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General

nergy is the basic necessity for the eco-

nomic development of a country.

Many functions necessary to present-day
living grind to halt when the supply of energy
stops. It is practically impossible to estimate the
actual magnitude of the part that energy has
played in the building up of present-day
civilisation. The availability of huge amount of
energy in the modern times has resulted in a
shorter working day, higher agricultural and in-
dustrial production, a healthier and more balanced
diet and better transportation facilities. As a
matter of fact, there is a close relationship be-
tween the energy used per person and his stan-
dard of living. The greater the per capita con-
sumption of energy in a country, the higher is the
standard of living of its people.

Energy exists in different forms in nature but
the most important form is the electrical energy.
The modern society is so much dependent upon
the use of electrical energy that it has become a
part and parcel of our life. Inthis chapter, we shall
focus our attention on the general aspects of elec-
trical energy.
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1.1 Importance of Electrical Energy

Energy may be needed as heat, as light, as motive power etc. The present-day advancement insc
and technology has made it possible to convert electrical energy into any desired form. Th
given electrical energy a place of pride in the modern world. The survival of industrial underta
and our social structures depends primarily upon low cost and uninterrupted supply of elec
energy. In fact, the advancement of a country is measured in terms of per capita consumpti
electrical energy.

Electrical energy is superior to all other forms of energy due to the following reasons !

(# Convenient form. Electrical energy is a very convenient form of energy. It can be i
converted into other forms of energy. For example, if we want to convert electrical energy intc
the only thing to be done is to pass electrical current through a wire of high resistance e.g.,ah
Similarly, electrical energy can be converted into light (e.g electric bulb), mechanical energy
electric motors) etc,

(i) Easycontrol. The electrically operated machines have simple and convenient starting, ¢
and operation, For instance, an electric motor can be started or stopped by turning on or off a s
Similarly, with simple arrangements, the speed of electric motors can be easily varied over the di
range.

(iif) Greater flexibility. One important reason for preferring electrical energy is the flex
that it offers. It can be easily transported from one place to another with the help of conductol

(i) Cheapness. Electrical energy is much cheaper than other forms of energy. Thusitiso
economical to use this form of energy for domestic, commercial and industrial purposes.

(v) Cleanliness. Electrical enetgy is not associated with smoke, fumes or poisonous g
Therefare, its use ensures cleanliness and healthy conditions,

(v) High transmission efficiency. The consumers of electrical energy are generally sil
quite away from the centres of its production. The electrical energy can be transmitted conven
and efficiently from the centres of generation to the consumers with the help of overhead cond
known as transmission lines.

1.2 Generation of Electrical Energy

The conversion of energy available in different forms in nature into electrical energy is kno:
generation of electrical energy.

Electrical energy is a manufactured commodity like clothing, furniture or tools. Just
manufacture of a commodity involves the conversion of raw materials available in nature in
desired form, similarly electrical energy is produced from the forms of energy available in n
However, electrical energy differs in one important respect. Whereas other commodities m
produced at will and consumed as needed, the electrical energy must be produced and transmit
the point of use at the instant it is needed. The entire process takes only a fraction of a second.
instantaneous production of electrical energy introduces technical and economical considers
unigue to the electrical power industry,

Energy is available in various forms from different
natural sources such as pressure head of water, chemical
energy of fuels, nuclear energy of radioactive substances
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such as burning of fuel, pressure of water, force of wind etc. For example, chemical energy of a fuel
{e.g.. coal) can be used to produce steam at high temperature and pressure, The steam is fed to a
prime mover which may be a steam engine or a steam turbine, The turbine converts heat energy of
steam into mechanical energy which is further converted into electrical energy by the alternator.
Similarly, other forms of energy can be converted into electrical energy by employing suitable machinery
and equipment.

1.3. Sources of Energy

Since electrical energy s produced from energy avallable in vartous forms in nature, 1t 1s desirable 1o
Iook into the various sources of energy. These sources of energy are !

() The Sun (i) The Wind (i) Water (iv) Fuels (v) Nuclear energy.

Out of these sources, the energy due to Sun and wind has not been utilised on large scale due to
a number of limitations. At present, the other three sources viz., water, fuels and nuclear energy are
primarily used for the generation of electrical energy.

() TheSun. The Sun is the primary source of energy. The heat energy radiated by the Sun can
be focussed over a small area by means of reflectors. This heat can be used to ralse steam and
electrical energy can be produced with the help of turbine-altemator combination. However, this
method has limited application because

(&) it requires a large area for the generation of even a small amount of electric power
(B) it cannot be used in cloudy days or at night
(e) 1t is an uneconomical method.

Nevertheless, there are same locations in the world where strong solar radiation is received very
regularly and the sources of mineral fuel are scanty or lacking. Such locations offer more interest to
the solar plant builders.

(i) TheWind This method can be used where wind flows for a considerable length of time.
The wind energy is used to run the wind mill which drives a small generator. [n order ta obtain the
electrical energy from a wind mill continuously, the generator is arranged to charge the batteries.
These batteries supply the energy when the wind stops. This method has the advantages that
maintenance and generation costs are negligible. However, the drawbacks of this method are
(&) varlable output, () unrellable because of uncertainty about wind pressure and (¢} power generated
is quite small.

(i) Water: When water is stored ata suftable place, it possesses potential energy because of the
head created. This water energy can be converted into mechanical energy with the help of water
turbines, The water turbine drives the alternator which converts mechanical energy Into electrical
energy. This method of generation of electrical energy has become very popalar because it has low
production and maintenance coslts.

(/) Fuels. The main sources of energy are fuels viz, solld fuel as coal, liguid fuel as ofl and gas
fuel as natural gas. The heal energy of these fuels 1s converted into mechanical energy by suitable
prime movers such as steam engines, sieam turbines, internal combustion engines etc. The prime
mover drives the alternator which converts mechanleal energy into electrical energy. Although fuels
cantinue ta enjoy the place of chief source for the generation of electrical energy, vet their reserves
are diminishing day by day. Therefore, the present trend 1s to hamess waler power which is more or
less a permanent source of power,

() Nuclearenergy. Towards the end of Second World War, 1t was discovered that large amount
of heat epergy Is liberated by the fissfon of uranium and other fisslonable materials. It Is estimated
that heat produced by 1 kg of nuclear fuel is equal Lo that produced by 4500 tonnes of coal. The heat
produced due to nuclear fisston can be utilised w raise steam with suitable arrangements. The steam
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1.4 Tomparison of Energy Sources

The chief souces of eney used forthe genemtion of elecrical energy are wakeg fuelsand nuclear
enegy. Belowis given their comparison in a bular formy

SIo.| Pacteuke Water- pover Fuek Nuckar enecgy
1. Tnitial cost Hih Lo Highest
2. Renning cost La=ss High Laast
3. Rezarves Permanent Exbaustable Trezs b s Kbl
4. Cleardmess Cleanest Dirtiest Clean
5. Simglicty Sim plest Comples Nost oo m ples
6. Relatlity Mostreliable Less reliable NMore reliable

1.5 Units of Energy

The capacity of an 3gent todowork & known = itsenegy. The most important forms of e ne@y ae
mechanicalene @y, electacal ene @yand thermplenew@y. Diffe ient units have beenassgned tovatous
fors of energy. Homever, itmust be ealised that since mechanical, ekecticaland heomel enewgies
are interchangeable, itis possible © zssign the same unit © thery. This pointischafied in Act 16,

(3 Mechanical energy. The unitof mechanicalenergy is newtan-metreor jok on the M KS.
orS]system.

The wok done on 2 bady is one newon-mete (or jouk) if 2 foroe of one newton moves it
through a distance of one et ie.,

Mechanical eney in joules = Force in newton x distance in e ires

i# Ekctricalensrgy. The unitofelectrical ene @yis watt-sscorjouleand is defined ¢ follows:

One watt-second (O jouk) ene@y is teansfereed betaeen tao points if 2 p.d. of 1 volt exdists
bt n them and 1 ampere cureent pases between ther for 1 s2cond 2.2,
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Electrical energy in walt-sec (or joules)
= voitage Involis X current In amperes X time In seconds

Joule or watt-sec isa very small unit of electrlcal energy for practical purposes. [n practice, for
the measurement of electrical energy, bigger units viz., watt-hour and kilowatt hour are used,

Iwatt-hour = 1 watt x 1 hr
I watt ¥ 3600 sec = J600 walt-sec
| kilowatt hour (kWh) = 1 KW x 1 hr= 1000 watt % 3600 sec = 36 x 10° watt-sec,

(i) Heat. Heal 15 a form of energy which produces the sensation of warmth. The unit* of heat
is calorie, British thermal unit (B.Th.1.) anc centigrade heat units (C.H.U.) on the various systems,

Calorie. It is the amount of heat required to raise the temperature of 1 gm of water through 1°C
Lo,

| calorie = 1 gm of water x 1°C
Sometimes a bigger unit namely §ilocalorfeis used. A kilocalorie is the amount of heat required
to ralse the temperature of 1 kg of water through 1°C e,
1 kilocalorie = 1 kg x 1°C = 1000 gm x 1°C = 1000 calories
B.Th. 17 Ttisthe amount of heat required to raise the temperature of 1 |h of water through 1°F e,
1BThU. = 1lbx1°F
CH.UL [tis the amount of heat required to raise the temperature of 1 1b of water through 1°C fe.,
1CHU. = 1lbx1%C

1.6 Relationship Among Energy Unils

The energy whether possessed by an electrical system or mechanical system or thermal system has
the same thing in common f.e., it can do some work. Therefore, mechanical, electrical and thermal
energles must have the same unit, This is amply established by the fact that there exists a definite
relationship among the units assigned to these energles. It will be seen that these unlts are related 1o
each other by some constant,

() Electrical and Mechanical

1 kWh

1 kWx1hr

1000 watts % 3800 seconds = 36 x 10° walt-sec. or Joules
5 1 kWh = 36 x 10° Joules

[t is clear that electrical energy can be expressed in Joules instead of KWh.

(i) Heat and Mechanical

(a) | calorie = 4-18 Joules {By experiment}
(h) 1CHU = 1Ibx1%C= 4536 gm x 1°C

= 453.6 calories = 453.6 x 4-18 Joules = 1896 Joules
1IC.HU. = 1896 Joules
(9 1 BThU, = 11bx]°F = 453.6 gm % 5/9 *°C

= 252 calorles = 252 % 4-18 Joules = 1053 Joules
’ 1 B.Th.U. = 1053 Joules

It may be seen that heat energy can be expressed in Joules Instead of thermal units viz calorie,
B.Th.U. and C.H.U.

*  The SI or MKS untt of thermal energy being used these days is the foule—exactly as for mechanical and
electrical enemgies, The thermal units viz calorse, B.Th.U, and C, H.U. are obsolets.
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(i) Electrical and Heat

(a) 1 kWh = 1000 watts x 3600 seconds = 36 % 10° Joules
5
= -‘-ﬁﬁ%’— calories = 860 x 107 calories
1 KWh = 860 x 10% calories or 860 keal
(b) 1 kWh = 36 %10 Joules = 36 x 101896 C.H.U. = 1898 C.H.U.

[+ 1 CHU. = 1896 Joules]
1 kKWh = 1898 C.H.1L

5
36 %10 B.Th.U. = 3418 BTh.U.

(0 1kWh = 36 %10 Joules - T
['- 1 B.Th.U. = 1033 Joules)

X 1 kWh = 3418 BThL.
[he reader may note that units of electrical energy can be converted into heat and vice-versa.
This is expected since electrical and thermal energles are Interchangeable,

1.7 Efficiency

”~
Energy is available in various ' - : '
forms from different natural
sources such as pressure head I ’ T
of water, chemical energy of u‘

fuels, nuclear energy of
radioactive substances etc. All
these forms of energy can be
converted Into electrical
energy by the use of suitable
arcangement. [n this peocess
of conversion, some energy is
Jost in the sense that It is
converted to a form different
from electrical energy.
Therefore, the output energy is
less than the input eneegy. The
output enargy divided by the
input energy is called eneegy
efficiency or simplyefficiency Measunng efficiency of compressol
of the system.

% Dutput ensrgy
Efficiency, n = =P SR

[nput erergy
As power t$ the rate of energy flow, therefore, efficiency may be expressed equally well as output
power divided by Input power ie.,
Efficlency, n = i powes
[nput power
Example 1.1, Mechanical energy s supplied to a d.c. generator at the rate of 4200 J/s. The
generator defivers 32.2 A at 120V,
(# What is the percentage efficiency of the generator ?
(10 How much energy is lost per minute of operation 7
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Solution.
() Toput power, P, = 4200 J/s = 4200 W
Output power, P, = EI=120x32.2=3864 W
E: 3864
. AR L - 2
. Efficlency, n P % 100 1200 x 100 = 92 %
(i) Power lost, P, = P—P =4200-3864 =336 W

Energy lost per minute (= 60 s) of operation
= P, % =336 x 60 = 20160 )
Note that efficiency is always less than I (or 100 ). In other words, every system 1s less than
100 % efficient.

1.8 Calorific Value of Fuels
The amount of heal produced by the complete combustion of a unit weight of fuel is known as ifs
calorific value,

Calorific value indicates the amount of heat available from a fuel. The greater the calorific value
of fuel, the larger 1S its ability to produce heat. [n case of solid and lquid fuels, the calorific value is
expressed In calgmor kealkg However, In case of gaseous fuels, It is generally stated In callltreor
kealllitre. Below is given a table of various types of fuels and their calorific values along with
composition.

S.No. Particular Calorific value Composition
1. Solid Tuels
() Lignite 5000 kealkg C-67%, H~ 5%, O-20%,ash~-8%
() Bituminous coal 7600 keal'kg C=83%, H=58%,0=5%, ash=65%
(44 Antheacite coal 8.500 kealkg C=00% H=13% O0=2%, ash=1i%
2. Liquid luels
(8 Heavy oil 11,000 keabkg C=86%, H=12% S=2%
(i) Diesel oil 11,000 keal'’kg C - 863% H~128%, S ~09%
(i) Petrol 11,110 keallkg C-86% H-14%
3. Gaseous (uels )
() Natural gas 520 keal/m’® CH, = 84%, C,H, = 10%
Other hydrocarbons = 5%
(i) Coalgas 7.600 keallm'® CH, = 35%, H = 45%, CO= 8%, N=6%
CO, = 2%, Other hydrocarbons = 4%

1.9 Advantages of Liquid Fuels over Solid Fuels

The following are the advantages of liquid fuels over the solid fuels :
() The handling of lkquid fuels is easier and they require less storage space.
(i) The combustion of liquid fuels is uniform.

(i) The solid fuels have higher percentage of moisture and consequently they burn with great
difficulty. However, liquld fuels can be burnt with a falr degree of ease and attain high
temperature very quickly compared to solid fuels.

(/) Thewaste product of solid fuels 1sa large quantity of ash and its disposal becomes a problem.
However, liquil fuels leave no or very little ash after burning.

(¥} The firing of liquid fuels can be easily controlied. This permits to meet the variation in load
demand eastly.

1.10 Advantages of Solid Fuels over Liquid Fuels
The following are the advantages of solid fuels over the liquid fuels :
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() Incase of liquid fuels, there is a danger of explosion.

(i) Liquids fuels are costlier as compared to solid fuels.

(i) Sometimes liquid fuels give unpleasant odours during buming.
(/) Liquid fuels require special types of bumers for burning.

(v) Liquid fuels pose prablems in cold climates since the oll stored in the tanks is to b heated in
order to avoid the stoppage of oil flow,

SELF-TEST
Fill in the blanks by inserting appropriate words/ligures,

(A The primary source of energy #s the ........cccccieuae

(# The most important form of energy i5 the ...,
(i) 1 KWh = oo, kal
(i The calonﬁc value of a solil fuel is expreessed in ...
() The three ptlnclpal sources of enengy used for the generation of electrical enerBY are ...

and ..
Pick up lhe correct words.’llgures from the hrackets and fill in the blanks.

(A Electrical energy 1s .. .. than other forms of energy. (cheaper, castller)

(#h The electrical. heat and mechanlcal BRTIDER i ormmesceormeoss be expressed In the same units,

{can. carmod

(s . contloue 1o enjoy the chief sousce for the generatlon of electrical energy.

(fur'ls mdiow;‘w substanees, water

(/) The basic unit of energy I8 ... Uoele, wat)
{9 Analternator is 2 machine which convens .........co..oeee D Loviiiecie e i

(mechanical enesgy. electeical enengy)

B -
.

. (3 Cheaper, {74 can, (i) fuels, (#) Joule, () mechanical energy, electrical energy.

ANSWERS TO SELF-TEST
{8 Sun, (i) electrical energy, (228 860, (iv} cakgm or kcal'kg (v) wates, fuels and radioac tive substances

e ool i el

-
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Introduction

n this modern world, the dependence on

electricity is so much that it has become a

part and parcel of our life. The ever increas-
ing use of electric power for domestic, commer-
clal and industrial purposes necessitatas to pro-
vide bulk electric power economically. This is
achieved with the help of suitable power produc-
ing units, known as Power plants ar Elecitric
pawer generating stations. The design of a power
plant should incorporate twao important aspects.
Firstly, the selection and placing of necessary
power-generating equipment should be such so
that a maximum of return will result from a mini-
mum of expenditure over the working life of the
plant. Secondly, the operation of the plant should
be such so as to provide cheap, reliable and
continuous service. In this chapter, we shall
focus our attention on various types of generat-
ing stations with special reference to their advan-
tages and disadvantages,

2.1 Generating Stations

Bulk electric power is produced by special plants
known as generating stations ar power plants,
A generating station essentially employs a
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prime mover coupled to an alternatoe for the peoduction of electric power. The prime mover (e.g.,
steam turbine, water turbine etc.) converts energy from some other form Into mechanical energy. The
alternator converts mechanical energy of the prime mover Into elecfrical energy. The electrical en-
ergy produced by the generating station is transmitted and disiributed with the help of conductors to
various consumers, It may be emphasised here that apart from prime mover-alternator combination,
a modem generating station employs several auxiliary equipment and instruments to ensure cheap,
reliable and continuous service.

Depending upon the form of eneegy converted Into electrical energy, the generating stations are

classifled as under ©
(A Steam power stations (i Hydroslectric power stations
(4 Diesel power stations (i) Nuclear powert stations

2.2 Steam Power Station {(Thermal Station)
A generating station which converts heat energy of coal combustion infc electrical energy is known
as 4 steam power station

A steam power station basically works on the Rankine cycle. Steam is produced in the boiler by
ulilising the heat of coal combustion. The steam is (hen expanded in the prime mover (4.e,, Steam
turbine) and Is condensed In a condenser to be fed into the boller again, The steam turblne drives the
alternator which converts mechanical energy of the turbine into electrical energy. This type of power
station is sultable where coal and water are available in abundance and a large amount of eleclric
power §s to be generated.

Advantages
() The fuel (Le., coal) used is quite cheap.
{4) Less initial cost as compared to other generating stations.
(#f) [t can be installed atany place Itrespective of the existence of coal. The coal can be trans-
ported to the site of the plant by rall or road.

(i) [t requires less space as compared to the hydroelectric power station,

(v) The cost of generation is lesser than that of the diesel power station,
Disadvantages

() [t pollutes the atmosphere due to the production of large amount of smoke and fumes.

(i) It is costlier In running cost as compared 1o hydroelectric plant,
2.3 Schematic Arrangement of Steam Power Station
Although steam power statlon simply involves the conversion of heat of coal combustion into electri-
cal energy. vet It embraces many arrangements for proper working and efficiency. The schematic
arrangement of a modern steam power station 1s shown in Fig. 2.1, The whole arrangement can be

divided into the following stages for the sake of simplicity

1. Coal and ash handling arrangement 2. Steam generating plant

3. Steam turbine 4. Alternator

5. Feed water 6. Cooling arrangement

1. Coal and ash handling plant. The coal is transported (o the power station by road or rail anx

is stored in the coal storage plant. Storage of coal is primarily a matler of protection against coal
strikes, fallure of transportation system and general coal shortages. From the coal storage plant, coal
is delivered to the coal handling plant where it is pulverised (1.e., crushed into small pieces) in ordes
to increase {1s surface exposure, thus promaotng rapid combustion without using large quantity of
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Schematic arrangement of Steam Power Station
Fig. 2.1
excess alr. The pulverlsed coal Is fed to the boller by belt conveyors. The ¢oal Is burnt In the boller
and the ash praduces afler the complete combustion of coal is removed to the ash handling plant and

then delivered to the ash storage plant for disposal. The removal of the ash from the boiler furnace is
necessary for proper burming of coal.

It is worthwhile to give a passing reference to the amount of coal bumt and ash produced in a
modemn thermal power station. A 100 MW station operating at 50% load factor may burn about
20,000 tons of coal per month and ash produced may be to the tune of 10% ta 15% of coal fired Le.,
2,000 to 3,000 tons. In fact, in a thermal station, about 50% to 60% of the total operating cost
consists of fuel purchasing and its handling.
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2. Steam generating plant. The steam generating plant consists of a boiler for the peoduction of
steam and other auxiliary equipment for the utilisation of fue gases,
(4 Boller The heat of combustion of coal In the botler Is utilised to convert water Into steam at
high temperature and pressure. The flue gases from the boiler make their journey through super-
heater, economiser, air pre-heater and are finally exhausted to atmosphere through the chimney.

(i Superheawr. The steam produced In the boller is wet and (s passed through a superheator
where it is dried and superheated (i.e, steam temperature increased above that of boiling point of
water} by the flue gases on their way to chimney. Superheating provides two principal benefits,
Firstly, the overall efficiency is increased. Secondly, too much condensation in the last stages of
turbine (which would cause blade corrosion) Is avoided. The superbeated steam from the superheater
is fed) to steam turbine through the main valve.

(i) Fronamiser. Aneconomiser is essentially a feed water heater and derives beat from the flue
gases for this purpose, The feed water is fed to the economiser before supplying to the boiler. The
economiser extracts a part of heat of flue gases o increase the feed water température,

(i Air preheater. An air preheater increases the temperature of the air supplied for coal burn-
ing hy deriving heat from flue gases, Air is drawn from the atmosphere by a forced draught fan and
is passed through air preheater before supplying to the boiler furnace, The air preheater extracts heat
from flue gases and increases the temperature of air used for coal combustion. The princ fpal benefits
of preheating the air are : increased thermal efficiency and increased steam capacity per square metre
of boiler surface,

3. Steam turbine. The dry and superheated steam from the superheater is fed to the steam
turbine through main valve, The heat energy of steam when passing over the blades of turbine is
converted into mechanical energy. After giving heat energy to the turbine, the steam is exhausted to
the condenser which condenses the exhausted steam by means of cold water circulation.

4. Alternator. The steam turbine is coupled to an alternator. The altemnator converts mechanical
energy of turbine into electrical energy. The electrical output from the alternator is delivered to the
bus bars through transformer, circuit breakers and fsolators,

5. Feed water. The condensate from the condenser is used as feed water to the bofler, Some
walter may be lost in the cycle which is suitably made up from external source. The feed water on its
way to the boller Is heated by water heaters and economiser. This helps In ralsing the overall effl-
clency of the plant.

6. Cooling arrangemend. In order (o Improve the efficiency of the plant, the steam exhausted
from the Lurbine s condensed™ by means of a condenser. Water is drawn from a natural source of
supply such as a river, canal or lake and Is circulated through the condenser, The clirculating water
takes up the heat of the exhausted steam and itself becomes hot. This hot water coming out from the
condenser s discharged at a sultable location down the river. In case the availability of waler from
the source of supply Is not assured throughout the year, coviing fowers are used, Durlng the scarcity
of water In the river, hot water from the condenser is passed on to the cooling towers where it is
cooled. The cold water from the coaling tower is reused in the condenser.

2.4 Choice of Site for Steam Power Stations
[n order to achleve overall economy, the following points should be considered while selecting a site
for a steam power station :

() Supply of fuel. The steam power station should be located near the coal mines so that
transportation cost of fuel is mintmum. However, if such a plant 15 to be installed at a place

*  Efficiency of the plant i3 increased by reducing turbine extumst pressure, Low pressore at e exhaust can
be achieved by condensing the steam at the turbine e xhaust
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where coal is not available, then care should be taken that adequate facilities exist for the
transportation of ccal,

(i) Avatiability of water. As huge amount of water Is required for the condenser, therefore, such
a plant should be located at the bank of a river or near a canal to ensure the continnous
supply of water.

(#i)) Transpartationfaclitles. A modem steam power statlon often requires the transportation of
material and machinery. Therefore, adequate transpartation facilities must exist Le, the
plant should be well connected to other parts of the country by rall, road., etc,

(i) Cost and type of land. The steam power station should be located at a place where land Is
cheap and further extension, if necessary, is possible. Moreover, the bearing capacity of the
ground should be adequate so that heavy equipment could be installed.

(W Neamess to load centres. Tn order to reduce the transmission cost, the plant should be
located near the centre of the load. This is particularly important if d.c. supply system is
adopted.  However, If a.c. supply system is adopted, this factor becomes relatively less
important. [t is because ac. power can be transmitted at high voltages with consequent
reduced transmission cost. Therefore, it is possible to install the plant away from the load
centres, provided other conditions are favourable.

(vi) Distance from popudated area. As huge amount of coal is bumt in a steam power station,
therefore, smoke and fumes pollute the surrounding area. This necessitates that the plant
should be located at a considerable distance from the populated areas,

Conclusion. |t is clear that all the above factors cannot be favourable at one place. However,
keeping In view the fact that now-a-days the supply system 1s a¢. and more fmportance is being given
to generation than transmission, a site away from the towns may be selected. In particular, a site by
river side where sufficient water is available, no pellution of atmosphere occurs and fuel can be
transported economically, may perhaps be an ideal cheice.

2.5 Efficiency of Steam Power Station

The overall efficiency of a steam power station Is quite low (about 29%) due malnly (o two reasons.
Flrstly, a huge amount of heat Is lost in the condenser and secondly heat losses ocour at various stages
of the plant. The heat lost in the condenser cannot be avolded. It is because heat energy cannot be
converted into mechanical energy without temperature difference. The greater the temperature dif-
ference, the greater Is the heat energy converted™ Into mechanical energy. This necessitates to keep
the steam in the condenser at the lowest temperature.  But we know that greater the temperature
differonce, greater is the amount of heat last. This explains for the low efficiency of such plants,

() Thermal efficiency. The ratio of heat equivalent of mechanical energy transmited to the
turbine shaft to the heat of combustion of coal is known as thermal efficiency of steam power
station.

Heat equivalent of mech. energy
transmitted to turbine shaft

Heat of coal combustion

The thermal efficiency of a modern steam power station is about 30%. It means that if
100 calories of heat is supplied by coal combustion, then mechanical energy equivalent of 30 calories
will be available at the turbine shaft and rest is lost, It may be important to note that more than 50%
of total heat of combustion is lost in the condenser. The ather heat losses oceur in flue gases, radia-
tlon, ash ete.

(id Overall efficiency. The ratio of heat equivalent of electrical output to the heat of combus-
tion of coal is known as overall efficiency of steam power station 1.e.

* Thermodynamle Laws.

Thermal efficiency, M geny =
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Heal equivalent of electrical ouput
Hear of combustion of coal
The overall efficiency of a steam power siation is about 29%. [t may be seen that overall effi-
clency Is less than the thermal efficiency. This is expected since some losses {about 196) occur in the
alternator, The following relation exists among the various efficiencies,

Overall efficiency = Thermal efficiency X Electrical efficiency

2.6 Equipment of Steam Power Station

A modern steam power station is highly complex and has numerous equipment and auxiliartes. How-
ever, Lhe most important constiluents of a steam power station are :

1. Steam generating equipment 2. Condenser 3. Prime mover
4.  Water treatment plant 3. Electrcal equipment.

L. Steam generating equipment.  This is an impartant part of steam power staton. [t is con-
cerned with the generatlon of superheated steam and Includes such ltems as boller, boller furnace,
superheater, economiser, alr pre-heater and other heat reclalming devices,

(4 Boiler A boiler is closed vessel in which water is converted into steam by utilising the heat
of coal combustion. Steam boilers are broadly classified into the following two types |

{a) Water tube bollers (A) Fire tube bollers

In & water (ube boller, water flows through the tubes and the hot gases of combustion llow over
these tubes. On the other hand, In a fire tube boller, the hot products of combustion pass through the
tubes surrounded by water. Water tube boilers have a number of advantages over fire tube boilers
viz, require less space, smaller size of tubes and drum, high working pressure due to small drum, less
llable to explosion etc, Therelore, the use of water tube boilers has become universal in large capac-
Ity steam power stations.

