=80.6°| g

2

o

b |
N

i
<
\,db
39°

Df

Fig. 4.24(b) Sending-end power circle diagram



; o THo=123.7
.~ Sending-end voltage, :T:ESLEI kV

And (B — &) = 61°

L 8=p —61° =7596°— 61° = 14.96°
S B+ 8 =T7596° + 14.96° = 90.92°

B — A =7596° — 1.45° = 74.51°

Construction of sending-end power circle diagram

DV? ) . 0.9093x351.31°
X-co-ordinate = T*CDRLH —j.}: 133 7 ®eos74.51°=242.20MW
To scale, it i1s equal to 4.835 cm

DV? : . 0.9093x351.31°
Y-co-ordinate = THCDRLH —ﬁ.J: 1737 *5in 74.51° =874 27TMW

To scale, it i1s equal to 1 7.48 cm

VIV, 351.31x250

i "ol = = =T710MVA
Radius of circle = B 123.7

To scale, it is equal to 14.2 cm

Construction of sending-end power circle diagram

1. Locate point O at co-ordinates of (4.85, 17.84)

2. Draw a circle with O as center and 14.2 cm as radius. Draw line
ON inclined at angle to the x-axis, where Nis the point on the
sending-end circle diagram as shown in Fig. 4.24(b).

3. Join points O’and N.

From diagram shown in Fig. 4.24(b)
The line O’N is the load line and is equal to 7.1 cm. It is equal to 355 MVA

SV, =355
355 355

Sending-end current, *:ﬁl,- _\Exﬁul:ﬁm'ﬂﬁ

Sending-end power factor angle, ¢s = 39°

Power factor at sending-end = cos 39 = 0.777.



Example 4.14

A three-phase transmission line transmits a load of 100 MW
at a p.f. of 0.85 lag. The line voltage at the receiving-end is
220 kV. The constants of a nominal-st network are as follows:

A=D=09693,142° 8B = 123.7/275.36°02 , C = 0.000503 £90.1°T5.

Calculate

1. Sending-end voltage, current, power factor, regulation and
efficiency of the transmission line.

2. Load in KW at 0.85 power factor lag that could be carried at
10% regulation.

3. Voltage drop if the load is 125 MW at the same power factor
and the MVAr leading required for 125 MW load at 10%
regulation.

4. Rating and power factor of the synchronous phase modifier
connected in parallel with the load so that the voltage
transmitted at the sending end is same as at the receiving
end.

5. What is the maximum power transmitted in case (iv). Also
calculate the corresponding power factor by constructing
receiving-end and sending-end power circle diagrams.

Solution:

Receiving-end power circle diagram

Load power factor angle, ¢, = cos™' 0.85 = 31.78°
B —oe=7T536 — 142 = 73947

Scale
l cm = 50 MW (on x-axis)and | cm = 50 MVAr (on yp-axis)

Co-ordinates of receiving-end power circle diagram

2 ) a0 %2703
X-co-ordinate = — “”:T CDRLH - ] = _wxmﬁ ?3_[}40 =—-104.92MW
To scale, it i1s equal to 2.1 cm
AV: 0.9693%220°
Y- co-ordinate = — H’ sinf{fi —rr]:—’lrJTXRin?E_NG:—EM_S MVAr

To scale, it i1s equal to 7.29 cm.



Construction of circle diagram

1. Locate point O at a co-ordinate of (—2.1, —7.29)

2. Draw load line at angle, ¢, = cos '0.85 = 31.7° to the x-axis and
cut a point N corresponding to 100 MW(2 cm on x-axis) and add
the points O and N.

(i) From the graph shown in Fig. 4.25(a), ON = 9.6 cm = 480 MVA, it is

also equal to £id
480x123.7
.~ Sending-end voltage, V), :T[l =269.89KY
(B —a) =63.5°
SLOo=f—635%=T536 — 0635 = 11.86"

B+ 6="7536+ 1186 = 87.22°
B+ A=7536 — 142 =73.94°

Construction of sending-end power circle diagram

-2 ) ) 0L 260 8¢
e D;H cos(f —A)= []-m}?j; E}'H}z Xc0573.94° =157.9MW
To scale, it 1s equal to 3.16 cm

2 i X T 60 B0
Y-co-ordinate = %qiﬂ{ﬁ —j.}: [:.-}ﬁ}?j;uf}-ﬂ} Xqin?3_94°:543_5 MV Ar

To scale, it 1s equal to 10.97 cm



Fig. 4.25(a) Receiving-end power circle diagram

Fig. 4.25(b) Sending-end power circle diagram



V.V, 269,89x220
123.7

=430MVA

Radius of circle =

To scale, it is equal to 9.6 cm

Construction of sending-end power circle diagram

1. Locate point O at co-ordinates of (3.16, 10.97).

2. Draw a circle with O as center and radius 9.6 cm. Draw line ON
inclined at angle S+ 6 = 87.22° to the x-axis. Where, Nis the point
on the sending-end circle diagram as shown in Fig. 4.25(b).

3. Join points O’and N.

From Fig. 4.25(b), the line ON is the load line and is equal to 3.15 cm. It
is equal to 157.5 MVA.SV, I, =157.5

JAVL =157.5
Sending-end current, [, = il = ki
B 3x269.89
Sending-end p.f. angle, ¢, = 27°
Power factor at sending-end = cos 27° = (0.891]
.-V, 26989220
v 220

=336.92A

=22.68

Regulation, % =

Power at sending end, P, = NE) VI, cosg,
=/3%269.89%336.92 x0.892 = 140.33MW

E 100
% Efficiency = =2 =100 = 100 =T1.26A
P 140.33
{11) At a regulation of 10%
V.=V
L =10%
F,=11F, =11 x220=242kV
; i , g VI 242x220
-Radius of circle at 10% regulation = *F=————=4304 MVA

B 123.7

To scale, it is equal to 8.6 cm.

Draw the receiving-end circle diagram (2) [Fig. 4.25(a)] with radius
8.6 cm, it cuts the load line at N;. The point corresponding to O’N;on
the x-axis is the load carried by the line at 10% regulation.



VI
.. The load carried by the line = 1.1 cm = 55 MW = jg’

(iii) At power, P = 125 MW

The new point N, is marked on the load line corresponding to a load of
125 MW

V.V
The length ON, = 10.05 cm = 502.5 MVA = "B’

, _502.5x1237
ST
. Voltage drop = ¥, — F, = 282.5 — 220 = 62.52kV

=2825 kV

Since the required regulation is 10%, the sending-end voltage is 1.1 V;.
For increased load, therefore, N, must move vertically downwards to
cut circle diagram (2) at M,.

.. Leading MVAr required to maintain10% of voltage regulation with a

load of 125 MW is N,M; = 0.6 cm = 30 MVAr
(iv) When Vs = Vr

: , 5 . 220%220
Radius of receiving-end circle = ST =391.27T MVA

To scale, it is equal to 7.82 cm.

Draw the circle diagram (3) with a radius of 7.82 cm. From the
operating point N, draw a vertical line downward on circle (3) and this
point is M,

. Leading MVAr = NM, = 2 cm = 100

(v) Maximum power under condition (iv) can be found by drawing a
horizontal line through O and cutting the circle at M.

Maximum power = LM = 5.7 cm = 285 MW.

CHAPTER AT A GLANCE



1. Long transmission lines: The lines having length above
250 km, with operating voltage above 100 kV, falls under this
category. Line parameters are distributed uniformly along
the length of the line.

The sending-end voltage, Vs = V; cosh y; + I Z¢ sinh y;

; |
The sending-end current, /, = Z—’smh yl +1, coshyl

i

The generalized transmission circuit constants are A = D =
. o
cosh y;; B=Z:sinhyjand C = Z—smh vl

i

2. Characteristic impedance, 7. = JZ, for lossless line
'L.l

E= JE is known as surge impedance.
C

1. The approximate value of surge impedance for
overhead lines is 400 Q and that for underground
cables is 40 Q.

2. The phase angle of Z¢ for transmission line is usually
between 0° and —15°.

3. Propagation constant, o= |I'yz

}r=f1+jﬁ’

: R s :
o = attenuation constant = %‘ |II Np/m
[ = phase constant =w+/LC rad/m
211
and wave length, / =— m
1

Velocity of wave propagation, v = ——
ty propag JIC

4. Tuned transmission lines: If the sending-end voltage
and current is numerically equal to the receiving-end voltage
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and current respectively, then the line is called a tuned line.

5. Surge impedance loading (SIL): It is the MW loading at

which the line’s MVAr usage is equal to the line’s MVAr
production.

(kV, 1)

SIL (MW) = ,
Surge impedance

6. Ferranti effect: The phenomenon of rise in voltage at the

receiving end of the open-circuited or lightly loaded line is
called the Ferranti effect.

o’ Cy L, IV,
g

". Riseinvoltage, V' =—

7. Constant voltage transmission: In this case, a constant

voltage drop is always maintained along the line by installing
specially designed synchronous motors at the receiving end.

8. Charging current in lines: The effect of the line

capacitance is to produce a current usually called the
charging current.

z
Power loss due to charging current = I, &
3
SHORT ANSWER QUESTIONS

Write the expression for sending-end voltage (V) for long
transmission lines.

What is meant by Ferranti effect?

Define the surge impedance.

Define the surge-impedance loading.

Write the expression for sending-end current for a long
transmission line by rigorous method.

What is meant by constant-voltage transmission?

What are the advantages of constant-voltage transmission?
Define the charging current in transmission lines.

What is the order of power loss due to charging current?
What are the disadvantages of constant-voltage transmission?

. Why is the rigorous solution method required for long lines?
12.

13.

Write down the A, B, C, D constants for a long line.
What are the methods used for computing the hyperbolic



14.
15.

16.
17.

18.

functions in the solution of long lines?

Define the propagation constant.

What are the parameters neglected while considering a lossless
line?

Where are the circle diagrams useful?

What is meant by tuned transmission lines?

Define the nominal-T network

MULTIPLE CHOICE QUESTIONS

The surge impedance of a 110 kV, three-phase transmission line is
440 Q. The surge impedance loading of the line is

¢ 2
. J3(110) W

440
; 2

, (110)
440

5 (110)°

CE T MW
3 %440
(100)*

440

. The capacitance and inductance per unit length of a three-phase

line, operating at 110 kV are 0.01 pF and 2.5 mH. The surge
impedance of the line is

1. 50

2. 500 Q)

3. 250 Q

4. 100

. Along transmission line is energized at the sending end and is

kept open-circuited at the receiving end. The magnitudes of the
sending-end voltage Vs and of the receiving-end voltage V; satisfy
the following relationship

1. Vo=V¢

2. Vsis greater than V;

3. Vgisless than V;

4. none

. Shunt compensation for long EHV lines is primarily resorted to

1. improve voltage profile

2. improve stability

3. reduce fault currents

4. increase the current

Series compensation is primarily resorted to
1. improve voltage profile

2. improve stability



3. reduce fault currents
4. toincrease the current

6. Which one of the following statements is true?

10.

11.

1. skin effect at 50 Hz is negligible for larger diameter
conductors but becomes appreciable for smaller
conductors.

2. skin effect at 50 Hz is negligible whatever be the diameter
of the conductor

3. skin effect at 50 Hz is negligible for the smaller diameter
conductors but becomes appreciable for the larger
conductors

4. none of these

The surge impedance of a double-circuit power transmission line
is

1. 400

2. 2002

3. 400 02

4. 8002

The surge impedance of a telephone line is

1. 5002

2. 750

3. 200 2

4. 400 Q2

Which one of the following statements is true?

1. skin effect increases the resistance of a conductor, but
proximity effect decreases the resistance

2. both skin effect and proximity effect increase the resistance
of a conductor

3. both skin effect and proximity effect increase the internal
inductance of a conductor

4. none of these

A transmission line having parameters A, By, C;, D, is in parallel
with another having parameters A,, B,, Cs, D,. The overall A
parameter of the combination is

1. /1|212 4 B|(_.'2
2. (AB>+ /123|} B+ Bg}
3. (_'| + (_'2 + [:fﬁ ffz}[:Dz D|}."I[:B| + Bz}

4. [B| =+ Bz} / [/’1 |Bz+ fszJ

The transmission lines having length above 160 km, and line
voltage above 100 kV are known as

1. short lines

2. medium lines

3. long lines

4. none of these

12. If the receiving-end voltage is greater than the sending-end



voltage, regulation is
1. positive
2. negative
3. zero
4. none of these
13. The sending-end voltage of a transmission line will be equal to
the receiving-end voltage on load when the p.f. of the load is
1. leading
2. lagging
3. unity
4. none of these
14. The charging current in the transmission line
1. lags the voltage by 90°
2. leads the voltage by 45°
3. leads the voltage by 90°
4. leads the voltage by 180°
15. The coefficient of reflection for current for an open-ended line is
1. 1.0
2. 0.5
3. -1.0
4. 2
16. Ferranti effect on long overhead lines is experienced when it is
1. lightly loaded
2. on full load at upf
3. on full load at 0.8 p.f. lag
4. none of these
17. The power loss due to charging current is

1. I2R
I’R
2 €
2
I’R
3. =
2
I’R
4. —=
4
18. The value of charging current at the receiving end of the line is
1. less
2. more

3. none of these
19. The surge impedance of a 400 km long overhead transmission
line is 400 Q. For a 200 km length of the same line, the surge
impedance will be
1. 200 ()
2. 800 Q
3. 400 Q



20.

21.

22,

23.

24.

4. 100 Q)
For a good voltage profile under no load conditions a long line
needs

1. shunt capacitors at the receiving end

2. shunt reactor at the receiving end

3. shunt resistance at the receiving end

4. series capacitors at the receiving end
For a good voltage profile under load conditions a long line needs

1. shunt capacitors at the receiving end

2. shunt reactor at the receiving end

3. shunt resistance at the receiving end

4. series capacitors at the receiving end
The nature of line constants in the rigorous solution of
transmission lines is

1. distributed parameters

2. lumped

3. bothaandb

4. none of these
If the loading of the line corresponds to the surge impedance
loading, the voltage at the receiving end is

1. greater than the sending end

2. less than the sending end

3. equals to the sending end

4. none of these
The square root of the ratio of line impedance to shunt
admittance is called the

1. regulation of the line

2. surge impedance of the line

3. conductance of the line

4. surge admittance of the line

25. The coefficient of reflection of voltage for the short circuit line is
1. 1.0
2. -1.0
3.0
4. 2.0
Answers
1.b 2.b 3.¢C 4.a 5.b
6.c 7.b 8.b 9.b 10.b
11.c 12.b 13.a 14.¢ 15.¢C
16. a 17.c¢ 18.a 19.¢ 20.b
21.a 22.a 23.c 24.b 25.b
REVIEW QUESTIONS

1.

Discuss why the receiving-end voltage of an unloaded long line
may be more than its sending-end voltage.



10.

11.

12.

13.

Starting from the first principles, deduce expressions for ABCD
constants of a long line in terms of its parameters.

. What is Ferranti effect? Deduce a simple expression for the

voltage rise of an unloaded line.

What is constant voltage system of transmission? Discuss its
advantages and disadvantages.

Define the characteristic impedance and propagation constant of
a transmission line.

Explain surge impedance loading.

Show how the receiving-end power circle diagram of a
transmission line based on generalized constants can be drawn.
Also, show that power at the receiving end can be calculated for
any torque angle from such a diagram.

Show how the sending-end power circle diagram of a
transmission line based on generalized constants can be drawn.
Also, show that the power at the sending end can be calculated for
any torque angle from such diagram.

. What is the maximum load that can be delivered at the receiving

end? Show it graphically and verify by the analytical method.
What is an equivalent-T circuit of a long line? Derive an
expression for parameters of this circuit in terms of line
parameters.

What is an equivalent mt circuit of a long line? Derive an
expression for parameters of this circuit in terms of line
parameters.

What is meant by Nominal-t method of solution for the
performance of long transmission lines? Draw a phasor diagram
with the receiving-end voltage as reference.

Derive equivalent parameters of two transmission lines when
they are connected in (i) series, and (ii) parallel.

PROBLEMS

A three-phase transmission line is 400 km long and delivers a
load of 350 MVA, 0.85 p.f. lag at 400 kV. The ABCD constants of

the line are A = D = 0.918 £1.5°; B = 175 # 85°; C = 0.0019 £ 90°

U0 Determine the following under full load and no load conditions

1. Sending-end line-to-neutral voltage,
2. The sending-end current, and
3. The percent voltage regulation.

. The line constants of a three-phase long line are: A = 0.85 £ 2.3°;

B =180 #75°; C = 0.0014 # 90°.Determine the sending-end

voltage, the current and power factor when the open-circuit
voltage at receiving-end of the line is 220 kV.

. The line constants of a three-phase long line are: A = D = 0.931 +



j0.01; B =35 +j130 Q; C = (-6 +j900) 10 ° 1. The load at the

receiving-end of the line is 100 MW at 220 kV with a p.f. of 0.8
lag. Determine the sending-end voltage and the regulation of line.
. Athree-phase, 50 Hz and 250 km long line whose resistance per
km is 0.015 Q and inductance per kilometre is 0.8 mH and
capacitance per kilometre is 0.01 puF. Determine the network
constants of along transmission line while neglecting the
conductance of the line.

. A three-phase, 50 Hz, 1000 kilometre long transmission line has
the following line constants per phase per kilometre uniformly
distributed r = 0.35 Q; x = 0.58 Q; g = 4 x 10 %and b = 2.53 X
10"°. Find the auxiliary constants (i) by using convergent series
of complex angles (ii) by using convergent series of real angles.

. A three-phase overhead transmission line has series impedance

per phase of 250 £ 80° Q and a total shunt admittance of 0.0019

#80° S/per phase. The line delivers a load of 100 MW at 0.8 p.f.

lagging and 200 kV between the lines. Calculate the sending-end
voltage and current by the rigorous method.



5

Transmission Line Transients

CHAPTER OBJECTIVES

After reading this chapter, you should be able to:

Provide an analysis of travelling waves on transmission lines

e Derive a wave equation

Understand the effect of travelling wave phenomena when line is
terminated through resistance, inductance and capacitance

Draw the Bewley Lattice Diagram

5.1 INTRODUCTION

When a transmission line is connected to a voltage
source, the whole of the line is not instantly energized.
Some time elapses between the initial and the final
steady states. This is due to the distributed parameters of
the transmission lines. The process is similar to
launching a voltage wave, which travels along the length
of the line at a certain velocity. The travelling voltage
wave also called surge, may be caused by switching or
lightning. The voltage wave is always accompanied by a
current wave. The surge reaches the terminal approach
such as cable boxes, transformers and switch gears, and
may damage them if they are not properly protected. As
the waves travel along the line their wave shapes and
magnitudes are also modified. This is called distortion.
The study of travelling waves helps in knowing the
voltages and currents at all points in a power system. It
helps in the design of insulators, protective equipment,
and the insulation of the terminal equipment and overall
insulation coordination.