(th  Boller furnace. A boller furnace is a chamber in which fuel is burnt to liberate the heat
energy. In addition, it provides support and enclosure for the combustion equipment f.e., burmers.
The bailer furnace walls are made of refractory materials such as fire clay, silica, kaolin ete. These
materials have the property to resist change of shape, weight or physical properties at high tempera-
tures. There are following three types of construction of furnace walls

(a) Plain refractory walls

(A Hollow refractory walls with an arrangement for air cooling
(&) Water walls.

The plain refractory walls are suitable for small plants where the furnace temperature may not be
high, However, in large plants, the furnace temperature is quite high® and consequently, the refrac-
tory material may get damaged, In such cases, refractory walls are made hollow and air is circulated
through hollow space to keep the temperature of the furnace walls low. The recent developmentis to
use water walls. These consist of plain tubes arranged side by side and on the fnner face of the
refractory walls. The tubes are connected to the upper and lower headers of the boller, The botler
water is made to circulate through these tubes. The water walls absorb the radiant heat in the furnace
which would otherwise heat up the furnace walls.

(1if) Superheater. A superheater is a device which superheats the steam 1., it raises the tempera-
ture of steam above boiling point of water. This increases the overall efficlency of the plant A
superheater consists of a group of tubes made of special alloy steels such as chromium-molybdenum.
These tubes are heated by the heat of flue gases during their journey from the furnace to the chimney.

Overall efficlency, M,y =

*  Thesize of furnace has to be lmited due to space, cost and other considerations. This means that furmace
of a large plant should develop more kilocalorles per square metre of fumace which Implies high furnace
emperature,
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The steam produced in the boiler 1s led through the superheater where 1t S superheated by the heat of
flue gases, Superheaters are mainly classified Into two types according to the system of heat transfer
from flue gases to steam viz

(a) Radiant superheater () Convection superheater

The radiant superheater is placed in the furnace between the water walls and recelves heat from
the buming fuel through radiation process. It has two main disadvantages. Firstly, due to high
furnace temperatare, it may get overheated and, therefore, requires a careful design. Secondly, the
temperature of superheater falls with increase in steam output. Due to these limitations, radiant
superbeater 1s not finding favour these days. On the other hand, a convection superheater Is placed In
the holler tube bank and receives heat from flue gases entirely through the convection process. It has
the advantage that temperature of superheater Increases with the increase In steam output. For this
reason, this type of superheater 1s commonly used these days,

(i) Fronamiser. It is a device which heats the feed water on its way to boiler by deriving heat
from the flue gases. This results in raising boiler efficiency, saving in fuel and reduced stresses in the
boiler due to higher temperature of feed water, An economiser consists of a large number of closely
spaced parallel steel tubes connected by headers of drums, The feed water flows through these tubes
and the flue gases flow outside. A part of the heat of flue gases Is transferred to feed water, thus
raising the temperature of the latter.

(V) Air Pre-heater. Superheaters and economisers generally cannot fully extract the heat from
flue gases. Therefore, pre-heaters are employed which recover some of the heat in the escaping
gases. The function of an air pre-heater is to extract heat from the flue gases and give it to the air
being supplied to fumace for coal combustion. This raises the furnace temperature and increases the
thermal efficiency of the plant. Depending upen the method of wansfer of heat from flue gases to air,
air pre-heaters are divided into the following two classes

(a) Recuperative type {h) Regenerative type

The recuperative type air-heater consists of a group of steel tubes. The flue gases are passed
through the tubes while the air flows extemally to the tubes. Thus heat of flue gases 15 transferred to
alr. The regenerative Lype air pre-heater consists of slowly moving drum made of corrugated metal
plates. The flue gases flow continuously on one side of the drum and air on the other side. This
action permits the transference of heat of flue gases to the alr being supplied to the fumace for coal
combustion.

2. Condensers. A condenser is a device which condenses the steam at the exhaust of turbine. [t
serves two important functions. Firstly, it ceeates a very low *pressure at the exhaust of turbine, thus
permitting expansion of the steamn n the prime mover to a very low pressure. This helps In converting
heat energy of steam into mechanical energy in the prime mover. Secondly, the condensed steam can
be used as feed water to the bofler. There are two Lypes of condensers, namely :

() let condenser (#) Surface comdenser

In a jot condenser, cooling water and exhausted steam are mixed together. Therefore, the tem-
perature of cooling water and condensate is the same when leaving the condenser. Advantages of this
type of condenser are - low initial cost, less floor area requived, less cooling water required and low
maintenance charges, However, Its disadvantages are ; condensate 1s wasted and high power Is re-
quired for pumping water.

Ina surface condenser, there Is no direct contact between cooling water and exhausted steam. It
consists of a bank of horlzontal tubes enclosed in a cast fron shell. The cooling water flows through
the tubes and exhausted steam over the surface of the tubes. The stearn gives up its heat (o water and
Is Itself condensed. Advantages of this type of condenser are : condensate can be used as foed water,
less pumping power required and creation of better vacuum at the turbine exhaust, However, disad-

* By liquidating steam at the exhaust of turblne, a reglon of emptiness is created. This resulls In a very low
pressure at the exhaust of turbine
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vaniages of this type of condenser are @ high initial cost. requires large Moor area and high mainte-
nance charges.

3. Prime movers. The prime mover converts steam energy into mechanical energy. There are
two types of steam prime movers viz, sleam engines and steam turbines. A steam wirbine has several
advantages over a steam engine as a prime mover viz, high efficiency, simple construction. highee
speed, less floor area requirement and low maintenance cost. Therefore, all modern steam power
stations employ steam turhines as prime movers,

Steam turblnes are generally classified into two types according to the action of steam on moving
blarles viz.

(d [mpulse trbines (#) Reactions turbines

In an impulse turbine, the steam expands completely in the stationary nozzles (or fixed blades),
the pressure over the moving blades remaining constant. Indoing so, the steam attalns a high velocity
and impinges against the moving blades. This results in the impulsive force on the moving blades
which sets the rotor rofating. In a reaction turbine, the steam is partially expanded in the stationary
nozzles, the remaining expansion lakes place during its flow over the moving blades. The result is
that the momentum of the steam causes a reaction force on the moving blades which sets the rotor in
maotion,

4. Water treatment plant. Boilers require clean and soft water for longer life and better effi-
clency. However, the source of botler feed water Is generally a river or lake which may contain
suspended and dissolved Impurities, dissolved gases ete, Therefore, It is very important that water (s
first purified and softened by chemical treatment and then deltvered to the boiler.

The water from the source of supply is stored in storage tanks. The suspended impurities are
remaved through sedimentation, coagulation and filtration. Dissolved gases are removed by aeration
and degasification. The water is then ‘soffened” by removing temporary and permanent hardness
through different chemical processes. The pure and soft water thus available is fed (o the boiler for
steam generation.

5. Electrical equipment. A modern power station contains numerons electrical equipment.
However, the most important items are |

(A Alternators. Each alternator is coupled (o a steam turbine and converts mechanical energy
of the turbine into electrical energy. The alternator may be hydrogen or ale cooled. The
necessary excitation 1s provided by means of main and ptiot exciters directly coupled to the
alternator shaft.

(i Transiormers. A generating station has different types of transformers, viz,

(@) main step-up transformers which step-up the generation voltage for transmission of
power,

() station transformers which are used for general service {e g, lighting) in the power
station.

(6 auxiliary transformers which supply (o individual unit-auxiliaries,

(i) Switchgear It houses such equipment which locates the fault on the system and isolate the
faulty part from the healthy section. It contains circuit breakess, relays, switches and other
control devices.

Example 2.1. A steam power station has an overatl efficiency of 20% and 0-6 kg of coal is burnt
per kWh of electrical energy generated. Calculate the calarific vatue of fuel,
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Solution.

Let ¥ keal/’kg be the calorifle value of fuel.
Heat produced by 0.6 kg of coal = (6 x kcal
Heat equivalent of 1 KkWh = 860 kcal
Electrical output In heat units

Now, N, = Heat of combustion
860
or 02 = 0.6+
¥ = g = TI666T keallkg
Example 2.2. A thermal station has the following data ;
Max. demand = 20000kW ;  Load factor = 40%
Boiler efficiency = 8% ; Turbine efficiency = 90%
Coal consumption = 09kgkWh ;  Costof ltonofcoal =  Rs 300
Determine (i) thermal efficiency and (ii) coal bill per annua.
Solution.
0] Thermal efficiency = M., X Myeres = -85 % -0 = 0765 or 76:5 %6

Max. demand x L.F. x Hours in a year
20,000 x 0.4 x 8760 = 7008 x 10* K\Wh
(0-9)(7008 x 10*)
TG00 - = (3,072 tons
Annual coalbill = Rs 300 x 63072 = Rs 1,89,21,600

Ennq)le 2.3. Asteam power station spends Rs. 30 lakhs per anmum for coal used in the station,
The caal has a calorific value of 5000 kcal/kg and costs Rs. 300 per ton. If the station has thermal
efficiency of 33% and elecirical efficlency of 907, find the average load on the station.

Solution.

Overall efficiency, 1., = 033 x 09 = 0.297
Coal used/annum = 30 x 10°/300 = 10" wons = 107 kg
Heat of combustion = Coal used/annum x Calorific value

107 % 5000 = 5 x 10'° keal

(#)  Units generated/annum

Coal consumptionannum

Heatoutput = n, . x Heat of combustion
= (0:297) x {3 x l[]")] — 1485 x 107 keal
Units generated/annum = 1485 x 107860 kWh
Units generated / annum _ 1485 x 10°
Average load on statlon = Fiokis ln weywis = 260 <8760 ~ 1971 kW

Example 2.4, The relation between water evaporated (W kg, coal consumption (C kg) and
kWh generated per 8-hour shift for a steam generating station is as follows :

W = 13500 + 7.5 kWh el d)
C = 5000+ 2-9%Wh w2
(0 To what limiting value does the water evaporating per kg of coal consumed approach as the
statien output increases 7 (1) How much coal per hour would be required to keep the station run-
ning on no load 7
Solution.
(§ For an 8-haour shifl, weight of water evaporated per kg of coal consumed Is
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W 13500 + 7-5 kWh
C 5000+ 2-9kWh
As the station outpat (7.e., kKWh) Increases towards infinity, the limiting value of W/ Capproaches
7.5/2.9 = 2.6. Therefore, the weight of water evaporated per kg of coal consumed approaches a
limiting value of 2-6 kg as the kWh output increases.
(1) Atno load, the station output is zero e, KWh = (). Therefore, from expression (i), we get,
coal consumption al no load

= 5000 + 2.9 x 0 = 3000 kg
Coal corsumptionhour = 50008 = 625 kg
Example 2.5. A 100 MW steam station uses coal of calorific value 6400 kcal/kg.  Thermal

eificiency of the stadon is 30% and electrical efficiency s 92%. Calculate the coal consumption per
hour when the station is delivering irs fisll ratad outpu.

Solution.
Overall efficiency of the power station is
Nowearr = Migiaenss * 'lasm- 0-30 x 092 = 0-276
Units generated/bour (100 x 10° 1X1= 10° kWh
Electrical output in heat units

Heat produced/hour, H
Noperail

10° % 860 5 .

W =311.6 x10" kcal | 53
H 311. 6 x10°

Calorific valee 6400 -

TUTORIAL PROBLEMS

1. Agenerating station has an overall efficiency of 15% and 075 kg of coal is burnt per KWh by the station.
Determine the calorific value of coal in kilocalories per kilogeam. [7644 kealikg)

2, A 75 MW steam power station uses coal of calorific valuwe of 6400 keallkg. Thermal efficiency of the
statlon Is 30% while electrical efficiency Is 80%, Calculate the coal consumption per hour when the
station is delivering its full output, [42 tons)

3. AG5,000 kW steamn power statlon uses coal of calorific value 15,000 kcal per kg. Ifthe coal consump-
tlan per kWh is 0.5 kg and the load factor of the station Is 40%, calculate () the overall efficiency (i)
coal consumption per day, [(d 28.79% (i 312 tons|

1. AG60 MW steam power statlon has a thesmal efficlency of 30%. Ifthe coal burt has a calorific value of
6950 keaVkg, calculate :

(4 the coal consumption per kWh,
(fdthe coal consumption per day. () 0413 kg (i) 238 tons|

5. A 25 MVA wirbo-alternator is working on full load at a power factor of 0.8 and efficiency of $7%. Find
the guantity of cooling air required per minute at full load, assuming that 90% of the total losses are
dissipated by the Intemally elrculating ale. The Inlet alr temperature Is 20° C aml the temperature rise Is
30° C. Given that speclﬁc heat of air is 0-24 and that | kg of air accupies 0.8 m’, (890 m minute]

6. A thermal station has anefficlency of 1 5%and 1.0 kg of coal bumt for every kKWh generated. Determine
the calorific value of coal [6733 kealkg]

2.1 Hydro-electric Power Station 't from here

A generating station which utilises the poteniial encrgy of water at a high level for the generation of
electrical energy s known as a hydro-electric power station.

* 1 kWh = 860 keal)

Coal consumption/hour
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Hydro-electsic power stations are generally located in hilly areas where dams can be buill conve-
ntently and large water reservoirs can be obtalned, In a hydro-electric power statlon, water head Ls
created by constructing a dam across a river or lake. From the dam, water is led to a water turbine.
The water turbine captures the energy in the [alling water and changes the hydraulic energy (Le.,
product of head and flow of water) into mechanical energy at the turblne shaft, The turbine drives the
altemator which converts mechanical energy into electrical energy. Hydro-electric power stations are
becoming very popular because the reserves of fuels (ie, coal and oil) are depleting day by day.
They have the added Importance for flood control, storage of water for Irrigation and water for drink-
Ing purposes,

Advantages

() [trequires no fuel as water is used for the generation of electrical energy.
(i) [tis quite neal and clean as no smoke or ash is peoduced.
(7ih [t requires very small running charges because water 1$ the source of energy which Is avail-
able free of cost.
(v [tis comparatively simple in construction and requires less matntenance,
(¥ [tdoes not require a long starting ume like a steam power station, In fact, such plants can be
pul into service instantly.
(vi) [tis robust and has a longer life,
(vid Such plants serve many purposes. In addition (o the generation of electrical energy, they
also help In frrigation and controlling floods.

(vii) Although such plants require the attention of highly skilled persons at the time of construc-
tlon, yet for operation, a few experienced persons may do the job well

Disadvantages

(H [tinvolves high capital cost due to construction of dam.
(id There is uncertainty about the availability of huge amount of water due to dependence on
weather conditions.
(#if) Skilled and experienced hands are required to build the plant.

(/" [trequires high cost of transmission lines as the plant is located in hilly areas which are quite
away from the consumers.

2.8 Schematic Arangement of Hydro-electric Power Station

Although a hydro-electric power station simply involves the conversion of hydraulic energy into
electrical energy, yet It embraces many arrangements for proper working and efficiency. The sche-
matic arrangement of a modern hydro-electric plant is shown in Fig, 2.2.

The dam is constructed across a river or lake and water from the catchment area collects at the
back of the dam to form a reservoir. A pressure tunnel Is taken off from the reservoir and water
brought to the valve house at the start of the penstock. The valve house contains main sluice valves
and automatic isolating valves. The former controls the water flow to the power house and the latter
cuts off supply of water when the penstock bursts. From the valve house, waters s taken to water
turbine through a huge steel pipe known as penstock. The water turbine converts hydraulic energy
into mechanical energy. The turbine drives the alternator which converts mechanical energy into
electrical energy.

A surge tank (open from top) is built just before the valve house and protects the penstock from
bursting in case the turbine gates suddenly close® due to electrical load being thrown off. When the

*  The governor opens or closes the turbine gates In accordance with the changes in electrical load. If the
electrical load increases, the gevernor opens the turbine gates Lo allow more water and vice-versa,
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gates close, there is a sudden stopping of water at the lower end of the penstock and consequently the
penstock can burst like a paper log. The surge tank absorbs this pressure swing by increase in its level

of water,

Schematic arrangement of a Hydro-electric plant
Fig. 2.2

2.9 Choice of Site for Hydro-electric Power Stations
The following points should be taken into account while selecting the site for a hydro-electric power

station !

0

(if)

(i)

(M

Avallabiiity of water. Since the primary requirement of a hydro-electric power station s the
availability of huge guantity of water, such plants should be built al a place (2.g., river,
canal) where adequale water s available at a good heacl.

Storage of water. There are wide variations in water supply from a river or canal during the
year. This makes It necessary to store water by constructing & dam In order to ensure the
generation of power throughout the year. The storage helps in equalising the flow of water
so thal any excess gquantity of water at a certain period of the year can be made available
during times of very low flow in the river. This leads to the conclusion that site selected for
a hydro-electric plant should provide adequate facilitles for erecting a dam and storage of
waler.

Cost and type of land. The land for the construction of the plant should be available at a
reasonable price. Further, the bearing capacity of the ground should be adequate to with-
stand the weight of heavy equipment o be installed.

Transportation factlities. The site selected for a hydro-electric plant should be accessible
by rail and road so that necessary equipment and machinery could be easily transported.

It is clear from the above mentioned factors that ideal cholce of site for such a plant is near a river
in hilly areas where dam can be conveniently built and large reservoirs can be obtained.

2.10 Constituents of Hydro-electric Plant

The constituents of a hydro-electrle plant are (1) hydraulic structures (2) water turbines and
(3) electrical equipment. We shall discuss these items in tum.

1.

Hydraulic structures, Hydraulic structures in a hydro-electric power station include dam,

spillways, headworks, surge lank, penstock and accessory works,

(A

Dam. A dam is a barrier which stores water anxl creates water head, Dams are built of
concrete or stone masonary, earth or rock fill, The type and arrangement depends upon the
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(i

(i)

(i

"

topography of the site. A masonary dam may be buflt in a narrow canyon. An earth dam
may be best suited for a wide valley. The type of dam also depends upon the foundation
corxitions, local materials and transportation avallable, occurrence of earthquakes and other
hazards. At mosl of sites, more than one type of dam may be suitable and the one which is

most economical is chosen.

Sprilways. There are times when the river flow exceeds the storage capacity of the reservolr.
Such a situation arises cluring heavy rainfall in the catchment area. [n order to discharge the
surplus water from the storage reservoir into the river on the down-stream side of the dam,
spiilways are used, Splllways are constructed of concrete plors on the top of the dam. Gates
are provided between these plers and surplus water is discharged over the crest of the dam

by opening these gates.

Headworks. The headworks consists of the diversion structures at the head of an intake.
They generally include booms and racks for diverting floating debris, sluices for hy-passing
debris and sediments and valves for controlling the flow of water to the turbine. The flow of
water into and through headworks should be as smoaoth as possible to avoid head loss axd
cavitation. For this purpose, it 1s necessary to avold sharp corners and abrupt contractions

or enlargements.

Surge tank. Open conduits
leading water to the turbine
require no™ protection.
However, when closed con-
duits are used, protection
becomes necessary o limit
the abpormal pressure in the
conduit. For this reason,
clesed conduits are always
provided with a surge tank
A surge tank Is a small res-
ervoir or tank (open at the
top) In which water level
rises or falls to reduce the
pressure swings in the con-
dult.

A surge tank is located near
the beginning of the conduiL

When the turbine 1s running at a steady load, there are nosurges In the flow of water through
the condult £e,, the gquantlty of water flowing In the condull Is Just sufficlent to meet the
turbine requirements. However, when the load on the turbine decreases, the govemor closes
the gates of turbine, reducing water supply to the turbine, The excess water at the lower end
of the condult rushes back to the surge tank and Increases its water level, Thus the conduit
is prevented from bursting. Un the other hand, when load on the turbine increases, addi-
tlonal water s drawn from the surge tank to meet the Increased load requirement. Hence, a
surge tank overcomes the abnormal pressure (n the condult when load on the turbine falls

Various penstock protective devices
Fig. 23

and acts as a reservoir during increase of load on the turhine.

Penstocks. Penstocks are open or closed conduits which carry water to the turbines. They
are generally made of reinforced concrete or steel. Concrete penstocks are suitable for low

Because in case of open condudts, regulating gates control the inflow at the keadworks and the splllway

discharges the surples water.

Penstock
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heads (< 30 m) as greater pressure causes rapid deterforation of concrete. The steel pen-
stocks can be designed for any head; the thickness of the penstock increases with the head or
wuorking pressure.

Various devices such as automatic butterfly valve, air valve and surge fank (See Fig. 2.3) are
provided for the protection of panstocks, Automatic butterfly valve shuts off water flow through the
penstock promptly if it ruptures. Alr valve maintains the air pressure Inside the penstock equal to
outside atmospherkc pressure. When water runs out of a penstock faster than it enters, a vacuurm is
created which may cause the penstock to collapse, Under such situations, air valve opens and admits
alr In the penstock (0 maintain inside alr pressure equal to the outside alr pressure.

2. Water turbines. Water turbines are used to convert the energy of falllng water into mechani-
cal energy. The principal types of water turbines are .

(d Tmpulse turbines (i) Reaction turbines

(A Dmpulse mrbines. Such turbines are used for high heads. [n an impulse turbine, the entire
pressure of water is converted into kinetic energy ina
nozzle and the velocity of the jet drives the wheel. The
example of this type of turbine is the Pelton whee] (See
Fig. 2.4). It consists of a wheel fitted with efliptical
buckets along its periphery. The force of water jet strik-
ing the buckets on the wheel drives the turbine. The
quantity of water jet falling on the turbine is controlled
by means of a needle or spear (not shown In the fig-
ure) placed in the tip of the nozzle. The movement of
the needle is controlled by the governor. [fthe load on
the turbine decreases, the governor pushes the needie
into the nozzle, thereby reducing the quantity of water
striking the buckets. Reverse action takes place if the
load on the turbine increases.

(h Reaction turbines. Reaction turbines are used for low and medium heads. In & reaction

turbine, water enters the runner partly with pressure energy and partly with velocity head. The impor-
tant types of reaction turbines are :

(a) Franeis turbines (#) Kaplan turbines

A Francis turbine is used for low to medium heads. [t consists of an outer ring of stationary guide
blades fixed to the turbine casing and an inner ring of rotating blades forming the runner. The gulde
blades control the flow of water to
the turbine. Water flows radially
tmwards and changes toa downward
direction while passing through the
runner. .'\.S lh? waler passes aver
the “rotating blades”™ of the runner,
both pressure and veloclty of water
are reduced. This causes a reaction
force which drives the turbine.

A Kaplan turbine is used for
low heads and large quantities of
water. It is similar to Francis tur
bine except that the runner of
Kaplan turbine receives water axi- il
ally. Water flows radially inwards Biakra Dom
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through regulating gates all around the sides, changing direction in the runner to axial Qow. This
causes a reaction force which drives the turbine.

3. Electrical equipment. The electrical equipment of a hydro-elecwric power statlon Includes
alternators, transformers, circult breakers and other switching and protective devices.

Example 26. A hydro-electric generating station is supplied from a reservoir of capacity
§ x 10F cubic motros at a head of 200 metres. Find the iotal energy available in kKWh if the overall
effictency is 75%.
Solution.
Weight of water available is
w

Volume of water x density
(5 % 10%) x (1000) (- mass of Im’ of water is 1000 kgl
5% 10" kg= 5% 10°x 981 N
Electrical energy available = Wx Hx 1= (3% 10°x 9.81) x (200} x (0.75) walt sec
_ ax10” <o DU X2 X (0 T3 k= 2,044 x 106 kWh
Example 2.7. 1t has been estimated that a minimum run off of approximately 94 m’/sec will be

available at a hydraudic project with a head of 39 m. Determine () frm capacity (ify vearly gross
autpul. Assume the efficiency of the plant to be 80%.

Solution.
Weight of water avallable, W = 94 x 1000 = 94000 kgfsec
Walter head, H=3m

Work donefsec

W x H= 94000 x 9-81 x 39 watts
35, 963 % 16°'W = 35, 963 kW

This is gross plant capacity.
() Firm capacity

Plant efficlency x Gross plant capaclty
0-80 x 35,963 = 28,770 kW

firm capacity x Hours in a vear
28,770 x 8760 = 252 x 10" kWh

Example 28. Water for a fivdro-eleciric station Is obtained from a reservoir with a head of
100 metres. Calculate the electrical enesgy generated per hour per cubic metre of water if the
hvdraalic efficiency be 0.86 and electrical efficiency 0.92.

(i) Yearly gross output

Solution.
Water head. H = 100m : discharge, Q=1 m*sec:m =086 x092=0.79
Wt. of water available/sec, W = @x 1000 x 981 = 9810 NV
Power produced = Wx Hx1, = 9810 x 100 x 079 watts
= 775% 10° watts = 775 kW
Enemgy generated/hour = 775 x 1 = 775 kWh
Example 29. Calculate the average power in kW that can be generated in a hydro-electric
project from the following data

Catchment area = 5% 10 ni’ ; Mean head, H = 30m

Annual rainfall, F = 1.25 m ; Yield factor, K = 80 %

Overall efficiency, 11,,,... = 70 %

If the load factor 1s 40% . what &s the rating of generaiors instalied ?
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Solution.

Volume of water which can be utilised per annum
= Catchment area X Annual rainfall x *yleld factor
= (5% 10%) x (1.25) x {0:8) = 5 x 10° m°

Welght of waler avallable per annum 1s

W = 5% 10" % 9:81 x 1000 = 49.05 x 10" N
Electrical energy available per annum

= WxHxn,,,= (4905 % 10" x (30) % (0-T) watt-sec
_ [(49:05x10") x (30) x (0- 7)

h=2. 4
1000 % 3600 kWh = 2.86 x 10" kWh

Average power = 286 x 1098760 = 32648 kW
Average demand _ 32648 g
Max. dermand - Load factor 0.4 81620 kW

Therefore, the maximum capacity of the generators shonld be 81620 kW,
Example 2.10 A hydro-electric power station has a reservoir of arca 2-4 sguare kilometres aind

capaciy §x 107 ar'. The effective head of waier is 100 metres, The penstock, turbine and generation
efficiencies aro respeciively 95%, %% and 85%.

(4 Calculate the foeal electrical energy that can be generated from the power station.
(1) Ifa load of 15,000 kW has been supplied for 3 hours, find the fall in reservoir level,
Solution.

(# Wt of water available, W

Volume of reservolr X wt. of 1m® of water
(5% 10F) x (1000) kg = 5% 10° x 981 N
Owverall efficiency, Nowrar = F93x0-9%x0.85=0726
Electrical energy that can be generated
= WxHxn,, .= (6x10"%9.81) x{100) x (0.726) watt-sec.

- [bx 10% % 9-81) % (100) % (0-726)
- 1000 % 3600
(#) Let x¥ metres be the fall in reservolr level in 3 hours.

KWh =989175 kWh

Area of reservoir x ¥ _ 2:4x10° x x

Average discharge/sec = % 5600 =~ XAe00 - 222-2xm”
Wt. of water available/sec, W = 222.2x x 1000 x 4.81 = 21.8xx 10° N
Average power produced = Wx fHxn, .
= (21:8xx 10°) x (100) x (0-726) wats
= 1584xx 10 watts = 1584x x 10* kW
But kW produced = 15,000 (given)
1584xx 10* = 15,000
15000 , _
or > W—xm;—o-ogﬂm-&l? om

Therefare, the level of reservoir will fall by %47 cm.

*  The wtal rainfall cannot be wiilised as a part of iU 13 lost by evaporation or alsorption by ground. Yield
factor Indicates the percentage of rainfall available for wilisation. Thus 80% yield factor means that only
BO% of total rainfall can be ullised,
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Alternative method

g 6
Vol. of reservoir _ Sx10 ¢ =2.083m
Areaof reservoir 2.4 %10
kWh generated in 3 hrs = 15000 x 3 = 45,000 kWh
If kWh generated are 9,89.175 kKWh, fall in reservoir level = 2.083 m

If kWh generated are 45,000 kWh, fall in reservoir level
. 2-083 =y =
= 9EO1T5 ¥ 45000 = 0. 0947 m= 947 em
Example 2.11, A factory Is located near a water fall where the usable head for power genera-
tion 1s 25 m. The factory requires candneous power of 400 kW throughout the year. The river flow
in a yearis (4) 10 m’fsec for 4 months, (b) 6 n'/sec for 2 months and (¢ 1.5 nf /sec for 6 months.

(& Ifthe site is developed as a run-of-river type of plant, without storage, determine the standby
capacity to be provided. Assume that overall efficiency of the plant is 80%.

(1 I a roservoir is arranged upstream, will any standby anit be necessaty ? What will be the
axcess powor avatlable 7

Solution.

() Run of river Plant. [n this type of plant, the whole water of stream Is allowed to pass
through the turbine for power generation. The plant utilises the water as and when available, Conse-
quently, more power can be generated in & rainy season than in dry season.

(a) When discharge 10 m'fsec

We. of water available/sec, w = 10% 1000 kg = 10' x 9.81 N

Level of reservolr =

Power developed = wx Hxn,,.. = (10" < 9.81) x (25) % (0-8) watts
= 1962 % 10° watts = 1962 kW
(b)Y When discharge = 6 m¥sec
Power developed = 1962 x6*/10 = 1177.2 kW
(& When discharge = 1.5 m¥sec
Power developed = 1962 % 1.5/10 = 204 kW

It is clear that when discharge is 10 m*/sec or & m*sec, power developed by the plant is more

than 400 KW required by the factory. However, when the discharge is 1.5 m/sec, power developed
falls short and consequently standby unit is required during this period.
Capacity of standby unit = 400 - 294 - 106 kW
() With reservoir. When reservoir is arranged upstream, we can store water. This permits
regulated supply of water to the turbine so that power output is constant throughout the year.

(10 % 4) + (2% 6) + (1-5 % 6)

Average discharge = = =5.08 m* {sec.
o Power developed = 1962 % 5.08/10 = 996-7 kW
Since power developed ts more than required by the factory, no standby unit Is needed,
Excess power avallable = 996.7 — 400 = 596-7 kW
Example 2.12. A run-of-river hydro-electric plant with pondage has the following data :
Installed capacity = 10 MW . Water head H = 20 m

Overall efficlency, N, ... =80% | Load factor = 40%

Il discharge is 10 m'/sec, power devloped - 1962 kW
[f discharge 1s 1 m'/sec. power devioped = 106210
[ discharge is § m'/sec, power devioped = 1062 x 6/10
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(4 Determine the river discharge in m'/sec required for the plant
(th If on a particwlar day, the river flow is 20 m’/sec, what load facter can the plant sugply 7

Solution.
{(d Consider the duration to be of one week.
Units generated/wveek = Max, demand % L.F. x Hours in a week
= (10% 10°) x {0-4) % {24 x 7) kWh
= 67.2 % 10" kWh o A

LetQ m°/sec be the river discharge required.
Wi of waler available/sec, w = (Ix9.8]1 x 1000 = 9810 Q newlon

Average power produced = WX H XN ap= 19810 Q x {20) x (0.B) W
= 156960 Qwalt = 156.96 O kW
Units generated/week = (156.96 ) x 168 kWh = 26,369 Q kWh o (4
Bquating exps. () and (#), we get,
26,369 Q = 67.2x 10
67.2 x10°
Q = —2_63?5-9—. = 25.48m’/set
(#) If the river discharge on a certain day is 20 m'/sec, then,
Power developed = 15696 x 20 = 3139.2 kW
Units generated on thatday = 3139.2 x 24 = 75,341 kWh
7 75,341 32
L.oad factor = T x100= 31.4%
Example 2.13, The weekly discharge of a typical hydroelectric plant is as under
Day Sun  Mon Tues Wod  Thurs Fri Sat
Dl.sr.‘harge(m"‘/seq} 500 520 850 00 875 800 246

The piant has an effective head of 15 m and an averall efficiency of 85%. If the plant operates
o 40% load factor, estimate (i) the average dally discharge () pondage required and {if]) in-
stalled capacity of propased plant.

1000 — 800

:
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Solution.
Fig 2.5 shows the plot of weekly discharge. In this graph, discharge is taken along Yaxis and
days along Xaxis.

500 + 520 + 850 + 800 + 875 + 500 + 546
(/

(d Average daily discharge =

= ﬂ?-]-= 713 m'/sec

(#) [t1s clear from graph that on three dyas (vz, Sun, Mon. and Sat.), the discharge 1s less than
the average discharge.

Volume of water actually available on these three days
= (500 + 520 + 546) x 24 x 3600 m” = 1566 x 24 x 3600 m”

Volume of water required on these three days
3% 713 % 24 x 3600 m® = 2139 x 24 x 3600 m*
Pondage required (2139 — 1566) % 24 x 3600 m” = 495 % 10° m*
(i) Wt of water available/sec, w= 713 x 1000 x 9-81 N

Average power produced = wx Hxmn,,.= (713 % 1000 x §-81) x (13) x {0-83) walls
89180 x 10° watts = 89180 kW

[nstalled capacity of the plant

Output power g 89180
Load factor (x4

TUTORIAL PROBLEMS

L. Ahydro-electric station has an average available head of 100 metres and reservolr capacity of 50 million
cubic metres. Calculate the total energy tnkWh that can be generated. assuming hydraulic eficlency of
85% and electrical efficlency of 90%, 110423 % 16" kwh)

2. Calculate (he continuous power that will be available from hydroelectric plant having an available head
of 300 meters, catchment area of 150 sq. km. annual rainfall 1.25 m and yleld factor of 50%. Assume
pensiock, turbine and generator efficiencies o be 96%, 86% and 97% respectlvely, If the load factor Is
40% what should be the rating of the generators installed 7 7065 KW, 17662 kW)

3. Ahydroelectric plant has a reservoir of area 2 sq. kilometres and of capacity 5 million cubic meters. The
net head of water at the turbine is 50 m. If the efficiencies of lurbine and generator are 85% and 95%
respectively, calculate the total energy in KWh that can be generated from this station. Ifa load of 15000
KW has been supplied for 4 houes, find the fall in reservoir. [5:5% 10° KWh : 278 cm]

4. It has beenestmated that a minimum run-off of approximately 94 ' fsee will be available ata hydrulic
project with a head of 39 m. Determine the firm capacity and yearly gross output.

[3600 kW, 315:36 % 10° kWh]

= 223x 10* kW - 223 MW

94 % (1007
1000 kg

5. Ahydroelectric power statlon is suppled from a reservoir having an area of 50 ke and a head of 50 m.
If overall efficiency of the plant 15 60%, find the rate at which the water level will fall when the station
Is generating 30,000 kW, (7337 mm/hour)

6. A hydro-electric plant has a catchment are of 120 square km. The avaflable run off ts 50% with annual
rainfall of 100 cm. A head of 250 m is available on the average, Efficiency of the posver plant is 70%,
Find (3 average power produced (i capacity of the power plant. Assurne a load factor of 0.6,

|(h 3266 kW (4) 5443 kW]

Hing. WL of water flowing/sec -
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2.11 Diesel Power Station
A generating station in which diesel engine is used as the prime mover for the generation of electri-
cal energy is known as diesel power station,

In & diesel power station, diesel engine is used as the prime mover, The diesel bums inside the
engine and the preducts of this combustion act as the “working fluid” to produce mechanical energy.
The diesel engine drives the alternator which converts mechanical energy into electrical energy. As
the generation cost is considerable due to high price of diesel, therefore, such power statlons are only
used to produce small power.

Although steam power stations and hydro-electric plants are invariably used to generate bulk
power at cheaper cost, yet diesel power stations are finding favour at places where demand of power
1s less, sufficient quantity of coal and water is nol available and the transportation facilitles are inad-
equate. These plants are also used as standby sets for continulty of supply to important points such as
hospitals, radio stations, cinema houses and telephone exchanges.

Advantages

() The design and layout of the plant are quite simple.
(i) [t occuples less space as the number and size of the auxiliaries is small,
(i) [t can be lacated at any place.
(#) [t can be started quickly and can pick up load in a short time,
(v} There are no standby losses.
{vd It requires less quantity of water for cooling.
(vi) The overall cost is much less than that of steam power station of the same capacity.
(vii) The thermal efficiency of the plant ts higher than that of a steam power station,
(ix) Tt recuires less operating staff.

Disadvantages

(# The plant has high running charges as the fuel (Le, diesel) used is costly,

(#) The plant does not work satisfactorily under overload conditions for a longer period.
(7i) The plant can only generate small power.

(#%) The cost of lubrication is generally high.

(v) The maintenance charges are generally high.

2.12 Schematic Arrangement of Diesel Power Station

Fig. 2.6 shows the schematic arrangement of a typical diesel power station. Apart from the diesel-
generator set, the plant has the following auxiliartes :

(§ Fuel supply systen. It consists of storage lank, strainers, fuel transfer pump and all day fuel
tank. The fuel oil is supplied at the plant site by rail or road. This oil is stored in the storage
tank. From the storage tank, oil Is pumped to smaller all day tank at daily or short intervals.
From this tank, fuel oil is passed through strainers (o remove suspended impurities. The
clean oil is injected into the engine by fuel injection pump.

(i Air intake system. This system supplies necessary air to the engine for fuel combustion It
consists of pipes for the supply of fresh air to the engine manifold. Fllters are provided to
remove dust particles from air which may act as abrasive in the engine cylinder.

(#i) FExhaust system. This system leads the engine exhaust gas outside the building and dis-
charges it into atmosphere. A silencer is usually incorporated in the system 1o reduce the
noise level
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(M) Cooling system. The heal released by the burning of fuel in the engine cylinder is partially
converted Into work. The remalinder part of the heat passes through the cylinder walls,
piston, rings etc. and may cause damage to the system. [n order to keep the temperature of
the engine parts within the safe operating limils, cooling is provided. The cooling system
consists of a water source, pump and cooling towers. The pump circulates water through
cylinder and head jacket. The water takes away heat form the engine and itself becomes hot.
The hot water is cooled by cooling towers and is recirculated for cooling.

Schematic arrangement of Diesel Power Plant

Fig. 2.6
(V) Lubricating system. This system minimises the wear of rubbing surfaces of the engine, It
comprises of lubricaling oil ank, pump, filter and oil cooler. The lubricating oil is drawn
from the lubricating oil tank by the pump and is passed through filters to remaove impurities.
The clean lubricating ofl Is delivered to the points which require lubeication, The oll coolers
incorporated in the system keep the temperature of the oil low.

(v Engine starting systen. This Is an arrangement to rotate the engline inldally, while starting,
until firing starts and the unit runs with its own power. Small sets are startedd manually by
handles but for larger units, compressed alr §s used for starting. In the latter case, alr at high
pressure 1s admitted o a few of the cylinders, making them to act as reciprocating alr motors
to tum over the engine shaft. The fuel is admitted (o the remaining cylinders which makes
the englne to start under 1ts own power.

Example 2.14. A diesel power station has foel consumption of 0.28 kg per KWh, the calorific
value of tuel belng 10,000 kcalkg. Determine () the overall efficiency, and (1} efficiency of the
engine if aiternator efficiency is 95%.

Solution.

Heat produced by (-28 kg of il = 10,000 x 0-28 = 2800 kcal
Heat equivalentof 1 kWh = 860 keal
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Electrical output in heat units

(h Overall efficiency = Yt BT earihiEtion = B6O/2800 = 9307 = 30-7%
Overall efficiency  30-7

() Engino efficiency = Altemator efficiency ~0.05 © 2

Example 2.15. A diesel power statfon has the following data .

Fuel consumption/day = 1000kg

Units generated/day = 4000 KWh

Calortfic value of fuel = 10,000 kcalkg

Alternator efficiency = 96%

Engine mech. efficiency = 95%

Estimate () specific fuel consumption, {1f) overail efficiency: and (1t thermal efficiency of en-
gine.

Solution.

(d Specific fuel consumption = 1000/4000 = 0-25 kg'kWh

(#) Heat produced hy fuel per day

Coal consumption/day % calorific value
1000 x 10,000 = 107 kcal

Electrical output in heat units per day
= 4000 x 860 = 344 x 10 kcal

344 x 10
Overall efficiency = NET x 100 = 3449%
. 2 = ﬂmh‘.. §ii _ 7R/,.870
(i) Engine efficiency, 0., = N 096" 35-83%
Thermal efficiency. 3, = et =33:85 _ yrv06

Mech. 1 of engine (195

Example 2.16. A diesel engine power plant has one 700 kW and two 500 kW generating units.
The fisel consumption is .28 kg per kKWh and the calorific value of fuel oil is 10200 kealRg. Estimate
(4) the fuel oil required for a month of 30 days and (i) overall efficiency. Plant capacity factor =
40%.

Solution.

{d Maximum energy that can be produced In a month
Plant capacity X Hours in a month
(700 + 2 x 500) x (30 x 24) = 1700 % 720 kWh

Actual energy produced
Max. energy that could have been produced
Actual energy produced
1700 x 720

~ Actual energy produced in a month
(-4 % 1700 x 720 = 489600 k\Wh

Plant capacity factor

ar 04 =

Fuel oil consumption in a month

489600 x 1-28 = 137088 kg
489600 kWh = 489600 x B60 keal
137088 % 10200 keal

(ir) Output
[nput
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Ouput _ 489600 X860 _ o oo

Overall efficiency = Input 137088 % 10200 A

2.13 Nuclear Power Station

A generating station in which nuclear energy is converted into electrical energy is knows as a muclear
power station.

In nuclear power station, heavy elements such as Uranium lUm] or Thorium (T hz‘z) are sub-
Jected to nuclear fission® in a special apparatus known as a reactor. The heat energy thus released is
utiltsed In ralsing steam at high temperature and pressure. The steam runs the steam turblne which
converts steam energy into mechanical enesgy. The turbine drives the alternator which converts
mechanical energy into electrical energy.

The most important feature of a nuclear power station is that huge amount of electrical energy
can be produced from a relatively small amount of nuclear fuel as compared to other conventional
types of power stations. It has been found that complete fission of 1 kg of Uranium (U™ can
produce as much energy as can be produced by the buming of 4,500 tons of high grade coal. Al-
though the recovery of principal nuclear fuels (i.e., Uranium and Thorium) is difficult and expensive,
vet the wial energy content of the estimared world reserves of these fuels are considerably higher than
those of conventional fuels, v/z, coal, oil and gas. At present, energy crisis Is gripping us and,
therefore, nuclear energy can be successfully employed for producing low cost electrical energy on a
large scale to meet the growing commercial and industrial demands.

Advantages
(i) The amount of fuel required is quite small. Therefore, there is a considerable saving in the
cost of fuel transportation.
(id A puclear power plant requires less space as compared to any other type of the same size.
(4i) [t has low running changes as a small amount of fuel is used for producing bulk electrical
Energy.
(i) This type of plant s very economical for producing bulk electric power.

(v) [tcan be located near the load centres because it does not require large quantities of water
and need not be near coal mines, Therefore, the cost of primary distribution 1s redaced,

(v There are large deposits of nuclear fuels available all over the world, Thecefore, such plants
can ensure continued supply of electrical enengy far thousands of years,

(vif) [tensures reliability of operation.

Disadvantages
() The fuel used is expensive and is difficult to recover,
(i) The capital cost on a nuclear plant is very high as compared to other types of plants,
(#i) The erection and commissioning of the plant requires greater technical know-how.

(i) The fission by-products are generally radicactive and may cause a dangerous amount of
radioactive pollution.

*  Fisslon, The breaking up of nuclel of heavy atoms Into two nearly equal parts with release of huge armount
of enengy 1s known as nuclear fission. The release of huge amount of energy during fission is due (o mass
defect Le. the mass of the final product comes out to be less than the initial product. This mass defect is
converted Into heat energy according to Einsteln’s relatlon, £ = e,
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(v Maintenance charges are high due to lack of standarcisation. Moreover, high salaries of
specially trained personnel employed to handle the plant further raise the cost,

(v Nuclear power plants are not well suited for varying loads as the reactor does not respond to
the load fluctuations efficiently.

(vi) The disposal of the by-products, which are radioactive, is a big problem. They have elthes
to be disposed off In a deep trench or in a sea away from sea-shore.

2.14 Schematc Arrangement of Nuclear Power Station

The schematic arrangement of a nuclear power station is shown in Fig. 2.7, The whole arrangement
can be divided into the following main stages !

(d Nuclear reactor (/) Heat exchanger (##) Steam urbine (7Y) Alternator.

WFE
e

|solatora ‘( /
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() Nuclear reactor.

It is an apparatus in which nuclear foel (U™7) 18 subjected to nuclear

fission, It controls the chaln reaction” that starts once the fission Is done. [f the chalin
reaction Is not controlled, the result will be an explosion due to the fasl increase in the
energy released,
A nuclear reactor Is a cylindrical stout pressure vessel and houses fuel rods of Uranlum,
moderator and control rods (See Fig, 2.8). The fuel rods constltute the flssion material and
release huge amount of energy when bombarded with slow moving neutrons. The modera-
tor consists of graphite rods which enclose the fuel rods, The moderator slows down the
neutrons before they bombard the fuel rods. The control rods are of cadmium and are
inserted into the reactor. Cadmium is strong neutron absorber and thus regulates the supply
of neutrons for fission. When the cantrol rods are pushed in deep enough, they absorb most
of fission neutrons and hence few are available for chain reaction which, therefore, stops.
However, as they are being withdrawn, more and more of these fission neatrons cause fis-
sion and hence the fatensityof chain reaction (or heat produced) is increased. Therefore, by
pulling out the control rods, power of the nuclear reactor is increased, whereas by pushing
them in, it is reduced. In actual practice, the lowering or raising of control rads is accom-
plished automatically according to the requirement of load, The heat praduced in the reac-
tor is remaoved by the coolant, generally a sodium metal. The coolant carries the heat to the
heat exchanger.

7

Nuclear Reactor
Fig. 2.8

(i) Heat exchanger. The coolant gives up heat to the heat exchanger which is utilised in raising
the steam. After giving up heat, the coolant 1s agaln fed to the reactor.

* Chadn reaction. Nuclear fisslon s dene by bombarding Uranbam nucles with slow moving neutrons, This
splits the Urardum nascled with the release of bage amount of energy and emission of neutrons (called
fission neutrons}. These fission newtrons cause further fission. If this process continues, then in a very
short time huge omount of energy will be released which may cause explosion. This 15 known as explasive
chain reaction, Bul in a reactor, controlled chain reaction is allowed, This is done by systematically
removing the fission neutrons from the reactor, The greater the number of fission neutrons removed, the
lesser Is the Intensity (e, flssion rate) of energy released.
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(7if) Steam turbine. The steam produced in the heal exchanger is led to the steam turbine through
a valve, After doing a useful work in the turblne, the steam Is exhausted to condenser. The
condenser condenses the steam which is fed to the heat exchanger through feed water pump.

(i) Alternator: The steam lurbine drives the alternator which converts mechanical energy into
electrical energy. The output from the alternator s delivered to the bus-bars through trans-
former, circuit breakers and isolators.

2.15 Selection of Site for Nuclear Power Station
The following points should be kept in view while selecting the site for a nuclear power station :

( Avatiability of water. As sufficient water is required for coaling purposes, Lherefore, the
plant site should be located where ample quantity of water is available, 2.g.. across a river or
by sea-side.

(i Disposal of waste. The waste produced by fission in a nuclear power station is generally
radicactive which must be disposed off properly to aveld health hazards, The waste should
elther be burled {n a deep trench or disposed off in sea quite away from the sea shore.
Therefore, the site selected for such a plant should have adequate arrangement for the dis-
posal of radioactive waste.

(i Distance from populated areas. The site selected for & nuclear power statton should be
quite away from the populated areas as there is a danger of presence of radioactivity in the
atmosphere near the plant. However, as a precautionary measure, 2 domets used in the plant
which does not allow the radloactivity to spread by wind or underground waterways.

(i Tramsportation facilities. The site selected for a nuclear power station should have adequate
facilitles in order to transport the heavy equipment during erection and (o facilitate the move-
ment of the workers employed In the plant.

From the above mentloned factors it becomes apparent that Ideal cholce for a nuclear power

station would be near sea or river and away from thickly populated areas.

-—

Nuclear Power Station

Example 2.17. An atomic power reactor can deliver 300 MW. Jf due to fission of each atom of
szU? | the energy released is 200 MeV, calculate the mass of uranium fssioned per hotr,
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Solution.
Energy received from the reactor

300 MW = 3 x 108W for Js™")
Energy recelved/bour = (3 x 10%) x 3600 = 108 x 10" J
Energy released/fission = 200 MeV = 200 x 10°% 1.6 x 107 J = 3.2 x 107"
Number of atoms fissioned per hour

108 10" : '
- = 33.75 % 107
2.2%10 0

Now 1 gram-atom {i.e., 235g) has 6-023 x 10 atoms.
Mass of Uranium fissioned per hour

235 21
= % 33.70 % 10% = 1317,
6.023x10% .
Example 218, What is the power ouput of 8 .,92,,0"?jtf regetor i it takes 30 days to use up 2 kg of

fuel? Given that energy released per fission is 200 MeV and Avagadro’s mimber = 8-023 x 11 per

Kllomole.
Solution.
Number of atoms in 2 kg fuel = E%-s- % 6023 % 10% = 5.12 x 10*
These atoms fission in 30 days. Therefore, the fission rate {i.e., number of fissions per second|
5-12 % 10% o

= TWwx2ix60x60 - 975x]

Energy released per fission 200 MeV = (200 % 10% % 1.6 x 107" = 3.2 x107"]
- Energy released per second e, power output Pis
P = (32x10") x (1,975 x 10 W
632 % 10°W = 632 MW

2.16 Gas lurbine Power Plant

A generaiing station which employs gas turbine as the prime mover for the generation of electrical
energy is known as a gas turhine power plant

In a gas wrbine power plant, alr 1s used as the working fluld. The alr s compressed by the
compressor and is led to the combustion chamber where heat is added to air, thus raising its tempera-
ture. Heat is added to the compressed air either by burning fuel in the chamber or by the use of air
heaters. The hot and high pressure air from the combustion chamber ts then passed o the gas turbine
where it expands and does the mechanical work. The gas turbine drives the alternator which converts
mechanical energy into electrical energy.

it may be mentioned here that compressor, gas turbine and the alterator are mounted on the
same shaft so that a part of mechanical power of the turbine can be utilised lor the operation of the
compressor. Gas turbine power plants are being usad as standhy plants for hydro-electric stations, as
a starting plant for driving auxiliaries in power plants etc.

Advantages
() ltissimple in design as compared to steam power station since no botlers and their auxilia-

ries are required.

{id Tt is much smaller In size as compared to steam power station of the same capacity, This is
expected since gas turbine power plant does not require boiler. feed water arrangement etc.
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(7if) The initial anl operating costs are much lower than that of equivalent steam power station.
(/") Tt requires comparatively less water as no condenser Is used.
(v The maintenance charges are quite small.
(v Gas turbines are much simpler in construction and operation than steam turbines.
(vid Tt can be started quickly form cold conditions.
(vii) There are no standby Josses. However, in a steam power statlon, these losses occur because
botler 15 kept in operation even when the steam turbine s supplying no load,

Disadvantages
(§ There isa problem for starting the unit. It is because before starting the turbine, the com-

pressor has to be operated for which power is required from some extemnal source. How-
ever, once the unit starts, the external power is not needed as the turbine itself supplies the
necessary power to the compressor.

(i) Since a greater part of power developed by the turbine is used in driving the compressor, the
net output is low.

(7in  The overall efficlency of such plants is low {about 20%) because the exhaust gases from the
turbine contain sufficient heat.

(i The temperature of combustion chamber is quite high (3000°F) so that its life is compara-
tively reduced.

2.17 Schematic Arrangement of Gas Turbine Power Plant
The schematic arrangement of a gas turbine power plant is shown in Fig, 2.9, The main components

of the plant are
(4 Compressor (i) Regenerator
(#) Combustion chamber (/v Gas turbine
(V) Alternator (vi) Starting motor

() Compressor. The compressor used In the plant is generally of rotatory type. The alr at
atmospherlc pressure is drawn by the compressor viathe filter which removes the dust from
air. The rotatory blades of the compeessor push the air between stationary blades toraise 11§
pressure, Thus alr at high pressure 1s avatlable at the output of the compressor.

(in Regenerator. A regenerator is a device which recovers heat from the exhaust gases of the
turbine., The exhaust is passed through the regenerator before wasting to atmosphere, A
regenerator consists of a nest of tubes contained in a shell. The compressed afr from the
compressor passes through the tubes on its way to the combustion chamber. In this way,
compressed air is heated by the hot exhaust gases,

(i) Combustion chamber. The air at high pressure from the compressor s led to the combus-
tion chamber via the regenerator. [n the combustion chamber, heat* is added to the air by
burning oil. The oil is Injected through the bumer into the chamber at high pressure to
ensure atomisation of ofl and its thorough mixing with air. The resull is that the chamber
altains a very high temperature (about 3000°F). The combustion gases are suitably cooled
to 1300°F to 1500°F anx then delivered o the gas turblne.

(1) Gasturbine. The products of combustion consisting of a mixture of gases at high tempera-
ture and pressure are passed to the gas turbine. These gases In passing over the turbine
blades expand and thus do the mechanical work, The temperature of the exhaust gases from
the turbine is about 900°F

*  Only hot pressurised alr makes il possible to convert heat into mechanical work. Heating air at atmo-
spheric pressure generally does not make it permissible w convert Beal Into mehanical work.
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|

Schematic arrangement of gas turbine power plant.

Fig. 2.9
{(v) Alternator. The gas turbine is coupled to the altemmator. The alternator converts mechani-
cal energy of the turbine into electrical energy. The output from the alterator is given to the
bus-bars through transformes, circuit breakers and isolators.

(vi) Startingmotor. Before starting the turbine, compressor has to be started. For this purpose,
an electric motor s mounted on the same shaft as that of the tuebine, The motor is energised
by the batteries. Once the unit starts, a part of mechanical power of the turbine drives the
compressor and there 1s no need of motor now.

SELF-TEST

1. Fill in the blanks by inserting appropriate wortdsTigures :
(A The major heat loss in a steam power station eccurs in ...
(i) The thermal efficiency of a steam power station is about ........
(1) Cooling towers are used where ...,
(1) The running cost of medium power stations is about ........ paise pes unit,
(¥) Ina hydro-electric plant. spillways are used ........
(#) The running cost of a hydro-electric plant is about ........ palse per unit,
(v} For high head hydre-electric plants, the turbine used &s ...
{vi) Francis and Kaplan turbines are used for ........ heads.
(9 Surge tank Is provided for the protection of .......
(¥) Of all the planits, mintmum quantisy of fuel Is required In ........ plant.
2. Pick up the correct words from the brackets and fill in the blanks :
{d The cost of fuel transportation s mimmum in ... plant.
(steam power, hydro-electric, nuclear power)
(i) The cheapest plant in operation and mainienance Is ... plant
(diesel power, Aydro-clectric, steam power)
(#d Economiseérs are used to heat ... (air, feed water, steam)
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(# The running cost of a nuclear power plant is abowt ........ paise per unit. (20, 48, G4)
(v} Diesel power plants are used as ........ plants, (base load, standby)
(v} India’s first nuclear power plant was builtat ...  (Targar, Rana Pardap Sagar. Kalpakkam)

(vi) The most simple and clean plant is ... plant (steam power. hydro-electric, nuciear power)
(vitd The first nuclear power plant in the world was comenissioned in ... (USA., LS SR.. England)
(i} Gas turbine power plantis ..., efficlent than steam power plar, {(more, less
(x) Dreaft wbe is used in ........ turbines, (imipulse, reaction

2,

ANSWERS TO SELF-TEST

(3 Condenser, abowt 53% (i 28% (i) water Is not available in sufficient quantity (i) 15 (9 o
dischange surplus water on the downstream side of dam (v4 5 (v4)) pelton wheel (vif)) medium and

low (13) penstack (x) nuclear power.
(8 Hydro-electric (4 hydro-electric (i) feed water (1¥) 20 (v) standby (v) Tarapur (v hydro-electric
{viid US.S.R in 1954 {ix} more (x) reaction.

N nE RN~

10
11.
12.
13.
L8
15.
16.

CHAPTER REVIEW TOPICS

What is a power generating station 7

Whal is a steam power station ? Discuss its advantages and disadvantages.

Draw the schematic diagram of a modem steam power station and explain ils operation.
Explain the important components of a steam power station.

What factors are taken into account while selecting the site for a steam poser station 7
Discuss the merits and demerits of a hydro-electric plant.

Draw a neat schematic diagram of a hydro-electric plant and explain the functions of various compo-
DOMES.