Generally, a power system operates under a steady-
state condition. However, transients are initiated due to
disturbances like switching, occurrence of short-circuit
faults or lightning discharge which may result in current
and voltages higher in magnitude as compared to those
in steady-state conditions.

5.2 TYPES OF SYSTEM TRANSIENTS

Depending upon the speed of the transients, these can be
classified as:

e Surge phenomena (extremely fast transients)
e Short circuit phenomena (medium fast transients)
e Transient stability (slow transients)

Lightning and switching causes transient or surge
phenomena. These transients (surges) travel along the
transmission line with a velocity of light (3 x 10°® m/s),
i.e., in one millisecond, it travels 300 km along a
transmission line. Thus, the transient phenomenon
associated with these travelling waves occurs during the
first few milliseconds after their initiation. The present-
line losses cause fast attenuation of these waves, which
die out after a few reflections.

The reflection of surges at open line ends, or at
transformers which presents high inductance, causes
maximum voltage buildup which may eventually damage
the insulation of high-voltage equipment with
consequent short circuit. Lightning on 33/11 kV
substation is shown in Fig. 5.1.



Fig. 5.1 View of lightning on 33/11 kV substation

5.3 TRAVELLING WAVES ON A TRANSMISSION LINE

A transmission line is a circuit with distributed
parameters. A typical characteristic of a circuit is to
support travelling waves of voltage and current, in
addition to which, it also has a finite velocity of
electromagnetic field propagation. In such a circuit, the
changes in voltage and current due to switching or
lightning are spread out in all parts of the circuit in the
form of travelling waves or surges.

Connected to a source of electrical energy due to
sudden lightening or switching, the transmission line
encounters a travelling wave of voltage and current
passing through it at a finite velocity.

For explanation of the travelling wave phenomenon,
consider a lossless transmission line which has series
inductance (LAx) of length Ax and shunt capacitance
(CAx) of length Ax as shown in Fig. 5.2. After the switch
S is closed, the applied voltage will not appear instantly
at the load end because of inductance and capacitance of
the lossless transmission line. When the switch S is
closed, the current passing through the first inductance
is zero because it acts as an open circuit, and the voltage
across the first capacitor is zero because it acts as a short



circuit at the same time. At this instant, the next sections
cannot be charged because the voltage across the first
capacitor is zero. When the first capacitance is charged
through first inductance, the capacitance of the next
section starts charging and so on. It is therefore clear
from the discussion that the voltage at the successive
sections builds up gradually and finally the voltage wave
reaches the other end of the line.

LA LB AR AR AR LBR

V e
? oo G.B;F.ﬁ( b

Fig. 5.2 Equivalent circuit of a long transmission line

5.4 THE WAVE EQUATION

Assume a transmission line with distributed parameters
as shown in Fig. 5.3.

LetR = Resistance of line per unit length
= Inductance of line per unit length
C= Capacitance of line per unit length

= Shunt conductance of line per unit length

K oM

v i i

owor

—_——d
| |

Fig. 5.3 Transmission line representation with distributed parameters



For a small section of the line Ax, the resistance,
inductance, capacitance, and conductance are RAx, LAx,
CAx and GAx, respectively.

The voltage at distance (x + Ax) from the sending-end
is V(x + Ax).

By Taylor theorem,

v(.r +ﬁ.?{]:1‘[.?{]+%ﬂ.1’ (5.1)
X

The difference in voltages between the distances x and
(x + Ax) due to the resistance and inductance from Eq.

(5.1) is

A

v(x)=v(x+ Ax)=v(x) —{v{.r] +?ﬂu}

=(RAx ]i+(L£\.r]%

.'.%:r:[ﬁ.ir}:[l,ﬂr]%

J 1 ]
~——=Ri+L— (5.2)
or = i+ P

Similarly, the difference in current can be written as:

i(x) —{i(,x]+%.ﬁr} = {(f.-i\.r}v +[(*ﬁ¥}%
dv

i -
or —=Gv+({— (5.3)
x o

When we consider a lossless transmission line, i.e., R =
0, G = 0, then the (5.3) become



v oi
_:—L_
dr ot
di dv :
d— =l 55
T e
Differentiating Eq. (5.4) partially with reference to
distance x and Eq. (5.5) with reference to time t
B »
K xd 29)
d% R
gt =f
TR Sl
ot dh
Also, —=——
" Ad awor

From Egs. (5.6) and (5.7)

o - ar*

Similarly differentiating Eq. (5.4) with reference to t
and Eq. (5.5) with reference to x

a2 S
% &y

g leupl -

an P Y (5.10)

From Egs. (5.9) and (5.10), we get



i & ’
oL > ol (5.11
ar:! 812 ]

The Egs. (5.8) and (5.11) are identical in form and give
similar solutions. They are called the travelling wave
equations in a lossless transmission line.

They represent the distribution of voltage and current
along the line in terms of time and distance.

Solutions of Egs. (5.8) and (5.11) represent the voltage
and current waves that can travel in either direction, i.e.,
in the forward or backward direction without change in

shape or magnitude with a velocity equal to ——
p 8 yeq Jic.
If the wave travelling in the forward or positive x
direction can be expressed as a function of (zCx-¢) then
the function, v = f(JLCx-0).

Similarly, the wave travelling in the backward or
negative x direction can be expressed as another

function, v =¢(J/LCx +r). It can be proved that v = f(JLCx-1)

is a solution of Eq. (5.10). To do this, let us write

(VLCx~t)=s (5.12)
One solution is v = f{s) (5.13)

Differentiating Eq. (5.13) with reference to x



o _o %
dx ds ox

But from Eq. (5.12), = gi =JLC
AN

dv — df
LA 7 R ]
dx v ds

Taking the second derivative with reference to x, we
obtain

Ry 2 .
A 514
dr s

i : *v A .
Ina similar way, it can be shown that 8_2 = E)_Q (5.15)
t i

From Egs. (5.14) and (5.15), we get

v v
S
dx o

which is same as Eq. (5.8).

This equation satisfies the function f(VLCx-r) and also

v :qﬁ(\.'"L_(_'.r+!].-

Hence, the complete solution can be written as:

v=f(VLCx=t)+¢(JLCx+1) (5.16)



This may be written in the form:

v=v"+y" (5.17)

Where v'= f (VLCx 1) represents the incident wave, i.e.,
the wave travelling in x increasing direction and
v'=¢(VLCx+t) represents the reflected wave, i.e., the wave

travelling in x decreasing direction.

Thus, the transient voltage wave is seen to have two
voltage wave components v’ travelling in the forward
direction (i.e., when x is increasing) and v” travelling in
the backward direction (i.e., when x is decreasing).

The wave travelling in the forward direction is called
the ‘Forward travelling wave’ and the wave travelling in
the backward direction is called the ‘Backward travelling
wave’.

The solution for the current may be written similarly.

From Egs. (5.5) and (5.16), we get

)i C Ff‘[\f"fﬁ"]_a‘f’(ﬁ”’q

ax JLC d d %)
After integrating Eq. (5.18), we get
= ﬁ[\f'[ﬁr—!]—qﬁ(ﬁﬁ!” (5.19)



The quantity /7 /¢ is denned as the ‘characteristic

impedance’ of the line and is denoted by symbol Z,.The
characteristic impedance of a lossless line is a real
quantity. It has the characteristics of resistance and the
dimensions of ohm. Therefore, it is also called
characteristic resistance or surge resistance. The surge
resistance is denoted by R,,.

| Inductance of the line/km/phase

L
Ly =R === , , for a lossless line.
0 =5y Ve \Il(japac.uanc.c of the line/km/phase ora fossiess fne

Substituting Z, from the above equation in Eq. (5.19), we
get

This may be written as,

i=i+i' (5.21)



L
ki

i ! .
where, i'= [Z—] and represents the incident current wave,

‘0
w
N ¥
FEl7m
Zﬁ

current wave.

and represents the reflected

Consider a voltage wave which propagates in the
forward direction and a wave which propagates in the
backward direction, as illustrated in Fig. 5.4(a). The
backward wave is called the reflected wave. The positive
direction of current is taken as the direction of
propagation of the wave itself. In case of a forward wave,
the direction of current and voltage are the same. But for
a backward wave, the direction of propagation of current
is opposite to that of voltage, so it is taken as negative.
Figs. 5.4(b) and (c) represent the wave shapes for
forward and reflected waves for voltage and current, and
their resultant at any instant. The mathematical relation
between them is given as:

Vv o =7y
L Pl
v =i



Direction of Direction of Total at
propagation propagation instant

— * — | * — | *
e e e
Fig. 5.4(a) Direction of wave propagation

/\/\/_\

£ = HZ e =g 1 &,
(i)Forward {lleeﬂected (i) Total voltage

voltage voltage

wave wave

Fig. 5.4(a) Direction of wave propagation

e il N S

& = 1o e = —jZy e =&+ &
(i)Forward (ii) Reflected (i) Total voltage
voltage voltage
wave wave

Fig. 5.4(b) Wave shapes of voltage

A function of the form f(VLCx+:¢) represents a
travelling wave because, for any value of ¢, a
corresponding value of x can be found such that (VLCx ¢
has a constant value and, therefore, defines a fixed point
on f(vVLCxzt). Corresponding values of x and t which
define the same points on a wave are given by

(VLCx—t) and (VLCx +1).



el W TR e
TR W=

i= f+ i
(iy Forward (i) Reflected (iii) Total current
current current
wave wave

Fig. 5.4(c) Wave shapes of current

Test Yourself

1. Why is characteristic impedance also called characteristic
resistance?

5.5 EVALUATION OF SURGE IMPEDANCE

In this section, we will be calculating the surge
impedance for overhead transmission lines and
underground cables.

1. Overhead transmission line

L =2x10"1In(D/r) H/phase/m
e 2nx(107? /367 9
C= h.ﬂ', = { — } = m — F/phase/m
In(D/r) In(D/r) 18In(D/r)

where, D is the distance between the centres of the conductors and r is
the radius of the conductor and D >> r.

2x107 In(D)r)

Zy =(L/C) :11|| ur‘*_l,.-“lﬁln{ﬂ.-"'f'}

=60In(D/r) Q

2. Cable



L=2x107In(R/r) H/phase/m
=

Ve
ek F/phase/m
In(R/r)
_ 107%,
18In(R/r)

where, R is the radius of the cable and r is the radius of
the conductor.

Assuming a dielectric having a relative dielectric
constant of &,

A value of 500 Q is usually assumed for the surge
impedance of an overhead line while a value of 50 Q is
assumed for the surge impedance of a cable.

Test Yourself

1. Why is the surge impedance in overhead lines more than in
underground cables?

5.6 IMPORTANCE OF SURGE IMPEDANCE

Knowledge of surge impedance is extremely useful as it
enables the calculation of the transient voltages and
currents which may occur in a circuit. For example, if a
line carrying a current I has been interrupted suddenly,
the maximum value of the oscillating voltage produced
and is equal to IZ,, which may reach a dangerous value if

Z, is high.

Power transmission systems are always complex in
character, i.e., they consist of sections or elements, such



as generators, transformers, transmission lines, and
loads with different electrical constants. In such a
compound circuit, oscillations harmful in one port of the
circuit may reach a dangerous state in another port, due
to variations in Z,. For example, consider the case of a
long transmission line connected to an underground
cable. An oscillation current in the cable of lower
impedance of its own, may give rise to dangerously high
oscillating voltages when it enters into the overhead part
of the line owing to the far higher natural impedance of
the latter. Similarly, if a transformer is connected across
the end of an overhead line, the natural impedance of
such a transformer may be between 2000 Q and 4000 Q,
which is very much higher than that of the line itself.
Consequently, an oscillating current which only gives rise
to moderate oscillating voltages in the line may produce
destructive voltages in the winding of the transformer.

Therefore, a consideration of Z, of different apparatus
gives considerable information regarding the relative
danger and the preventive action to be taken.

5.7 TRAVELLING WAVE

A lightning discharge or sudden switching in or out
results in the impression of an electric energy suddenly
in a transmission line. This moves along the line at a
speed of light (approximately) as a travelling wave or
impulse until it has been diverted from the wave front
and has, by piling up the voltage locally in the windings
of reactive apparatus, had destructive consequences. The
travelling wave is also called impulse wave. This is shown
in Fig. 5.5.

At point ‘a’ the voltage of the wave is zero. As the wave
moves along the line, the voltage at ‘a’ will rise from zero
to the peak value at ‘b’ and again fall to zero on moving
further. The left portion of the peak value is called the
wave front and the right portion is called the “tail” of the
wave. Usually, the impulse wave is designated by time T,



taken to attain maximum value and the time T, taken for
the tail to fall 50% of the peak value. Thus, suppose T, is
1 us and T, is 50 ps, then the wave is designated as 1/50

wave.

— Voltage (kV)

100%
50% /

a
—T— b — Time (us)

Fig. 5.5 Travelling wave shape

The equation of an impulse wave is of the form:

A L (5.22)

where, V,, represents a factor that depends on the peak
value.

a and f are constants which control the wave front and
wave tail times, respectively. Their values are a = —
0.01436 and 8 = —2.467 for 1.2/50 us, impulse wave.

5.8 EVALUATION OF VELOCITY OF WAVE PROPAGATION

Consider the Eq. (5.12),



8= [JL(_'_K — ]

Differentiating this expression with respect to time ¢,
we get

where, % is the rate of change of distance, which is

equivalent to velocity.

|
Velocity of wave propagation, U = E nm's (5.23)

1. Overhead transmission line

L =2x10"In(D/R) H/phase/m

e 2a%(107 367) 10~
== — = — F/phase/m
In(D/R) In(D/R) I81n(D/R)

Where, D is the distance between the centres of the conductors and R
is the radius of the conductor and D > R.

| |
U= = =3x10* m/s

\/{ LC) Jz %107 In(D/R)x107 18In(D/R)

2. Cable



L =2x10"In( R/r)H/phase/m
=

g -
h.ﬂ'. F/phase/m
In(R/r)
_ s
“181n(R/r)

where, R is the radius of the cable and r is the radius of
the conductor.

Assuming a dielectric having a relative dielectric
constant of &,

1 1
b=— =

J(LC) \/2 X107 In(R/r)x107, /181n(R/r)
_3x10°

[+
.,Jz. :

m's (5.24)

Example 5.1

A cable has a conductor of radius 0.75 cm and a sheath of
inner radius 2.5 cm. Find (i) the inductance per meter length
(ii) capacitance per meter length (iii) surge impedance and
(iv) velocity of propagation, if the permittivity of insulation is
4.

Solution:

Radius of conductor, r = 0.75 cm
Inner radius of sheath, R = 2.5 cm

Permittivity of insulation, &, = 4

1. The inductance per metre length of the cable is,

2x1 [ﬂn£ H/m
B
- 2.
2x=10™ ><Ir1—5
0.75

=2.41x107 H/m

I



2. The capacitance per metre length of the cable is,

0.75
=0.1846 =10~ F/m

3. Surge impedance of the cable is,

[L
z{,z."IlE
_ | 241x107

“Yo.1846 x107°
=36.13 Q

4. The velocity of wave propagation is,

l

U=——
SLOC

l

~\241x107 %0.1846 x107
=15%10% m/s

5.9 REFLECTION AND REFRACTION COEFFICIENT (LINE TERMINATED
THROUGH A RESISTANCE)

Consider a lossless transmission line which has a surge

impedance of Z, terminated through a resistance R as

shown in Fig. 5.6. When the wave travels along the line

and absorbs any change (line end, change of series or

shunt impedance), then it is partly or totally reflected.



vE $R

Fig. 5.6 Line terminated through a resistance

The expression for reflected current is:

where, v” and i” are the reflected voltage and current
waves, respectively.

Let v and i be the transmitted voltage and current
waves and v’ and i’ be the incident waves.

From Fig. 5.6,

o " ¥
Incident current, i'= o
‘0

N

Ay v
Reflected current, o

Q

ki

3 ¢ 1
and, transmitted current, i =



Sincei=i'+i"andv=v"+"

AT (5.25)
E'Z 7
vVoov=y o ;
= (v v=v-v
Zﬂ Zﬂ )
i -
L L
; 2R, .
Therefore, the transmitted voltage, v = y (5.26)
7,+R
v 2,
d, transmitted current, 1 =—= v
and, transmitted current, 1= Z+R
:ix zzﬁ
Z, Z,+R
2Z
=i'x—20 (5.27)
Z,+R
From Eq. (5.27), the coefficient of transmitted or
. . 27 _
refraction current waves is (5.28)
Z.+R
: ; 2R .
and, transmitted coefficient for voltage waves = (5.29)
Z,+R

Similarly, substituting for v in terms of v’ + v”, the Eq.
(5.25), becomes



Vvt oy

E Z L
P (5.30
V=V
R+Z, !
N
and "= ——=—L x~ <0 (531)
7. Z. .R¥L

BT
R+Z,

Coeflicient of reflection for current waves = —

B=Z
R+Z,

and, reflected coefficient for voltage waves =+

Example 5.2

A rectangular wave travels along a 500 km line terminated
with a resistance of 1000 Q. The line has a resistance of 0.3
Q/km and a surge impedance of 400 Q. If the voltage at the
termination point after two successive reflections is 200 kV,
determine the amplitude of the incoming surge.

Solution:

Length of the line = 500 km
Terminated resistance, R =1000 Q
Line resistance = 0.3 Q/km

Surge impedance, Z¢ = 400 Q
Termination voltage = 200 kV
The line resistance for 500 km,

=0.3 x 500 = 150 Q/km

2R
R+Z,
_ 2x1000%200x10°

1000 +150+400
=258kV

The amplitude of the incoming surge, v=




Example 5.3

A voltage having a crest value of 3000 kV is travelling on a
750 kV line. The protective level is 1700 kV and the surge
impedance of the line is 300 Q. Calculate (i) the current in the
line before reaching the arrester, (ii) current through the
arrester, (iii) the value of arrester resistant for this condition
and (iv) reflect voltage. Verify the reflection and refraction
coefficients.