Expiain the essential factors which influence the choice of site for a hydro-ekectric plant.
Explain the functions of the following :
(3 dam (i) spillways (i) surge tank (i) headworks (v) draft tube,
Draw the flow diagram of a diesel power station and discuss its operation.
Discuss the advantages and disadvantages of a diesel power station.
Draw the schematic diagram of a nuclear power station and discuss its operation.
Explain with a neat sketch the various parts of 2 nuclear reactor,
Discuss the facters for the choice of site for a niclear power plant.
Explain the working of a gas turbine power plant with a schematic diagram.
Glve the comparison of steam power plant, hydro-electric power plant, diesel posver plant and nuclear
power planton the basis of operating cost, initial cost, efficiency, maintenance cost and avatlability of
source of power.

e LR

X~

. Why is regenerator used in gas turbine power plant ?

DISCUSSION QUESTIONS

Why ts the overall efficiency of a steam power station very low ?

Why is a condenser used in & steam power station ?

Why hydro-electric stations have high transmission and distribution costs ?
Wiy are nuclear power stations becoming very popular ?

Why hat gas at high pressure and not hot gas at atmospheric pressure i5 used in gas turbine power
plants?

How do the various devices protect the penstock ?
Why cannot diesel power stations be employed to generate bulk power ?
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8.14
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8.16
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Main Components of Overhead Lines
Conductor Materials

Line Supports

Insulators

Types of Insulators

Potential Distribution over Suspen
sion Insulator String

String Efficiency

Methods of Improving String Efficiency
Important Points

Corona

Factors Affecting Corona

Important Terms

Advantages and Disadvantages of
Corona

Methods of Reducing Corona Effect

Sag in Overhead Lines
Calculation of Sag

Some Mechanical Principles

Introduction

lectric power can be transmitted or dis

tribated either by means of underground

cables or by overhead lines. The under-
ground® cables are rarely used for power trans-
mission due to two main reasons, Firstly, power
Is generally transmitted over long distances to
load centres. Obviously, the installation costs foe
underground transmission will be very heavy.
Secondly, electric power has to be transmitted at
high voltages for economic reasons. It is very
difficult to provide proper insulationf to the
cables to withstand such higher pressures. There-
fore, as a rule, power (rasmission over long dis-
tances 1s camried out by using overhead lines. With
the growth in power demand and consequent rise
in voltage levels, power transmission by over-
head lines has assumned considerable lmportance.

»

The undergo und systent is much more expensive
than overhead syswem. Therefore, it has limited
use for distribution In congested areas where
safery and good appearances are the main con-
siderdtions

I Inmoverhead lines, bare conduciors are used and
air acts as the insulation. The necessary insula-
tion between the comductoss can be provided by
adjusting the spacing between them.

159
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Anoverhead line is subjected (o uncertain weather conditions and other external Interferences.
This calls for the use of proper mechanical factors of saftey In order to ensure the continulty of
operation in the line. In general, the strength of the line should be such so as lo provide against the
woust probable weather conditions. In this chapter, we shall focus our attention on the varlons as-
pects of mechanical design of overhead lines,

8.1 Main Components of Overhead Lines

An overhead line may be used to transmit or distribute electric power. The succcessful operation of
an overhead line depends to a great extent upon the mechanical design of the line. While constructing
an overhead line, it should be ensured that mechanical strength of the line is such so as o provide
against the most probable weather conditions. [n general, the main components of an overhead line are:
() Conductors which carry electric power from the sending end station to the receiving end
station,
(i) Supporeswhich may be poles or towers and keep the conductors at a sultable level above the
ground.
(#i) Insularors which are attached to supports and insulate the conductors from the ground.
(i) Cross arms which provide suppoet Lo the insulators,
(W Miscellaneous items such as phase plates, danger plates, lightning arrestors, antt-climbing
wires ele.
The continuity of operation in the overhead line depends upon the judicious choice of above
components. Therefore, it Is profitable to have detatled discussion on them,

8.2 Conductor MaternialS

The conductor is one of the important items as most of the capital cutlay is invested for it Therefore,
proper choice of material and size of the conductor is of considerable importance. The conductor
material used for transmission and distribution of electric power should have the following properties :
(A high electrical conductivity.
(i) high tenstie swwength In order to withstand mechanical stresses,
(##) low costso that it can be used for long distances.
(M low specific gravity so that weight per unit volume is small.

All above requirements are not found in a single material, Therefore, while selecting a conduc-
tor material for a particular case, a compromise is made between the cost and the required electrical
and mechanical properties,

Commonly used conductor materials. The most commonly used conductor materials for over-
head lines are copper. aluminium, steel-cored alumimium, galvanised steel and cadmium copper.
The choice of a particular material will depend upon the cost, the required electrical and mechanical
properties and the local conditions.

All conductors used for overhead lines are preferably stranded® inorder to increase the flexibil-
ity. In stranded conductors, there is generally one central wire and round this, successive layers of
wires containing 6, 12, 18, 24 ... wires. Thus, if there are i layers, the total number of individual
wiresis 3n(n+ 1) + 1. In the manufacture of stranded conductors, the consecutive fayers of wires are
twisted or spiralled in opposite directions so that layers are bound wogether.

1. Copper. Copper is an ideal material for overhead lines owing to its high electrical conduc-
tivity and greater tensile strength. It is always used in the hard drawn form as stranded conductor.

*  Saolid wires are only used when area of X-section is small, If solid wires are used for larger X-section and
longer spans, contlnuous vibrations and swinging would predice mechanical fatigue and they would frac
ture at the points of support.,
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Although hard drawing decreases the electrical conductivity slightly yet it increases the tensile strength
considerably.

Copper has high current density e, the current carrying capaclty of copper per unit of X-se¢-

tional area s quite large. This leads to two advantages. Firstly, smaller X-sectional area of conductor
Is required and secondly, the area offered by the conductor to wind loads 1s reduced, Morgover, this
metal Is quite homogeneous, durable and has high sceap value,

There is hardly any doubt thal copper is an ideal material for transmission and distribution of

electric power, However, due to its higher cost and non-availability, it is rarely used for these pur-
poses. Now-a-days the trend is to use aluminium in place of copper.

2, Aluminium. Aluminium is cheap and light as compared to copper but it has much smaller

conductivity and tensile strength. The relative comparison of the two materials is briefed below :

() The conductivity of aluminium is 60% that of copper. The smaller conductivity of alu-
minfum means that for any particular transmission efficlency, the X -sectional area of con-
ductor must be larger inaluminium than in copper. For the same resistance, the diameter of
aluminium conductor is about 1.26 times the diameter of copper conductor.

The increased X-section of aluminium exposes a greater surface to wind pressure and, therefore,

supporting towers must be designed for greater transverse strength. This often requires the use of
higher towers with consequence of greater sag.

{i) The specific gravity of aluminium (2-71 gm/cc) is lower than that of copper (8- gm/cc).
Therefore, an aluminium conductor has almost one-half the weight of equivalent copper
conductor. For this reason, the supporting structures for aluminium need not be made so
strong as that of copper conductor,

(#) Aluminium conductor being light, is liable to greater swingsand hence larger cross-arms are
required.

(i Due to lower tensile strength and higher co-efficlent of linear expansion of aluminium, the
sag is greater in alumintum conductors.

Considering the combined properties of cost, conductivity, tensile strength, weight etc,, alu-

minjum has an edge over copper. Therefore, it is being widely used as a conductor material. [t is
particularly profitable to use aluminium for heavy-current transmission where the conductor size s
large and its cost forms a major proportion of the total cost of complete (nstallation,

3. Steel cored alumirdum. Due (o low tensile strength, aluminium conductors produce greater

sag. This peohibits their use for larger spans and makes them unsuitable for long distance transmis-
slon. In order to Increase the tensile strength, the aluminium conductor s

reinforced with 4 core of galvanised steel wires. The *compaosite conductor
thus obMained 1s known as steel cored alumimiom amxl 1s abbeeviated as
A.C.S.R. (aluminium conductor steel reinforced),

stee] wires surrounded by a mumber of aluminium strands. Usually, diam- §
eter of both steel and aluminium wires 1s the same. The X-soction of the
two metals are generally in the ratlo of 1 : 6 but can be modified to 1 ;4 1n
order to get more tensile strength for the conductor, Fig 8.1 shows steel

Steel-cored aluminium conductor consists of central core of ¥ galvanised

cored aluminium conductor having one steel wire surrounded by six wires

af

alumintum. The result of this composite conductor Is that steel core takes greater percentage of

1

‘The reader may think that retnforcement with sieel increases the weight but actually the weight of compos-
ite conducter is 25% less as compared with equivalent copper conductor.
The galvanised steel s used In order to prevent rusting and electolyte comosion.




162 Principles of Power System

mechanical strength while aluminturn strands carry the bulk of current. The steel cored aluminfum
conductors have the following advantages :

(# The reinforcement with steel increases the tensile strength but at the same time keeps the
composite conductor light. Therefore, steel cored aluminium conductors will produce smaller
sag and hence longer spans can be used.

(i) Due 1o smaller sag with steel cored aluminium conductors, owers of smaller heights can be

used.

4.  Galvanised steel. Steel has very high tensile strength, Therefare, galvanised steel candue-
tors can be used for extremely long spans or for short Iine sections exposed to abnormally high
stresses due to climatic conditions. They have been found very suftable in rural areas where cheap-
ness is the main consideration. Due to poor conductivity and high resistance of steel, such conductors
are not suitable for transmitting large power over a long distance. However, they can be used to
advantage for transmitting a small power over a small distance where the size of the copper conductoe
desirable from economic considerations would be loo small and thus unsuitable for use because of
poor mechanical strength.

5. Cadmium copper. The conductor material now being employed in certain cases is copper
alloyed with cadmium. An addition of 1% or 2% cadmium to copper increases the tensile strength by
about 50% and the conductivity is only reduced by 15% below that of pure copper. Therefore,
cadmium copper conductor can be useful for exceptionally long spans. However, due to high cost of
cadmium, such conductors will be economical only for lines of small X-sectlon £.e, where the cost of
conductor material is comparatively small compared with the cost of supports.

8.3 Line Supports

The supporting structures for overhead line conductors are various types of pales and towers called
Iine supports. In general, the line supports should have the following properties :

(A High mechanical strength to withstand the weight of conductors and wind loads etc,

{#h Light in weight without the loss of mechanical strength,

{(7if Cheap in cost and economical to malntain,

(i Longer life.

(v) Easy accessibility of conductors for maintenance.

The line supports used for transmission and distribution of electric power are of various types
including wooden poles, steel poles, B.C.C. polesand lattice steed towers. The choice of supporting
structure for a particular case deperxds upon the line span, X-sectional area, line voltage, cost anl
local conditions.

1. Wooden poles, These are made of seasoned wood (sal or chir) and are suitable for lines of
moderate X sectional area and of relatively shorter spans, say upto 50 metres.  Such supports are
cheap, easily available, provide insulating properties and, therefore, are widely used for distirbution
purposes in rural areas as an economical proposition. The woaden poles generally tend to rot below
the ground level, causing foundation fatlure. [norder to prevent this, the portion of the pole below the
ground level is impregnated with peeservative compounds like creasate ol Double pole structures
of the ‘A" or '/ type are often usad (See Fig, 8.2) to obtatn a higher transverse strength than could be
ecanomically provided by means of single poles.

The main objectlons to wooden supports are : () tendency o rot below the ground level
(#) comparatively smaller life {(20-25 years) (i) cannot be used for voltages higher than 20 kV
(/) less mechanical strength andl (3) require perlodical inspection.
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2. Steel poles. The steel poles are often used as a substitute for woaden poles. They possess
greater mechanical strength, longer life and permit longer spans to be used. Such poles are generally
used for distribution purposes in the cities. This type of supports need to be galvanised or painted in
order to pralong its life. The steel poles are of three types viz, () rall poles (i) tubular poles and
(#if) rolled steel joints,

3. RCC poles, The reinforced concrete poles have become very popular as line supports in
recent years. They have greater mechanical strength, longer life and permit longer spans than steel
poles. Moreover, they give good outlook, require little maintenance and have good insulating prop-
erties. Fig. 8.3 shows R.C.C. poles for single and double circuit. The holes in the poles facilitate the
climbing of poles and at the same time reduce the weight of line supports.

The main difficulty with the use of these poles is the high cost of transport owing to their heavy
weight. Therefore, such poles are often manufactured at the site in order to avoid heavy cost of
Lransporiation.

4. Steel towers, In practice, wooden, steel and relnforced concrete poles are used for distribu-
ton purposes at low voltages, say upto 11 kV. However, for long distance transmission at higher
voltage, steel towers are invariably emploved. Steel towers have greater mechanical strength, longer
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life, can withstand most severe climatic conditions and permit the use of longer spans, The risk of
interrupted serivce due to broken or punctured insulation is considerably reduced owing to longer
spans. Tower footings are usually grounded by driving rods into the earth, This minimises the
lightning troubles as each tower acts as a lightning conductor,

Fig, 8.4 (# shows a single circult tower. However, at a moderate additional cost, double circutt
tower can be provided as shown in Fig. 8.4 (i), The double circuit has the advantage that it ensures
continuity of supply. Itcase there is breakdown of one circuit, the continuity of supply can be main-
tatned by the other circuit.

8.4 |nsulators

The overhead line conductors should be supported on the poles or towers In such away that currents
from conductors do not flow to earth through supports Le., line conductors must be properly insulates
from supports. This Is achieved by securing line conductors to supports with the help of insulsfors.
The insulators provide necessary insulation between line conductors and supports and thus prevent
any leakage current from conductoss to earth, In general, the insulators should have the following
desirable properties :
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Fig. 84 Steel Towers

(# High mechanical strength in ocder to withstand conductor load, wind load etc.
(i) High electrical resistance of insulator materfal in order to avoid leakage currents to earth,
(7ii) High relative permittivity of insulator matertal in order that dielectric strength is high,

(M The nsulator material should be non-porous. free from impurities and cracks otherwise the

permiltivity will be lowered.

(¥ High ratio of puncture strength to flashover.

The most commonly used material for insulatoes of overhead line is porcelain but glass, steatite
and speclal composition materlals are also used to a limlted extent, Porcelaln Is produced by firing at
a high lemperature a mixture of kaolin, feldspar and quartz. 1t is stronger mechanically than glass,
gives less trouble from leakage and is less effected by changes of temperature.

8.5 Types of Insulators

The successful operation of an overhead Groove fo
line depends to a considerable extent upon conductor
the proper selection of insulators. There
are several types of insulators but the most
commonly used are pin type, suspension
type, strain Insulator and shackle insulator.

1. Pintypeinsulators. The part sec-
tion of a pin type insulator 1s shown in Fig,
8.5 (A, As the name suggests, the pin type
insulator ts secured to the cross-arm on the
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pole. There is a groave on the upper end of the insulator for housing the Conductor

conductor. The conductor passes through this groove and 1s bound by the
annealed wire of the same material as the conductor [See Fig 8.5 (4]

Pin type insulators are used for transmission and distribution of elec-
tric power at voltages upto 33 kV. Bevond operating voltage of 33 kV, the
pin type Insulators become too bulky and hence uneconomical

Causes of insulator fatlure, Insulators are required 1o withstand both
mechanical and electrical stresses, The latter type s pirmarily due to line
voltage and may cause the breakdown of the insulator. The electrical break-
down of the insulator can occur either by fash-over or puncture. In flash- G108 am
over, anarc occurs between the line conductor and insulator pin (Le., earth)
and the discharge jumps across the *air gaps, following shortest dis
tance. Fig. 8.6 shows the arcing distance (Le. @ + b+ ¢) for the insula-
tor. In case of flash-aver, the insulator will continue to act in its proper
capacity unless extreme heal produced by the arc destroys the insulator.

In case of puncture, the discharge occurs from conductor 1o pin
through the body of the insulator. When such breakdown is involved,
the insulator is permanently destroyed due to excessive heat. In prac-
tice, sufficient thickness of porcelain is provided in the insulator to avoid
puncture by the line voltage. The ratio of puncture strength to flash- ®
over voltage is known as safety factor Le.,

Fig. 8.6

Puncture strength
Flash - over voltage

Safety factor of insulator

Pin type insulator Suspension insulatoy

it is desirable that the value of safety factor is high so that flash-over takes place before the
insulator gets punctured, For pin type insulators, the value of safety factor ts about 10.

2 Suspension type insulators. The cost of pin type insulator increases rapidly as the working
voltage 1s increased, Theraefore, this type of insulator 1s not economical beyond 33 kV. For high
voltages (=33 kV), it is a usual practice to use suspension type insulators shown in Fig. 8.7, They

*  The insulator is generally dry and its surfaces have proper Insulating properties, Therefore. arc can only
accur through alr gap between conductor and nsulator pla,
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consist of a number of porcelain discs connected In serfes by metal links in the form of a string. The
conductor Is suspended at the bottom end of this string while the other end of the string s secured to
the cross-arm of the tower. Each unit or disc is designed for low voltage, say 11 kV. The number of
dises in series would obviously depend upon the working voltage. Foe instance, if the working volt-
age 1s 66 kV, then six discs In series will be provided on the string,

Advantages

(@
(ih

(i)
(i

b

(v

3.

Suspension type insulators are cheaper than pin type insulators for voltages beyond 33 kV.

Each unit or disc of suspension type insulator is designed for low voltage.usually 11 kV.
Depending upon the working voltage, the desired number of discs can be connected in se-
rles,

[f any one disc is damaged, the whele string does not become useless because the damaged
disc can be replaced by the sound one.

The suspension arrangement provides greater flexibility to the line. The cornmection at the
cross arm s such that insulator string is free to swing in any direction and can take up the
position where mechanical stresses are minimum.

In case of increased demand on the transmission line, it is found more satisfactory to supply
the greater demand by raising the line voltage than to provide another set of conductors.
The additional msulation required for the raised voltage can be easily obtained in the sus-
pension arrangement by adding the desired number of discs.

The suspension type insulators are generally used with steel towers, As the conductors run
helow the earthed cross-arm of the tower, therefore, this arrangement provides partial pro-
tection from lightning,

Strain lnswlators. When there is a dead end of the line or there Is corner or sharp curve, the

line is sulijected o greater tension. In order to relieve the Hne of excessive tension, strain insulators
are used. For low voltage lines (< 11 kV), shackle Insulators are used as strain insulators. However,
for high voltage transmission lines, strain Insulator consists of an assembly of suspension Insulators
as shown in Fig. 8.8. The discs of strain insulators are used in the vertical plane. When the tension in
lines Is exceedingly high, as at long river spans, two or more strings are used in parallel,

=

Fig. 8.8. Strain insulator,

1

Shackle insulators. Inearly days, the shackle insulators were used as strain insulators, But

now a days, they are frequently used for low voltage distribution lines. Such Insulators can be used
either in a horizontal position or in a vertical position. They can be directly fixed to the pole with a
bolt or to the cross arm. Fig. 8.9 shows a shackle insulator fixed to the pole. The conductor in the
groove is fixed with a soft binding wire.
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8.6 Potental Distribution over Suspension Insulator String

A string of suspension insulators conststs of a number of porcelatn discs connected in serles through
metallic links. Fig. 8.10 (# shows 3-disc string of suspension insulators. The poecelain portion of
each disc is inbetween two metal links, Therefore, each disc forms a capacitor €' as shown in Fig.
8,10 (1), This 1s known as mutual capacitance or seif-capacitance. If there were mutual capacitance
alone, then charging current would have been the same through all the discs and consequently voltage
across each unit would have been the same i.e., W3 as shown in Fig. 8.10 (i#). However, in actual
practice, capacitance also extsts between metal fitting of each disc and tower or earth. This is known
as shunt capacitance €. Due 1o shunt capacitance, charging current is not the same through all the
discs of the string [See Fig. 8.10 (ii9)]. Therefore, voltage across each disc will be different. Obvi-
ously, the disc nearest to the line conductor will have the maximum™ voltage, Thus referring to Fig.
8.10 (449, V3 will be much maore than V, or V).

Tower

1-1 cT v/a
+ +

v c Vi3

0
T

Vs c Vi3
lTL 91
Conducior
(@ (i)
Fig 8.10

The following points may be noted regarding the potential distribution over a string of suspen-
ston insulators :
(4 The voltage Impressed on a string of suspension Insulators does not distribute itself unl-
formly across the individual discs due to the presence of shunt capacitance.

(il The disc nearest to the conductor has maximum voltage across it. As we move towards the
cross-arm, the voltage across each disc goes on decreasing.

(fi) The unit nearest to the conductor s under maximum electrical stress and 15 likely to be
punctured. Therefore, means must be provided o equalise the potential across each unit
This is fully discussed in Art. 8.8,

(i) [fthe voltage impressed across the string were d.c., then voltage across each unit would be
the same. It is because insulator capacitances are ineffective for d.c.

8.7 Suing Efficiency

As stated above, the voltage applied across the string of suspension insulatoes is not uniformly dis-
iributed across various units or discs. The dise nearest 1o the conductoe has much higher potential
than the other discs, This unequal potential distribution 1s undesirable and is usually expressed In

*  Because chaiging current through the string has the naximum value ar the disc nearest 1o the conchector,
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terms of string efficiency.

The ratio of voltage across the whole string to the product of number of discs and the voltage
across the disc nearest w the conductor is known as string efficlency i.e.,

Voltage across the string
Binngebiclancy. = 2o Voltage accoss dise nearest to conductor
where n = number of discs in the string.

String efliciency 1s an important consideration since it decides the potential distribution along
the string. The greater the string efficiency, the more uniform is the voltage disteibution. Thus 100%
string efficiency is an Ideal case for which the volatge across each disc will be exactly the same.
Although it is impassible to achieve 100% string efficiency, yet efforts shoukl be made (o impeove it
as close 1o this value as possible.

Mathematical expression. Fig 8.11 shows the equivalent circult for

a 3-clisc string. Let us suppose that self capacitance of each disc Is C Let = < r 1
us further assume that shunt capacitance € Is some fraction K of self- 2 -
capacitance Le., €, = KC. Starting from the cross-arm or tower, the volt- 2 vy
age across each unit is ¥}, V5 and V; respectively as shown, i'—‘ll 5' 1IA _*_
Applying Kirchhoff's current law to node A, we get, é v
L= f+h : T Y
or Vol = oC+ VoG é__lc' i 1;_*_
or Voo C = NoC+ o KC é
A V, = KL+K -~} 3 Va
Applvlng Kirchhoff’s current faw to node B, we get, é_?' l v
L =Lt E
or Ko = KheC+(V+KBHoGt
or LOC = Ko (V+ V) ©KC @
or = L+ (+ VK Fig 8.11
= KV, + K1+ K
= muv 0+ R’ [ V=¥, (1 + K]
=} lf( (1+ K7
: ¥ = V[I 3K + K] 1
\'bltage between conductor and earth (Ze., tower) is
V=Un+V+%
= Lu vuvm V, (1+ 3K+ K)
’ V (3+4K+ K9
V = V(l + K) (3+ K) A1)
From expressions (A, () and [Ji), we get,
¢ 5 ¥ V
-:L ) 1+2K=l+3K+K*=(1+f0(3+K) ldd
-~ Voltage across top unit, ¥) = m
SN = - Volta
Note that current through capacitor = Capaciuve%cmnce

I Voltage across second shunt capacitance C, from top = V) + 14, Ttis because one point of it is connected
te [f and the other point to the tower.
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Voltage across second unit from top, 1)
Voltage across third unit from top, 15

Wi (1 + K)
V(1+ 3K+ K3
Voltage across string
n x Vaoltage across dise nearest 1o canductor

‘.’
= mxlﬁﬂ

Yage String efficiency %100

The following points may be noted from the above mathematical analysts ©

(4

(i

(4

[f K= 02 (Say), then from exp. (i), we get, ¥, = 1.2 ¥, and ¥, = 1.64 V. This clearly
shows that disc nearest to the conductor has maximum voltage across it; the voltage across
other discs decreasing progressively as the cross-arm in approached.

The greater the value of K (= /0, the more non-uniform is the potential acrass the discs
and lesser is the string efficiency.

The inequality in voltage distribution increases with the increase of number of discs in the
string. Therefore, shorter string has more efficiency than the larger one,

8.8 Methods of Improving String Efficiency
[t has been seen above that potential distribution in a steing of suspension insulators is not uniform.

The maximum voltage appears across the lasulator nearest (o
the line conducior and decreases prograssively as the cross- m-.l
arm is approached. [f the insulation of the highest stressed —
Insulator (i.e. nearest to conkluctar) breaks down or flash over
takes place, the breakdown of other units will take place in fvwal =
succession. This necessitates (o equalise the potential across 14
the varlous units of the string Le (0 Improve the string effi- Shunt ="
clency. The various methods for this purpose are : SO et | at
() By using longer cross-arms The value of string effi-
ciency depends upon the value of K Le., ratio of shunt et | B
capacltance o mutual capacitance, The lesser the
value of & the greater is the string efficiency and more -
uniform is the voltage distribution. The value of X Une
can be decreased by reducing the shunt capacitance,
In order to reduce shunt capacitance, the distance of —171]
conductor from tower must be increased Le., longer
cross-arms should be used, However, limitations of Fig.8.12
cost and strength of tower do not allow the use of very long cross-arms. [n practice, K= 0.1
Is the limit that can be achieved by this method.

(i) By grading the insulaiors. [n this method, insulators of different dimensions are so chosen
that each has a different capacitance. The insulators are capacitance graded i.e. they are
assembled in the string in such a way that the top unit has the minimum capacitance, In-
creasing progressively as the bottom unit (Le., nearest to conductor) is reached. Since volt-
age is inversely propertional to capacitance, this method tends to equalise the potential
distribution across the units in the string, This method has the disadvantage that a large
nurnber of different-sized insulators are required. However, good resulls can be obtained by
using standard insulators for most of the string and larger units for that near to the line
conductor.

(i By using a guard ring. The potential across each unit in a string can be equalised by using

a guard ring which 1s a metal ring electrically connected to the conductor and surrounding
the bottom insulator as shown in the Fig. 8.13. The guard ring introduces capacitance be-
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tween metal fittings and the line conductor. The guard ring ;?‘ .L

is contoured in such a way that shunt capacitance currents 2 :
&, Iy etc. are equal (o metal filting line capacilance curr ents 2 ‘
f,. [, etc, The result is that same charging current /flows 2 4_1

lhrough each unit of string.

uniform potential distribution across the unils.

8.9 Important Points

While solving problems refating to string efficiency, the following

points must be kept in mind:

() The maximum voltage appears across the disc nearest 1o

the conductror (f.e., lina conductor].

Consequently, there will be

ASA444004 %

(in The voltage across the string is equal to phase voltage e, Fig.8.13

Viltage across string
(i Line Voltage =

= Vboltage between line and earth = Phase Voltage

J3 % Voltage across string

Example 8.1. In & 33 KV overhead Hine, there are thyee units [n the string of insalators. If the
capacitance between each insulator pin and earth is 1% of self-capacitance of each insulator; find
{i} the distribution of voltage over 3 insulators and (i} string efficiency.

Solution. Fig. 8.14. shows the equivalent circuit of string insulators.

Let V), V; and ¥ be the voltage across top, middle and bottom unit respec-
tvely, If Cis the self-capacitance of each unit, then KC will be the shunt

capacitance.

K =
Voltage across string, V' =

At Junction A
Iz =
or ol =
or V2 =
or V, =

At Junction B
13 -
or Lol =
or W=
¥ 5’3 =

1 "“‘]; "T' ks
Shunt Capacitance _ o é"_“_ﬁ'}' ‘*’
Self - capacitance E v
333 = 1905 kV E

‘-—I B
L+ -
HolC+hKal E |
Vi (1K) = V, (1 +D11) 3 i
111 ¥, T
L+ 1
z* 2 Fig. 8.14

KBLol+(+ V) Kol
KB+ (Vi+ KK

11V + (V) + 111 V) O-11
1-342 ¥

() Voltage across the whole string is

v
or 19.05

Voltage across top unit, V; =
Voltage across middle unil, ¥,
Voltage across boltom unit, ¥, =

(in String efficiency

W+Vo+ K=V + 111 V,+1-342 V; = 34352 ||
3452 ¥}

19.04/3.452 = 552 kV

I11 V)= 1.11 x3.52 = 613 kV

1342 V) = 1. 342 x 532 = TA KV
Voltage across string %100 = 19.05
No. of Insulators X ¥ 3%xT-4

x 100 = §5.8%
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Example 8.2. A 3-phase transmission Hne is being supported by three disc Insulators, The
potendals across wop unit (1.e., near to the tower) and middle unit are 8 KV and 11 kV respectively.
Calcuiate (i) the ratto of capacitance between pin and earth to the self capactiance of each anit
{iilthe line voliage and {iii) string efficiency.