Solution:

Z. =300 Q, Vv =3000KkV, v, =1700 kV

oV _3000x10° o,
Z. 300

(=

2. The voltage equation is

VW =ZFi +w
2 33000 = 10F = 3004, + 1700 = 10°
3 4 3
i =ﬁ[l{l[lxl[l — 1700 = 1y _14333 A
300
. - 1700=10°
3. Resistance of arrester, R =1_’—‘ =——————=118.61 0
i 14333
4. Reflected voltage,
Reflected voltage, v=1v" +"
1700 = 3000 + "
orv' = —1300kV
1300
Reflection coefficients = ———— = —0.433
000
e R 1700
Refraction coefficients = =0.567
000

i (118.61 =300
Reflection coefficients = R-Z = ! ’ ] =-{).433

R+Z_ (118.61+300)

2R 2x118.61

Refraction coefficients = = =
R+Z_ 118.61+300

0.567



5.9.1 LiINE OpPEN-CIrRcUITED AT THE RECEIVING END

Consider Fig. 5.6, when the receiving end is open-
circuited, i.e., R = «, the equivalent circuit is shown in
Fig. 5.7.

Consider the transmitted coefficient of voltage wave

2R
~Z,+R
When R = ,
. - 2 2
the transmitted coefficient of voltage wave = e =7 (5.32)
1+Z, /R 1+Z,
dx
—8
> == 1=
+
Vi —
Fig. 5.7 Case of an open-circuit ended line
: s 2
and transmitted coefficient of current wave = "R =0 (533)
e+
. £ R-7, .
and reflection coefficient of voltage wave =+ =] (5.34)
R+Z,
R-Z, 1-Z/R _

Similarly, reflection coefficient of current wave =— = -1 (5.35)

R+Z,

1+Z /R

From Eq. (5.32), the transmitted coefficient is two, i.e.,
the voltage at the open-ended line is 2v’. This means that



the voltage of the open-ended line is raised by v’ due to
reflection.

Transmitted wave = incident wave + reflected wave

For an open-ended line, a travelling voltage wave is
reflected back with a positive sign and the coefficient of
reflection is unity [from Eq. (5.34)]. From Eq. (5.33), the
transmission coefficient of current is zero, i.e., the
current at the open-ended line is zero. This means a
current wave of magnitude i’ travels back with a negative
sign and the coefficient of reflection is unity [from Eq.
(5.35)]. The above cycle is repeated for voltage and
current waves. This cycle occupies the time taken for a
wave to travel four times the length of line and is
explained through Fig. 5.8.

Vdtage Current
V C|—
Att=0'
At 1| v | I
At 2/ 2V I'=0
At 31 | v || A
At 4] V=0 I'=0

Fig. 5.8 Variation of voltage and current in an open-circuit ended line

5.9.2 LINE SHORT-CIrcuUITED AT THE RECEIVING END

Consider Fig. 5.6. when the receiving end is short-
circuited, i.e., R = 0, the equivalent circuit is shown in

Fig. 5.9 (a).

Consider the transmitted coefficient of voltage



wave —
Z,+R

wave R = 0,

16)

Fig. 5.9(a) Case of a short-circuit ended line

the transmitted coefficient of voltage wave =———=10 (5.36)
'+
0
. e ¥f .
and transmitted coefficient of current wave = =2 (5.37)
Z,+R
, . R-Z, ,
and reflection coefficient of voltage wave=+ =- (5.38)
R+7Z,
o | . R-7, |
Similarly, reflection coefficient of current wave = 7 ] (5.39)
+

‘0

From Eq. (5.36), the transmitted coefficient is zero,
i.e., the voltage at the short-circuit ended line is zero.
This means that a voltage wave of magnitude V” travels
back with a negative sign and the coefficient of reflection
is unity [from Eq. (5.38)].

Transmitted wave = incident wave + reflected wave

From Eq. (5.37), the transmission coefficient of
current is two, i.e., the current at the short-circuit ended
line is 2i’as seen in Fig. 5.9(b). This means that the



current of the short-circuit ended line is raised by i’ due
to reflection.

From this discussion, we can conclude that the line
voltage is periodically reduced to zero but at each
reflection of either end, the current is increased by the

l‘r

incident current, [:": ] Theoretically, the current will

1]
become infinite for infinite reflections, but practically the

current will be limited by the resistance of the line in an

actual system and its final value will be, i = %_

\oltage Current
vV I
Att=0" T |
At [V I
At 2/ V=0 21
31
At 3/ V'
41"
At4/ V=0

Fig. 5.9(b) Variation of voltage and current in short-circuit ended line

Test Yourself

Is the reflection coefficient of current wave in an
open-circuit condition 1? If yes, justify.

5.10 LINE CONNECTED TO A CABLE



When a wave travels towards the cable from the line (see
Fig. 5.10), because of the difference in impedances at the
junction, part of the wave is reflected and the rest is
transmitted.

Fig. 5.10 Line connected to a cable

The transmitted voltage wave [from Eq. (5.26)] is
given by

and, the transmitted current wave [from Eq. (5.27)] is
given by

Similarly, reflected voltage and current waves are

pr.': }erzc “L
Z+Z,
Z,-7,

Z +7

and i"=—i' ®

Example 5.4



An overhead line with inductance and capacitance per km
length of 1.3 mH and 0.09 pF, respectively is connected in
series with an ungrounded cable (see Fig. 5.11) having
inductance and capacitance of 0.2 mH/km and 0.3 puF/km,
respectively. Calculate the values of reflected and refracted
(transmitted) waves of voltage and current at the junction
due to a voltage surge of 100 kV travelling to the junction (i)
along the line towards the cable and (ii) along the cable
towards the line.

Fig. 5.11 Circuit diagram for Example 5.4

Solution:

T ]
. . . (L I1.3=10
The natural impedance of overhead line, 2, = |

g L ey
Ve Vo.09x107

r ] %
L 02107
The natural impedance of cable, Z_ = I '

TR Ee il S, T 5 Ry
Vc Yo3xio®

1. The voltage wave of magnitude 100 kV which is initiated in an

overhead line is partly reflected and partly transmitted on the cable at
the junction of the line and the cable.

37V
Therefore, transmitted (refracted) voltage, v = “Zc:’z
+

© L
_ 2x25.82x100

T 25.82+4120.18

=353TkV



Z —Z

and, reflected voltage, v'=———Lx/
£ +Z
25.82-120.18
=— =00 =-64.63 KV
2582412018
; " 27,
Transmitted current, { =i x—=
'+ Z
¥ 32
£ Z tZ
100 2x=120.18
= X =137 kA
120018 25.824+120.18
and, reflected current, i"= ——
ZL
e S GG
120,188

2. The voltage wave of magnitude 100 kV which is initiated in the cable
is partly reflected and partly transmitted on the overhead
transmission line at the junction of the cable and the line.

EZLV’
2+
_ 2x120.18x100
120,18 +25.82
ZL _Zc x.l’_:‘
£+ 2
120018 -2582
120,184 2582
27,
£ +Z
v 2Z
=—2x
£ L tZ
100 2x2582
= x =1.37T kA
2582 120.18+2582

Theretore, transmitted voltage, v =

=164.63kV

and, reflected voltage, v"=

00 =64.63 KV

Transmitted current, j ="

N

and, reflected current, i"= s
6463
=0 2503 kA
2582
Example 5.5

Two stations are connected together by an underground cable
having a surge impedance of 50 Q joined to an overhead line
with a surge impedance of 400 Q. If a surge having a
maximum value of 110 kV travels along the cable towards the



junction with the overhead line, determine the value of the
reflected and the transmitted wave of voltage and current at
the junction.

Fig. 5.12 Circuit diagram for Example 5.5

Solution:

Surge impedance of the cable, Z; = 50Q
Surge impedance of the overhead line, Z;, = 400 Q

The voltage wave (magnitude of 110 kV) initiated in cable is partly
reflected and partly transmitted on the overhead transmission line at
the junction of cable and line.

r
22 v
L +Zc

2x400=110
=———=]9556kV

400+ 50

Theretore, transmitted voltage, v =

and, reflected voltage, v" = Z=Zoyy
L +Z
_ 400 -50

T A00+50
3z
Z +Z

v EZC

=—2Xx
Z I +Z

)
o110 X0 o pemaix
50 400450

*110 =8556kV

Transmitted current, { =i %

L4

and, reflected current, ;"= —

(=

_ 85.56
50

=-17112 A

Example 5.6



The ends of two long transmission lines, A and C are
connected by a cable B of length 1 km. The surge impedances
of A, B and C are 400, 50 and 500 Q, respectively. A
rectangular voltage wave of 25 kV magnitude and of infinite
length is initiated in A and travels to C. Determine the first
and second voltages impressed on C.

Solution:

Referring to Fig. 5.13, the voltage wave of magnitude 25 kV is initiated
in line A and is partly reflected and partly refracted onto cable B when
reaching the junction J,.

The transmitted wave,

2Z.v

Vg =———

e A
_2x50x25

= 3.56 KV
400+ 50

This transmitted wave, when reaching the junction J,, again observes
that a part of it is reflected and another refracted onto line C. This
transmitted voltage wave thus is calculated as:

27 v,
v, = 2
Ly+Z,
2% 5,
504500
Transmission Transmission

line A f Cable B 4. line C

1

: T
| |
20k | |
| |
| |
vy : Va Vs : Vi
— (Trans.
5 =) i{Trans. wav: ) ﬁqé\ i W)
\ad | A
A N e +-—— First

! | impressed

| | voltage on C
| |

ST 3 <=V, Second

| | impressed

________ ' _______voltageonC



Fig. 5.13 Circuit diagram for Example 5.6

v4 = 10.11 kV is the first voltage impressed on C.

The reflected wave v, at junction J, is,

Zc _ZI'.I-
= X'H:.
Z +Zy
_ 500 -50

T 500+50

L]

®x3.56 =4.55kV

Vg is transmitted and has reached junction J;. From here, it is
partially reflected and partially transmitted onto A. Let v be the
reflected wave at junction J;. Then,

VA
_ 400 -50
400450

Vs

*x455=3.54kV

However, vs on reaching the junction J,, gets partially transmitted onto
line C. Let this be vg.

Then,
27
1";5 = cl"S
Z, +Z.
2x ;
" 5003 54:(}.44&{\"
50 + 500
Then, second impressed voltage = v, + vg

=10.11 + 6.44 = 16.55 kV

5.11 REFLECTION AND REFRACTION AT A T-JUNCTION

A voltage wave v is travelling over the lossless
transmission line with natural impedance Z; towards the



junction as shown in Fig. 5.14. At the junction, due to the
change of impedance, part of the wave is reflected back
and the other is transmitted over the parallel lines which
have natural impedances Z, and Z,, respectively. Let v.,
i,and vs, 15 be the voltages and currents in parallel
branches.

As far as the voltage wave is concerned, the reflected
portion will be the same for both branches, i.e., vo= v3=
v, since they are parallel to each other. The following
relations hold good at the transition point.

Fig. 5.14 T-Junction

v=v'+"
v

and

i =i+ (5.37)



Substituting the values of currents in Eq

and, the reflected voltage is

N —|2N] —

N —| N —

N =[N —
X

[y

Example 5.7

A 220 kV surge travels on a line of 400 Q surge impedance
and reaches a junction where two branch lines of surge
impedances 550 Q and 350 , respectively are connected

. (5.37)

(5.38)

(5.39)



with the transmission line (see Fig. 5.15). Find the surge
voltage and current transmitted into each branch line. Also

find the reflected voltage and current.

Solution:
& ottage. ye— 2V BHXZ, _ 2X220 550350
S T L ZXZ, 742, 49, 559%350 |550+350
ST 550 4350
=153.3kV
Z,=5500
Z,=4000
Fig. 5.15 Circuit diagram for Example 5.7
- 153.3=10°
f=—=—2" 1 29787 A
z, 550
iqzizlﬂjxm iR
* g, 350
Reflected voltage, v'=v —1v'=153.3-220=—66.7 kV
P 220 10°
Reflected current, i"=i +i, —i'=278.7 + 438 —————=166.T A
Example 5.8

A surge of 110 kV travels on a line of surge impedance 500 Q
and reaches the junction of the line with two branch lines as
in Fig. 5.16. The surge impedances of the branch lines are 450
Q and 50 Q, respectively. Find the transmitted voltage and
currents. Also find the reflected voltage and current.



Z,=5000

Z,=5000

Fig. 5.16 Circuit diagram for Example 5.8

Solution:

The various impedances are
Z; =500 Q, Z, =450 Q, and Z3 = 50 Q
The surge voltage (magnitude), v’ = 110 kV

The surge reaches the junction and experiences reflection due to change
in impedance and here the two lines (Z, and Z,) are parallel. Therefore,
the transmitted voltage will have the same magnitude and is given by,

2V 2,
l l l
L 7, Z;

V=

2 f
:%: IB.156 kV

_
500 450 350
The transmitted current in branch line 1,

YIRS
Z, 450

h

The transmitted current in branch line 2,



18.165=10°

PO Ll e . o o
G2 50
The reflected voltage,
ok 1
el L L
1 1
7 % I
A bk
_ 500450 50 .qqp
A b
500 450 50
=91.91 kV
" 9191x10°
The reflected current, i "= ——= —183.82 A
Z 500
Example 5.9

An overhead line has a surge impedance of 450 Q. A surge
voltage V = 250(e 2%%' — e ) kV, where tis in us, travels
along the line. The termination of the line is connected to two
parallel overhead line transformer feeders. The surge
impedance of the feeder is 350 Q. These two transformers are
protected by surge diverters each of surge impedance being
40 Q. Determine the maximum voltage which would initially
appear across the feeder-end windings of each transformer
due to the surge. Assume the transformer to have infinite
surge impedance.

Solution:

Figure 5.17 shows the circuit. Since AB and AC are parallel to each
other, the voltage transmitted in them will be the same. The
transmitted voltage in AB or AC is given by



%) 2 450 =0.14776V

=T -
L L. 11
—t—+— —t—t—
z oz, z 450 350 40
B
—
Q‘;"
o 40 Q
4500 A g8
-
3%
N BE—

Fig. 5.17 Circuit diagram for Example 5.9

The conditions at junctions B and C are identical. The voltage
transmitted at B or C

where,
zy = surge impedance of a diverter = 40 02
2240
v, =0.14776v' x ————=0.0303 v
350+40
where,

vV =250 (e — g
v =0.03031 X 250 (e %™ —g7)



. dy, . .
For maximum voltage to appear —L is zero, i.e.,
df

%[?_5??5(&”5' —e)]=0

—0.05e% +e™ =0

e~ =0.05e "™
EEI.'?SJ st 2[:.

t =3.1534 s

Substituting the value of t in the expression for v, gives the maximum
transmitted voltage. Therefore, the maximum voltage appearing across
the feeder end winding of each transformer is

—L05=3 1554 —3.1554
v =T.5775(e SIS _ 1)

T5TT5x(0.854 —0.0427)
6.1485 KV

5.12 REACTANCE TERMINATION

In this section, we consider the line terminated through
capacitive and inductive reactance.

5.12.1 LINE TERMINATED THROUGH CAPACITANCE

Assume that a line is terminated through a capacitor C as
shown in Fig. 5.18(a). When the wave is travelling along
the line with natural impedance Z, and terminated
through C, then the transmitted voltage is determined
from Eq. (5.26).
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\ |
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)

Fig. 5.18(a) Line terminated through a capacitor

The transmitted voltage is,

Taking the inverse Laplace transform on both sides of
the above equation

i
Wt) = Ev'{l—c AC ] (5.40)

The shape of the voltage wave is as shown in Fig.
5.18(b). There is more practical importance for a case
with terminal capacitance.



Time

Fig. 5.18(b) Variation of voltage across the capacitor

The final value of the voltage at its terminals is 2v’.The
effect of capacitance is to cause the voltage at the
terminal to rise to the full value gradually, instead of
abruptly, so it flattens the wave front. Flattening the
wave front is beneficial because it reduces the stress on
the line-end windings of a transformer connected to the
line.

Test Yourself

What is the benefit achieved by flattening the wave
front of the incident wave in a transformer?

Example 5.10

A 210 kV, 2.5 up rectangular surge travels on a line of surge
impedance of 400 Q. The line is terminated in a capacitance
of 2500 p.f. Find the voltage across the capacitance.

Solution:

Voltage wave magnitude V' = 210 kV
Time duration, t = 2.5 us
Surge impedence, Z, = 400 Q

Terminated capacitance, C = 2500 p.F.



Z.=4000

(®

- C = 2500 pF

Fig. 5.19 Circuit diagram for Example 5.10

vit) =2v(1 ™)

251078
= ] ] s T 400
=3855kV
Example 5.11

A 500 kV, 2.5 us duration rectangular surge passes through a
line having surge impedance of 400 Q and approaches a
station at which the concentrated earth capacitance is 3 x 10>

p.f. Calculate the maximum value of surge transmitted to the
second line.

Solution:

Voltage wave magnitude, v = 500 kV
Time duration, t = 2.5 us

Surge impedance, Z = 400 Q

Earth capacitance, C = 3 x10° p.F.

The maximum value of surge transmitted to the second line is given by,



v(t) =2v(1 —e™%)
—2 %500 [.l _ 20 fsomaan® 107 J||

=875.49 kV

\|
J

Fig. 5.20 Capacitor connected at T

Capacitor Connection at T From Fig. 5.20, the
transmitted voltage across the capacitor of the circuit is

calculated from Eq. (5.26).

The transmitted voltage is

pA ]
v(s) = I Z;.s' :21.1".?_72 XZZI?C
—+—+Cs 1722 4
| 2 Z£,Z,C
pA 1
= X
.'s'ler_' S+ Z| +Zg
Z2Z,C
Let,
Z+Z,
=
Z2Z.C

Then



' ZC
v{.s'}: : .I
y &+
£y
’ '|+ -
v{s} s 2v Z, Z2,C
g Z|+Z2 s+
)
:Zl Z, lezzc

s ZitZ, s+ta

A [1 | ]
Zit+Z,ls s+ta

Taking the inverse Laplace transform on both sides of
the above equation,

Z+Z

NW'Z 252
p{;}:#[l _o %) J
2

5.12.2 LINE TERMINATED THROUGH INDUCTANCE

From Fig. 5.21, the transmitted voltage across the
inductor of the circuit is calculated from Eq. (5.26).

: 2xLs
The transmitted voltage, v(s)= —
ZytLls 5

2y

(s +Z,/L)

Take inverse Laplace transform on both sides of the
above equation,

(542)



Fig. 5.21 Transmission line terminated by inductance

hy

Reflected voltage, v'(r)=v/(2¢ * -1) (5.43)

Example 5.12

A step wave of 110 kV travels through a line having a surge
impedance of 350 Q. The line is terminated by an inductance

of 5000uH. Find the voltage across the inductance and
reflected voltage wave.