Solution. The equivalent circuit of string insulators is the same as shown in Fig. 8.14. Ttisgiven
that V|, =8kVand ¥, = 11 k\.
(d Let K be the ratio of capacitance between pin and earth (o self capacitance, 1f Cfarad is the
self capacitance of each unit, then capacitance between pin and earth = KC,
Applying Kirchoff s current law to Junction A,

L = 1+j
ot boC = HealC+KKal
or V, = H+K
- - B-K.11-8 o
o K= 7 o = 0375
(id Applying Kirchoff's current law to Junction B,
b= btk
or BolC = KholC+(+ 1) KnC

or V= BN+ K=11+@+11)x0.315= 1812 kV
Voltage between line and earth = V| + V,+ 15=8+11+ 1812 =3T-12kV

Line Voltage = I x 37126428 kV
{(#i) String efficlency _ Voltage across string )<|()().=——-—--3H.I']2 x 100 = 68.28%

No. of insulators % 1 3x18 12
Example 8.3. Each line of a 3-phase system is suspended by a siring of 2 stmtiar insuiators. If
the voltage across the line unit is 17.5 KV, caleulate the line to neutral voltage. Assume that the shunt
capacitance betwen each insulator and earth is 1/8th of the capacitance of the insulator itself. Also
find the string efficiency.
Solution. Fig. 815 shows the equivalent circult of string

insulators, If C'1s the self capacitance of each unit. then KC g
will be the shunt capacitance where K= 1/8 = (0,125, ; o III I
Voltage across lineunlt, ¥, = I7T5kV é KC | o Y
At Junction A g_.| — A 4*
L =4+ 2 }_" v
ol =Vol+ Kol g - C5- Va
or = K0+R=%1-0125) 1 | 5 _*_
- ¥, = 1125 7 L
At Junction B g Vs
Lk =hL+y é_|m c l v
or Kol =V,eCs(Vi+ ) Kol 7
or V= B (Re K '
= 1125V, + (V; + 1125 V) xD.125
V, = 139 ¥,
Voltage across topunit, ¥ = 14/1-39 = 17-5/1-39 Fig.8.15
= 1259 kV
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Voltage across middle unit, ¥, = 1-128 ¥} = 1.125 x 12.59 = 14.16 kV
- \oltage between line and earth {ZLe., llne to neutral)
= W+ Vy+ Vy=12.59+ 14-16 + 17:5 = M.25 kV
44-25
3x17-5
Example 8.4. The three bus-bar conductors in an outdoor substation are supported by units of

post type Inswiators. Each unit consists of a stack of 3 pin type tnsulatars fixed ene on the top of the
other. The voltage across the lowest insalator is 13.1 kV and that acioss the next unir is 11 kY. Find

the bus-bar voltage of the station.

Solution. The equivalent circuit of insulators is the same as shown in Fig. 8.15. Itis given that
V=131 kVand V, = 11 kV. Let Kbe the ratio of shunt capacitance to self capacitance of each unit.
Applying Kirchhoff's current law to Junctions A and B, we can easily derive the following equations
(See example 8.3)

x 100 = 84-289%%

String efficiency =

V, = KU+K
S
or K= 1—1"7( A
and V= B+ + KK )
Putting the value of ¥, = V/(1 + K) ineq. (i, we get,
/
7 1’2+[-1—1-’?+15Jh
or Vil+R = BLU+K+[V+ V(0+K]K
= K10+ K+ K+ (K+ K]
- ¥, (1+3K+ K
& 131 (1 + K = 11[1+ 3K+ K
or NA*+199K-21 = 0

Solving this equation, we get, K= 0.1.
V. = ¥ -
"1 K 1401
Voltage between lineand earth = 1V, + Vo + V4 =10+ 11 + 131 = 34-1 kV
\oltage between bus-bars i1.e., line voltage|
= MIx ST =50kV
Example 8.5. An insulator string consists of three units, each having a safe working voltage of
15 &V, The ratio of seif-capacitance fo shunt capacitance of each unit is 8 : 1. Find the maximum
salfe working veltage of the string. Also find the string efficiency.

Solution. The eguivalent circutt of string tnsulators s the same as shown 1n Fig, 8,153, The
maxtmum voltage will appear across the lJowest unit in the string,

=15kV; K=18=0125

1 _okv

A.pplylng Kirchhoff's current law to junction A, we get,
V, = L(1+K
or =Vl +K = Vzl(l +0.125) = 0.89 ¥, ()

Applying KirchhofT's current law Lo Junction B, we gel,
W= eV + )K=V, + (089 V,+ V) x0125
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5 = 1.236 V, (i
- Vbltage across middle untt, ¥, = V4/1.236 = 15/1.236 = 12.13 kV
Voltage across topunit, ¥, = (-89 15, =089 x 1213 = 10:79 kV

Voltage across the String = U+ ¥+ ¥=1079+12.13 + 15 = 3782 kV
String efficiency = 3192 x 100 = 84-26 %
3x13

Example 8.6. A string of 4 insulators has a self capacitance equal (o 10 dmes the pin to easth
capacitance. Find (i) the voltage distribution across various unlts expressed as a percentage of total
voltage across the string and (i) string efficlency.

Solution. When the number of insulators In a siring exceeds 3, the nodal equation methoxd
becomes labarious, Under such circumstances, there is a simple method to solve the problem. In this
method*, shunt capacitance {C,) and self capacitance {C) of each Insulator are represented by thelr
equivalent reactances. As it is only the ratio of capacitances which determines the voltage distribu-
tion, therefore, the problem can be simplified by assigning unity value to X, ie., assuming X.= 192
[f ratio of C/C, = 10, then we have X-= 1 Qand X, =100,

(d Suppose X-= 1 . As the ratio of self-capacitance to shunt capacitance (ie.. G/C)) is 10,
therefore, X = 10 Q as shown (nFig. 8 16 (). Suppose that potential Vacross the string is such that
1 A current flows in the top insulator. Now the potential across each Insulator can be easily deter-
mined, Thus

Voltage acrosstopunit, ¥ = 1Q2x1A=1valt

Voltage across **2od unit, ¥, = 1Qx 1.1 A = 1.1 volts

Voltage across {3rdunit, ¥, = 1Qx1.31 A= 1.31 volts

Voltage across dthunit, ¥, = 12 x 1.65 A = 1.65 volts

Voltage abtained across the string, V=1 + 1.1 + 1.31 + 1.65 = §5.06 vols

4
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0} Fig. 8.16 (i)

* This method is equally applicable for a string having 3 or less than 3 insulators.

** Current thyough first shunt capacitance [rmarked 1, see Fig. 8:16] is ¥,/10 = 1710 = 0.1 A, Therefore, the
current through second unlt from op ts=1 + 0-1 =1-1 A and voltage across it is= 1Q % [-1 A= -] volis.

i Current through second shunt capacitance [marked 2 in Fig. 8:16] s (I + 2710 = {1 « 1-1)710 = 0:21 A
Therefore, current thro” 3rd unit from top= 11 +0:21 = .31 A and voltage across 1t bs 1 Q> |31 A=1.3] volis.
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The voltage across each unit expressed as a percentage of 1V(Le., 5.06 volts) becomes !
Top unit = (1/5.05) x 100 = 19-769%

Second from top = (1.1/5.06) x 100 = 21-74%
Third from top = (1:31/5.06) x 100 = 25-9%
Fourth from top = (1.65/5-08) x 100 = 32.6%
vV 506
i) String efficiency = 100 = x100= 7669%
{ih String efficiency “”qx IR

Example 8.7. A string of 5 insulators Is connected across a 10 kV Hne. If the capacitance of
each disc to earth is 0-1 of the capacitance of the Insulater; calculate (1) the distribution of valtage on
the inselator discs and (1) the string efficiency.

Solution. Suppose X-= 1 £2. As (he ratio of self capacitance to shunt capacitance is 10, there-
fore, X, = 1042 as shown In Fig. 8:17 (§}. Suppose that potential Vacross the string s such that 1A
current ﬂows in the top insulator. Then potental across each insulator will be as shown in Fig. 8.17

().

3 Im ’f ? Iu T
Xy =10 | o i
- - B
b e
A p
0o =10 v, 1.1 Voit
2 ; 0.21A
188 -
2 =V : 131“*
7 100 | 3
1 g—l
3 7
: s Vv ] mswt
- 4 A
2 wa T°
7 4 2.16A
-—-3 1 V‘ I 2.16 Volt
@ (i)

Fig. 8.17
The value obtained for V=1 + 1.1 + 131 + 1.65 + 2.16 = 7.22 volts and starting from top, the
percentage of V' (1.e., 7-22 volts) across various units are ;
*13.8 %, 15:2 %, 18.2 %, 22.8 % and 30%
Voltage across string = 100743 = 57.7 kV
(# Voltage across wop insulator, ¥ = 0-138 x 57.7 = .96 kV
Voltage across 2nd from top, V5 = 0152 x 57.7 = 877 kV

* % ageof V{Le, 7-22 volts) across top unit = T-;ZZX 100 = 13-8%

xl[KJ-lSZ‘}'.

- 11
% 4 f Vacross 2md fi o[} =
age of Vac RUARE 722
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Voltage across 3rd from top, ¥,= 182 x 57-7 = 105 kV
Voltage across 4th from top, V= 0-228 x 57.7 = 1316 kV
Voltage across 5th from top, ¥, = 0:3 x 57.7 = 17-3 kV

(#) String efficiency = x 100 = 66-7%

57
SxIT-3
Example 8.8. Fach conductor of a 3 phase high-voltage fransmission Iine 1s suspended by a
string of 4 suspension type disc inswlators, Ifthe potential difference across the second unlt from top
Is 13-2 &V and across the third from fop is 18 &V, determine the voltage between conductors.
Solution. Suppose X. =1 1f K'is the ratio of shunt-capacitance to self-capacitance, then X,
= /K ohms as shown in Fig 8.18 {f). Suppose voltage across string is such that current in top
nsulator disc is 1 A. Then voltage across each Insulator can be easlly determined [see Fig. 8.18 (1]
Thus the voltage across first shunt capacitance from top is 1 volt and its reactance is /K ohms.
Therefore, current through it is Kampere. Hence current through second insulator from topis (1 + K)
amperes and voltage across itis (1 + K) % 1=(1+ K} volts,
Refesring to Fig. 8.18 (44, we have,
V¥, = (1+ KWl

or VB, =KH+K ()
Also VgV, = (1« 3K+ K3
V= K (1+3K+KY ot

Dividing (#) by {#, we get,
¥ 143K+ K

B~ 1+K
Itis given that ¥y = 18 kV and ¥, =132 kV
1B 143K+ X*
132 1+K
o 132K+ 26K-48 =0
Solving this equation, we get, K= 0.2,

E f‘A I E I‘IA I
2 T vy 3 1 Vol
2 1Ka z K
T—i— =
7 ; 15K
E =1a v, 2 1+K Volts
i 1K I ; K
4 4 143K + K
2 4
i wq T Vs 2 1+3K+K Voha
I I 4
T 1 sk’
A . v 3'804(-&3( i <tk
1= I" I i+ 5IC + 8K + 1 Vois

® (in)
Fig. 8.18
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¥ = Bl+K)=13212=11kV
V, = Vi (1+ K+ 5K+ 6K=11(1+0008+02+1.2) = 2649kV
Voltage between line and earth (Le., phase volage)
= W+ KB+ KB+
11 +132+18 + 2649 = G8.69 kV
Voltage between conductors (Le., line voltage)

- 6869 J3 - 119KV

Example 89. A string of four insulators has a seif-capacitance equal to 3 times pin to earth
capacttance, Find (i) the voltage distribution across various units as a percentage of total voltage
across the string and {i1) string efficiency.

Solution. The ratio of self-capacitance () (o pin-earth capacitance (C) 1s GAC, = 5. Suppose
A-=142 Then X =5 Suppose the voltage Vacross string is such that current in the top insulator
is 1A as shown In Hg 8.19 [4. The polential across various insulators will be as shown in Fig. 8.19

().
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i‘ .
-
-
N

50 1a Y
1 _*_ 0.768A _*'
2.408A
I 10 Vv, I 2.408 Volt
@ Fig, 8.19 (#)

The voltage olxained across the string is given by |
V= 1+12+1.64+ 2408 = 6.248 volls
() The valtage across each unil expeessed as a percentage of V' (ie., 6248 valts) Is given by :

Top Unit = (1/6.248) x 100 = 169
Second from top = (1.2/6.248) x 100 = 19-2%
Third from top = (1-64/6.248) x 100 = 26-3%
Fourth from top = (2.408/6.248) x 100 = 38.5%
(i) String efficiency - 5248 100 = 64-86%

4x2-408
Example 8.10. The seifcapacitance of each unit in a string of three suspension insulators is C.
The shunting capacitance of the cannecting metal work of each insulator to earth is 0.15 C while for
line it is 0-1 C. Calculate (i) the voilage across each insulator as a percentage of the line voltage to
earth and (ii) string efficiency.
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Solution. [n an actual string of insulatoes, three capacitances exist viz., self-capacitance of each
insulator, shunt capacitance and capacitance of each unit to line as shown In Fig. 8.20 (4. However,
capacitance of each unit to line is very small and Is usually neglected. Fig, 8.20 (i) shows the
equivalent circuit of string insulators,

Tower
g c v,
b 0.16°1' ¥y 01C :
e
c PV,
: 7 015C,, 0iC |
Tt foiiemie
3 2 1
A !
3 =0 iV
- 2 015C 1
F 1
- U
; 4
: : @--—---
0] (i)
Fig. 8.20
At Junction A
L+ = f+4
o ,aC+(V+ WDlal = Kol CHY o
or 1% = LISVi-11 K
or ¥ =153K-11% (4
At Junction B
é‘*‘ {2 = [Z+jz
or Vol+Vx0l1Cxa = KLeal+(V,+ V)ex01iC
of 1 ¥, = 11I§V,+013 W )
Putting the value of V, from exp (3. into exp. (i), we gel,
L1115V =11¥) = LIS K+ 015 1
or 1325 ¥, = 125
or ¥, = ﬂ;{ . L1H)
13.25
Putting the value of V, from exp. (/) into exp. (1), we gel,
12-5 V] 14-8,,
! A~ ¢ Ll = /
6= 1R ”(13-25, (13.25)‘l
Now voltage between conductor and earth is
, (L 12-5  14:.8 ) _(40-55 K
V=W+V+V = |1+ B = oll
= Bl 13-25,] ST

13:25 W40.55 = 0326 Vvoits

%o VI =
V¥, = 125x0:326 W13.25 = 0-307 Vvolts
¥, = 14.8x0326 171325 = 0-364 Vvolts
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(A The valtage across each unit expressed as a percentage of Vhecomes:
Top unit = 1| x 100/¥= 0326 x 100 = 32-6%

Second from wp = ¥, x 100/¥= 0307 x 100 = 30-7%

Third from top = V3 x 100/¥= 0:364 x 100 = 36-4%
vV

i) String effic] S cm— =015 %

(#) ng efficlency 70364 VxlOO b

8.11. Eachline of a 3-phase system is suspended by 4 string of 3 indentical insulalors
of self-capaciiance C farad. The shunt capacitance of connecting metal work of each insulator is 0.2
Ctoearth and 0.1 C to line. Calculate the string efficiency of the system if a guard ring increases the
capacitance to the line of metal work of the lowest insalator to 0-3 C.

Solution. The capacitance between each unit and line is flesssisiscipaisicosiimsin ““;r

artificlally Increased by using a guard ring as shown in Fig. 2
8.21. This arrangement tends to equalise the potential across 2 Vi
various units and hence leads to improved string efficiency. It 2 ulc i l A 'I 1 °"1c_ _*

Is given that with the use of guard ring, capacitance of the insu- 2
lator link-pin to the line of the lowest unit is increased from 0.1 2 v,

Cwi3C é i 0.30
At Junction A ; '*‘
L+iy = L+ § 2 '

or Vo Cr(W+ K axdll j_

= KoC+Vx02Co i

A

V, = 12V,-11V, wld) é

At Junction B g

h+1fy = h+h
of Val+ Ex03Cxm =V,oC+ (V+V)ax02 L
or 13V, = L2V, +02V, N F)
Substituting the value of ¥ from exp. ({) Into exp. (#), we get,
132V, -11V)) = 112K, +02 V]
or 155 ¥, = 154 |
e ¥, = 154 1)/155= 0903 V| w1429
Substituting the value of ¥, from exp. (#4) Into exp. (4, we get,
= 121,-11x0.993 ¥, = 1.077 1
Voltage between conductor and earth {i.e. phase voltage)
= N+ V+ =¥ +0893 ¥ +1.077 I, =3.07 {§
3-07 i§
Ix1.077

Example 8.12. Jt is required to grade a string having seven suspension insulatars. If the pin to
earth capacitance are ali equal to C. determine the ilne to pin capacitance that would give the same
voltage across each insalator of the string.

Seolution. Let C), G, g respectively be the required line to pin capacitances of the units as
shown in Fig, 8.22. As the voltage across each insulator has (o be the same, therelore,

h=b=h=l=k=k=4

String efficlency = *x 100 = 859
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Fig. 822
Al Junction A
Woaoly =i+ 1y
or 1, = 4 (rr L= 1)
or oGEY = alV {*~ Voltage across Cy =6 V)
=06 = 01670
At Junction B
' = b
or WCGEY =0C2ZY)
G = % =04 C
At Junction C At Junction D
K =4 i =4
or OCGEN =nCE3Y o HCEBY =nlidy)
G =304=005C A& G =403=18C
At Junction E At Junction F
i =4 ¥ =4
or ol 2} =aliBW o GV =olEW
G =8CQ2=25C iy ='8E

TUTORIAL PROBLEMS

1. Ina 3-phase overhiead system, each line is suspended by a string of 3 insulators. The voltage across the
top unit (Le. near the tower) and middle unit are 10 kY and 11 kV respectively. Calculate (#) the ratlo of
shunt capacitance 1o self capacitance of each insulator, (i) the string efficiency and (i) line voltage.

[(d 0-1 (9 BG-76% (idh 59 kV]
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2. Each line of a 3-phase system is suspended by a string of 3 similar insulatoes, 1f the voltage across the
line unit is 17-5 kV, calculate the line 1o neutral voltage and string efficiency. Assume that shunt capaci-
tance between each insulator and earthed metal work of tower to be 1/10th of the capacitance of the
Insulator. 152 kV, 86.6736]

3. The three bus-bar conductors in an outdoor sub-station are supplied by units of post insulators. Each unit
consists of a stack of 3-pin Insulators fixed one on the top of the other.  The voltage acrmss the lowest
insutator is 845 KV and that across the next is 7-25 kV. Find the bus-bar voltage of the station.

[38-8 kV|

4. Astring of suspension insulators consists of three imits. The capacitance between each link pin and earth
is one-sixth of the self-capacitance of each unit. If the maximum voltage per unit is not to exceed 35 kV.
determine the maximum voltage that the string ¢an withstand, Also calculate the string efficiency,

[84-7 kV; B0-679¢]

5. Asiring of 4 insulators has self-capacilance equal to 4 times the pin-to-earth capacitance. Calculate (3
the voltage distribution across various wmils as a percentage of total voltage across the siring and (4)
string efficlency. (D 14-596, 18.194, 26.296 and 40.95¢ (#) 61.2 %}

6. A string of four suspension Insulators is connected across a 285 kV line, The sell-capacitance of each
unit is equal to 5 times pin to earth capacitance. Calculate
(3 the potential dilference across each unidt, (73 the siring efficiency.

({1 2765 KV, 3304 kV, 43.85 kV, 60 kV (/) 68-5%)]

7. Each of three insulators forming a string has self-capacitance of "€ farad.  The shunt capacitance of
each cap of insulator {s -25 C w earth and 0.15 C to line. Calculate the voltage distribution across each
insulator as a pecentage of line voltage to earth and the string efficiency,

[ 31-79¢, 29496, 38-9%; 85.7%)|

8. Eachof the three Insulators forming a string has a self capacitance of C farad. The shunt capacitance of|
each insulator is 0.2 C to earth and 011 C to line. A guard-ring increases the capacitance of line of the
metal work of the lowest insulator to 0.3 C. Calculate the string efficiency of the arrangement :

(4 with the guard ring, (£} without guard ring. () 9596 (1) 86-13%9%6]

9. A three-phase oveshead ransmission line is being supported by three-disc suspension insulators: the
potentiaks across the first and second insulatar from the top are 8 KV and 11 kV respectively. Calcualte

(4 the line voltage (4) the ratio of capacitance hetween pin and earth to self capacitance of each unit (1)

the string efficiency. [() 6428 V (4) 0-375 (/i) 68.28%)

10. A 3-phase overhead transmission line is supported on 4-disc suspension insulators. The voltage across
the second and third discs are 13-2 KV and 18 kV respectively. Calculate the line voltage and mention

the nearest standard voltage. [118.75 kV: 120 kV)

8.10 Corona

When an alternating potentlal difference s applied across two conductors whose spacing 1s large as
compared Lo their diameters, there is no apparent change in the coxlition of atmospheric air sur-
rounding the wires if the applied vollage is low. However, when the applied vollage exceeds a certain
value, called critical disruptive voltage, the conductors are surcounded by a faint violet glow called
corona.

The phenomenon of corona is accompanied by a hissing sound, production of ozone, power loss
and radio Interference, The higher the voltage Is raised, the larger and higher the luminous envelope
becomes, and greater are the sound, the power loss and the radlo nolse, If the applied voltage Is
increased to breakdown value, a flash-over will occur behween the conductors due to the breakdown
of air insulation,

The phenomenon of violet glow; hissing noise and production of ozone gas in an overhead
transmission line is known as corona.

If the conductors are polished and smooth, the corona glow will be uniform throughout the
length of the conductors, otherwise the rough points will appear brighter. With d.c. voltage, there is

¢
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difference in the appearance of the two wires. The positive wire has uniform glow about it, while the
negative conductor has spotty glow.

Theory of corona formation. Some lontsatlon Is always present in alr due to cosmic rays, ultra-
violet radiations and radioactivity. Therefore, under normal conditions, the air around the conductors
contains some lonised particles {fe., free electrons and +ve lons) and neutral molecules, When p.d.
1s applied between the conductors, potential gradient 1s setup in the alr which will have maximum
value at the conductor surfaces, Under the influence of potentlal gradient, the existing free electrons
acquire greater velocities. The greater the applied voltage, the greater the potential gradient and
more is the velocity of free electrons,

When the patential gradient at the conductor sueface reaches about 30 kV per cm {max. value},
the velocity acquired by the free electrons is sufficient to strike a neutral molecule with enough force
to dislodge one or more electrons from it This produces another fon and one or more free electrons,
which is tumn are accelerated until they collide with other neutral molecules, thus producing other
jans, Thus, the pracess of ionisation is cummulative. The result of this lonisation is that elther corona
is formed or spark takes place between the conductors.

8.11 Factors Affecting Corona

The phenomenon of corona is affected by the physical stale of the atmosphere as well as by the
conditions of the line. The following are the factors npon which corona depends :

(A Atmosphere. As corona Is formed due to lonsiation of alr surrounding the conductors, there-
fore, it is affected by the physical state of atmosphere. In the stormy weather, the number of
ions 1s mare than normal and as such corona pecurs at much less voltage as compared with
falr weather.

(i) Conductor size. The corona effect depends upon the shape and conditions of the condue-
tors. The rough and Irregular surface will glve rise t© more corona because unevenness of
the surface decreases the value of breakdown voltage. Thus a stranded concuctor has ir-
regular surface and hence gives rise 1o more corona that a solid conductor.

(#ii) Spacing betwoen conductors. 1f the spacing betwoeen the conductors is made very large as
compared to thelr diameters, there may not be any corona effect. [t is because larger dis-
tance hetween conductors recuces the efectro-static stresses at the conductor surface, thus
avoiding corona farmation.

(/) Line vaoltage. The line voltage greatly affects corona. [f it is low; there is no change in the
condition of air surrounding the conductors and hence no corona is formed, However, if the
line voltage has such a value that electrostatic stresses developed at the conductor surface
make the air around the conductor conducting, then corona is formed,

8.12 Important Terms
The phenomenon of corona plays an important role in the design of an overhead transmission line.
Therefore, It is profltable to consider the following terms much used In the analysis of corona effects:

(4 Critical disruptive voltage. It is the minimam phase-neatral voltage at which corona
OOCurs.

Conslder two conductors of tadll rem and spaced d em apart. If Vis the phase-neutral potential,
then potential gradient at the conductor surface is given by:

volts {cm

8=
rlog,
=

In order that corona is formed. the value of g must be made equal to the breakdown strength of
air. The breakdown strength of air at 76 cm pressure and temperature of 25°C is 30 kV/iem (max or

¢
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21.2 kViem (rzmes) and is denoted by g, 1I V. is the phase-neutral patential reguired under these
conditions, then,

V.
e rlogo—i
where g, = breakdown strength of alr at 76 cm of mercury and 25°C
= 30 kVfem (max or 21-2 kV/em (zm.s.)
< Critical disruptive voltage, V. = g, rlog;g
r

The above expression for disruptive voltage is under standard conditions f.e., at 76 cm of Hg and
25°C, However, If these conditlons vary, the alr density also changes, thus altering the value of g,
The value of g, is directly proportional to afr density. Thus the breakdown strength of air at a baro-
melric pressure of b cm of mercury and temperature of £C becomes 8 g, where

3-92b
273 +1¢

& = alr density factor =

Unxler standard conditions. the value of § = 1.
+  Critical disruptive voltage, V. = g 8 rlog, L
3

Correction must also be made for the surface condition of the conductor. This 1s accounted for
by multiplying the above expression by ircegularity factor m,.

-~ Critical distuptive voltage, V.

m g, 0 riog, o kV/phase
r

| for polished conductors
(-98 1o 0-92 for dirty conductors
(87 to 0-8 for stranded conductors

(#) Visual critical voltage. [t is the minimum phase-neutral voltage at which corona glow
appears all along the line conductars.

[t has been seen that in case of parallel conductors, the corona glow does not begin at the distup-
tive voltage V_but at a higher voltage 1, called visual critical voltage. The phase-neutral effective
value of visual critical voltage is given by the following empirical formula |

where m,

V, = m,gdr 0.3 ] ]oge‘_’ kV/phase
r

\l + 78_1' |
where aris another frregularity factor having a valve of 1.0 for polished conductors and (-72 0 0.82
for rough conductors.

(/i) Power loss due to corona. Formatlon of corona is always accompanied by energy loss
which Is dissipated in the form of light, heat, sound and chemical action. When disruptive voltage s
exceeded, the power loss due to corona is given by !

P = 242.2 ( r;%]g("— Vt)z %107 KW/ km/ phase
where f = supply frequency in Hz

V' = phase-peutral voltage (rm.s.)

V. = disruptive voltage (ras.) per phase
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8.13 Advantages and Disadvantages of Corona

Corona has many advantages and disadvantages. In the correct design of a high voitage overhead
line, a balance should be struck between the advantages and disadvantages.

Advantages
( Due to corona formation, the air surrounding the conductor becomes conducting and hence
virtual diameter of the conductor is increased. The increased diameter reduces the electro-
static stresses between the conductors,

(id Corona reduces the effects of transients produced by surges.
Disadvantages
(4 Corona s accompanied by a loss of energy. This affects the ransmission efficlency of the
line.
(i Ozone is produced by cocona and may cause corrosion of the conduetor due to chemical
action.

(7i The current drawn by the Iine due to corona Is non-sinusoldal and hence non-sinusoidal
voltage drop occurs in the line. This may cause inductlve interference with neighbouring
communication lines.

8.14 Methods of Reducing Corona Effect

[t has been seen that intense corona effects are observed ar a working voltage of 33 kV ar abave.
Therefere, careful design should be made to avoid corona on the sub-stations or bus-bars rated for 33
kV and higher voltages othenwise highly fonised air may cause flash-aver in the insulators or between
the phases, causing considerable damage to the equipment. The corona effects can be reduced by the
following methods :

() By increasing conductor size. By increasing conductor size, the voltage at which corona
occurs is raised and hence corona effects are considerably reduced. This is one of the
reasons that ACSRconductors which have a larger cross-sectional area are used in transmis-
sion lines,

(i) By increasing conducior spacing. By increasing the spacing between conductors, the volt-
age at which corona occurs s raised and hence corona effects can be eliminated. However,
spacing cannot be increased too much othenwise the cost of supporting structure {e.g., big-
ger cross arms and supports) may increase to a considerable extent

Example 8.13. A 3-phase line has conductors 2 cm in diameter spaced equilaterally 1 m apast.

If the diejectric strength of air is 30 KV {max) per cm, find the disruptive critical voltage for the Itne,
Take air density factor & = 0.952 and irregularity factor m_ = (-9,

Solation.
Conductor radius, r=212=1cm
Conductor spacing, d = 1m=100¢cm

30 kVYem (max) = 21-2 KV (rans) per cm
m, g, 0 rlog, [df) kKV*/phase (rm.s. value)
0-9 % 21-2 x0.952 x 1 x log, 100/1 = 83.64 kV/phasa

Line voltage {rm.s) = 3 %8364 = 144-8 kV

Example 8.14, A 132 kV line with 1.956 cm dia. conductors is bullt so that corona takes place
if the line voltage excoeds 210 KV (rm.s.). If the value of potential gradiem at which ionisation
occurs can be taken as 30 kV per cm, find the spacing between the conductars.

Dielectric strength of air, g,
Disruplive eritical voltage, V.

* As g, is taken in kV/em, therefore, V, will be in kV.
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Solation.
Assume the line is 3-phase.
Conductor radius, r= 1.956/2 = 978 cm

Dielectric strength of air, g, = 30/J2 =21.2kV (rm.s) percm

Disruptive voltage/phase, V.= 2]0/\5 =121-25kV
Assumne smooth conductors [i.e., iregularity factor m, = 1) and standard pressure and tempera-
ture for which air density factor § = 1, Let d cm be the spacing between the conductors,

s Disruptive voltage (rm.s.) per phase is

or

or

or
or
or
or

V. =

-

121-25

log, =

r

2.3 log,, dr

log,q dir

d'r =

dr =

Conductor spacing, o =

m, g, 8 rlog, (di) KV
Ix21.2x1x0.978 xlog, (di)

20-733 log_1d/r}
121-25 5848
20-733

5848

5.848/2.3 = 2.5426
Anttlog 2-5426
348.8

3488 % r= 3488 x0-978 = M1 cm

Example 8.15. A 3-phase, 220 kY, 50 Hz transmission line consists of 1-5 cm radius conductor
spaced 2 metres apart in equilateral triangular formation. If the temperature is 40°C and atmos-
pheric prassure is 76 cm, calculate the corona loss per kmof the line, Take m, = 0-85.

Solution.
As seen from Art. 8.12, the corona loss is given by

D
NU“’. 6 =
Assuming g =

?‘";'2 (£+ 25‘;& (V= ¥.)* x107° KW/kmiphase

3-921): 3.-92x76
273+¢ 273 +40
21.2 kViem {rm.s.)

= 08952

~ Critical disruptive voltage per phase is

Supply voltage per phase, V

r
V.

m. g, 08 riog, dirkV
0-85 % 21.2 x 0952 x 1.5 % log, 200/1.5 = 125:9 kV

22/J3 =127V

Substituting the above values, we have corona loss as:

Example

242'2 ! \ 1'5 ’ yd =4 1
— Lo s TR 7— E ‘]
P 0.952150+25)x1’200xuz 125-9) % 10™° kW/phase/km
2 %xrsxo-osesxymxm-s KWikm/phase
= 001999 kW/km/phase

Total corona loss per km for three phases

3% 001999 kW = 005998 kW

8.16. A certain 3-phase equifateral transmission line has a total corona loss of 53 kW

at 106KV and a loss of 98 kW at 110-9 kY. What is the disruptive critical voltage? What is the corona
loss at H3kV?
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Solution.

The power loss due to corona for 3 phases Is given by ;

- 3% M‘E — V) %107 KWk

As [ 8, rand dare the same for the Ao cases,

P = (V=V)°
For first case, = 53 kW and V= 106/J/3 - 61.2 kV

For second case, P= 98 kW and V= 110.9/J3 = 64 kV

& 53 = (61.2— V)° gy
and 08 o (64— V) oY)
Dividmg [(/(f)], we get,
98 _ (B4~ V)
53 (61.2- )
or V. = MkV
Let Wkilowatt be the power loss at 113 kV.
\2
| 13 v
- (652 54) (1

Dividing [ /(4], we get,

W (65254
5 {6l.2-54)
W = (11.2/72)" x 53 = 128 kW

3.

TUTORIAL PROBLEMS

Estimate the corona loss for a three-phase, 110 kM, 50 Hz, 150 km long transmisston ling consisting of
three conductors each of 10 mm diameter and spaced 2.5 m apart in an equilateral riangle formation,
The temperature of air is 30°C and the atmospheric pressure is 750 mm of mercury. Take irregularity
factoras (-85, lonisation of alr may be assumed to take place at a maximum voltage gradient of 30 kV/

em. 13168 kW]
Taking the dielectric strength of air to be 30 kV/cm, calculate the disruptive critical voltage for a 3-phase
line with concuictors of | cm radius and spaced symmetrically 4 m apart. [220 KV line voltage)

A -phase, 220 kV, 50 Hz transmission line consists of 1-2 cm radius conductors spaced 2 m at the
corners of an equilateral triangle. Calculate the corona loss per km of the line, The condition of the wire
Is smoothly weathered and the weather 1s faie with temperature of 20°C and barometric peessure of 72.2
cm of Hg. |2-148 kW]

8.15 Sag In Overhead Lines

While erecting an overhead line, it is very important that conductors are under safe tension. If the
conductors are too much stretched between supports in a bid to save conductor material, the stress in
the conductor may reach unsafe value and in certain cases the conductor may break due to excessive
tension. Inorder to permit safe tension in the conductors, they are not fully stretched but are allowed

to have a dip or sag.

The diffarence In leval batween points of supports and the lowest point on the conductor is

called sag,
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Fig. 8.23. (# shows a conductor suspended between two equilevel supports Aand £ The con-
ductor is not fully stretched but Is allowed to have adip. The lowest point on the conductor Is  anxd
the sag is S The following points may be noted

.;-A B8

() (i)

Fig.8.23
(4 When the conductor is suspended between two supports at the same level, it takes the shape
of catenary. However, if the sag 15 very small compared with the span, then sag-span curve
is Iike a parabola.
{#) The tension at any point on the conductor acts tangentially. Thus tension T, at the lowest
point O acts horizontally as shown in Fig. 8.23. (1.

(7i) The horizontal component of tenslon {s constant throughout the length of the wire.

{(# The tension at supports Is approximately equal to the horizontal tension acting at any point
on the wire, Thus If T'1s the tension at the support B, then I'= 7,

Conductor sag and tension. This is an impaortant consideration in the mechanical design of
overhead lines. The conductor sag should be kept to a minimum in order 1o reduce the conductor
material required and to avold extra pole height for sufficlent clearance above ground level, It is also
desirable that tension in the conductor should be low to avold the mechanical failure of conductor and
to permit the use of less strong supparts. However, low conductor tension and minimum sag are not
possible, [t is because Jow sag means a tight wire and high tenston, whereas a low tension means a
loose wire and increased sag. Therefore, in actual practice, a compromise in made between the two.

8.16 Calculation of Sag

[ an overhead line, the sag should be so adjusted that tension in the conductors is within safe limits.
The tension 1s govemned by conductor weight, effects of wind, ice loading and temperature varfations.
[tis a standard practice to keep conductor tension less than 50% of its ultimate tensile strength fe.,
minimum factor of safety in respect of conductor tension should be 2, We shall now caleulare sag and
tension of a conductor when {f) supports are at equal levels and (#) supports are at unequal levels.

(7 When supports are at equal levels. Con- A L
sider a conductor between two equilevel supports
Aand Bwith Oas the lowest polnt as shown in Fig,
8.24. 1t can be proved that lowest potnt will be at
the mid-span.

Let

T

1 = Lengthof span

w = Weight per unit length of corn-
ductor

I' = Tension in the conductor.

Consider a point Pon the conductor, Taking the lowest point Oas the origin, let the co-ordinates
of point 7 bhe yand y. Assuming that the curvalure is so small that curved length is equal o its
horizontal projection {i.e., OF = x), the two forces acting on the portion OF of the conductor are

(@) The weight wy of conductor acting at a distance x2 from O

(/) The tension Tacting at (.
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Equating the moments of above two forces ahout point O, we get,

Ty = wxx X
p
2
WA
or T e—
Y =97

The maximum dip {sag) is represented by the value of yat either of the supparts A and B
At support A, x=12 and y=3§
2 2
wif2)  wr
Sag, S = =
. ¥

(i) When supports are at unequal levels. In hilly areas, we generally come across conductors
suspended between supports at unequal levels. Flg, 8.25 shows a conductor suspended
between two supports A and Bwhich are at different levels. The lowest point on the conduc-

toe is Q.
Let
! = Span length
i = Difference In levels between two supports

¥, = Distance of support at lower level (ie., A) from O
x,= Distance of support at higher level (Le. B) from O
' = Tension 10 the conductor

i
|

777

o
SagS, = W .\'I
2T
yad
and Sa = L‘.Z..
8% = =57
Also nt+x =1 vofd)
S wx
V. = o
At support A x= x; and y= 5,
2
... &
5 er
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/ 4y . W . .
Now %-Sl = {?[xg-"l‘] = ﬁ{,rz"‘xl ,l{.\'z—.\'l,l
ol N l
=5 = -‘217-.-(,\'2-.\'[} Lox+x=1
Blll 'SZ—SI = h
w/
h= srlg=xn)
or L=-X = -Z—:-b- ol
Solving exps. (4 and (i), we get,
I
A 5F e
_1,TIh
o s S

Having found ¥, and v, values of S, and §, can be easily calculated.

Effect of wind and ice loading. The above formulie for sag are (rue only in still air and at
normal temperature when the conductor 1s acted by Its welght only, However, in actual practice, a
conductor may have ice coating and simultaneously subjected to wind pressure. The weight of ice
acts vertically downwards i.e., in the same direction as the weight of conductor. The farce due (o the
wind Is assumed to act horlzontally Le., at right angle to the projected surface of the conductor.
Hence. the total force on the conductor is the vector sum of horizontal and vertical forces as shown in
Fig. B.26 ().

ice
coating
=&
t
() (i)
Fig, 8.26
Total weight of conductor per unit length is
- 2 2
W, = J(u'+ w;) +{we)
where w = weight of conductor per unit length

= conductor material density X volume per unit length
w, = weight of ice per unit length

= density of ice X volume of ice per unit length

= density of ice x.} [{d+ 2% - dz] %1

= density of lce X f{d+ H*

w, = wind force per unit length
= wind pressure per unil area ¥ projected area per unit length
= wind pressure X [{d+ 20 x 1]

* \olume af fce per unit length = %;"l(d 0 -dixl= '_;lHd( wAf) =me(d+
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When the conductor has wind and Ice loading also, the following points may be noted !
(A The conductor sets itself in a plane at an angle 8 to the vertleal where

tanh = —=

W W,

{(id The sag in the conductor is given by :
s- W F
2T

Hence S represents the slant sag in a direction making an angle € to the vertical, If no
specific mention Is made in the probiem, then slant siag is calculated by using the above

formuia,
(i) The vertical sag = Scos @

Example 8.17, A 132 &V transmissicn line has the following data !
Wt of conductor = 680 kg/km g Longth of span = 260 m
Ultimate strength = 3100 kg 7 Safety factor = 2

Calculate the height above ground at which the conductor should be supparted. Ground clear-

ance required is 10 metres,
Solution.

Wt of conductor/metre run, w

BEIVI000 = 068 ky
Ultimate strength o 3100

Working tension, T = = 1540 kg
Safety factor 2
Span length, I = 260m
z
B wi _0-68x(260)° .-
® BT T gx1550 e

= Conductor should be supportad at a heightof 10 + 3.7 = 13T m

Example 8.18. A transmission line has a span of 150 m between level supports. The canductor
has a cross-sectional area of 2 cui’, The tension in the conductor is 2000 kg, Ifthe specific gravity
of the conductor material is 9-9 gm/c.'mS and wind pressure s 1.3 kg/m length, calculate the sag.
What is the vertical sag?

Solution.
Span length, 1= 150 m; Working tension, 7= 2000 kg
Wind force/m length of conductor, w, = 1-5kg
Wit. of conductoe/m length, w = Sp. Gravity x Volume of 1 m conductor
=99 x2x100 = 1980 gm = 1-98 kg
Total weight of 1 m length of conductor is
W, = Ju? +nZ =J1-98) +(1.5)° = 248 kg
W, £ 2.48% (15[))2
Sa8. S = FT = "Ex2000

This 1s the value of slant sag in a direction making an angle 8 with the vertical.

Referring to Fig. 8.27, the value of 8 is given by |
tan® = w,Av=1.5/1-98 =076

6 = tan 0.76 = 37-23°

Vertical sag = Scos 8
348 x cos 3T-23°=27Tm

=348 m
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Example 8.19. A transmission line has a span of 200 metres batween level supports. The
conductor has a cross-sectional area of 1.29 cof’, weighs 1170 ke/km and has a breaking stress of
4218 kglenf. Calculate the sag for a safety factor of 5, allowing a wind prossure of 122 kg per
Square meltre of profected area, What 1s the vertical sag?

Solution.

Span length, 1= 200m

Wt of conductoe/m length, w = 117071000 = 1.17 kg
Working tension, *T = 4218x1.29/5 = 1088 kg

Diameter of conductor, d = J i x:rea - J 4 x’]t‘ 29 _ 1.28 cm
Wind force/m length, W,

= Pressure x projected area in m*

(122) x (1.28 x 1072 % 1) = 1.56 kg
Total weight of conductor per metre length is

w, = Jw? +w = J117)* +(1-56)° = 195 kg

w, ' 1-85x%{200)°
BT 8x1088 _oom
The stant sag makes an angle & with the vertical where value of 0is given by |
8 = tan ' (w = tan" (1.56/1.17) = 53.13°
Vertical sag = Scos 0= B.96 x cos 53137 = 53T m

Example 8.20. A transmission Iine has a span of 275 m berween level supports. The conductor
has an effective diameter of 1.96 cm and weighs 0.865 kg/m. Its ultimate strength is 8060 kg, If the
conductor has ice coating of radial thickness 1-27 cm and is subjectad to a wind pressure of 3.9 gny/’
car” of projected area, calculate sag for a safety factor of 2. Weight of 1 c.c. of ice is 0.91 gm.

Solution.

Slantsag, S =

Span length, 1 = 275 m: Wi of conductor/m length, w = (865 kg
Conductor diameter, d = 195cem: Ice coating thickness, 1 = 1.27 em
Working tension, I' = 8060/2 = 4030 kg

Volume of ice per metre (i.e., 100 cm) length of conductor
= xi{d+ O x 100 em®
= mx 127 x (196 + 1.27) x 100 = 1288 cm®
Weight of ice per metre length of conductor is
w, = 0:9]1 x 1288 = 1172 gm = 1-172 kg
Wind force/m length of conductor is
w, = [Pressure| x [(d+ 26 x 104
= [39] x(1.96 + 2x1.27) x 100 gm = 1755 gm = 1.755 kg
Total weight of conductor per metre length of conductor Is
2

W = J(W’" wi)z +{wy,

= J(0-865+1-172)" +(1-755)" = 2688 kg

_ Uliimate Strength 4218
Safety factor 5§
Waorking Tension, I'= Working stress » conductor area = 4218 x 1.28/5

* Working stress
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W, o 2.688x% 1_275}2
87 8x 1030

Example 8.21, A transmission line has a span of 214 metres botween level supports. The
conduciors have a cross-sectional area of 3.225 cnt'. Calcuiate the factor of safoty under the follow-
g conditions ;

Sag = =63m

Vertical sag =235 m | Wind pressure = I-5 kg/m run
Breaking stross = 2540 kg/car’ ; Wt of canductor = 1.125 kg/m run
Solution.

Here, I=214m: w=1125kg: w_=15kg

Total welght of one metre length of conductor Is
w=Jw+wh = Ji11257 £(1-5)° = 1875 kg
If fis the factor of safety, then,

Breaking stress % conductor area
safety factor

Vertical sag 235 %1875

Working tension, T-= = 2540 % 3-225/f= B191/fkg

SlantSag, S = 53 125 =392m
w,lz
ot S =37
w, I’
or T = 25
g191  1:875x(214)°
f 8x392

_ B191x8x3:92
T 1-875x(214)

Example 8.22. An overhiead line has a span of 150 m between level supporis. The conductor
has a cross-sectional area of 2 cr”. The ultimate sirength is 5000 kg/ent” and safety factor is 5. The
specific gravity of the material is 8- 9 gm/ce. The wind pressure is 1.5 kg/m. Calewlate the height of

the conductor above the ground level at which it should be supparted if a minimum clearance of 7 m
is to be left between the ground and the conductor:

Solution.

Span length, /= 150 m : Wind force/m run, w, = 1-5 kg

Wt of conductor/m run,  w = conductor area x 100 em x sp. gravity
2x 100 %89 =1780gm = 1.78 kg
Working tenslon, T = 5000 x 2/5= 2000 kg

Total weight of one melre length of conductor is

w, = ot + wi = f1- 78 +01.5) = 233kg

w, ]2 = 233’((15‘0)2 -3.28m
8T 8% 2000

Verticalsag = Scos6=328 x wiw, =328 % 1.78/233=25m
Conductor should be supported at a heightof 7 + 2.5 = 95 m

or Safety factor,

Slantsag, $

*  The slant sag makes an angle B with the vertical,
cosB = whv, = 1:125/1-875
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Example 8.23. The towers of height 30 m and 90 m respectively support a transmission line
conductor at water crossing. The horizontal disiance betwen the towers is 500 m. I the tension in
the conductor is 1600 kg find the minimum clearance of the conductor and water and clearance
mid-way between the supports. Weight of conductor is 1.5 kg/m. Bases of the towers can be consid-
ered o be at water level,

Solution. Flg. 8.28 shows the conductor suspended between two supports A and  at different
levels with Oas the lowest point on the conductor.

Here, =500 m; w=1J5kg: T= 1600 kg

Difference In levels between supports, & = 90 — 30 = 60 m. Let the lowest point O of the
conductor be at a distance x; from the support at lower level (42, support A) and at a distance x, from
the suppost at higher level {ie., support B).

Obviously,

Now

or

XX = 500 m

Fig. 8.28
2
Wy WX
Sag § = —7 and Sag §; = 5T

) _wH W

h=S-%==7"7r

60 - 2—';.("2“‘-'1}{3’2—”1)

60 % 2 % 1600

%=X = T awapy - Lotim

Solving exps. (4 and (i), we get, x; = 122m; ¥, =378 m

Now,

waf  1.5x(122)°
15 27 7 2x1600

=7m

Clearance of the lowest point O from water level

= 30~7=23m

Let the mid-polnt Pbe at a distance x from the lowest point O.

Clearly,

Sag at mid-point 2, S =

x = 250-x =250~122=128m

wx' 1.5x(128°"

it = 37 " 2xi600 oM

A

)
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Clearance of mid-point /7 from water level
= 23+ 7.68=30-68 m
Example 8.24. An overhiead wransmission line conductor having a parabolic configuration
welghs 1-923 kg per meire of length.  The area of X-section of the conductor Is 2-2 and the
ultimate strength is 8000 kg/cnf‘- The supparts are 600 m apart having 15 m difference of levels.
Calcuiate the sag from the taller of the two supports which must be allowed so that the factor of
salety shall be 5. Assuwme that ice load is | kg per metre run and there is no wind pressure.
Solution. Fig. 8.29. shows the conductor suspended between two supports at A and Bat differ-
ent levels with as the lowest point on the conductor.
Here, I = 600m:w=1kg,h=15m
w = 1.925 kg T'= 8000 x 2.2/5 = 3520 kg
Total weight of 1 m length of conductor is
w, = w+w,=1823 +1=2920 kg
Let the lowest point O of the conductor be at a distance ¥, fram the support at lower level {i.e., A
and at a distance x, from the support at higher level (Le., B

Clearly, X+Xx = 600m ()
2 2
' - _w vz wa
Now, h = §-5 =T
or 15 = —;—_(xz +.\',) [xz- x)
2x15x 3520
=% = e %600 - 60 m v

Solving exps. (1) and (i), we have, x; = 270 mand x, = 330 m

e 800 m ’
Fig. 8.29
Sag from the taller of the two towers is
_ WX 2:925%(330)°

e G v v R
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Example 8.25. An overfiead (ransmission line af & river crossing is supporied from iwo towers
at heights of 40 m and 90 m abave water level, the horfzontal disiance between the wowers being 400
m. If the maximum allowable tension is 2000 kg, find the clearance between the conducior and
water af a point mid-way between the towers. Weight of condictor is 1 kgim.

Solution. Fig, 830 shows the whole arrangement.

Here, = 90-40=50m; I =400m
T = 2000kg: w = 1kg/m
Obviously, n+a = 400m el
2 2
. o B e o B B
NO“ h = SZ SI ZT 21-

W
0 = — (¥ + x) (¥ — x
or 5 ZT(?' 1) (e —x)
50 x 2 % 2000
Xo= X = T=5(10m o)

Solving exps. (# and (i, we get, x, = 450 m and x, =50 m

Now x; is the distance of higher support B from the lowest point ('on the conductor, whereas x;
is that of lower support A. As the span is 400 m, therefore, point 4 lies on the same side of Oas B (see
Fig. 8.30).

Harizontal distance of mid-point £ from lowest point O1is

¥ = Distance of A from O+ 400/2 = 50 + 200 = 250 m

z 2
AR SﬂSBl m“‘" Py Sm.\:‘ = ';‘;‘ - lzxx(g(ax)}) — 15'6 m

z
fr Wi
Now Sag S, = T
Height of point B above mid-polnt P
= 5-5,,=H6-156=3m
Clearance of mid-point Pabove water level
= 90-35=55m
LExample 8.26. A transmission Iine over a hillside where the gradient is 1 : 20, is supported by
two 22 m high towers with a distance of 300 m benween them, The lowest conductor 15 fived Z m
below the top of each wower. Find the clearance of the conductor from the ground. Given that
conductor weighs 1 kg/m and the allowable tension is 1500 kg.

1% {450}

D000 o m
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Solution. The conductors are supported between towers AR and BF over a hillside having
gradient of 1 : 20 as shown in Fig. 8.31. The lowest point on the conductor & Qand sin 8= 1/20,

Effective hetght of each tower (ADor BE)
=22-2=20m
Vertical distance between towers s
h = EC=DEsin8=300x1/20=15m
Horizontal distance hetween two towers |s

DC = DE* - EC* = J(300)* -(15)° ~300m
or X +x = 300m ()
X WE W
Now - %‘—%=%[-\'g+-"|)(-ﬁ—-ﬁ]
21 h 2 %1500 x15
or =X = =y =300 - 150 m b))
H B
.‘ ----------------------
'
'
|
'
A |
| |
. |
| '
| ]
- !
I O i
- Xy Xy ﬁ'
: e
: !
)
M
(0] c

F
Fig. 8.31

Solving exps. (/) and (i), we have, x; = 75 m and x,= 225 m
=W \3 _Ix (225°
Sag S, = 5T %1500 16-8T m
Now BC = BE+ EC=20+15=3%m
Clearance of the lowest point O from the ground is
OG = HF-S§,-GF
BC-S§,-GF {~ BC= HR
Y, tan 6 = 75 x 006 = 3.75 m]
= 35-1687-3.75 = 1438 m
Example 8.27. A rransmission tower on a level ground gives a minimum clearance of 8 metres
for its lowest conductor with a sag of 10 m for a span of 300 m. If the same towet is to be used over

a slope of 1 in 15, find the minimum ground clearance obtatned for the same span, same conductor
and same weather conditions.

Solution. On level ground

[Now GF

Sag. uS‘ - COE—

wi
87
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w 85 8x10 8

T £ (3007 9x10°
Height of tower = Sag + Clearance = 10+8= 18 m

On sloping ground. The conductors are supported between towers ADand BE over a sloping
ground having a gradient | in 15 as shown in Fig. 8.32. The height of each tower {(ADor BE) is 18 m.

Vertical distance between the two lowers Is
h= EC="DEsing=300x1/15=20m

Now n+x = 300m -
WYX, WYX W
LA A SN Ay R -]
Also h S~ 3T = 3T (x, + ) (x,=x)
. 2Th _ 2x9x10°x20 _ .
n—x = “’(“’2*.“..]- 5% 300 =150m )
B8

1
1
i
1
|
T | 8
1
1
S, !
U I P S T L
»
:
E
i
1
1
-
D F Cc
Fig.8.32
Solving exps. (4 and (), we have, x; = 7O m and x, = 225 m
wy _ 8x (75
i %= 2T Toxexe o0
_ owax 8x(225° ..
Y ST

Clearance of point Ofrom the groand is
OG = BC=8,~GCF=38~223~5=100m
[v GF=xtan8=T75x1/15 = dm|
Since (Jis the origin, the equation of slope of ground is given by :
y = mx+4A

Here m= HlSand A= OG==105m
X
= — —10.5
Y= 15

Clearance C from the ground at any paint xis

* DE=DC-30m
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€' = Equation of conductor curve — y= ’i] [ =10 5]
2T ) 1S
8y
= —— = | ——10-3
2x9x10* (15 ]
¥
€= e———— |05
755

Clearance will be minimum when dCldx = 0 j.a.,

d |
= B =
dx[ZZﬁO ]5 2 ] 2
or _Z_L_-I_. = ()
2250 15
or X = _'.. 2.52_75111
15 2

fe., minimum clearance will be at a point 75 m from Q.
¥ x z
= e e e 410§ = (75) Y2250 — 75/15 + 10.5
O i !

= 25-5+105=8m
TUTORIAL PROBLEMS

1. A transmission line conductor is supported from two towers at heights of 70 m above water level. The
horizanial distance between the (owers 16 300 m 1 the tension in the comductors is 1500 kg, find 1he
clearance at a point mid-way between the towers. The size of the conductor is 0.9 cm’ and density of
conductor materlal is 8.9 gmicm’. [64 m|

2, Anoverhead line has 2 span of 260 m. the weight of the line conductor 1s 0.68 kg per metre run. Calcu-
late the maximum sag in the line, The maximum allowable tension in the line is 1550 kg, [3-7m]

3 A lransmlssion line has a span of 150 m between level supports. The cross-sectional area of the conduc-
toris 1.25 cm’ and welghs 100 kg per 100 m. The breaking stress 1s 4220 kg/cm’. Calculate the factar
of safety if the sag of the line is 3.5 m.  Assume a maximum wind peessure of 100 kg per sq. metre, [4]

1. A transmlsslon line has a span of 150 m hetween the level supports. The conductor has a cross- wcllonal
area of 2cm’. The ultimate strength is 5000 kg/em”, The specific gravity of the material is 8.9 gmvem’,
If the wind pressure is 1-5 kg/m length of conductor, calculate the sag at the centre of the conxluctor if
factor of safety fs 5. |3-28 m}

5. A wansmission line has a span of 250 m between supports, the supports being at the same level. The
conductor has a cross-sectional area of 1.28 cm®. The ultimate strength Is 4220 kg/cm® and factor of
safety 1s 2. The wind pressure s 40 kg/em’, Calculate the helght of the conductor ahove ground level at
which it should be supported if a minimum clearance of 7m is to be kept between the ground and the
conducior 11024 ]

6. A transmission line has a span of 150 m between level supports, The conductorhas a cross~secuoml area
of 2cm’, The ultimate strength is 5000 kg/cm’. The specific gravity of the material is 8 0 gm/cm”. [f the
wind pressure Is 1-5 kg/m length of the conductor, calculate the sag if factor of safety &s §, |3-5m)

1. Two towers of height 40 m and 20 m respectively support a transmission line conductor at water crossing.
The horlzontal distance between the towers [s 300 m. If the tension In the conductor 5 1590 kg, find the
clearance of the conductor at 3 point mid-way benween the suppornts, Weight of conductor is 0.8 kg/m
Bases of the towers can be considered to be at the water level. [59 m]

8. An overhead transmission lne at a river crossiig Is supported from two tewers at heights of 50 m and
100 m above the water level The horizontal distance between the tosvers is 400 m. If the maximum
allowable tension is 1800 kg and the conductor welghs | kg/m, find the clearance between the conductor
and water at o polnt mid-way between the supposts. [638 m|

Minimum clearance
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8.17 Some Mechanical Principles

Mechanical factors of safety to be used in transmission line design should depend to some extent on
the importance of continuity of operation in the line under consideration. In general, the strength of
the line should be such as to provide against the worst probable weather conditions. We now discuss
some important points in the mechanical design of overhead transmission lines.

() Tower height : Tower height depends upon the length of span, With long spans, relatively
few towers are required but they must be tall and correspondingly costly. It is not usually possible to
determine the tower height and span length on the basis of direct construction costs because the
lightning hazards increase greatly as the height of the conductors above ground s increased, This is
one reason that horizontal spacing Is favoured tnspite of the wider right of way required.