Solution:

Voltage wave magnitude, v = 110 kV
Surge impedance, Z0= 350 Q
Inductance connected, L = 5000 uH
Let, time duration =t us

Then, the voltage across the inductance is,



[—L]_wam*]
=2x110xe\. 000

2
220%™ kv

Zu
Redlceted voliage, 1*',[_!} = 1»"[2& L _ ]
R - (v
=1 l“{le[ TS S J_ []

=110(2e* —1) kV

Example 5.13

A rectangular surge of 2.5 pus duration and magnitude 120 kV
travels along a line of surge impedance 400 Q. The latter is
connected to another line of equal impedance through an
inductor of 500uH. Calculate the maximum value of the surge
transmitted to the second line.

Solution:
Voltage wave magnitude, V = 120 kV
Time duration, t = 2.5 us
Surge impedance, Z, = 400 Q
Inductance connected, L = 500 uH

The maximum value of surge transmitted to the
second line is given by,

[_ 400
=
=2%]20%e S0e=10

S ) ]

5.13 BEWLEY'S LATTICE DIAGRAM

This is a graphical representation of the time-space
relation, which shows the position and direction of



motion at any instant of incident, reflected and
transmitted current or voltage surges. In a Lattice
diagram, the horizontal axes represent the distance
travelled along the system and vertical axes represent the
time taken to travel. At each instant of change in
impedance, the reflected and transmitted values (current
or voltages) can be calculated by multiplying incident
wave values with reflected and transmitted coefficients.

Case-1: Receiving End is Open-circuited

Consider a line connected to a source of constant voltage
v at one end and open circuited at the other, as shown in
Fig. 5.22(a). Let a5 and ap, be the reflection coefficients at
the sending end and the load end respectively, and t, the
time taken by the wave to travel from one end to the
other end. When time t = 0 s, the voltage v is connected
to the source end (s) and starts travelling along the line
reaching the load end in time t s with the same
magnitude. Since the load end is an open circuit, the
wave reflected back with a magnitude of a;v= v(because
ar= 1 for an open-ended line) at time t* s, reaches source
end in time 2t with a magnitude of v. The reflected wave
is reflected back once again with a magnitude of a v
from the source end after reaching the source end at time
2t* and this process is continued indefinitely. The same
procedure can be implemented for current waves also.
This procedure is illustrated in the Lattice diagram
shown in Fig. 5.22(b).



R 3

L ]

Fig. 5.22(a) Circuit diagram

Source end Load end

Fig. 5.22(b) Lattice diagram



Case-2: Receiving End is Connected with Resistance R

Consider a line connected to a source of constant V at
one end and the other end is connected by a resistance R
as shown in Fig. 5.23(a). Let ag and aj, be the reflection
coefficients at the sending-end and the load-end
respectively, and the time taken by the wave to travel
from one end to the other in it.

Fig. 5.23(a) Circuit diagram



Source end Load end

o,V

Fig. 5.23(b) Lattice diagram

When time t = 0 s, the voltage Vis connected to the
source end (s) and starts travelling along the line, and
reaching the load end in time t s with the same
magnitude. After reaching the junction, the wave is split
into two parts, one part of the wave is transmitted and
the other is reflected back with a magnitude of a;,V at
time t* it travels towards source and reaches the source
end in time 2t with a magnitude of a; V. The wave, which
has reached the source end, splits into two parts once
again. One part is transmitted and the other is reflected
back with a magnitude of a,a; V from source end at time
2t™. This process is continued indefinitely. The same
procedure can be implemented for current waves also.
This procedure is illustrated in the Lattice diagram
shown in Fig. 5.23(b).

Example 5.14



Construct a Bewley lattice diagram when a pulse source of
magnitude v volts with a resistance of 150 Q, is applied across
a loss-free line with surge impedance of 400 Q terminated
with a resistance of 200 Q (see Fig. 5.24). Assume the line to
be of 10 km length.

Solution:

_Z,—-Z, 150400 _

a, = = 04545
*Z+Z, 150+400
. _R-Z, 200-400 _
Y R4Z, 2004400
Z,=400r
2,=15[}r§
$R =200r

Fig. 5.24 Circuit diagram for Example 5.14



o, =-033

0.1091v

3t

0.01636V

5t

Fig. 5.25 Lattice diagram for Example 5.14

At the input of the line, the impressed voltage on line

Z

Q

Z +Z

5 LU

400 ]
W

= 200+150 l

The reflected voltage at load end.
2 2
=t xﬁ‘-f =—0.33 xﬁ‘-f =024V

This —0.24 V backward pulse reaches the source after ¢ s and gets
reflection. The reflection voltage at source = ag x (0.24 V) = 0.4545 %
0.24 V =0.10908 V.



This reflected voltage 0.10908 V reaches the load-end and is again
reflected back. This processes is continued and is shown in Fig. 5.25.

5.14 ATTENUATION OF TRAVELLING WAVES

So far we have studied the lossless overhead
transmission lines, so there is no attenuation. It is not
true for practical systems. The analysis is more difficult
due to the presence of losses. However, these losses are
very much attactive because the energy of waves is
dissipated through these losses. These losses are due to
the presence of resistance R and conductance G of
overhead lines.

Consider r, L, C and g as the parameters per unit
length of an overhead transmission line and V,, and I, as
the voltage and current waves at x= 0 as shown in Fig.
5.26. The aim is to determine the voltage (V) and current
(1) waves after traveling a distance x with time ¢ s.

Fig. 5.26 Wave travelling on a lossy line

! rAx LAX
1+

B T
gAx ﬁ CAx

Ax

- T ——=

[

—_




Fig. 5.27 Equivalent circuit of differential element of overhead line

Let us consider a small distance dx traveled by the
wave in time dt. The differential length, Ax, of the
overhead line is shown in Fig. 5.27

[’.2 :
Power loss, p:,'%-+[f2g:2_2;-+!»'2g (5.44)
‘0

On differentiation of Eq. (5.44) with respect to x, we get

p? :
dP=—rdv+ I rdx (5.45)

Z
£ E

Power at a distance x, P=V1 = 7 (5.46)
‘0

Negative sign indicates there is reduction in power as the
wave travels with time.

Differentiation of Eq. (5.46) with respect to V'is

¥
dP =——dV (5.47)
0

From Eqgs. (5.45) and (5.47)



A ,
=V :—szr+lf Yrdx

‘0 Zy
v I
—=——(r+g7
dx 27, (r+22;)
v . %
ap.. i + g7, oy
[ 25

Jﬂrl = B &% quir

I 27,
r+eZ>
InV =——5%0 4 g
2
Atx=0, F=F,
L K=In},
r+gZ?
InV =———220 y i 1ny,
2Z,
V r+ gz’
ll'l—r— £%0
¥, 2Z,

where
__rte
27,
sV =™ (5.48)
Similarly we can derive the expression for current, / = fg™ (5.49)

From egs. (5.48) and (5.49) the voltage and current
waves are attenuated exponentially as they travel over
the transmission line and the magnitude of attenuation
depends upon the overhead line parameters.

From the empirical formula of Foust and Menger,
voltage and current at any point of the overhad line after
traveling x distance can be calculated as



I
S k¥
1+ Kx¥,
where K = attenuation constant
= 0.00037 for chopped waves
= (0.00019 for short waves

= 0.0001 for long waves

¥

CHAPTER AT A GLANCE

. Alightning discharge or a sudden switching in or out in a
power system suddenly impresses electrical energy in a
transmission line, which moves along the line at nearly the
speed of light and is called a travelling wave.

. Types of system transients: Depending upon the speed
of the transients, these can be classified as: surge
phenomena, short circuit phenomena and transient stability.

2 2 a0 2.
. Wave equations: 07 :L(‘a Y or di :,{,Cﬁ

ox? ! o’

. Incident wave: v'= ‘f‘( LCx _;) ori'=(v'/Z,)

. Reflected wave: "= ¢.[ LCx+ ,g) or i"=(—v"1 Z,)

. Evaluation of surge resistance:
Overhead transmission line, Z, = 60Iln(D/R) Q

il

B

. Importance of surge impedance: Knowledge of surge
impedance is extremely useful as it enables the calculation of
the transient voltages and currents which may occur in a
circuit.

601n (1’@/]
Underground cables, = Q

. Evaluation of velocity of wave propagation

1. Overhead transmission line, v = 3 x 108m/ S



12.

13.

Ix10*
2. Underground cables, U = J— m's
El

SHORT ANSWER QUESTIONS

What is a travelling wave?
What are the factors that cause a travelling wave?

. What are the values of characteristic impedance for transmission

lines, cables and transformers?

What is the velocity of propagation of a surge in overhead lines
and cables?

Write the equation of an impulse wave explaining the significance
of each term.

What is the effect when the reflected wave meets (i) a short-
circuited line (ii) an open-circuited line, and (iii) a resistance
equal to characteristic impedance of the line?

What are the expressions for the voltage and current when a line
is terminated by an (i) inductance (ii) a capacitance?

Why is the velocity of propagation same for all overhead lines?

. What is meant by crest of a wave?
10.
11

What is meant by ‘wave front’?

A transmission line of surge impedance Zyis terminated through
a resistance R.Give the coefficients of refraction and reflection.
What is the effect of shunt capacitance at the terminal of a
transmission line?

What is the application of Bewley’s diagram?

MULTIPLE CHOICE QUESTIONS

For lossless line terminated by its surge impedance, the natural
reactive power loading is

1. V°/X

2. V?/Z

3. V*/Z,

4. V°/R

. Alossless line terminated with its surge impedance has

1. flat voltage profile

2. transmission line angle greater than actual length of line
3. transmission line angle less than actual length of line

4. aand b

. An overhead transmission line having a surge impedance of 400

Q is connected in series with an underground cable having a
surge impedance of 100 Q. If a source of 50 kV travels from the
line end towards the line-cable junctions, the value of the
transmitted-voltage wave at the junction is

1. 30kV



4.

10.

2. 20kV
3. 80kV
4. =30 kV
When a transmission line is energized through ,
propagate on it.
1. voltage wave
2. current wave
3. both voltage and current
4. power wave
The coefficient of reflection for current at an open-ended line is
1. 1.0
2. 0.5
3. —1.0
4. zero
The reflection between travelling voltage and current waves is
given as

—
1. v = £
Ve
.

2. 1_: £
i e

3 vi =~LC
4 i O

I

Travelling voltage and current waves have the same waveforms
and travel together along the transmission line at a
1. velocity of sound
2. velocity of light
3. slightly lesser than light
4. more than the light
For an open-circuited line, the resulting current will be
1. Zero
2. infinity
3. equal to the incident voltage
4. twice the incident voltage

. For a short-circuited line, the resulting voltage will be

1. infinity

2. zero

3. equal to the incident voltage

4. twice the incident voltage
Steepness of the travelling wave is attenuated by

1. line resistance

2. line inductance

3. line capacitance

4. bothbandc



11. The steepness of the wave front can be reduced by connecting
1. an inductor in series with the line
2. a capacitor between line and earth
3. bothaandb
4. an inductor between line and earth or a capacitor in series
with the line
12. The reflection coefficient of the voltage wave in overhead lines is
given by

R +R,
" R,-R

13. The reflection coefficient of a short circuit line is
1. -1
2.1
3. 0.5
4. 0
14. The propagation constant of a transmission line is (0.15 x 10 ° +
j1.5 — 10 %) and the wave length of the travelling wave is

4

1.5x107
. —

2T

2T
2, ——
1.5x107°

1.5x107°
3. =

2T

T

4 15x10°

15. The reflection coefficient at the load end of a short-circuited line
is
1. 0

2. 1200



16.

17.

18.

19.

20.

21.

22,

3. 12900

4. 121800

The reflection coefficient of the wave when load connected to a
transmission line of surge impedance equals the load surge
impedance is

1.1

2. —1

3.0

4. infinity
A surge voltage of 1000 kV is applied to an overhead line with its
receiving end open. If the surge impedance of the line is 500 (,
then the total surge power in the line is

1. 2000 MW

2. 500 MW

3. 2 MW

4. 0.5 MW
A surge of 260 kV travelling in a line of neutral impedance of 500
Q arrives at the junction with two lines of neutral impedances of
250 Q and 50 Q, respectively. The voltage transmitted in the
branch line is

1. 400 kV

2. 260 kV

3. 80kV

4. 40 kV
The coefficient of reflection for current for an open-ended line is

1. 1.0

2. -1.0

3. 0.5

4. 0
The real part of the propagation constant of a transmission line is

1. attenuation constant

2. phase constant

3. reliability factor

4. line constant
Two transmission lines each having an impedance of 200 Q is
separated by a cable. For zero reflection the impedance of the
cable should be

1. 100 Q

2. 200 Q

3. 400 Q

4. 600 Q
An overhead line with surge impedance of 400 Q is terminated
through a resistance R.A surge travelling over the line will not
suffer any reflection at the junction, if the value of R is

1. 100 Q

2. 400 Q

3. 200 Q

4. 600 Q



Answers:

1.d, 2.4, 3.b, 4.c¢, 5.¢,
6.b, 7. ¢, 8.4, 9.b, 10. a,
11. c, 12. ¢, 13. a, 14. b, 15.d,
16. a, 17. a, 18.d, 19. b, 20. a,
21. b, 22. ¢
REVIEW QUESTIONS

1. Develop an equivalent circuit at the transition points of
transmission lines for analyzing the behaviour of travelling
waves.

2. Discuss the phenomena of wave reflection and refraction. Derive
an expression for the reflection and refraction coefficients.

3. Describe the construction and the working principle of a zinc
oxide gapless arrester with a neat sketch.

4. Starting from the first principles, show that surges behave as
travelling waves. Derive expressions for surge impedance and
wave velocity.

5. Explain Bewley’s Lattice diagram and give its uses.

6. Define surge impedance of a line. Obtain the expressions for
voltage and current waves at a junction or at a transition point.

PROBLEMS

1. A voltage having a crest value of 2000 KV is travelling on a 400
kV line. The protective level is 1200 kV. The surge impedance of
the line is 200 Q. Calculate (a) the current in the line before
reaching the arrester, (b) the current through the arrester and (c)
the value of arrester resistance for this condition (d) the reflected
voltage. Verify the reflection and refraction coefficients.

2. A 500 kV surge travels on an overhead line of surge impedance
400 Q towards its junction with a cable which has a surge
impedance of 4 Q. Find (a) transmitted voltage and current (b)
reflected voltage and current.

3. A 200 kV surge travels on a transmission line 0f400 Q surge
impedance and reaches a junction where two branch lines of
surge impedances of 500 Q and 300 Q respectively are connected
with the transmission line. Find the surge voltage and current
transmitted into each branch line. Also, find the reflected voltage
and current.

4. Atransmission line has an inductance of 0.93 H/km and a
capacitance 0f0.0078 uF/km. This overhead line is connected to
an underground cable having an inductance of 0.155 mH/km and
a capacitance of 0.187 puF/km. If a surge of crest 100 kV travels in
the cable towards its junction with the line, find the surge



transmitted along the line.

5. A 200 kV, 3 us, rectangular surge travels on a line of surge
impedance of400 Q. The line is terminated in a capacitance of
3000 p.f. Find an expression for voltage across the capacitance.

6. An inductance of 700 uH connects two sections of a transmission
line each having a surge impedance of 350 Q. A 400 kV, 1 us
rectangular surge travels along the line towards the inductance.
Find the maximum value of the transmitted wave.



6

Corona

CHAPTER OBJECTIVES

After reading this chapter, you should be able to:

o Define the physical phenomenon of corona
e Understand the effect of corona on transmission lines

e Discuss the effect of corona on radio interference, audible noise
and power loss

e Discuss the methods for reducing corona

e Discuss the interference with communication lines

6.1 INTRODUCTION

Corona is a phenomenon whereby, the air around the
conductors is ionized. Consider a single-phase two-wire
system, whose spacing is large as compared to the
diameter of the wires. When a low alternating voltage is
applied across two conductors, there is no change in the
condition of the air around. If the applied voltage is
gradually increased, it will result in a gradual increase of
the voltage gradient. The moment it reaches the
maximum value i.e., about 30 kV/cm (peak) or 21.1
kV/em (r.m.s.), the air surrounding the conductor starts
conducting with a hissing sound. In dark, a faint violet
glow occurs around the conductor and ozone is
produced, and this effect is called Corona.

This corona glow around the conductor is uniform
throughout the length if the conductors are polished and
smooth, and if not, the glow appears only at the rough
points. In case of HVDC transmission lines, there is a
difference in the appearance of glow on the two



conductors. The positive conductor will have a uniform
glow, and the negative conductor will have a spotty one.

6.2 THEORY OF CORONA FORMATION (CORONA DISCHARGE)

Due to atmospheric radiation and the presence of
ultraviolet rays, the air naturally contains some ionic
particles. Along with the neutral atoms, these ionized
particles surround the conductor under normal
conditions. When a voltage gradient is set up between
the two conductors, the free electrons attain greater
momentum. Intense electric fields as high as 30 kV/em
in the air, may occur at the surface of the conductors,
resulting in the ionization of the neutral molecules as the
high momentum free electrons dislodge more electrons
from them, thus making the process of ionization
cumulative. This aggravation of ions causes the electrical
breakdown of the air surrounding the conductor leading
to what is known as corona discharge. The presence of
even small protrusions on the conductor surface, such as
water drops, snowflakes, insects, or the raised edges of
nicks in the metal, produce strong local enhancements of
the field. The corona activity consequently varies
markedly with variations in surface and atmospheric
conditions.

The effects of corona are as follows:

1. A faint violet glow is observed around the conductor.

2. A hissing sound and ozone gas is produced.

3. The glow is maximum over the rough and dirty surfaces of the

conductor.

Corona is accompanied with a power loss.

The charging current under corona condition increases because the

corona introduces harmonic currents.

6. When the corona is present, the effective capacitance of the conductor
increases.

7. It works as a safety valve for surges.

g A

Test Yourself



1. Is the effect of corona neglected in a distribution system?
Why?

2. Why is the corona effect less in HVDC transmission lines?

6.3 ELECTRIC STRESS

Consider a single-phase system consisting of two
conductors A and B. Each conductor has a radius of r
and the spacing between conductors A and B is D.

Let g, be the charge on conductor A and gy, be the
charge on conductor B. The fields due to both charges
are in the same direction, so g, = — g}, = q.

If the point P is in between the conductors A and B and
is located at distance x from A as shown in Fig. 6.1, then
the field intensity (stress) at distance x due to both the
charges is

* 2melx D-x

Bomo s [i+ s ]V.-"m

The potential difference between the conductors is

D:r D:r I_ I_
I = J Edx= q J —+ rVim
' 2z \x D-x

= |1n_r—1n{D—_r}D_r V/m
2me T
= [In(D-r)=In(D =D +r)~Inr+In(D-r)] =—1-[-2Inr+2In(D-7)]
2me e
D-r D
=L 2m=—"=Lm=v/m (:D>r)

2me r TE 7
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Fig. 6.1 Two-wire transmission line
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.. Charge, ¢ ==y (6.1)

The field intensity or stress is also denoted by g

The value of g will be minimum at x = D/2 and
maximum at x =r

1
Emax — d [_] [DE’}}

Substituting the value of g from Eq. (6.1) in the above
equation, we get

¥

Smx = e in(D/r)



where, V'is the voltage between conductors, so for a
single-phase line it is V/2(or V,,) and for three-phase
line, it is the voltage between phase and neutral.

["ﬁ
D
rin—
»

. Potential gradient, g, =

D
VW, =rg,,, In— volts
J,_

6.4 CRITICAL DISRUPTIVE VOLTAGE

The minimum voltage at which the ionization takes place
is called the critical disruptive voltage. This voltage
corresponds to the gradient at the surface, which is equal
to the breakdown strength of air. The dielectric strength
(breakdown strength) is normally denoted by g, and is
equal to 30 kV/cm (peak) or 21.21 kV/cm (r.m.s.) at
normal temperature and pressure (NTP).

Critical disruptive voltage, V,, =rg, lnE (6.2)
.

This is true for a smooth polished conductor and at the
atmospheric pressure of 76 cm of mercury, at 25° C.

From the experimental results obtained by Peek, the
critical disruptive voltage for rough and dirty conductors
is lower than that of smooth conductors. It is calculated
by the formula: mg, 6§V4,, where 6 is the air density factor
and m,, is the irregularity factor. Under normal weather
conditions, the value of § being 1, the critical disruptive
voltage is equal to myVy, and the value of m, varies from
0.8 to 1 during unfair weather conditions. The value of §



3.926
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is calculated by the formula:

where, b is the barometric pressure in centimetre of
mercury and t, the temperature in degree centigrade.

Now, the critical disruptive voltage,V;, = gﬂnrﬂr’ﬁ'lnEV:"phasc (rms.) (6.3)
F

The value of disruptive critical voltage is considerably
reduced during bad atmospheric conditions such as fog,
sleet, rain, and snowstorms. The same relationship holds
true for a three-phase symmetrically spaced systems.

Example 6.1

A three-phase line has conductors each of radius 1.0 cm,
spaced at the corners of an equilateral triangle of side 2.5 m
each. If the dielectric strength of air is 30 kV/cm, determine
the disruptive critical voltage at which corona will occur.
Take relative air density factor 8 = 0.96 and irregularity
factor my = 0.94.

Solution:

Radius of conductors, r = 1.0 cm

Spacing of conductors, D = 2.5 m = 250 cm

Dielectric strength of air, g, = 30/42 kV/cm (r.m.s.)

Irregularity factor, mg, = 0.94

Air density factor, § = 0.96



. PR R 2
Disruptive critical voltage to neutral, F,, = g0 miy InT

30 250
=—x096x094x1.0ln—
J2 1.0
= 2121 X 0.96 x 0.94 x 5.52146
= 105.7TkV
Disruptive critical voltage (line to line) = V3 x105.7
= 183.077 kV
Example 6.2

Find the disruptive critical voltage for a 3-phase transmission
line having the following values:

1. Conductor spacing = 1.5 m
2. Conductor (stranded) radius = 1.2 cm
3. Barometric pressure = 76 cm of Hg
4. Temperature = 35° C
5. Air breakdown potential gradient (at 76 cm of Hg at 25° C) =
21.1 kV (r.m.s.)/cm and it has an irregularity factor 0.85.
Solution:

Conductor spacing, D = 1.5 m = 150 cm
Conductor radius, r = 1.2 cm
Barometric pressure, b = 76 cm of Hg
Temperature, t = 35° C

Irregularity factor, m, = 0.85

Air breakdown potential gradient, g, = 21.1 kV (r.m.s.)/cm

3.92h
273+1

_392x76
273 +35

=0.9673

Air density factor, & =

Disruptive critical voltage to neutral, V,, = gumu:‘)'rlng
&

150

=21.1x0.85 x[l.‘}ﬁ?’b{l.ExInl—,J

= 21.1 X085 X 09673 » 1.2 X 48283
= 100.52 kV

Disruptive critical voltage (line to ling) = V3 % 100.52
= 1741 kV (rm.s.)



Example 6.3

A 132 kV overhead line conductor of radius 1 cm is built so
that corona takes place when the line voltage is 210 kV
(r.m.s.). If the value of voltage gradient at which ionization
occurs can be taken as 21.21 kV (r.m.s.)/cm, determine the
spacing between the conductors.

Solution:

Conductor radius, r = 1 cm.

Dielectric strength of air, g, = 21.21 kV/cm (r.m.s.)

210
Disruptive critical voltage to neutral, ¥, = 5 =703 kV/phase

Assuming smooth conductors i.e., irregularity factor m, = 1, standard
pressure and temperature for which air density factor, § = 1 and spacing
of conductors D cm, we have

. . LD
Vo = gl ¢ InT

- D
TO3 = J.Elxlxlxlxlnl—
In D/ = 5716
Dy = 303.69
Therefore spacing between conductors, 0 = 303.69 cm
=303m.
Example 6.4

In a three-phase overhead line, the conductors have an
overall diameter of 3.0 cm each and are arranged in delta
formation. Assuming a critical disruptive voltage of 250 kV
between the lines, an air density factor of 0.90 and my,= 0.95,
find the minimum spacing between conductors that is
allowable. Assume fair weather conditions.

Solution:

Diameter of the conductor, d = 3.0 cm

Radius of conductor, r = 1.5 cm



Irregularity factor, m, = 0.95
Air density factor, § = 0.9
Disruptive critical voltage to neutral, V3, = 300 kV (L-L)

Spacing of conductors, D = ?

Assume dielectric strength of air, g, = 30/42kV/cm (r.m.s.)

: ; i - : D
Disruptive critical voltage to neutral, Vy =m,d g, rln[T

¥
A2 _095%09%30 s 5 |n[E ]

*.E \-'E ¥

|ﬂ(£ ]= 5.3054
N

=201.42cm

= |t

D=15x 20142 cm
=302.12¢cm = 3.02 m

.. Spacing between conductor, D = 3.02 m.

Example 6.5

A single-phase overhead line has two conductors of diameter
1.5 cm each with a spacing of 1.2 m between their centres. If
the dielectric strength of air is 21 kV/cm, determine the
voltage for which corona will commence on the line. Derive
the formula used.

Solution:

Diameter of the conductor, d = 1.5 cm

Radius of conductor, r = 0.75 cm

Spacing between conductor, D = 1.2 m = 120 cm
Dielectric strength, g, = 21 kV/cm

Assume a smooth surface, mg = 1 and normal pressure and
temperature, 6 = 1



: : : : ; D
Voltage for which the corona will commence 15, F,, = g,d m, rln[—
o

120
=21x1x1x0.75%In] —
0.75

=T79.93 kV

(Refer to Section 6.4 for derivation.)

6.5 VISUAL CRITICAL VOLTAGE

The minimum voltage at which the corona becomes
visible is called the visual critical voltage.

In case of parallel conductors, it has been observed
that corona occurs at a voltage higher than the disruptive
critical voltage (V3,), which may be referred in this text
as the visual critical voltage and be denoted by V.

; D ;
Thus, the visual critical voltage, V, = g,0 mvr[l + U%f‘i_ ]In— kV toneutral (r.m.s.) (6.4)
ar 3

The value of roughness factor (m,) is different from
the irregularity factor (m,). It may be taken as unity for
smooth conductors, 0.93—0.98 for rough conductors
exposed to atmospheric severities and 0.72 for stranded
conductors.

Since the surface of the conductor is irregular, the
coronal losses do not start simultaneously on the whole
surface and it is called as local corona. For this m, = 0.72
and for general corona, m, = 0.82.

Example 6.6

Determine the disruptive critical voltage and the visual
critical voltage for the local and the general corona on a
three-phase overhead transmission line consisting of three
stranded copper conductors spaced 2.5 m apart at the
corners of an equilateral triangle. Air temperature and
pressure are 21° C and 73.5 cm of Hg, respectively. Conductor



diameter is 1.8 cm, irregularity factor (imm,) 0.85 and surface
factors (my) 0.7 for local and general corona 0.7 and 0.8,
respectively. Breakdown strength of air is 21.1 kV
(r.m.s.)/cm.

Solution:
Conductor spacing, D = 2.5 m = 250 cm
Diameter of conductor, d = 1.8 cm
Radius of conductor, r = 0.0.9 cm
Air temperature, t = 21° C
Pressure, b = 73.5 cm
Irregularity factor, mg, = 0.85
Surface factor for local, m, = 0.7
Surface factor for general, m, = 0.8

Breakdown strength of air, g, = 21.1 kV

3.92b 3.92x73.5
273+t 273+21

Air density factor, 5 = =098

. . .. . . D
Disruptive critical voltage to neutral, Vy, = g m, :‘JrlnT

250
=21.1 x[l.Hﬁx[l.‘}Hx[l.f}xlnﬁ

=89 kV/phase
Voo = V3 X 89 = 154.15kV (L-L)

For local corona,

Visual critical voltage, I, =21.1m6r| 1 + oL InE kV
-\'Ilfljr F

2
—21.1%0.7%x0.98%0.9] 1+——23 In 20
J098x09 | 09
=21.1x0.7x0.98x0.9x1.3194 x5.6268
=96.71kV
=3 %9671 = 11675 kV (L-L)

: 0.3 244
For general corona, F, =21.1x0.8x0.98x0.52| 1 + ; In
098 = 0.52 052

=75.15 kV/phase

—

Fo =3 X 7515 = 130.16 KV (L-L).



6.6 POWER LOSS DUE TO CORONA

There is a power loss due to the formation of corona that
affects the transmission efficiency of the lines. Its effect
on regulation, however, is less. This power loss is
affected by the atmospheric and line conditions too.
Power loss due to corona under fair weather condition is
given by

|3 (!ph -V, )2 x10™ kW/knv/phase (Peck’s formula) (6.5)

where, Vpj,= voltage to neutral in kV
V4o= disruptive critical voltage to neutral in kV
f = supply frequency in Hz

Under abnormal weather conditions, Vy, is 0.8 times
its value, under fair weather conditions and power loss
due to corona is given by

144 . P 5
P:ﬁ(ﬂzs )\I% (¥, =087, | 10 kW/km/phase (6.6)
L

When power loss due to corona is low and the ratio
Vph/Vao 18 less than 1.8, Peterson’s formula is used to
determine corona losses and is given as

21x10° f V3
P=——F %K kW/ikm/phase (6.7)

D
(logmj__];



where, K is a factor, which varies with the ratio of
Vph/ Vdo-

Example 6.7

A three-phase, 220 kV, 50 Hz transmission line has
equilateral triangular spacing of side 2 m. The conductor
diameter is 3.0 cm. The air density factor and the irregularity
factor is 0.95 and 0.83, respectively. Find the disruptive
critical voltage and corona loss per kilometre. Assume any
data required.

Solution:

Line voltage = 220 kV(L-L)

Frequency, f= 50 Hz

Spacing between conductors, D = 2 m (equilateral spacing)
Radius of conductor, r =d/2 = 3.0/2 = 1.5 cm

Irregularity factor, mg, = 0.83

Air density factor, 6§ = 0.95

Assume dielectric strength of air, g, = 21.2 kV/em

=]
¥

Disruptive critical voltage V, = my g or In(E ]k‘v’
200
=212x083x0.95 xl_ﬁln[ﬁ]
=122.685 kV

f+25

Corona loss, P, = 244(
i)

[ ;
}Vlf_f (V=¥ }2 107 kW/km/phase
[

2 . 3
—244[ 20425 ) 115 (157122 685) x107
0.95 JV200

=0.3106 KW/km/phase

Total corona loss = 3 = 0.3106
= 09318 kW/km

Example 6.8

An overhead transmission line operates at 220 kV between
phases at 50 Hz. The conductors are arranged in a 5 m delta
formation. What is the maximum diameter of the conductor



that can be used for no corona loss under fair weather
conditions? Assume an air density factor of 0.95 and an
irregularity factor of 0.85. The critical voltage is 230 kV. Also,
find the power loss under stormy weather conditions.

Solution:
Given,
The line voltage, V = 220 kV
Disruptive critical voltage, V3, = 230 kV (L-L)
Air density factor, 6 = 0.95
Irregularity factor, mg, = 0.85
Frequency, f = 50 Hz

Conductor spacing, D = 5 m = 500 cm

The dielectric strength of air, g, = 30/y/2 kV/cm (max)

For no corona loss under fair weather conditions, the normal working
voltage (V) should not exceed critical disruptive voltage, V.

Disruptive critical voltage, )V, =g Sm,r IDE"}_'

230 30 500

—==—=X%095x0.85xrIn—

3 'u'E r
500

FlIn—="7.752

-
r[(In500) ~(Inr)]=7.752

By trial and error method, r = 1.303 cm.

Therefore, diameter of the conductor, d = 2.606 cm.

Under stormy weather conditions the disruptive critical voltage = 0.8V,

220
=08 % E: 10623 kV/phase.

(]

20

B

Operating voltage per phase, J'= = 127.017TkV

244 N
The power loss under stormy weather conditions, P =——(f +25) |'}—(If;1h 08V, X 10~ kW/km/phase

0 \D

U4,
P=2"2(50+25)
[1.95{ ¥ 500

Total power loss =3x4.25=12.75 kW/km

1.303 2
||'— (127.02-106.23) xI 0 =4.25 kW/km/phase



Example 6.9

A 110 kV, 50 Hz, 175 km long three-phase transmission line
consists of three 1.2 cm diameter stranded copper conductors
spaced in a 2 m delta arrangement. Assume that temperature
is 25° C and barometric pressure, 74 cm. Assume surface
irregularity factor m = 0.85 (roughness factor), m,, for local
corona = 0.72 and my, for general corona = 0.82. Find

Disruptive critical voltage

Visual corona voltage for local corona

Visual corona voltage for general corona, and

Power loss due to corona using Peek’s formula under fair
weather and wet weather conditions.

W N

Solution:

Conductor diameter, d = 1.2 cm
Conductor radius, r = 0.6 cm

Spacing of conductors, D = 2 m = 200 cm

30
Dielectric strength of air, gz = s kV/cm (r.m.s. assumed)
Barometric pressure, b = 74 cm
Temperature, t = 25° C
Irregularity factor, m, = 0.85
Roughness factor, m, = 0.72 for local corona

Roughness factor, m’y = 0.82 for general corona

L0
Operating voltage, V,, = T
3

=63.51 kV

3.92h
273+t
_3.92x74
373425
=0.973

Air density factor, & =




Critical disruptive voltage to neutral, V,, = g m,d f'InT

=3 0973%085%06m 220
2 0.6

=61.15 kV(rm.s.)

2.
; it . g g 031 D
Visual critical voltage to neutral for local corona, V, = ggmor| 1+ JT n—
or r
-3 comxosmxoex|1+——2_ |20
V2 J0.973%06 | 0.6
=72.13kV(rms.)
3.
. .. . " 0.32
Visual critical voltage to neutral for general corona, I =72.1 EXW

=82.14 kV(rms.)

4. Power loss due to corona for fair weather conditions:
According to the Peek’s formula,

244 S 2
Power loss, P.=—(f +25).1—(V, =V, ) x10”° kW/km/phase
i [). f JI"\'D{ ph d:l] p
244

2 L 106
=——-50+25) ||—{(:3.Sl—(rl.l4]2xl{l'5

0.973 200 '
=57.86 W/km/phase

Total corona loss for 175 km long, three-phase line = 175 % 3 ® 5786 W

= 3038 kW
Power loss due to corona for stormy weather conditions:
Disruptive critical voltage, Vi, = 0.8 Fy
=08 X 61.14
=48912kV

Total corona loss for 175 km, three-phase line according to the Peek’s formula,



244 e
(Ve

rr 42 -5 3
P =175%3x—(f +H5;\~I— —Vg ) x107° kW
o

&

'[H

frad [ﬁlﬁ 1—48.912) x107°
ﬁlll

244

= l?ﬁxEx—{ﬁ[l +25)
0.973

=11525 kW.

Example 6.10

A three-phase equilaterally spaced transmission line has a
total corona loss of 55 kW at 110 kV and a loss of 110 kW at
120 kV. What is the disruptive critical voltage between lines?
What is the corona loss at 125 kV?

Solution:

Total corona loss of 55 kW at 110 kV
Total corona loss of 110 kW at 120 kV

Power loss due to corona for three-phase,

-F

i

24
P= 3X—U’ +25) ]2xl[l'3 kW/km

2 ﬁl‘l_[ r

P e [VM = I{m]

Taking air density factor &, supply frequency fradius of conductor r and
spacing of conductors D as a constant.

2

110 :

550c| —==¥,, | =(63.51-¥,)
V3 '

120

and ll[lm(T—I{m I o {(,g_gg_ym _‘f
N,

110 _ (69.28-7,, )
55 (63.51 V)
(69.28 -, )
(63.51-¥,)
(69.28 -V, )
(63.51-¥,)
69.28 —V,, =89.803 —1.414F,
0.414¥,, =20.523

Vio =49.57 kV

=2

=1.414



Disruptive critical voltage between lines = 3 x 49.57 = 85.86 kV Total

corona loss at 125 kV

125 ;
Pm{—E—I{m I = (72.169 —F,,

Ey
p_(72.169-F,) (72.169-49.57)
55 (6351-F,)  (63.51-49.57)

=2.628

Power loss due to corona, P = 2.628 x 55 = 144.54 kW

6.7 FACTORS AFFECTING CORONA LOSS

The following are the factors affecting corona loss in
overhead transmission lines:

1. Electrical factors
2. Atmospheric factors
3. Factors connected with the conductors

6.7.1 ELEcTRICAL FACTORS

Effect of Frequency From Eq. (6.5) to Eq. (6.7), the
corona loss is observed to be a function of frequency.
Losses, therefore, increase with increased frequency.
Since there is no frequency in DC transmission, corona
loss is less compared to AC transmission.

Line Voltage Transmission line operating voltage largely
affects corona loss. Corona losses increase with increased
operating voltage when it exceeds the disruptive critical
voltage.

Effect of Load Current Temperature of the conductor
increases with increased load current. Therefore, it
prevents deposition of snow on the surface of the
conductor. This reduces the corona loss. The heating of
the conductor has no effect on corona loss during rain.