(i) Conductor clearance to ground : The conductor clearance (0 ground at the time of great-
est sag should not be less than some specified distance (usually between 6 and 12 m), depending on
the voltage, on the nature of the country and on the local laws. The greatest sag may occur on the
hottest day of summer on account of the expansion of the wire or {L may occur in winler owing (o the
formation of a heavy coating of ice on the wires. Special provisions must be rmade for melting ice
from the power lines.

(#i) Sag and tension : When laying overhead transmission lines, It Is necessary to allow a
reasonable factor of safety in respect of the ension (o which the conductor is subjected. The tension
1s govemed by the effects of wind, 1ce loading and temperature variatons. The relationship between
tension and sag Is dependent on the loading conditions and temperature variations, For example, the
tension increases when the temperature decreases and there is a correspanding decrease in the sag.
[eing-up of the line and wind loading will cause stretching of the conductor by an amount dependent
an the line tension,

In planning the sag, tenslon and clearance to ground of a given span, a maximum siress Is se-
lected. Itis then atmed to have this siress developed at the worst probable weather condltions (f.e,
minimum expected temperature, maximum ice loading and maximum wind), Wind loading increases
the sag In the direction of resultant loading but decreases the vertical component,  Therefore, In
clearance calculations, the effect of wind should not be Included unless horlzontal clearance Is Impor-
tant.

(i) Stringing charts : For use in the field work of
stringing the conductors, temperature-sag and temperature-
tension charts are plotted for the given conductor and load-
Ing conditions. Such curves are called stringing charts {see
Fig. 8.33). These charts are very helpful while stringing
overhead lines. M

(¥ Conductor spacing : Spacing of conductors
should be such so as to provide safety against flash-over

when the wires are swinging in the wind. The proper spac- Tomperatus
ing is a function of span length, voltage and weather condl-
tions. The use of horizontal spacing eliminates the danger Fig. 8.33

caused by unequal ice loading. Small wires or wires of
light material are subjected to more swinging by the wind
than heavy conductors., Therefore, light wires should be given greater spacings.

(vhd Conductor vibration : Wind exerts pressure on the exposed surface of the conductor. If
the wind velocity is small, the swinging of conductors is harmless provided the clearance is suffi-
clently large so that conductors do not approach within the sparking distance of each other. A com-
pletely different type of vibration, called dancing, is caused by the action of falrly strong wind on a



200

Principles of Power System

wire coverad with fee, when the ice coating happens to take a form which makes a good air-foil
section. Then the whole span may sail up like a kite unti! 1t reaches the Himit of 1ts slack, stops with &
Jerk and falls or sails back. The harmful effects of these vibrations occur &t the clamps or supports
where the conductor suffers fatigue and breaks eventually. Inorder to protect the conductors, damp-
ers are used.

SELF-TEST

1. Fill in the Blanks by inserting appropriate words/figures,

(»
(1
(ith
(M
)
(v
(vil)
(vid)
()
(¥

Cross-arms are used on poles or towers © provide ............. 1o the insulators.

The most commonly used matertal for Insulaters of oveshead lnes is ...

The potential acrass the various discs of suspension string ts different becauseof ... capacitance.
Inastring of suspension insulators, the maximum voltage appears across the unit ...... w0 the conductor.
1f the string efficlency 15 100%, it means that ... .

If shunt capacitance fs reduced, then string efficiency 15 .....oocco..

If the spacing between the conduciors is increased, then corona effect s ...

If sag In an overhead line increases, tension Inthe line ...

By using a guard ring, string efficiency 5 ..............

Shunt capacitance In suspension Insulaters can be decreased by Increasing the distance of ..........
(111 RORCOO

2. Pick up the correct words/figures from the brackets and fill in the blanks.

() The insulator is so designed that it shoukd fail only by (Hlash-over; puncture
(#) Suspension type insulators are used for voltages beyond ..., (33 &Y 400V 11 V)
(/) Ina string of suspension insulators, if the unit nearest o the conductor breaks down, then other units
" || (also breakdown, remain intael)
() A shorter string has _........ string efficiency than a larger one. (less. more}
(¥ Coronaeffectis ................ pronounced in stormy weather as compared to fair weather. (more, kess)
{v) If the canductor size is increased, the corona effect 1S .......c....... (increased. decreased)
(v#) The longer the cross arm, the ......... the string efficiency. (greater, lesser)
(vith The discs of the straln Insulatars are used In ........... plane, (vertical, horizontah

(ix) Sag is provided in overhead lines so that ...
(Safe tension is not exceeded, repair can be done)

{3 When an Insulator breaks down by puncture, it is ... damaged.

(permanently, only partially)

ANSWERS

1. (4 support (i) porcelain (4 shunt (/) nearest (v) potential across each disc is the same (v increased
(vin reduced (viip decreases (i increased () conductor, tower,

2. (4 flash-over (4 33 kV (#4) also breakdown (#) more () more (1) decreased (vif) greater (vid) vertical
(iy) safe tension is not exceeded (x) permanently,

CHAPTER REVIEW TOPICS

I, Name the Important components of an overhead transmission line.

2. Discuss the various conductor materials used for overhead lines. What are their relative advantages and
disadvantages ?

3. Discuss the variows types of line supports.

4. Why are insulators used with overhead lines 7 Discuss the desirable properties of insulators.
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15,
16,

7

. Discuss the advantages and disadvantages of (3 pin-type insulators (£} suspension type insulstors.

. Explain how the electrical breakdovwn can oceur in an insulator.

. What 1s a strain Insulztor and where ts it used 7 Give a sketch to show its location.

. Give reasons for unequal potential distribution over a string of suspension insulators.

. Defing and explain string efficiency. Can its value be equal to 100% ?

. Show that In a string of suspension Insulators, the disc nearest to the conductor has the highest voltage

across It

. Explain various methods of improving string efficiency,
. What is corona? What are the factors which affect corona 7

Discuss the advantages and disadvantages of comna.

. Explain the following terms with reference 1o corona :

(3 Critical disruptive voltage
(i Visual critical voltage
(i Power loss due to corona
Describe the varfous methods for reducing coroma effect In an overbead transmission lne.

What is 2 sag in overhead lines 7 Discuss the disadvantages of providing too small or too large sag on a
line,

Deduce an approximate expression for sag In overhead Hnes when

(# supports are at equal levels
(1} supports are at unequal kevels,

L e N

. What Is the need for stranding the conductors ?

. Is sag a necessity or an evil 7 Discuss,

. String efficiency for a d.c. system is 100% ? Discuss.

. Can string efficiency inan ac. system be 100% ?

. Why are suspension insulators prefermed for high voltage power transmission 7
. Give reasons for the following :

DISCUSSION QUESTIONS

(3 ACSR. conductors are preferred for transmission and distribution lines.
(i Conductors are not fully stretched between supports.
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Introciuction

¢ I he irpportznt considerations in the design
and opeation of 2 ranstodssion line ace
the deteondnation of voltage deop, line
losses and efficiency of transmission. Thess
valuesace greatly influenced by the line constants
K, Land Cof the trananission line. For instance,
the volege doop in the line depands upon the
values of sbove theee line constant. Similarly,
the resistnce of texnanission line conductorsis
the riost imppotant caus of powerlossin the Line
and determiines the tranamission efficiency. In
this chapter, we shalldevelop formulas by which
we can calculae volege regulakion, line keses
and efficiency of transmission lines. These
fompulas are frppotantior o pancipal teasons.
Fiestly, they peowvide anoppottunity toundersend
the effects of the parsapeters of the line on bus
volzges and the flow of powver. Secondly, they
help in developing an overall undestanding of
what is occuring on electdc poaer Sysen).
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10.1 Classification of Overhead Transmission Lines

A transmission line has “three constants £, L and C distributed uniformly along the whole kength of
the line. The resistance and induclance form the series impedance. The capacitance existing bebween
conductors for 1-phase line or from a conductor to neutral for a 3-phase line forms a shunt path
throughout the length of the line. Therefore, capacitance effects introduce complications in transmis-
sion line calculations. Depending upon the manner in which capacitance is taken into account, the
overhead transmission lines are classified as :

() Short transmisston ines. When the length of an overhead transmisston line Is upto about 50
km and the line voltage ts comparatively low (< 20 kV), it is usually considered as a short
transmission Itne. Due to smaller length and lower voltage, the capacitance effects are small
and hence can be neglected. Therefore, while stixlying the performance of a short transmisison
line, only resistance and Inductance of the line are taken Into account,

(i) Medium iransmission lnes. When the length of an overhead transmission line is about 50-

150 km and the line voltage Is moderatly high (=20 kV < 100 kV1, 1t Is considered as a
medium transmissicn line. Due to sufficient length and veltage of the line, the capacitance
effects are taken into account. For purposes of calculations, the distributed capacitance of
the line s divided and lumped in the form of condensers shunted across the line at one or
more points.

(#i) Long transmission lines. When the length of an overhead transmission line is more than 150
km and line voltage is very high (= 100 kV), it is considered as a long transmission line. For
the treatment of such a line, the line constants are considered uniformly distributed over the
whole length of the line and rigorous methods are emploved for solution.

It may be emphasised here that exact solution of any tranmission line must consider the fact that
the constants of the line are not lumped but are distributed unfiormly throughout the length of the line.
However, reasonable accuracy can be obtained by considering these constants as lumped for short
and mediam Iransmission Hnes,

10.2 Important Terms

While studying the performance of a transmission line, it is desirable to determine its voltage regula-
tion and transmission efficiency, We shall explain these two terms in turn.
() Voltage regulation. When a transmission line is carrying current, there is a voltage drop in
the line due (o resistance and Inductance of the line. The resultis that receiving end voltage
[ ¥ of the line 15 generally less than the sending end voltage (V). This voltage drop (V-
V) in the line is expressed as a percentage of receiving end voltage ¥ and is called voltage
regulation.
The difference in valtage at the receiving end of a transmission line * *between conditions of no
load and full load is called voltage regulation and is expressed as a percentage of the receiving end
voltage.

*  'There is also a fourth constant £e, shunt conductance, [t represents the conduetance between conductors
or between conductor and ground and accounts for the leakage current at the insulators. 1t is very smali in
case of overhead lines and may be assumed zero

** At no load, there is no drop in the Line so that at no loaxd, V= Vo However, at full load, thers is a voltage
drop in the line so that receiving end voltage is 1/

Difference in voltage at recelving end between no load and full load
-V Vs
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— = — = e ———
Malthematically,
Vo=V
% age Voltage regulation = = X 100

N

Obviously, it is desirable that the voltage regulation of a transmission line should be low L.e., the
increase in load current should make very litde difference in the receiving end voltage.

(i) Transmission efficiency. The power obtained at the receiving end of a transmission line is
generally less than the sending end power due o lasses In the line resistance,

The ratio of receiving end pawer ta the sending end power of 4 transmission line is known as the
transmission efficiency of the line i.e
Receiving end power 100

Sending end power
- _‘(:LIEM % 100
Vol cos

where V., I and cos 0 are the receiving end voltage, cucrent and power factor while V., J.and cos ¢,
are the corresponding values at the sending end.

10.3 Performance of Single Phase Short Transmission Lines

As stated earlier, the effects of line capacitance are neglected for a short transmisston line. Therefore,
while studying the performance of such a lUne, only resistance and Inductance of the line are taken
into account. The equivalent circuit of a single phase short transmission line is shown in Fig. 10,1 (4).
Here, the total Hne resistance and Inductance are shown as concentrated or lumped instead of belng
distributed. The circult s a simple a.c. serles circult,
Let I' = load current

R = loop resistauce 1.e, resistance of both conductors

; = loop reactance
receiving end voltage
recelving end power factor {lagging)
semding end voltage

sending end power factor

% age Transmission efficiency, 1, =

0}

The *phasor diagram of the line for lagging load power factor is shown in Fig. 10.1 (#3. From
the right angled traingle ODC, we get,

*  Phasor diagram. Current Jis taken as the reference phasor. (A represents the receiving end voitage Vi
leading Iby ¢, A Brepeesents the drop JRin phase with [ BC represents the inductive drop LY, and leads
Iby 00", OC represents the sending end voltage V;and leads Thby ¢,
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Q" = (o' + (pa*
or V2 = (OE+ EDY + (DB+ BO*
= (Vycosgy+ IR+ (Vysin o+ IX)?
Ve =y(Vocos 0z + R +(Visin 9 + X, )
Vo Wi
() %age \bltage regulation = "%RR' % 100
_ Bb_ Vocosdp+ IR
(i) Sendingend p.f, cosd, = o0 Ve
(ii Power deltvered = VI cos ¢,
Linelosses = FR
Powersentout = Vyl.cos¢.+ FR
%aze Trans (Fici _ Power delivered 100
age Transmissionefficiency = Poswer senticalt 2>

' V, Iﬂcoscuﬁ? % 100
Vi lecosdo+ IR
An approximate expression for the senling end voltage Vcan be oblained as follows. Draw
perpendicular from Band Con OA produced as shown in Fig. 10.2. Then OC is nearlyequal to OF
Lo,

OF=0A+ AF= OA+ AG+ GF
OA+AG+BH
Vo = Va+ IRcos ¢+ IX; sing,

Solulion in complex notation, It ls often convenient and profitable to make the line calcula-
tions in complex notation,

Taking '[{, as the reference phasor, draw the phasor diagram as shown InFig 10.3, It is clear that
T2 is the phasor sum of T, and 7 2,

‘Fﬁ: = Va+i0
7 = T 2=0y=TI(costg—jsinby
2 = R?‘\IA}‘
13; = V;+72

(Vo+ 10) + THeos go—jsin ) (R+ f X))

*  Phasors are shown by arvows and their magnitudes without arrow. Thus V; is the receiving end voliage
phasor, whereas ¥ I8 is magnitde,

0
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(Vat TRcos Qp+ TX; sindgh + J{IX; cosd— IRsind g

Ve = J(V+ TRcos 0 + IX; sin ¢,) +(IX; cos - IRsin )"
The second term under the root {s quite small and can be neglected with reasonable accuracy.
Therefore, approximate expression for ¥;becomes :
Vi = Vy+ IRcos$p+ T X, sind,
The following poins may he noted :
(4 The approximate formula for Vo (= Vo+ JRcos ¢+ X sin ¢ ) gives fairly correct results
for lagging power factors. However, appreciable error is caused for leading power factors.
Therefore, approximate expression for V;should be used for lagging p.f. only.

(id The solution in complex notatlon is in more presentable form.

10.4 Three-Phase Short Transmission Lines

For reasons associated with economy, transmission of electric power Is done by 3-phase system. This
system may be regarded as consisting of three single phase units, each wire transmitting one-third of
the total power. As a matter of convenience, we generally analyse 3-phase system by considering

® o (i
*one phase only. Therefore, expression for regulation, efficiency etc. derived for a single phase line
can also be applied to a 3-phase system. Since only one phase is considered, phase values of 3-phase
system should be taken. Thus, V.and 1 are the phase voltages, whereas Rand X, are the resistance
and inductive reactance per phase respectively.

Fig. 10.4 () shows a Y-connected generator supplying a balanced Y-connected load through a
transmisston line. Each conductor has a resistance of R and inductive reactance of X} €. Fig, 10.4
(#} shows one phase separately. The calculations can now be made in the same way as for a single
phase line,

10.5 Effect of Load p.. on Regulation and Efficiency
The regulation and efficlency of a transmission Hne depend to a conslderable extent upon the powes
factor of the load,
1. Effect on regulation. The expression for voltage regulation of a short transmission line Is
given by !
[Rcosgo+ 1X, singg
7 %1

Fage Voltage regulation = 00 {for lagging p.f)

* As similar conditions prevail in the theée phases,
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) IReos fp— T X, sindp i
Toage \oltage regulation = 72 x 100 (for leading p.f)
The following conclusions can be drawn from the above expressions
(# When the load pf. is lagging or unity or such leading that J Kcos ¢ > T X sin &, then
voltage regulation s positive Le., recelving end voltage V;will be less than the sending el
voltage Vs
(1) Foragiven Vpand [ the voltage regulation of the line increases with the decrease in p.f. for
lagging loads.
(it When the load p.f. Is leading to this extent that [ X sin ¢ = I Rcos 9, then voltage regula-
tlon is negative Le. the recelving end voltage V¥ is more than the sending end voltage Va
{1y Foragiven Vyand I the voltage regulation of the line decreases with the decrease in p.f. for
leading kads,
2. FEffect on transmission efficiency. The power delivered o the load depends upon the
power factor.

P = Vy*Icos ¢, (For 1-phase line)
O i
Vpcos @,
P = 3 Vleosd, (For3-phase line)
B

3V, cosd
[t is clear that in each case, for a given amount of
power to be transmitted (P and receiving end voltage

Povies Factor Metes

(V). the load current Jis inversely
proportional to the load p.f. cos ¢,
Consequently, with the decrease in
load £, the load current and bence
the line losses are Increased. This
leads to the conclusion that trans-
mission efficiency of a line de-
creases with the decrease In load
Power Factor Reguiator p.f. and vice-versa,

Example 10.1. A single phase averhead transmission lne defivers {100 kWat 33 kV at 0-8 p.f.
lagging, The total resistance and inductive reactance of the Tine are 10 Q2 and 15 Q respectively.
Detormine ! () sending end voltage (1) sending end power factor and (1ii) transmission efficiency.

Solution.
Load power factor, cos ¢ o= -8 lagging

Total line impedance, 2-R tJX, =10+ 715
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Receiving end voltage, Vo= 33 kV = 33000 V

KWx10° _ 1100 x10°

Vicosp, 3300008 A1RTA

Line current, [

Ascost, = 08 . sing=06
AL &
VW80
- y
® (i)

Fig. 10.5
The equivalent circuil and phasor diagram of the line are shown in Figs. 10.5 ({) and 10.5 (i)

respectively, Taking recelving end voltage sz as the reference phasor,
Vo = Vy+20=233000V
T = {lcos$y,—jsingg)
= 41.67(D.8 —y0-6) =33.33 -, 25

() Sending end voltage, V; = 7,; +17

33,000 + (33-33— j25.0) (10 + j15)
33,000 + 333-3 — ;250 4 #06) + 375
33.708.3 + f 250

Magnitude of V, = J{:;&ms. 312 +(250)F = 33,700V
(i) Angle between T{; and 7 is

250
-1 o N
O = tan 33,708'3 =tan 00074 = (0.42"
. Sencling end power factor angle is

O; = 0+ 0= 36-87+ 0.42°= 37-29*
. Sendingend pf., cosd. = cos 37-29° = 0-7956 lagging
(i) Linelosses = FR=(41.67)* x 10 = 17,360 W = 17.364 kW
Qutput delivered = 1100 kW
Powersent = 1100+ 17.364 = 1117.364 kW
Transmission efficiency = Po;:‘rv::l::;ed x 100 = % » 100 = 98-449%

Note. Viand ¢ canalso be calculated as follows

= Vp+ IRcos g, + 1A sind, (approximately)

33,000 + 4167 x 1008 + 41.67 x 15 206

33,000 + 333-36 + 375.03

33708-39 V which is approximately the same as abave
Vicosdo+ IR 33000x0-8+41.67x10  26816-7
cosds = v 33,108 30 = 73708 39
(-7958

o
|
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As stated earlier. this method gives fairly correct results for lagging p.f. The reader will find that

this method is usecl in the solution of some numericals.

Example 10.2. What is the maximum length in km for a 1-phase transnrission Iine having
capper conductor of .775 cui” cross-section over which 200 kW at unlly power factor and at 3300V

are to be delivered ? The efficiecny of fransmission is 90%. Take specific resistance as 1.725 1 Q

Cm .

or

Solution.
Receiving end power = 200 kW = 2,00.000 W
Transmission efficlency = 0.9
Sending end power = 2%0.30;0 =2.22222W
Line losses = 2,22,222 - 2,00,000 = 22,222 W
Line current, I = %ﬁ—g = 6006 A
Let R Q be the resistance of one conductor,
Linelosses = 2FR
22,222 = 2 (606" xR
22,222
R = = 3025 Q
2 % (60-6)
Now, R = pia

Ra 3025)(07;5 ' 1
e — — . = '8

Example 10.3. An oveshead 3-phase transmission Ine delivers 5000 kW at 22 kV at 08 p.f

lagging. The resistance and reactance of each conductor is 48 and 6 € respectively. Determine :
(1] sending end voltage (i) percentage regulation it} fransmisston efficloncy.

Solution.
Load power factor, cos ¢, = 0.8 lagging
Recetving end voltage/phase, * V, = 22000/3 = 12,700V
Impedance/phase, 7 = 4+ 16
5000 x 10°
Line current, I'= I%12700 %08 =164 A I
Ascosg,=08 . .sing =06 Fig. 106

Taking V; as the reference phasor (see Fig. 10.6),
T = Ve+10=12700V

T = Heos dg—fsingg = 164 (0-8 — /0.6) = 131-2— /984
(# Sending end voltage per phase is

Ve = Vot 1 Z=12700+ (131.2—7984) (4 + s6)
= 12700 + 524-8 + y 787-2— 1 393-6 + 500-4
= 138152 = 73936
Magnitude of Vo = f13815-2)" +(393-6)° = 138208 V

If not mentioned in the problem, star-connection is understood.
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Linevalue of V. = 3 x 13820.8 = 23938 V = 23.938 kV

"

(i % age Regulation = -V%’f- 100 - ZB2B=12T0 100 - 8.825%
(1) Line losses = 3f"R 3x (164)" x4 = 3,22,752 W = 322.752 kW
N 5000 i
Transmission efficlency = 5000 + 322753 % 100 = 93-04%

Example 104, Estimate the distance over which a load of 15000 kW ar a p.f. 0.8 lagging can be
delivered by a 3-phase transmission line having conductors each of resistance | £ per kilometre.
The voltage at the roceiving end is to be 132 kV and the loss in the transmission is o be 52%.

Solution.

2 Power delivered 15000 %10
= = - T
J3 x line voltage % power factor 3 x 132 x10” x 0-8
Line losses = 5% of power deltvered = 005 x 15000 = 750 kW
Let R 2 be the resistance of one conductor.

Line current, =82 A

Line losses = 3 FR
or 750x10° = 3% (82)°x R
750 % 10°
s — 37
R _TBX{SZ) 37180

Resistance of each conductor per km Is 1 Q (given).
Lengthof line = 37-18 km

Enn'ole 10.5. A J-phase line deifvers 3600 kW at a p.f. (-8 lagging to a lead. If the sending
end voltage is 33KV, determine () the recoiving end voltage (i) line curvent {itf) iransmission efficiency.
The resistance and reactance of each conductor are 5.31 £ and 5.54 £ mspectively:

Solution.

Resistance of each conductor, R = 5310
Reactance of each conductor, X; = 5354 0
Load power factor, cos @, = 0.8 (lagging)

Sending end voltage/phase, 15 33000/J3 = 19052V
Let V; be the phase voltage at the receiving end.

Line ciirreat, i Power delivered / phase _ 1200 % 10°
V,Xcosd, Ve x0-8
5
" 15-0;]0 L
2

(d Using approximate expression for 1y, we get,
Vi= Vp+ IRcosdp+ TX;sind,

15x10° 15%10°
7. x531 %08+ T
or Vg = 190562 Vo + 11358000 =0
Solving this equation, we get, V= 18435 V

Line voltage at the receiving end = J3 x 18,435= 31930V = 31.03 kV

or 19052 = Ve+ % .54 x 06
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15%10° _ 15%10°
(i) Line cusrent, { = AR YT - 8136 A
(i) Line losses, = 3P R=3x(81-36)° % 5.31 = 1,05.447 W = 105447 kW
Transmission efficlency = 3600 x 100 = #715%

3600 + 105: 447
Example 10.6. A short 3-4 fransmission line with an impedance of (6 + {8} £ per phase has
sending and receiving end voltages of 120 kV and 110KV respectively for some receiving end foad
at a p.f. of 0.9 Iagging. Determine {h power outpur and (1) sending end power factor.
Solution.
Resistance of each conductor, R = 6 Q2
Reactance of each conductor, X7 =8 Q

Load power factor, cos ¢ = 0-9 lagging
Recetving end voltage/phase, Vo = 110 x 10°%//3 = 63508 V
Sending end voltage/phase, V; = 120x 10°/3 = 69282 V

Let I'be the load current. Using approximate expression for Vg, we get,
";- = VR+ IRCOSQIR?- IXLS"]QR

or 69282 = 63508 + Ix6x0.9+ Ix8x0.435
or 8887J = 5774
or I = §7T7T4/8.88 = 650.2 A
3Vpicosd 3x 63508 x650.2x0-9
22 desiemsnn b '/ =
)] Power output 300 kW 1000
= 1,111,490 kW
(i) Sendingend p.f,cosgs = Vi cos ¢+ IR- BAURX0-9.+650-2%0 = 088 lag
Vs 69282

Example 10.7. An I] ¥V 3-phase transmission line has a resistance of 1.5  and reactance of
40} per phase. Calculate the percentage regulation and efliciency of the line when a total load of
5000 kVA ar 0.8 lagging power factor is supplied at 11 kV at the distant end.

Solution.
Resistance of each conductor, R =150
Reactance of each conductor, A = 4Q
Recetvingendvoltogefibase; Vo = U210 _ gasy vy
A ge/phase, R= T -
Load power factor, cosd, = 08lagging
L cad cidrrent. P Power deliverad in kVA x 1000
Ix »;.
50001000 ,
Sl vy T 262434

Using the approximate expression for Vi [sending end voltage per phase], we get,
Vo = Vo+ IRcosgp+ 1X;sind,
6351 + 26243 x 1.5 x 08 + 26243 x4 x -6 = T205.8 V
Ve— ¥ 7255-8 -~ 6351
i 10 = ————
Ve 6351
3 FR=13%(26243)* % 1-5=310% 10° W = 310 kW

% regulation x 100 = 14-88%

Line losses

0
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5000 x 0-8 = 4000 kKW
Duput power + line losses = 4000 + 310 = 4310 kW

~ Principles of Power System

Cutpat power
Input power

Transmissfon efficlency = Ouiput power x 100 = 4000 x 100 = 92.8%
Input power 4310

Example 108. A 3-phase, 50 He, 16 km long overhead line supplies 1000 kW at 11KV, 0.8 p.£,
lagaing. The line resistance is 0-03 82 per phase per km and line inductance is 0.7 mH per phase per
k. Calealate the sending end voltage, voltage regulation and efliciency of transmission.