6.7.2 ATMOSPHERIC FACTORS

Pressure and Temperature Affect Corona loss is a
function of the air density factor 6 and is inversely
proportional to 6. The corona loss also depends upon the
critical disruptive voltage.

i.e., loss a (V=Vy,)>.

From the above equation, we see that the critical
disruptive voltage (V4,) depends upon the air density
factor (6). Therefore, the corona loss increases with
decreased value of 6. For lower values of §, the pressure
should be low and the temperature, high. Therefore, the
corona loss is more on hilly areas than on plain areas.

Dust, Rain, Snow, and Hail Affect The critical disruptive
voltage decreases due to dust particles deposited on the
conductor and bad atmospheric conditions such as rain,
snow, and hailstorm. This causes increased corona loss.

6.7.3 FacTors RELATED TO THE CONDUCTORS

Conductor Size Consider the expressions given below

—

-
Powerloss o< ,|— 6.8
vD (6. ]

Power loss o< (V/,, =V, )2 (6.9)

From Eq. (6.8), we can conclude that power losses are
directly proportional to the square root of the radius of
the conductor. In addition, from Eq. (6.9), we can
conclude that the losses will be reduced due to increased
diameter, because as is shown in Eq. (6.3), V4, is
proportional to the radius of the conductor. The change
of losses due to Eq. (6.9) is high when compared to Eq.
(6.8). Therefore, the corona losses decreases with an
increase in the diameter of the conductor.



Spacing Between Conductors From the loss formula, it is
seen that the loss is inversely proportional to the square
root of the distance between the conductors. Therefore,
higher the spacing of conductors, lower will be the losses.
There may not be any corona effect, if the spacing is
made very large compared to their diameters.

6.8 METHODS FOR REDUCING CORONA LOSS

From the Egs. (6.3) and (6.4), it is seen that disruptive
critical and the visual critical voltages are dependent on
the size of the conductors and the spacing between the
conductors in a transmission line. The effect of corona
can be reduced by either increasing the size of the
conductor or the space between the conductors.

The corona loss can be reduced by using;:

e Conductors with large diameters: The voltage at which the
corona occurs can be increased by increasing the size of the conductor
and hence, the corona loss can be reduced.

¢ Hollow conductors: These are used to increase the effective
diameter of the conductor without using any additional material.
Since, corona loss is inversely proportional to the diameter of the
conductor, corona loss decreases with an increase in the diameter.

¢ Bundled conductors: These are made up of two or more sub-
conductors and is used as a single-phase conductor. When using two
or more sub-conductors as one conductor, the effective diameter of
the conductor increases, resulting in reduced corona loss.

6.9 ADVANTAGES AND DISADVANTAGES OF CORONA
Advantages

e [t acts as a safety valve by reducing the magnitude of high-voltage
steep-fronted waves that may be caused by lightning or power
switching.

e With the formation of corona, the air surrounding the conductor
becomes conductive and there is a virtual increase in the effective
diameter of the conductor. Due to increased diameter, the maximum
voltage gradient between the conductors is reduced.

Disadvantages

¢ Transmission efficiency is affected due to corona loss. Even under fair
weather conditions some loss is encountered.
e Inductive interference to neighboring communication lines due to the



non-sinusoidal voltage drop that occurs in the line.

e With the appearance of the corona glow, the charging current
increases because the corona introduces harmonics.

e Due to the formation of the corona, ozone gas is generated which
chemically react with the conductor and causes corrosion.

Test Yourself

1. How can you reduce the corona in transmission lines by
using bundled conductors?

2. Why is corona effect less in regulation?

3. What is the advantage of corona? Justify your answer.

6.10 EFFECT OF CORONA ON LINE DESIGN

In order to improve transmission-line efficiency, it is
desirable to avoid corona loss on lines under fair weather
conditions. Bad weather conditions such as rain and sleet
greatly increase the corona loss and lower the disruptive
critical voltage of the line. Because of the latter effect, it
is not feasible to design high voltage lines, which will be
corona free at all times. If the lines are designed so that
they do not encounter any corona formation, then even
during bad weather conditions, the height of the towers,
the spacing and size of the conductors will be more and
hence, uneconomical. On the other hand, bad weather
conditions in any particular region occur only for a very
short duration in the year and hence, the average corona
loss throughout the year will be less.

6.11 RADIO INTERFERENCE

The corona discharges emit radiations, which may
introduce a noise or signal called radio interference (RI).
When RI propagates along the line, it causes
interruptions to radio broadcasts in the range of 0.5
MHz. It also interferes with telephone communication. If
the field strength of RI at the antennas used for receiving
broadcast sound and television services is too high, it can



cause degradation of the output, and picture in the case
of television.

The RI originates from the same source as the corona
and has an important bearing in the design of EHV lines.
Conductors should be selected so that they give the least
RI at the lowest possible cost. Since RI is associated with
corona, it mainly depends on the potential gradients at
the conductors. It is also influenced by all those factors,
which influence corona, such as air density, humidity,
wind contaminants, imperfections, and precipitations.
The RI in bad weather is about 10—25 dB higher than
that during fair weather. RI levels are the highest at
lower frequencies and decreases with increased
frequency, being the least or neglected at higher
frequencies.

The radio noise (RN) is measured adjacent to a
transmission line by an antenna equipped with a radio
noise metre. The standard noise metre operates at 1 MHz
(in the standard AM broadcast band) with a bandwidth
of 5 kHz. For measurements in the RI range, a rod
antenna usually determines the electric field, E and a
loop antenna usually determines the magnetic field
component H.

6.12 AUDIO NOISE

When corona is present on the conductors, the EHV lines
generate an audible noise, which is especially high
during polluted weather. The noise is broadband, which
extends from a very low frequency to about 20 kHz.
Corona discharges generate positive and negative ions,
which are alternately attracted and repelled by the
periodic reversal of polarity of the AC excitations. Their
movement gives rise to sound—pressure waves at
frequencies twice the power frequency and its multiples,
in addition to the broadband spectrum, which is the
result of random motions of the ions. An audible noise
can become a serious problem from the point of view of



“psychoacoustics”, leading to insanity due to loss of sleep
at night to inhabitants residing close to an EHV line. AN
meter range from 20 dB to 140 dB is shown in Fig. 6.2.

Fig. 6.2 AN meter range from 20 dB to 140 dB.

6.13 INTERFERENCE WITH COMMUNICATION LINES

When a communication line such as a telephone line
runs parallel along a high voltage overhead line, high
voltages are induced in the communication line resulting
in the production of acoustic shock and noise. The
induced voltages are due to electrostatic and
electromagnetic induction and these are reduced
considerably by transposing power lines (these are
discussed in detail in Section 2.11.3).

6.13.1 ELECTROMAGNETIC EFFECT

Consider a three-phase overhead transmission system
consisting of three conductors R, Y and B spaced at the
corners of a triangle and two telephone conductors P and



Q below the power line conductors running on the same
supports as shown in Fig. 6.3(a).

Let us assume that the radius of each conductor is r
and consider the loop formed by the conductors R and P.
Now the distances between R and P, and R and Q are
Dgp and Dy, respectively.

Flux linkages of conductor P due to currents in all
conductors of power line from Eq. 2.26, are given by;

7 | | |
W, :let}"[fR In—+1, In +f31r1—]
I DRP P P

Fig. 6.3(a) Three-phase power line and communication line

Flux linkages of conductor Q due to currents in all
conductors of power line,

1 il 1r1—1 +1 1r1—1

Wo =2%107| I In
Dyq Dy, Dy,

Q




Total flux linkages of communication lines,

v =y, -y =2X107 (| I InLHYInLH In L]— i InLHY lnLHBlnL
- D, D, Dy, Dy, Dy,
D

=2x107| I, lnDRQH 1nD‘° +1, 1ni°]
DRP i DEP

Therefore, the induced voltage in the communication
line, V = 27afy V/m

Here, the voltage induced and flux linkages of
communication line depends upon the values of Iy, Iy,
and Iy

Case-I: If the currents I, Iy, and I are balanced and
power lines are transposed, then flux linkages with the
communication lines are zero. Therefore, voltage
induced is also zero.

Case-II: If the currents Iy, Iy, and Iy are balanced and
power lines are untransposed, then flux linkages with the
communication lines are small. Therefore, voltage
induced is also small.

Case-III: If the currents I, Iy, and Iy are unbalanced,
then there is flux linkage with the communication lines
and therefore, voltage is induced.

The induced voltage can be reduced by increasing the
distance between the power lines and the
communication lines or even by transposing them. EMI
test receiver from 9 kHz to 30 MHz is shown in Fig.

6.3(b).



EME TEST RECEIVER |
P~ 0
e AN

O L R T Ef’"ﬂ‘ '!..E“'r'ﬂ

-y ¥ s
L . B -

A

Fig. 6.3(b) EMI test receiver from 9 kHz to 30 MHz

6.13.2 ELEcTROSTATIC EFFECT

Consider a three-phase system consisting of three
conductors R, Y, and B, which are placed at the corners
of a triangle and two telecommunication lines P, Q
connected parallel to the three-phase system as shown in
Fig. 6.4.

The potential distribution between the three-phase
system and plane (earth) is the same as the potential
distribution between the image of the three-phase
system and the plane.

Consider a conductor R of a three-phase system.
Let Hy be the height of conductor R from the ground.

q is the charge per metre length of conductor R and —
q is the charge on image of conductor R’.

The electric-field intensity at a distance x from the
centre of conductor R,



q
2rex  2me (2Hy —x)

Fig. 6.4 Three-phase power line, communication line and image of power
line

The potential of conductor R with respect to earth,

i e x (2H, —x
2H, —r
Ve = =2 “Int+in— 52 gp SUR T
2re r 2H, —r e r
2H
=4 nIR (2 2H, 55r)
2re r

where, r is the radius of conductor R

Suppose P is placed at a distance Dpg from the
conductor R, then the potential of conductor P with



Similarly, the potential at P due to the charge on
conductors Y and B i.e., Vpy and Vpg can be calculated. In
addition, the resultant potential of P with respect to
earth due to charge on conductors R, Y, and Bis Vp =
Vpr + Vpy + Vpp (vector addition).

In a similar way, the resultant potential of conductor Q
with respect to the earth due to charge on conductors R,
Y, and B can be calculated.

Example 6.11

A single-phase, 50 Hz power transmission line spaced 2.5 m
apart is supported on a horizontal cross arm. A telephone
line is run on the same support and spaced 50 cm apart at the
ends of the cross arm which is placed 2 m below the power
line. Determine the mutual inductance between the circuits
and the voltage per kilometre induced in the telephone line if
the radius of the power conductor is 0.8 cm and the current
in the power line is 100 A.

—— 25m  —f
O O



Fig. 6.5 Single-phase power line and communication line

Solution:

D,

RP

Doy =v2 +1.5 =25m=Dy,

2 Z2
=V2" +1° =2.236m =D,

Flux linkages of communication-line conductor P due
to current Iy and Iy of power lines

: l l 7 D,
w, =2x107| L, In—+I In— |=2x%107"f WX (I, =-1, =)

RP i 'D'R‘.'P

Similarly,

-
L;:Q:zxur'nnﬂ—“@
R

Total flux linkages of communication line,

: D D - DD,
W=y =g =2x107 I In—=L —In—2 |=2x107 /In| ———2 | Wb/m
Dy DR.Q R-PDYQ

: . g e g 7 2.5%2.5
Total flux linkages of communication line, w =2x107"1 In[ ]

2.236x2.236
w =0.446 X107 1 Wb/m
Voltage induced, V' =21 fwr =27 x50x0446 107 x100 =1.4V/km,

Example 6.12

A three-phase, 132 kV, 50 Hz, 160 km long transmission line
delivers a total load of 30 MW at 0.8 p.f. lag. Conductors of
diameter 20 mm each are placed at the corners of an



equilateral triangle of sides 5 m. If the telephone line is run
on the same support as shown in Fig. 6.6, calculate the
voltage induced in the telephone circuit due to
electromagnetic effect. Also determine the potential of
telephone conductor P above earth due to electrostatic effect.

Solution:

From Fig. 6.6

Dpo =4 -2 =3.464 m

Dy, =6.5+3.464=9.694 m
Dy =10.464 m
Dy, =V2*+6.5% =6.8m=D,,
Dy =V2* +7° =7.28m =Dy,
30%10°
Line current, [ = =164.02 A

3 x132%10° x0.8

Total flux linkages of communication lines,

- zxur’(fnlnﬁ +;Y|nﬂ+fnlnﬁ]
Dy

kP Br

-

10.464 128 7.28
: +164.022 =120 In +164.022-240" In
6.8 6.8

9.964

2x1 [l'T{ lﬁ4.[]2£[l°( In

=2x107 {H.[]Lﬁ'[l':' +11.19£-120°+11.19£ - 240°)
=2x107 {R.[B +j0—5.595— j9.69 -5.595+ j9.69 )
=-6.32x107 Wh/m
Theretore, the induced voltage in the communication line,
F=2mfiv Vim
=27 x50%6.32x107 =0.1985 V/km
=0.1985x160 =31.768V

The potential of conductor P with respect to earth is,
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Fig. 6.6 Three-phase power line and communication line

The phase voltages,

132x10°
Vo =——=—2£0=76210£0°, ¥, =76210£-120° Vg =76210£120°
i



Therefore, the resultant potential of P with respect to
earth due to charge on conductors R, Y and B is Vp

SV =V + Vg +¥og
=0.121F, +0.1533F, +0.1533¥,

76210(0.121.£0°+ 0.1533 £ —120° +0.1533 £120°)

76210(0.121—0.1533 )= 2461.6 V.

6.14 CORONA PHENOMENA IN HVDC LINES

Corona on AC and DC overhead transmission lines is due
to ionization of the air surrounding the conductor. But
the direction of the movement of charged particles
around the conductor in AC and DC is different.

In case of DC, the corona phenomenon is related with
field distribution rather than surface stress. Therefore,
the importance for the consideration of the corona
phenomenon while designing HVDC lines is less serious
than while designing AC lines. In addition, corona loss is

less due to the absence of factor /2 in HVDC voltage

waveform.

Corona losses on DC lines is an important factor and
should be considered while calculating the line losses for
designing the HVDC lines. Losses in HVDC monopolar
lines are less when compared to those in HVDC bipolar
lines.

Critical disruptive HVDC voltage in monopolar line is
given by

2h
Vi =Vp-m.rlog—



where,

Vi = critical stress kV/cm

= 14 kV/cm for DC voltages

m = surface irregularity factor 0.8—0.89
r = radius of conductor (cm)

h = height of conductor above earth (cm)
V4o = critical disruptive voltage of pole to
earth (kV DC)

Whereas, in bipolar line is

where,

D = distance between pole to pole.

i,

CHAPTER AT A GLANCE

The phenomenon whereby the conductors on the
transmission line are ionized, a violet glow is formed, a
hissing noise is emitted and ozone gas is produced, is known
as corona.

. The minimum voltage at which the ionization takes place is

called the critical disruptive voltage. The maximum potential
gradient occurring at the conductor surface is given by

. The minimum voltage at which the corona becomes visible is

called the visual critical voltage and is given by
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V= guﬁﬂh.r(l _,_{}%5 ]ln? kV to neutral (r.m.s.)

4. There is a power loss due to the formation of corona. When
corona occurs, power is dissipated due to the generation of
heat, glow and sound. These results affect the transmission
efficiency, but its effect on regulation is less.

Power loss due to corona is given by
244 r 2 _5
P= ?( [+25) J; (Ve =V) X107 kWim/phase (Peek’s formula)

5. Corona loss depends on three factors, namely, electrical
factors, atmospheric factors, and factors connected with the
conductors.

6. The corona loss can be reduced by using large diameter
conductors, hollow conductors and bundled conductors.

7. DC corona loss is less as compared with AC corona loss.
SHORT ANSWER QUESTIONS

What is meant by corona?

Define critical disruptive voltage.

Define visual critical voltage.

What is a corona loss?

What are the factors affecting corona loss?
What are the methods for the reduction of corona effect?
What are the advantages of corona?

What are the disadvantages of corona?
Write Peek’s formula for corona loss.
Write Petersons’ formula for corona loss.

. What are the affects of corona?

MULTIPLE CHOICE QUESTIONS

. The phenomenon of corona is accompanied by
1. hissing sound
2. production of ozone
3. power loss
4. all of them
. The corona loss is affected by of the conductor.
1. size
2. shape



3. surface condition
4. all of them
. Corona loss is less when the shape of the conductor is
1. circular
2. flat
3. oval
4. independent of shape
4. Corona loss increases with
1. increase in supply frequency and conductor size
2. increase in supply frequency but reduction in conductor
size
3. decrease in supply frequency and conductor size
4. decrease in supply frequency but increase in conductor size.
Bad weather conditions such as rain and sleet
1. increase the corona loss
2. decrease the corona loss
3. does not affect the corona los
4. none of these
6. The ionization of air surrounding the power conductor is known
as phenomena.
corona
sag
Ferranti effect
none of these
7. is the minimum voltage at which the corona just
starts
1. corona
2. critical disruptive voltage
3. critical visual voltage
4. none of these
8. The formula for the air density correction factor § is given by
kV.

w

@

Wb

3.92b
1. ———
(273 +1)

3.92¢
2, —————
(273 +b)

5.92b
3'(2?3+;}
392¢g

4'(2?3+;}

9. The formula for the critical disruptive voltage is
kV/phase.
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10. For higher voltages conductors are used.
1. ACSR
2. copper
3. both

4. silver
11. For polished wires, the irregularity factor m value is

1.0
0.98
0.72

1.5
12. The formula for the visual disruptive voltage is

kV/phase.
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13. The formula for the corona loss is kV/ph/km.
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14.

15.

16.

17.

18.

19.

20.

21.

22,
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The frequency of supply being high, corona losses are

1. higher

2. lower

3. none of these
The DC corona loss is as compared with the A.C
corona loss.

1. less

2. more

3. none of these
The corona loss on the middle conductor is as
compared with the two outer conductors.

1. more

2. less

3. none of these
The corona loss is on hilly areas than on plain areas.

1. more

2. less

3. none of these
The bad atmospheric conditions such as rains, snow, and
hailstorm reduce the critical disruptive voltage and hence

in corona loss.

1. increase

2. decrease

3. none of these
The corona loss is proportional to the square root of the

1. size of the conductor

2. frequency of the conductor

3. both

4. none of these
Larger the diameter of the conductor, the the corona
loss will be.

1. large

2. smaller

3. none of these

The size of the conductor on modern EHYV lines is obtained based

on
1. voltage drop
2. current density
3. corona
4. power
The insulation of the modern EHV lines is designed, based on
1. the lighting voltage
2. the switching voltage



3. corona
4. switching power

23. The corona loss will be reduced by using conductors.

1. large diameter
2. hollow

3. bundled

4. all of these

24. The disadvantage of corona is

1. hissing noise
2. ozone gas

3. power loss
4. all of these

25. The advantage of corona is

increase effect of transients
corrosion of conductor

increase effective conductor size
increase effect of subtransients

W N

Answers:

1.d
6.a
11.a
16. a
21.¢

2.d 3.a 4.b 5.a

7.b 8.a 9.c 10.a

12.a 13.b 14.a 15.a

17.a 18.a 19.d 20.b

22.b 23.d 24.d 25.¢C
REVIEW QUESTIONS

. Explain “Corona”.
. Describe the phenomenon of corona. Explain the factors affecting

corona.

. Explain the losses of corona on HV line.
. What are the advantages and disadvantages of corona? Why are

these different in different weather conditions?

. Derive a formula for disruptive critical voltage between two

smooth circular wires assuming the breakdown strength of air to
be 30 kV (peak)/cm.

. Explain about corona loss and discuss the methods for the

reduction of corona loss.

. Explain the phenomena of corona and derive an expression for

disruptive critical voltage.

. What are the disadvantages of corona? Explain how the corona

considerations effect the design of a line?

PROBLEMS

. An overhead 132 kV line conductor of 2.5 cm diameter is built so



that corona takes place if the line voltage is 220 kV (r.m.s.).
Determine the spacing between the conductors, if the value of
potential gradient at which ionization occurs can be taken as 30
kV/cm (peak).

2. A single-phase transmission line consists of two conductors of
diameter 1.2 cm each, with 1.5 m spacing between centres.
Determine the value of the line voltage at which corona
commences, if the disruptive critical voltage for air is 21.21
kV/cm.

3. A three-phase, 220 kV line consists of 20 mm diameter
conductors spaced in a 6 m delta configuration. Determine the
disruptive critical voltage and visual corona voltage (local corona
as well as general corona) for the following data: temperature 25°
C, pressure 73 cm Hg, surface factor 0.84, irregularity factor for
local corona 0.72, irregularity factor for general corona 0.82 m.

4. A grid line operating at 132 kV consists of 2 cm diameter
conductors spaced 4 m apart. Determine the disruptive critical
voltage and visual corona voltage for the following data:
temperature 44° C, barometric pressure 73.7 cm Hg, conductor
surface factor 0.84, fine weather 0.8 and rough weather 0.66.

5. A three-phase, 220 kV, 50 Hz, overhead line consists of 2.5 cm
diameter conductors spaced 3 m apart in equilateral triangle
formation. Determine the corona loss per kilometre of the line at
20° C and atmospheric pressure 75 cm Hg. Take irregularity
factor as 0.8.

6. A 110 kV, three-phase, 50 Hz, 150 km long overhead line consists
of three 1.8 cm diameter stranded copper conductors spaced in
2.5 m delta arrangement. Assume surface irregularity factor m =
0.89 (roughness factor), my, for local corona = 0.74 and m,, for
general corona is 0.84. Determine the following at 290° C and
barometric pressure of 76 cm Hg.

1. Disruptive voltage

2. Visual corona voltage for local corona

3. Visual corona voltage for general corona

4. Power loss due to corona, using Peek’s formula, under fair
weather and in wet conditions

5. Power loss due to corona, using Peterson’s formula, under
fair weather and in wet conditions

7. A three-phase, 220 kV, 250 km long line consists of ratio of E is
-

680. Using Peterson’s formula, determine the total corona loss.
Assume factor K as 0.04.



-

Mechanical Design of Transmission Line

CHAPTER OBJECTIVES

After reading this chapter, you should be able to:

e Understand the overview of transmission line supports

e Understand the calculation of sag

e Discuss the effect of tower structure and environmental effects on
sag calculation

7.1 INTRODUCTION

The design of a transmission line has to satisfy electrical
as well as mechanical considerations. An overhead line
comprises mainly of conductors, line supports,
insulators, and pole fittings. These should have sufficient
mechanical strength to withstand the worst probable
weather conditions and other external interferences. This
calls for the use of proper mechanical factors of safety in
order to ensure the continuity of operation in the line.

7.2 FACTORS AFFECTING MECHANICAL DESIGN

The factors affecting the mechanical design of an
overhead transmission line are as follows:

Selection of Line Route The selection of the route
depends upon the distance, geographical conditions,
transportation facility, etc.

Types of Towers/Poles The selection of the type of
towers/poles depends upon the line span. The conductor
weight, line operating voltage and cost, local conditions
and soil conditions also help to ascertain what type of
tower/pole should be used.



Ground and Conductor Clearance The clearance of
conductors is decided not only by the electrical
consideration of working voltage, but also by mechanical
factors such as length of the span, weight of conductors,
prevalent wind direction, ice loading on the conductors,
etc.

Tower Spacing and Span Length The tower spacing and
span length depends on the weight of the conductors,
prevalent wind direction and ice loading on the
conductors, soil conditions, local conditions, load
bearing capacity of the tower, etc.

Mechanical Loading The mechanical loading depends on
span length, type of conductor materials, area of cross-
section of conductors, sag level difference between
adjacent towers, etc.

7.3 LINE SUPPORTS

The line supports are the poles which support an
overhead transmission line. They should be equipped to
carry the load of the conductors including the additional
weight due to deposition of ice and wind pressure. The
various types of line supports used are:

7.3.1 WooDEN PoLEs

The use of wooden poles as line supports is limited to low
voltage power distribution and spans up to about 60 m.
Wooden poles are elastic and protected by metallic caps
at the top to protect it from decay. The advantage of
wooden poles is that they are easily installed and cheap
when compared to other varieties of line supports.

The main disadvantage of wooden poles is their
tendency to rot at the ground level. But well-seasoned
and preserved wood serves the purpose better; their life
span is about 25—30 years.



Fig. 7.1 Tabulator steel pole

7.3.2 TuBULAR STEEL POLES

They are used for system voltages up to 33 kV in low and
high-voltage distribution systems. These are costlier than
wooden and RCC poles. When compared to wooden
poles, tubular steel poles have advantages like light
weight, long life, and greater strength. These are used for
a longer span, i.e., from 50 to 80 m. All steel supports
should be well-galvanized and should have a life of at
least 30 years. Their life can be increased by regularly
painting and preserving the structure.

Now-a-days tubular poles are used for lighting the
streets in towns and cities (as shown in Fig. 7.1).

7.3.3 RCC PoLes

They are used for system voltage up to 33 kV. Generally,
they are rectangular in shape at the bottom and square at
the top. They are stronger and more durable and are,
therefore, used for longer length spans, i.e., from 80 to



200 m. These are also used for low and high voltage
distribution systems. These poles have a long life and
require low maintenance but are cumbrous and heavy,
therefore, adding to the transportation costs.

Now-a-days, tubular RCC poles (see Fig. 7.2) are used
for 33 kV transmission lines in coastal regions.

Fig. 7.2 33 kV Tubular RCC pole

7.3.4 LATTICED STEEL TOWERS

These towers are robust in construction. They can be
used for spans 300 m or above. They are used for the
transmission of power above 66 kV and are more useful
for valleys, railway lines, rivers, etc. They are
mechanically very strong and have a long life. They are
capable of withstanding the most severe climatic
conditions and cannot be destroyed by forest fires. The
problems caused due to lightning are minimized due to
the presence of lightning conductors on each tower.



At a reasonable additional cost, double circuit
transmission lines can be set on the same tower as shown
in Figs. (7.3) and (7.4) thereby reducing the discontinuity
of supply to a large extent. In case of breakdown of one
circuit, it becomes possible to transmit the power
through the other.

These towers are used for transmitting huge power at
high voltage levels, i.e., 132 kV, 220 kV, 400 kV 765 KV,
etc.
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Fig. 7.3 Lattice tower

Table 7.1 From Fig. 7.3, spacing between conductors for different voltages



Voltage/ Typeof W, W, A H, H; H; Hy Span  Designed

Spacing tower* (mm) (mm) (mm) (mm) (mm) (mm) (mm) (m) for
132 kV 0 3200 3200 3200 3900 3840 3860 11300 120 Panter
(narrow 30 3200 3200 3200 3900 3860 3860 8OO0 120

base) 40 4400 4400 4400 7550 3620 3620 12300 120

220 kV A 4200 4400 4900 4730 5300 5300 20850 380 Zebra
(TSP) B 4200 4350 4850 7280 5100 5100 19085 380

c 4900 5000 5500 8450 5200 5300 19085 380

" The type of tower designed depends on the angle of
deviation.

« W;, W,, W, are the width of tower cross arm and H,,
H,, H4, H, are the height clearances between cross
arms.

A

77

Fig. 7.4 220 kV Double circuit tower

Test Yourself

1. In general, why are RCC poles preferred in coastal areas
instead of iron poles for the distribution of electrical power?



7.4 SAG

When a flexible wire of uniform cross-sectional area is
suspended between two supports at the same level, it
experiences a tensile stress which is due to the weight of
the conductor acting vertically downwards. Due to this,
the conductor forms a caternary curve between the
towers. The difference in level between the points of
support and the lowest point on the conductor (which is
caternary in shape) is known as sag.

The factors affecting the sag in an overhead line are as
given below:

1. Weight of the conductor: The sag is directly proportional to the
weight of the conductor. Sag increases with an increase in the weight
of the conductor. Where there is ice formation and wind pressure
upon the conductor, the weight of the conductor increases, which
leads to increased sag. It is generally measured in kilogram/metre
(kg/m).

2. Length of the span: Sag is directly proportional to the span length.
With increased span length, the weight of the conductor between the
supports increases. Therefore, higher the value of the span length,
higher is the sag. It is measured in metre (m).

3. Working tensile strength: Sag is inversely proportional to the
working tensile strength of the conductor at constant temperature. It
is measured in kilogram (kg).

4. Temperature: If there is a change in temperature, there is a change
in the length of the conductor. Therefore, the length of the conductor
increases with the rising temperature between the fixed supports. The
sag too will, therefore, increase with an increase in temperature. It is
measured in (°C).

Test Yourself

1. Is sag necessary in overhead power supply system? Justify
your answer.

7.4.1 CALCULATION OF SAG AT EQUAL SUPPORTS

When the conductor is supported by two supports P and
Q as shown in Fig. 7.5, it forms a caternary curve due to
the weight of the conductor, and is horizontal at O.



Let S be the length of the conductor POQ, suspended
between the supports at the same level.

b
P L; Q b
-
D " - dsi dy Ws
T« Dt-—x Oy’ x ~ox %25 &

Fig. 7.5 Reference to sag calculation for equal supports

Let W =Weight of the conductor per metre length (kg/m)

D =Maximum sag, i.e., the level difference between the points of

support and the lower point on the conductor (m)
T =Tension at any point A of the conductor acting towards
supports (kg)
T, =Tension at point O of the conductor acting horizontally (kg)
s =Length of the conductor of a small section OA (m).

Consider a small section OA of a conductor of length
‘s’. Assume that it is in equilibrium due to three forces,
tension T at A, tension T,, (H) at O and the weight of the
conductor ws, acting downwards. These three forces can
be represented by a triangle of forces oab as shown in

Fig. 7.5(c).
From Fig. 7.5(c),

tenfd =22 (7.1)

]

From Fig. 7.5(b), consider a small section of length ds
and its horizontal and vertical sections dx and dy,
respectively. From the triangle, shown in Fig. 7.5(b)



also, ds* = d? + dy?

Integrating Eq. (7.6) with respect to s, we get

= [E }'ﬁinh'1 [E ]Hc
w H

where, k is a constant of integration

From initial conditions, at s = 0, x = 0, then we get k

=0 (at point O)

Therefore, Eq. (7.7) becomes

(7.3)

(74)

(7.5)

(7.6)
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So that length of the conductor in half-span, s is

where,

[ = half span length
L = span length
From Eq. (7.3)

dy _ws

de _F

Substituting s from Eq. (7.9) in Eq. (7.14)

(7.8)

(7.9)

(7.10)

(7.11)

(7.12)

(7.13)

(7.14)



%:%x%smhﬂzmhﬁ (1.15)

Integrating Eq. (7.15) with reference to x, we get

i N (7.16)
! H

w

where, B is the constant of integration

From initial conditions, when x = 0, y = 0, so that

0=—+B

B=— (7.17)

Substitute the value of B from Eq. (7.17) in Eq. (7.16).
Then,

H wr
v=—| cosh—~-1 718
' u'[ H ] (7.13)
r_” LA w'y sl Wi
" ow| 2H' MH' | 2H (7.19)

W 1
LVE ETR since T'1s very nearly equal to H

-

Sag D=2 (7.20)
T



where, [ is the half-span length

wl (7.21)

3

and, Sag, D=

where, L is the span length, i.e., distance between two
supports.

7.4.2 EFFecT oF Ice CovERING AND WIND PRESSURE

The Eq. (77.21) holds good only for still air at normal
temperature conditions and the weight of the conductor
is acted upon alone. In actual practice, like in the case of
snowfall and storm, the effective weight of the conductor
is increased due to the weight of snow and wind
pressure, hence increase in sag in both vertical and
horizontal directions. If d is the diameter of the
conductor and t is thickness of ice covering in the radial
direction (see Fig. 7.6), the overall diameter of the
conductor becomes

D=d+2 (7.22)

Therefore, the sectional area of ice is

D' ad® w 2 2
= - =i 2 —d-
o ((d+20) -a?)

=t (d+ 1) (7.23)

If d and t are in metres, then the Eq. (7.22) represents
the volume of ice in cubic metre per metre length of the



conductor.

If p be the density of ice in kg/ m, then weight wj; of ice
per metre length is

w; = p X mt (d + 1) kgs (7.24)
p =915 kg/m?

Therefore, the resultant weight of the conductor acting
downwards is

w, = w, +w; kgs/m (7.25)

where, w, is the weight of the conductor per metre
length.

d
+— D —p

Fig. 7.6 Illustration of effect of ice covering and wind pressure

The wind pressure on the conductor is assumed to be
in the horizontal direction and is taken as pressure on



the projected area of the conductor. The projected
surface of the conductor of length 1 m is

=(d+2) ¥ | m! (7.26)

Therefore, weight of the conductor due to wind
pressure is

wy = pld+20) kg/m (7.27)

where, p is the wind pressure in kg/ m.

Thus, the resultant weight w, acting on the conductor
in Fig. 7.7, is given as

W =, + : . (7.28
T J{ [4 i } w [' }

The angle through which the line will be deflected due
to the horizontal wind pressure is

Breiopg | Tt M | gt e
L W, L W, (7.29)




¥
=
=

W W

Fig. 7.7 lllustration of weights

Then the sag in vertical plane = deflection in the
inclined plane x cosf

Then, the sag in horizontal plane = deflection in the
inclined plane x sinf

2

Disadvantages of loose span:

Following are the disadvantages if the sag is more than
the prescribed value:

1. When the span is loose, i.e., the length of the conductor required for a
given length of line is more the sag is more too.

2. If the sag is more than the prescribed maximum, then there is a
possibility that conductors might clash during windy days and hence,
produce short circuits.

3. The conductors of a loose span swing irregularly and vibrate and
hence, are subjected to strain at the point of their fixing. Thus, there is
a possibility of them breaking.



4. To allow for the minimum clearance from the live conductor to earth
under statutory rules, the heights of the structures have to be
increased thus, leading to increased costs.

7.4.3 SAFETY FACTOR

It is defined as the ratio of the ultimate strength to the
working stress.

EXAMPLE 7.1

An overhead transmission line has a span of 220 m, the
conductor weighing 804 kg/km. Calculate the maximum sag
if the ultimate tensile strength of the conductor is 5,758 kg.
Assume a safety factor of 2.

Solution:
Span length, L = 220 m

Ultimate tensile strength of conductor = 5,758 kg
Safety factor = 2.

: : Ultimate strength
Maximum tension, T = £

Factor of safety
_ 5758

= 2879 kg

Weight of the conductor, w = 804 kg/km
= 804 X 10~ kg/m
wL® 804 x 107 x (220)°

Maximum sag, D =
8T B x 2879

= 1.69 m.

EXAMPLE 7.2

A transmission line has a span of 150 m between level
supports. The line conductor has a cross-sectional area of
1.25 cm and it weighs 120 kg per 100 m. If the breaking stress
of the copper conductor is 4220 kg/cm . Calculate the
maximum sag for a safety factor of 4. Assume a maximum
wind pressure of 90 kg/m of projected surface.

Solution:
Span length, L = 150 m
Cross-sectional area of conductor, a = 1.25 cm”

Weight of the conductor = 120 kg/100 m = 1.2 kg/m



Breaking stress = 4220 kg/cm®

Safety factor = 4

Breaking stress * cross sectional area

Tension, T =
Factor of safety
) ) 4220 = 125
Allowable maximum tension, T :f =1319kg
[125x4  [1.25x4
Diameter of conductor, d =, | = II =1.26 cm
Y = ¥ 314

Weight of conductor due to wind pressure, wy, = 90 kg/m” x 1.26 x 10"
? =1.134 kg/m

Resultant of weight of conductor, w, :\.l_f{ 1.134% = 1.651 kg/m

wl® _1.65x150° _

s.S8ag, D=
BT B=1319

352 m

EXAMPLE 7.3

Calculate the minimum sag permissible for a 160 m span, 1.0
cm diameter copper conductor allowing a maximum tensile
stress of 2000 kg/cm”. Assume a horizontal wind pressure of
4 kg/cm” of projected area. Take the specific gravity of copper
as 8.9 gm/cm°.

Solution:

Span length, L = 160 m

Diameter of conductor, d = 1.0 cm
Cross-sectional area of conductor, a = %x{l]' =(.785 cm’

Weight of conductor per metre length =specific gravity x volume of 1 m
conductor



we = B.9 gm/cm® % 0.785 cm? < 100
= 698.6 gm
= 06936 kg

Weight of the conductor per metre length due to wind pressure, w,, =
pressure x projected area in cm”

=4 kg/cm® x 0.785 cm?
=3.14kg

Resultant weight of conductor, w, = uf_, + nﬁ.

=+/0.6986% +3.14? =3.217 kg

Maximum tensile stress = 200 kg/cm”

= 2000 x 0.785 kg
= 1570kg
w, ' 3.217x160°

Sag, D= = =6.54 m.
8T 81570

EXAMPLE 7.4

A transmission line has a span of 150 m between supports,
the supports being at the same level. The conductor has a
cross-sectional area of 2 cm”. The ultimate strength is 5,000
kg/cm”. The specific gravity of the material is 8.9 gm/cm?. If
the coating of ice is 1.0 cm, calculate the sag at the centre of
the conductor if safety factor is 5.

Solution:
Span length, L = 150 m
The coating of ice, t = 1.0 cm

Safety factor = 5

. 2
Cross-sectional area of the conductor, a = 2 cm



2x4

|
|
|
Y r

Diameter of conductor, d =

=1.60 cm
Ultimate strength = 5000 kg/cm?®
= 5000 % 2 kg
= 10,000 kg
Allowable maximum tension, T = 10,000
= 2000 kg

Specific gravity of copper conductor = 8.9 gm/cm?

. Weight of conductor, w, = 89 > 108 2 x 10~ gm/m

_ BO9x10%x2x107* .
= kg/m
1000

= 1.78 kg/m

Weight of conductor due to ice loading, wy = Density of ice x%[fd + ijz—dz}

_ = Ty o1 6l -4
- }lﬁx4[fl_ﬁ+u.[lj 1.6* ]x10
=0.7474 kg/m
Resultant weight of conductor, w, = w_ + w;
=178+0.7474 = 2.5274 kg

2

Maximum allowable sag, D = WL
BT
2.527 E
JZMX 5554 m,
82000
EXAMPLE 7.5

An overhead line has a span of 160 m of copper conductor
between level supports. The conductor diameter is 1.2 ecm and
has a breaking stress of 35 kg/mm®. Calculate (a) the
deflecting sag (b) the vertical sag. The line is subject to a wind
pressure of 40 kg/m? of projected area and radial ice coating
of 9.53 mm thickness. The weight of ice is 913.5 kg/m3. Allow

a factor of safety of 2 and take the density of copper as 8.9
3
g/cm”.

Solution:



The length of span, L = 160 m
Diameter of the conductor is, d = 1.2 cm
Breaking stress = 35 kg/mm”
=35 x 10° kg/m”
Wind pressure of projected area = 40 kg/m”
Thickness of ice, t = 9.53 mm
The weight of the ice = 913.5 kg/m>
Safety factor = 2
Density of copper = 8.9 gm/cm?®

. 35 x 10°x X (0.012)
breakingstress 04012
Working tension = o iestress 7 3161 4 = 19792 ke
factor of safety 2

. (0012)
Weight of the conductor per metre length, w, =8.9x107 xx { )

=1.007 ke

Weight of the conductor due to ice coating per metre length, w, = pmtid+s)
wy =9135 Xt X 953 % 107 % (0.012 4+ 953 x 107
= (5888 kg

Weight of the conductor due to wind force per metre length, w,, = p(d421)
w,, =402 (12 X 1072 42 % 9.33 % 1079)
= 12424 kg

- . ( 2
Resultant force per metre length of conductor, w, =4/(w, + w) +ul

= (1,007 +0.5888)" +(1 2424)" =2.0224 kg

1. The deflecting sag (or) sag in a vertical direction is,

_ H'TLE
8T
_ 2.0224x(160)

=—=327Tm
8x1979.2

2

2. Vertical sag, D’ = D cos 0

wotw (w, +w )L”
W ar

r

:_DX

2

(1.007 +0.5 HHH]{[ 60 )
=- . — =258 m.
Bx1979.2




EXAMPLE 7.6

A transmission line conductor has an effective diameter of
19.5 mm and weighs 1.0 kg/m. If the maximum permissible
sag with a horizontal wind pressure of 39 kg/m? of projected
area and 12.7 mm radial ice coating is 6.3 m. Calculate the
permissible span between two supports at the same level
allowing a safety factor of 2. Ultimate strength of the
conductors is 8,000 kg and weight of ice is 910 kg/m?.

Solution:

Diameter of the conductor is, d = 19.5 cm
Weight of conductor, w, = 1.0 kg/m
Wind pressurer, P = 39 kg/m”

Radial ice coating, t = 12.7 mm
Maximum permisable sag, D = 6.3 m
Safety factor = 2

Ultimate strength = 8000 kg

Weight of ice, wj = 910 kg/m>

Ultimate strength 3000
Safety factor 2

Maximum allowable tension, T =

= 4000 kg

Are of ice-section = mf (d + 1)
=x X 12.7(19.5 + 12.7)
= 1284723 mm?
= 1284 ¥ 10-%m?
Weight of ice, w; = 910 » 1284 x 108
= 1.1691 kg/m
Wind pressure, w, = 39(d + 21)
3I9(195 +2 X 127y X 103
= 1.751 kg/'m

. 7 32
Resultant weight, w, = yw,, +(w, +w, ]

=175 +(1.0+1.1691)" =2.7876 kg/m

2

.f_—
-, Sag, D ==
8T
2.7876 1"
WI=
8 %4000
s 6.3 % 8 x 4000
2.7876

- Length of span, L= 269 m.

EXAMPLE 7.7



A transmission line conductor consists of a hard drawn
copper 240 mm” cross-section and has a span of 160 m
between level supports. The conductor has an ultimate
tensile stress of 42.2 kg/mm? and allowable tension is not to
exceed 1/5th of ultimate tensile strength. Determine (i) the
sag, (ii) the sag with a wind pressure of 1.35 kg/m and an ice
coating of 1.0 cm thickness, (iii) the vertical sag. Take the
specific gravity of hard drawn copper as 8.9 gm/cc and the
weight of ice as 915 kg/m>.

Solution:

. 2
Cross-sectional area of conductor, a = 240 mm

: _ [240=4
Diameter of conductor, d = 1\" —— - 17.5 mm
Span length, L = 160 m
Ultimate tensile stress = 42.2 kg/mm?
=422 ¥ 240 kg

10128 kg

l A
Allowable tension, T = g[liltimate Tensile Stress)

l
% #*10128=2025.6 kg

Weight of conductor, w, = Specific gravity » cross-sectional area
=89 x 10° % 240 x 10 % gm'm
=2136 gm/m = 2.136 kg/m

Weight of conductor due to wind pressure, wy, = 1.35 kg/m



Weight of conductor due to ice loading, wy = density of ice x %[fn’ +21)° —n’z}
T - 2 752 —4
- 9[5x:[fl..-5+2.[]) ~175%|x10
=079 kg/m
Resultant weight of conductor, w, = ,qu'rfwc +w) +w,?

= 1,.{"(2.[3(3+[1.?9j2+l.352
=3223 kg/m

L 2.136x1607
1 Gag= Mo _ 27 _33746m
8T 8%2025.6

2. Sag with ice and wind effect,

_wil' _ 3223x160° _
RT  8x2025.6

n 510 m

] + 5
Vertical sag, I, = { e ]xﬂ

W

3.

2, + ().7%
=5_IX[ 136+ 0.79
3.223

]= 4.63 m.

EXAMPLE 7.8

An overhead line is erected across a span of 200 m on level
supports. The conductor has a diameter of 1.25 cm and a dead
weight of 1.09 kg/m. The line is subjected to wind pressure of
37.8 kg/m” of the projected area. The radial thickness of ice is
1.25 cm. Calculate the sag (i) in an inclined direction,(ii) in a
vertical direction. Assume a maximum working stress of 1050
kg/cm®. One cubic metre of ice weighs 913.5 kg. (This
question is solved using MATLAB programs)

Solution:

Length of the span, L =200 m
Diameter of the conductor, d = 1.25 cm
Dead weight, w. = 1.09 kg/m

Wind pressure, P = 37.8 kg/m”

The radial thickness of ice, t = 1.25 cm



Maximum working stress = 2
Working tension, T =p x%{dz)ﬂ 05 EJXE{LES )’=1,288.5 kg
Weight of ice coating per metre length, w; = 913.5 x mt (d + t)

=935 Xa X125 X 1072 X (1.25 + 1.25) X 10
= 0897 kg
Wind force per metre length of conductor, w,, = P X (d + 21)
=378(125 42 % 1.25) x 1072
=14175kg/m

Resultant force per metre length of conductor, w, = {/(w, +w) +w,’
= (1.09+0.897) +14175°
=244 kg

y JT 00 eilia
1. Sag in inclined direction, D = L P
8T  8x1288.5

(w, +w;) _(w, +w,)

Sag in vertical direction, D' = Dcosfl = D x =1 i
W, RT
2 _ (1.09+0.897 )% 200°
B 8 % 1288.5
=771 m.

7.4.4 CALCULATION OF SAG AT DIFFERENT LEVEL SUPPORTS

When a transmission line is run on inclined planes, i.e.,
hilly areas, the supports P and Q are at unequal levels as
shown in Fig. 7.8.

Let P and Q be the supports at different levels and O
be the lowest point on the curve which is not at centre in
this case, then



The sag with respect to lower support, D, = :—T (7.32)

ot
)

2

The sag with respect to upper support, D, =% (7.33)
*The difference in levelh = D, - D, =2 - 20 = % (2 _ 2y
2r It o
W
= E[.l.‘j +x)(x—x) (7.34)
e L »
Fig. 7.8 Illustration of unequal supports
From Fig. 7.8, x, + x;=Land D, — D, =h
wil,
sh=—(x, -x, 735
. (% =x) (7.35)
2Th
Or Xy =X, = —

7.36
L (7.36)



andx, + x, =L

Adding Egs. (7.35) and (7.36), we get

L =span length

h =difference in levels between supports

(7.37)

(7.38)

(7.39)

x; =Distance between the shorter support and lower point O on

conductor

x, =Distance between the longer support and lower point O on

conductor
T =Tension in the conductor

w =Weight per metre length of the conductor.

EXAMPLE 7.9

A transmission line conductor at a river crossing is supported
from two towers at heights of 60 and 80 m above water level

(see Fig. 7.9). The horizontal distance between the towers is

300 m. If the tension in the conductor is 2000 kg, find (i) the

maximum clearance between the conductor and water, (ii)

the clearance between the conductor and water at a point mid
way between the towers. Weight of conductor is 0.844 kg/m.

Assume that the conductor takes the shape of a parabola.
(This question is solved using MATLAB programs)

Solution:
The working tension, T = 2000 kg
Span, L = 300 m

Weight of the condcutor, w = 0.844 kg/m



Now, the difference in height of tower,

h =380 —60=20m
L Th 300 2000 =20

Hp=——-—= — =150 -158=—8m
2wl 2 0844 =300
L Th

X, ==+

2 owl

3000 2000:=20
= +

=150+158 =308 m
2 0844300

Sag with respect to the lower support,

o wxy _ 0.844x8

1

=0.0135m

2r 22000

59.98 mm

i 2

Fig. 7.9 Unequal supports

1. Clearance between the water level and lower point of the conductor =
60 — 0.0135 = 59.9865 m Distance from the midpoint between the
two towers and the lower point of the conductor, x = 150 + 8 =158 m



wa' _0.844x158° _
2T 2x2000

Sag at the mid point of the supports, D = 527 m

2. Clearance between the water and conductor at mid point between two
conductors,

= 5998635 + 5.27 = 652565 m.

EXAMPLE 7.10

An overhead conductor consists of seven strands of silicon-
bronze having a cross-sectional area of 2.0 cm” and ultimate
strength of 10000 kg/cm®. When connected between
supports 650 m apart with a 20 m difference in level as seen
in Fig. 7.10, determine the vertical sag, which must be
allowed such that the factor of safety shall be 5. Assume the
wire weight to be 2 kg/m, ice loading to be 1 kg/m and wind
loading to be 1.75 kg/m.

Solution:

The height difference, h = 20 m

Cross sectional area, a = 2 cm”

Span length, L = 650 m

Weight of conductor, w. = 2 kg/m

Weight of conductor due to ice loading, w; = 1 kg/m

Weight of conductor due to wind, w,, = 1.75 kg/m



L0000 kg/cm?
L0000 = 2 = 20000 kg
Maximum allowable tension = 20000/5 = 4000 kg

Ultimate tensile strength

= ) - [ %72 2
Resultant force per metre length, w, :\Hlll{H:: +w) +w, = /(241) +(1.75)

=3473 ke/m.

; . : , . L Txh
Distance of lowest point of conductor from the lowest support level, x; = = i
L WX

r

_ 650 400020
2 3.473x650

=325 -44.296
=289.56 m
 (x ) 73 % 729 562
Sog DMl SMII XTI, g
2T 2 % 4000
. (o +w () (2 +1)x(289.56)°
The vertical sag, D JOntwm)a) (3H1I289.56) o, 00
2T 2 % 4000

Fig. 7.10 Unequal supports

EXAMPLE 7.11

An overhead line of cross-section 2.5 cm” is supported at a
river crossing from two towers at heights of 50 m and 100 m
above the water level. The horizontal distance between the
towers is 400 m. If the maximum stress in the line does not
exceed 1/5th of UTS of 4000 kg/cm” and weight of the
conductor is 0.9 kg/m, find the clearance between the
conductor and water at a point mid-way between the towers.

Solution:

. 2
Cross-sectional area of conductor, a = 2.5 cm

Span length, L = 400 m




Ultimate tensile stress = 4000 kg/cm?
= 4000 > 2.5 = 10000 kg
Factor of safety = 3

|
Allowable tension, T = E (UTS)

N %x 10000 = 2000 kg

Weight of the conductor, w, = 0.9 kg/m

Level difference, i = Dy — D, = l;_(.rf—xﬁ =50m

b

and,x; +x, = L =400m
2200050
(X2 — 01l + xy) = ————=2222222
09
SoX, — X, =555.6m
and x; + x; = 400.00 (given)

L
A E =477.8 m

And,x; =400 —x, = =778 m
Cwd0.9x(77.8)°
2T 2x2000
_— e _ 0.9%(477.8)’
LT 22000

=1.362 m

1

=51.367T m

Clearance of water and lower point on the conductor is = 50 — 1.362 m
=48.638 m

Distance from mid-point between two supports and the lower point on
the conductor = 277.78 m

; : : wes  0.9x277.78?
Sag at mid point of'the supports, ) = —2 = =17.364 m
2T 22000

Clearance of water to conductor at mid way between two conductors =
48.638 + 17.364 = 66 m.



Fig. 7.11 Unequal supports

EXAMPLE 7.12

Two towers of height 40 m and 90 m, respectively support a
transmission line conductor at a water crossing. The
horizontal distance between the towers is 500 m. If the
allowable tension in the conductor is 1600 kg, find the
minimum clearance of the conductor and the clearance of the
conductor mid-way between the supports. Weight of the
conductor is 1.1 kg/m. Bases of the towers can be considered
to be at water level.

Solution:
Level difference, h = D; — D, = 50 m
Span length, L = 500 m
=x,+x, - 500 (1)

Weight of the conductor, w, = 1.1 kg/m

Tension in the conductor, T'= 1600 kg
. = o _ _ W 2 2y
Level difference, h =D, - D), —Ff.r}_ —x;)=50

50 % 2 X 1600
sxadax, ’-:#’ = 1454545

1454545
—y T g )
R 1T} @

orx



From Egs. (1) and (2)

=395 5andx;, = 104.5 m

e 2 z
.'.Sag,D]:H'h :l.lxl[H.ﬁ 3754 m
2T 2= 1600

Minimum clearance from water level = 40 — 3.754 = 36.246 m

Distance between mid-point of the supports and lower point of the
conductor, x = 250 — 104.5 = 145.5 m

(]

2

; : : W 0.9x277.782
Sag at mid point of the supports, D = =
2T 22000

=17.364 m

.". Clearance between the mid-way between supports and ground level =
36.246 + 7.277 = 43.52 m.

PR R R PP PR PR PRI

Fig. 7.12 Unequal supports

EXAMPLE 7.13

An overhead conductor having an ultimate strength of 8000
kg/cm” and an area of 2 cm” is erected between supports
placed 600 m apart and having a level difference of 15 m. If
the minimum ground clearance is to be 40 m, find the tower
heights. The conductor is subjected to a horizontal wind
pressure of 1.5 kg/m. The self-weight of the conductor is 1.75
kg/m. Assume a safety factor of 4.



Solution:

Cross-sectional area, a = 2 cm”
Ultimate tensile stress = 8000 kg/cm®

.. Ultimate tensile stress = 8000 x 2 = 16000 kg

L6000

Allowable tension, T = = 4000 kg

Clearance = 40 m

Span length, L = 600 m

Self weight of conductor, w, = 1.75 kg/m
Weight of conductor due to wind, Wy,= 1.5 kg/m

. Resultant weight, w, = chz +w,” = V1.75% + 1.5
=22305 kg
Span length L, x;+ x; = 600 i1

Level difference, h=15= i(r: —.rf)
ar

y 2 15X 2x4000

Xy - X

=52063.31
2303

5206331

orx, — 5= =86.7Tm
: 600

From Egs. (1) and (2)

600 +86.77
s LA VT TR

x = 600 — 34339 = 25661 m

. Sag with respect to lower level support, D), =

Z
W,

2T
2305 x 256.61°
© 2 % 4000
The height of the lower level tower = 40 + 1897 = 3897 m
.. The height of the second tower = 38.97+ 15 = 73.97T m.

=1897 m




Fig. 7.13 Unequal supports

EXAMPLE 7.14

An overhead line is supported between two towers 300 m
apart having a difference on their levels equal to 4 m.
Calculate the sag if the wind pressure is 40 kg/m” of
projected area and the safety factor is 2.The conductor data is
nominal copper of area 11 cm”. A stranded wire of diameter
30 + 7/2.79 cm, steel cored aluminium of weight 844 kg/km
and ultimate tensile strength of 7950 kg is used.

Solution:

The diameter of stranded conductor is given = (2n + 1)d
where,

d is the diameter of the strand

and n is the number of the layers
Therefore, 3n° + 3n + 1 = number of strands

3n° +3n+1=137

n“+n-12=0=n=3
The number of strands in different layers excluding the central core are
6, 12 and 18.
Span length, L = 300 m
Level difference, h = 4 m
.. Overall diameter of conductor, d = (2n +1)2.79

=(2 x 3 +1)2.79 = 19.53 mm



: T 2 2
Cross-sectional area of conductor, a = Icf =3cm

Ultimate tensile stress = 7950 kg

T

795
Allowable tension = T:P)?S kg

Self-weight of conductor, I, = 844 kg/km
Weight of conductor due to wind pressure, W, =40 X 1.953 x 102
=(0.7812 kg/m

Result weight of conductor, w, :\,l'rwf +w,? = J0.8442 +0.78122 =1.15 kg/m
Span length L, + x; =300 m (1)

Level difference, h = D, - D, = %trj —x})=4m

4x2 %3975
X -% :T:E?’ﬁﬁl
27651
Xy =X = =92.17m 2
T 0 ”

From Egs. 