Solution.
Resistance of each conductor, R
Reactance of each conductor, Xi

003 x16=048Q
IR fLx16 =2nxWx0Tx10°%16=3520

3
X107 _ g351 v

-

0-8 lagging

1000 10° 1000 x10°
3% V,xcoso 3Ix6351x0-8
Vet IRcosGo+ T X sind,
6351 + 656 x DA x D8 + 65.6 x 352 x 06 = 6515 V

Recetving end voltage/phase.  V;

Load power factor, Cos g

= (65.6A

Line current, [ =

Sending end voliage/phase, V.,

Ve— ¥ =
%age Voitage regulation —Lr-& x 10D = %{)?351 x 100 = 2.58%
R

3P R=3x(656)° %048 = 62 x 10° W= 6.2 kW
Output power + Line losses = 1000 + 6-2 = 1006-2 kW
Cutput power 1000
= m%xl = <5003 X 100 = 90.38%
Example 10.9. A 3 phase load of 2000 kVA, 0.8 p.£. is supplied at 6.6 kV, 50 Hz by means of a
33 kV transmission line 20 km fong and 33/6.6 kV step-down transfomer. The resistance and roac-
tance of each conductor are 0-4 S amd -5 Q per km respectively. The resistance and reactance of
transtormer primary are 7.5 € and 13.2 . while thase of secomndary are (1.35 £ and 0.65 £2 respec-
tively, Find the voltage necessary at the sending end of transmission line when 6.6 kV is maintained
at the receiving end. Determine also the sending end power factor and transmission efficiency.
Solution. Fig. 10.7 shows the single diagram of the transmission system. Here, the voltage drop
will be due to the impedance of transmission line and also due to the impedance of ransformer.
Resistance of each conductor = 20x04 =80
Reactance of each conductor = 20x05=100
Let us transfer the impedance of transformer secondary to high tension side i.e, 33 kV side.
Equivalent resistance of wansformer referred to 33 KV side
= Primary resistance + .35 (3 3!6~G)2
= 1.5+875=16250Q
Equivalent reactance of transformer referred to 33 k\ side
= Primary reactance + 0-65 (33/6-6)°
= 132+ 1625 =2945Q
Total resistance of line and transformer is
R = B+1625=2425Q

Line losses

Input power

Transmission efficlency
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B
G 33 kv 8.6 kV Lod.
-’ 20 km
Generator
Fig. 10.7

Total reactance of line and Iransformer is
Ay = 10+ 2945=39450Q
Receiving end voltage per phase is

Vo = 33000/43 = 19052 V
2000 x 10°
Line current, I = m =35 A
Using the approximate expression for sending end voltage V;per phase,
V; = Vy+ IRcosd,+ T A sing,
= 19052 + 35 % 24-25 x 0.8 + 35 x 3945 % 0-6
= 19052 + 679 + 828 = 20559 V = 20.559 kV

Sending end line voltage = 3 x20:559 kV = 356 kV
4 + 7R 1905 B4 q
Sending end p.f, cosdi. = 2% 3.3 =L xozg;b_;s xot 2o = 0-7T826 lag
£ N

i _3FR .. 3x(35°x24:-25 ;
Line losses = 000 kW= 1000 = 8912 kW
Output power = 2000 kVA x 0.8 = 1600 kW
n 5 o 1600 _ M.
- Transmissionefficlency = TS0+ 8013 % 100 = M-T2%

TUTORIAL PROBLEMS

1. A single phase overhead transmission line delfvers 4000 kW at 11 kV at 0-8 p.f. lagging. If resistance
and resctance per conductor are 0115 £ and 0-02 © respectively, calculate :
(d percentage regulation (i) sending end power factor
(i) line losses () 1983% () 0-77 lag (&) 620 kW]
2. Asingle phase 11 KV line with a length of 15 km 8 (0 transmit 500 KVA. The inductive reactance of Lhe
line 15 0-5 Qkm and the resistance is 0-3 Q/km. Calculate the efficiency and regulation of the line for 0.8
lagging power factor. [97-7456, 3319
3. Aload of 1000 kW at 0-8 p.f. lagging is recetved at the end of a 3-phase line 20 km long The resistance
and reactance of each conductor are 0-25 Q and 0-28 Q per km. [f the receiving end line voltage is
maintained at 11 kV, caleulate
{9 sending end voltage (line-tn-line) () percentage regulation
(i) transmission efficiency A 1184 KV (i) T-6196 (1id 94.3224)
4. Estlmate the distance over which a load of 1 5000 kW at 0-85 p.f. can be delivered by a 3-phase transmis-
sion line having conductors of steel-cored aluminium each of resistance 0.905 (¥phase per kilometre,
The voltage at the receiving end is to be 132 kV and the loss in transmission is to be 7.5% of the load.
16955 km|
$. Al-phase line 3 km long delivers 3000 kW ata p.f. 0-8 lagging to a load. The resistance and reactance
per km of each conductor are 0-4 Q and 0-3 Q respectively. 1f the voltage at the supply end s maintained
at 11 kV, caleulate -
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(d receiving end voltage (line-to-line) (i) line current
(i transmission efficiency. (D 1046 KV (i 207 A (i 95%4]

. A shoet 3-¢ transmission line with an impedance of (5 + §20) Q per phase has sending end and recefving

end voltages of 46-85 kV and 33 KV respectively for some recelving end load at a p.Lof 0-8 lagging.
Determine ©

(4 poser output
() sending end power factor I() 22.86 kW (i) 0.657 tag)

. A substatlon recelves 6000 kVA at 6 KV, 0.8 p L. lagging on low voltage side of a transformer from a

generating station throwgh a 3-phase cable system having resistance of 7 Q and reactance of 2 Q per
phase. Identical 6600733000 V transformers are installed at each end, 6600 V side being delta connected
and 33000 V slde star connected. The resistance and reactance of each tansformer are 1 Q and 9 Q
respectively. referred 1o hv. side. Calculate the voltage at the generating station bus bars — [6778 V|

. A short 3-phase transmission line connected to a 33kV, 50 Hz generating station at the sending end Is

requinxd 10 supply a load of 10 MW at 0.8 lagging power factor at 30 KV at the receiving end, If the
minimum transmisston efficlency is to be limited to 56%, estimate the per phase value of resistance and
Inductance of the line, [2-1 Q; 0.028 H|

. Asingle phase transmission line is delivering 500 kKVA load at 2kV. Its resistance s 0.2 Q and inductive

reactance Is 0.4 & Determine the voltage regulation if the load power factor is () 0-707 lagging (&)
0-707 leading, I(# 539 () —1.65694]
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V; = sending end voltage per phase
The *phasor diagram for the circuil is shown in Fig 10.9.
Taking the recelving end voliage 'V; as the reference phasor,

we have, T'; =V3+40
Load current, T,; =1 (cos ¢z — fsin §)
Capacitive curcent, T, = J V,wC=f2nfCT,

The sending end current 7; Is the phasor sum of load cur-

rent 7; and capacitive current TL' Le.,
L-%%
= Lfcosdy—Ssing) + f2R1C 1y
Iheos @+ jl=Isingp+2r FC Vg)

\bitage drop/phase T 7= T (R+1X;)

Sending end vallage, P; = V+T2 V—O-T(R*»jz\’
Thus, the magnitude of sending end voltage V;can be calculated.
Vo= 15

% Voltage regulation = --17-“ x 100
W

Power delivered / phase
Power delivered / phase + losses/ phase
V. I.cos
. R RS2, 100
Vo, cos6,+ LR
Limitations. Although end condenser method for the sclution of medium lines is simple to work
out calculations, vet it has the following drawbacks
(A There Is a considerable error (about 109} 1n calculations because the distributed capaci-
tance has been assumed to be lumped or concentrated,
(i) This method overestimates the effects of line capacitance.

Example 10.10. A (medium) single phase transmission line 100 km long has the following

x 100

% \oltage transmission efficiency =

constants .
Resistancekm = 0-25€) ; Reacrance/km = 0.8
Susceptance/km = 14 x 107 siemen ; Receiving end Iline voltage = 66,000 V

Assuming that the fotal capacitance of the line Is localised at the recelving end alone, determine
(d) the sonding end current (i) the sending end voitage (1) regulation and (1V) supply power factar.
The line is delivering 15000 kW at (.8 power factor lagging. Draw the phasor diagram to fllustrate
your calculations.

Solution. Figs, 10.10 (N and (1) show the clrcult diagram and phasor dlagram of the line
respectively.

" Note the construction of phasor diagram. The kad curens T, lags behind V7 by ¢, The capacitive
current 7; heacds V,; by 90 as shown. The phasor sum of 7’ and 'f; is the sending end current 7; The
drop in the line resistance is TER (A8 in phase with 7’ whereas inductive drop T;.\'L (BCy leads Is by 90°
Therefore, OC represents the sending end voliage 7o, The angle 9. between the sending end voliage TZ
and sending end current .. determines the sending end power factor ¢os s |
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Total resistance, R=02x100=25Q
Total reactance, X, = 08x100=800Q2
Total susceptance, Y = 14x107°%x100=14x107*s
Receiving end voltage, ¥, = 66,000V
- _15000x10% _
Load current, L = GG.O(JU_XM—Z& A
cosg, = 08! sing,=06

Taking recetving end voltage as the reference phasor [see Fig 10.10 (1], we have,

T/,.: = Vp+10=066,000V
Load current, '{: = I (cos p—7sin ¢ ) = 284 (0.8 —yO.6) = 227 - 7170
s R X &
I
Vs c VnB]
¥ [ v
®
Capacitive current, 7; = i¥xVo=jldx 1071 % 66000 = J42

(d Sending end current, 7; 7’; + 75 = (227 —4170) + 192

227- /78 vl

J227 + (78 =240 A
LZ2=TUR+ s X;) = (227~ jT8) ( 25+ j80)
5,675 + £ 18, 160 — 1950 + 6240
11,915 + 716,210
Vo +T; 2 = 66,000 + 11,915 + /16,210
77915 + 116,210 [
J(77913) + (16210)* = 79583V
K= Y2 o100 = 79383 - 66.000
Ve (6,000
(i Referring to exp, (4, phase angle between 7, and T, is ©
B, = tan' - 78/227 = tan"! (- 0.3436) = — 18-96°
Referring to exp. (#), phase angle between ’17; ande Is

Magnitude of [
(in Voltage drop

Sending end voltage, '172

Magnitude of V.

I

(i) % \oltage regulation = % 100 = 20-58%

0= wn %}—%= tan”" (0-2036) =11-50°

Supply power factor angle, ¢, = 18-96° + 11-50° = 30.46°
Supply pf. = cos9:= cos 30.46° = D86 lag
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10.8 Nominal T Method

[n this method, the whole line capacitance 1s assumed to be concentrated at the middle point of the line
and half the line resistance and reactance are lumped on its either side as shown in Fig. 10.11. There-
fore, in this arrangement, full charging current flows over halfthe line. InFig. 10:11, one phase of 3-
phase transmission line is shown as it is advantageous to work in phase instead of line-to-line values.

Ig RR X /2 Ig A2 X2 In
F—MW—p AN — 5
le
Vs Vi c Vr EJ
D o i o s s B i e N e (e ke ki \ s
Neutral
Fig. 10.11
Let I, = load current per phase ; R = resislance per phase
A: = inductive reactance per phase | (' = capacitance per phase
cos & = receiving end power factor {lagging) | V ;= sending end voltage/phase

V| = voltage across capacitor &

The *phasor diagram for the circuit is shown in Fig. 10.12, Taking the receiving end voltage T;
as the reference phasor, we have,

Receiving end voltage, V; = Ve+ 40

Load current, 7;(, = Ip{cos p~jsing g

Fig. 10.12

*  Note the constrection of phasor diagram, T; Is taken as the reference phasor represented by OA, The Joad
curment T: Lags behind '[7': by 3y Thedrop AB - I, RIZis in phase with T and BC= I, X, 12 teads 7; by
G0 The phasor OC represents the voltage —q across condenser £, The capacitor curent T leacs T: by

~

—

90" as shown. The phasor sum of 7; and T gives T Now CD= I, RZ Is in phase with [; while Df =
1:.X, 72 Wads 7: by 80%. Then, OF repeesents the sending end voluage V
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Voltage across C, B = R+ 2/2
= Vor Ip(cos d;—7sinog) '..8 + =k "2’

Capacitive current, E’- = joC tf= j2nrcC T{

Sending end current, 7; = 7} + ’I_:

Sending end voltage, V% =W+ £ 2 =N+ T —g '\2

Example 10.11. A 3-phase, 50-Hz omﬁead transmission line 100 km long has the following
constants |

Resistance/kmiphase = 01Q

Inductive reactance/knyphase =020

Capacitive susceptance/knvphase = 0.04 x 107 * siemen

Determine {1} the sending end current (11} seading end voltage (111} sending end power factor
and (Iv) transmission efficiency when suppiving a balanced load of 10,000 kW at 66 &V, p.f 0.8
lagging. Use nominal T method,
Solution. Figs. 10.13 (# and 10.13 (i) show the circuil diagram and phasor diagram of the line
respectively.

g Rz Xf2

Total resistance/phase, R=01x100=10Q
Total reactance/phase. A; = 02x100=20Q
Capacitive susceptance, V= 004x107 "% 100 =4x107*S
Recetving end voltage/phase, V. = 66,000W 3 =38105 V
10,000 x 10°
Load current, L = J—gxﬁﬁxl[)’;x[)-s-mgA
cos9, = 08 sing,=086

Impedance per phase, Z = R+ X, =10+ 420
() Taking receiving end voltage as the reference phasor [see Fig. 10.13 ()], we have,

Receiving end vollage, l_'; = Vo+10=38105 V
Load current, To = I (cosog—Jsinog = 109 (0.8 - j0.6) =872 - j 54
Voltage across C, T = VosT; 202 38,105+ (87:2 —1654) (5 + 1 10)

I

38,108 + 436 + /872 ~ /327 + 634 = 39,195 + j 54§

0
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F¥Y W= 4x107(39195 + j 545) =~0.218+ j15.6

Charglng current, K

Sending end current, 7; = 7; + 7: = (87.2-16G5.4) +{(-=0-218 + 115.6)

870~ 7498 =100 2 - 29%47" A
100 A

~  Sending end current

(i) Sendingendvaltage, ¥, = W+ 715 2/2 = (39,105 + j545) + (87.0— /49.8) (5 + 410)
39195 + 1545 + 4349 + /870 — 7249 + 498
40128 + 1170 = 40145 £ 1°40° V
L.ine value of sending end voltage
= 40145 %V 3= (9 533 V = 69533 kV
(7ii) Referring to phasor diagram in Fig. 10.14,

v,
8, = angle between Vyand T, = 1%0° Va
8, = angle between Tzand 7; =29 47
¢. = angle between T’: and 7; " 's
= By + 6, = 1°0" + 29°47" = 31°27
Sending end power factor, cos 9 = cos 31°27° = 0853 lag I
(iv Sendingendpower = 3 V. l.cos¢.=3 x40, MstCOxOSaB :
_ 10273105 W - 10273.105 kW i 1814
Power delivered = 10,000 kKW
Transmission efficiency = ——IMXIOO = 97-34%

10273-105
Fxample 10.12. A 3 phase, 50 Hz transmission line 100 km long delivers 20 MW at 0.9 p.£.
lagging and ar 110 kY. The resistance and reactance of the lmeporphaseperkmam 0.2 82 and 0.4
£ respectively, while capacitance admiitance Is 2.5 x 107° siemen/Xmiphase. Calcutate ; () the
current amd voltage at the sending end {if effictency of transmission. Use nominal T method.

Solution. Figs. 10,15 () amd 10.15 () show the circuit diagram and phasor diagram respec-
tively.
Total resistance/phase, R = (-2 x 100 = 20 Q
Total reactance/phase, X, = 04 x 100 = 40 2
Total capacitance admittance/phase, ¥ = 2.5x107°x 100 = 2.5x 107 S

Phase impedance, 7= 2+ MO

L =%
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Racelving end voltage/phase, ¥, = 110 x 10°/y3 = 63508 V
_20x10°
3x110x10° x0-9
cosdz = 09 :sin = 0435
() Taking recelving end voltage as the reference phasor [see phasor diagram 1015 (4], we

=116.6 A

Load curmrent, I; =

have,
Ve = Vi+0=63508V
Load current, T; = [plcosdp—7sin dph= 1166 (0.9 —70-435) = 105 - j50-7
Voltage across €, B = Vo+ T, 2z = 63508 + (105 550.7) (10 + 4 20)
= 63508 + (2064 + /1593) = 63572 + 1593
Charglng current, To = fYW =725%107" (85572 + 1593) =—04 + 7164
Sending end current, -I:- = 7; +T£- ={105—=750-7) + (=04 + j16-4)
= (1046 -~ 734.3) = 110 £-18%%" A
~ Sending end current = 110A
Sending end voltage, T = 'q +1% 212
= (65572 + /1593) + (104.6— B4-3) (10 + j20)
= 67304 + 73342
Magnitude of Vs = (J(67304)" + (3342)° = 67387 V

Line value of sending end voltage

= 67387 %3 = 116717V =16TITKV
(i Total line losses for the three phases
3L R+ 3L R2
3x (110)° x 10+ 3 % (116:6)* % 10
0.770 x 10° W = 0-770 MW

~ SRR . . 5
Transmission efficiency = 530970 100 = 96-:29%

I

10.9 Nominal = Method

[n this method, capacitance of each conductor {4.e., line to neutral) 1s divided nto two halves; one half
being lumped at the sending end and the other half at the receiving end as shown in Fig. 10,16, [tis
obvious that capacitance at the sending end has no effect on the line drop. However, its charging
current must be added to line current in order to obtain the total sending end current.

Ig R L X Iy
=
lez le:
v; C2 c2 [‘g VR
TR RN oo S SRESA) SRt Jd =
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Let I = load current per phase
R = resistance per phase
A; = inductive reactance per phase
C = capacitance per phase

cos ¢ = recelving end power faclor (lagging!
Vi = sending end voltage per phase

The *phasor diagram for the circuit is shown In Fig. 10,17, Taking the receiving end voltage as
the reference phasor, we have,

V= Vzs0
Load current, T, = Iylcos ¢~ jsin ¢;)
Charging current at load end is

o = jolqaT=infCT,

Line current, L= LIy
Sending end voltage, -F:- = T;+7:2=E;+7Z(R+J’X1)
Charging current at the sending end is
Io = SO V= jnfCT,
= Sending end current, 7; = T‘ + T‘

Faxample 1013 A 3 phase, 50Hz, 150 km Ilne has a resistance, inductive reactance and ca-
pacitive shunt admittance of 0.1 80, 0.58) and 3% 107 Sperkm peorphase. [fthe line delivers 50 MW
at [10kV and 0.8 p.£ Iagging, determine the sending end voltage and carrent. Assume a nominal
curcudtt for the e,

*  Note the constructinn of phasor diagram -;: is taken as the reference phasor represented by 04, The
Current 7,' fags behind T: by ¢z The charging current I_-; leads 1_,; by 90°, The line current T: i3 the
phasor sum nl'T‘; andl I_; Thedrop A B - I, Kis in phase with T: whereas drop BC = LX, leads '1: by
90*. Then OCrepresents the sending end voltage V The charging current T’ leads T?- by 90°. There-

fore, sending end curvent Is is the phasor sum of the T; and I The angle ¢+ between sending end
voltage V', and sending end current /; determines the sending end p.f. cos o
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Solution. Fig. 10.18 shows the circuit diagram for the line.
Total resistance/phase, R=01x15=150Q
Total reactance/phase, X, = 05x150=750

Capacitive admittance/phase, Y= 3 x 10°%%150=45%107"S
Recelving end voltage/phase, V; = 110x ]OVJZ’? = 63,508V

50 x 10°
VIx110x10° % 0.8
cosgp = 08; sing,=06

Load current, L = =~ 328 A

Fig. 1018
Taking receiving end voltage as the reference phasor, we have,

'[,:; = Vp+s0=63508V

Load current, T; = L(cosdp—fsindg = 328 (0.8 - £0-6) = 262.4 - j196.8

Charging current at the load end is

-5
j o sgf—-ﬁssos Q‘JL 7143

Line current, TL’ = 7;, + Ia = {2624 - j196.8) + 714.3 = 2624 - j182.5

Sending end voltage, Ve= B+ 2=V + T (R+jX)

= 63,508 + (2624 - j182.5) (15+ 7 75)
= 63,508 + 3936 + 7 19,680 — s 2737.5 + 13,687
= 81,131+ 716,942.5=8288] £ 11°4T'V
Line to line sending end voltage = 82,881 x v 3= 1,43,550 V = 14355 kV
Charging current at the sending end Is

I, = R ¥i2=(81131+/16942- 5)145x10'

- 381 +j18.25
T+ T = (2624 j182:5) + (- 381 + j18.25)

2586 - 7164.-25 = 3064 £L~32.4° A
Sending end current J064 A
Example 1014, A 100 -km fong, 3-phase, 50-Hz transmission iine has following iine constants:
Resistance/phase/km = 0.1 £2
Reactance/phasekm = 0.5 2

]

Sending e current, 7;
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Susceptancedphasedm = [0x 107" §
If the Iine supplies load of 20 MW at 0.9 p.f. lagging at 66 KV at the receiving end, calculate by
mominal & methoed
() sending end power facior (i reguiaton
(18 transmission efficiency
Solution. Fig. 10-19 shows the circuil diagram for the line.

Total resistance/phase, R=01x100=100
Total reactance/phase. & = 03x100=300Q
Susceptance/phase, Y=10x10°x100=10x107"S
Receiving end voltage/phase, V, = 66 x 10°4/3 = 38105 V
20 x10°
Load current, I = T rG6 %10 %09 =195 A
cosd, = 09 | sing,=0435

- —————————

Fig. 10.19
Taking receiving end voltage as the reference phasor, we have,
Tf".", =Ve+0=38105V
Load current, 7; = I {cos ¢y ising g =195 (09— 70.435) = 176 - /85
Charging current at the receiving end is

=8 y 10x10™

Tn = Vato=8105% f——=/19
Line current, T, = Te+ T3 =(176— /85) +/19=176~ /66
Sending end voltage , T’; ~ V;+T;?=T;+T;(R+j,\}]

I

38,103 + (176 — 766) (10 + 7 50)
38,105 + (3060 + 78140)
43,165 + 78140 = 43,925 £1065" V

Sending end line to line voltage = 43, 925x¥ 3 =76x10°V =76 kV
Charging current at the sending end s

L

-4
@J'Y-’2=(4&165+18140),-%

—40+;21.6
Sending end current, 7; = _IZ+E=(176-]66)+(-4-0+121-6)
172 = j44.4 = 1776 £ - 14.5° A

]
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(n Rel‘errlng to phasor diagram in Fig, 1020, Vs
0, = angle between T2 and T, = 10-65°

8, = angle between T’,’,and 7: ==14.5°

b; = angle between Tf; and 7: =8, + 6 5
14'5. ‘3 l0'65° = 25'150 mlm
s Sending end p.f., cos ¢ o= cos 25157 = 0905 lag
g Vo— ¥ 43925 - 38105
W, vu = 5_3‘. =
(i) % Vbltage regulation 0 % 100 38105
(#ii) Sending end power = 3 Ve lcosdo=3 % 43925 x 1776 x D905
= 2118 x 10°W = 2118 MW

Transmission efficiency = (20/21-18) x 100 = 94 9%

TUTORIAL PROBLEMS
1. A (meditm) single phase trarsmission line 100 km long has the following constants :
Reslstance/km/phase = §15Q
Inductive reactance/km/phase 037170
Capacitive reactance/km/phase 31870
Recetving end line voltage = 132kV
Assuming that the total capacitance of the line is localised at the receiving end alone, determine :
(# sending end current (id line value of sending end voltage
(iify regulation {iv sending end power factor
The line is delivering 72 MW at 0.8 p.f. lagging.
[(H 3773 A (i) 1557 &V (i) 1799 (fv) 0.774 lag|
2. A 3-phase. 50 Hz overhead transmission line has the following constants :
Resistance/phiase = 960
Induciance/phase = 0097 mH
Capacitance/phase = 0.765 pF
If the line Is supplying a balanced load of 24,000 kVA 0-8 p.f. lagging at 66 kV, calculate -

x 100 = 1527 %

{4 sending end current (i lne value of sending end voltage
(48 sending end power factor  (f+) percentage regulation
(v transmission efficiency (D 204 A (&4 75 kV (&) 0-814 lag (iv) 1363 % (v) 93-79)

3. A 3-phase, 50 Hz, overhead transmission line delivers 10 MW at 0-8 p.f. lagging and at 66 KV, The
resistance and inductive reactance of the line per phase are 10 Q and 20 Q respectively while capacitance
admittance is 4 « 10”* stemen. Calculate :

{4 the sending end current (i sending end voltage (line-10-1ine)
(#h sending end power factor  (f¥} transmission efficiency
Use nominal F'method, [() 100 A (i) 69-B KV () 0-852 (%) 97-596]
4. A 3-phase. 50 Hz 100 km transmission line has the following constants :
Resistance/phase’km = 01 Q
Reactance/phasekm -~ 0.5Q
Susceptance/phasekm = 107 siemen
If the line supplies a load of 20 MW at 0.9 p.f. lagging at 66 kV at the receiving end. calculate by using
nominal ® method -
{4 sending end current (2 line value of sending end voltage
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(iip sending el power factor {# reguiation
(A 1776 A (1h TOKV (4 0-905 lag (/v 15-1695)
5. A J-phase overhead transmission line has the following constants

Resistance/phase = 100

Inductive reactance/phase = 350
Capacitive admitiance/phase = 3% 107" stemen
If the line supplied a baknced load of 40,000 KVA at 110 kV and 0-8 p.f, lagging, calculate
(# sending end power fuctor (i) percentage regulation

]

]

(4# transmission efficiency [(H 0798 1ag (4) 109 (i) 96-389)
6. A3-phase, 50 Hz overhead transmission line, 100 km long, 110V between the lines at the recetving end
has the following constants :
Resistance per km per phase = 0153 Q
Inductance per km per phase = 1.21 mH

Capacltance per km per phase = 0.00958 pF
The line supplies a load of 20,000 kW a1 0-9 power factor lagging. Calculate using nominal
representation, the sending end voltage, current, power factor, regulation and the efficiency of the ling.
Neglect leakage. [115645 kV (line voltage) : 109 £ — 1668* A : 0.923 lag : 513 %: 97-21 %)

10.10 Long Transmission Lines

[t is well known that line constants of the transmission line are uniformly distributed over the entire
length of the line. However, reasonable accuracy can be obtained in line calculations for short and
medium lines by considering these constants as lumped. If such an assumption of lumped constants
15 applied to long transmission lines (having length excess of about 150 km), it is found that serious
errors are introduced in the performance calculations, Therefore, in order to obtain falr degree of
accuracy in the performance calculations of long lines, the line constants are considered as uniformly
distributed throughout the length of the line, Rigorous mathematical treatment is required for the
solution of such lines.

R X R X

Fig. 1021

Fig. 10.21 shows the equivalent circull of a 3-phase long transmission line on a phase-neutral

hasts. The whole line length is divided into a2 sectlons, each sectlon having line constants 1 th of

i
those for the whele Hine. The followlng polnts may by noted -

() The line constants are uniformly distributed over the entire length of line as is actually the
case,
(il The resistance and inductive reactance are the series elements.

(/i) The leakage susceptance (/) and leakage conductance (G} are shunt elements. The leakage
susceptance is due to the fact that capacitance exists between line and neutral. The leakage
conductance takes into account the energy losses occurring through leakage over the insulators

or due to corona effect between conductors, Admiltance = “(,‘7 v B
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10.6 Medium Transmission Lines

Inshort transmission line cakeutations, the effects of the line capacitance are neglected because such
lines have smalker kmgths and trapsmit power at wlatively low voltages (< 20 kV), However. as ée
length and voltage of the line Increase, the capacittance gradumally bacomes of greaer iinportance,
Stce medium transmission lines bave suffictent kmgth {50-150 km) and usually operate af voltages
greatet than 20 KV, the effects of capacltimce cannot be neglected. Therefore, n arder o obiain
reasoraile accunecy i inedium ransanisston Hoe cakoulatoos, e e capoc ance must be Gkeninto
consideration

The capacttance Is untformiy distributed over the eatire lengeh of the line, However, i order to
make e calcokations simple, the line capacitance s assumed to be lumped or concentrated In e
form of capacitors shunted across the Line &t ope or more points. Such & treatment of localising e
lie capactance glves reasonably accurate results. The most commonly used methads (known as
Tocalisedd capsacitance methods) for the soluton of medium transmissions lines are |

(A Ened condenser methond (i Nominal T method (i) Nominal ©method,

Although the above methods are used for chiaining the performance caleulations of medium
lines, they can also be used for shart lines i their line capaci@ance §s given in a particular problem

10.7 £nd Condenser Method g A s 1

Inthis mathod, the cagacitance of the tine Is lumped or con-
cendrated at the recedving o Joad end as shown in Fig, 10.8, e
Thils method of Incalksing the Hine capacttance ot the I and
oversstimates the effects of capseltance. In Fig. 10.8, e Y8 c= Va
pliase of e 3-phase trarsmission fne 1S shown as i 65 more l
convenient 10 woek in phiase instesd of lne-to-lme values.
Neutral

Le [, = loadcumentperphase @ Smmemsessssteeee- s
mesistance per phase Fig. 108
tductive reactance ger plase

capacitance per phase
= recelvirg end power factor {/agging)

b
e

-
%
T oot
| " | | I
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V; = sending end voltage per phase
The *phasor diagram for the circuil is shown in Fig 10.9.
Taking the recelving end voliage 'V; as the reference phasor,

we have, T'; =V3+40
Load current, T,; =1 (cos ¢z — fsin §)
Capacitive curcent, T, = J V,wC=f2nfCT,

The sending end current 7; Is the phasor sum of load cur-

rent 7; and capacitive current TL' Le.,
L-%%
= Lfcosdy—Ssing) + f2R1C 1y
Iheos @+ jl=Isingp+2r FC Vg)

\bitage drop/phase T 7= T (R+1X;)

Sending end vallage, P; = V+T2 V—O-T(R*»jz\’
Thus, the magnitude of sending end voltage V;can be calculated.
Vo= 15

% Voltage regulation = --17-“ x 100
W

Power delivered / phase
Power delivered / phase + losses/ phase
V. I.cos
. R RS2, 100
Vo, cos6,+ LR
Limitations. Although end condenser method for the sclution of medium lines is simple to work
out calculations, vet it has the following drawbacks
(A There Is a considerable error (about 109} 1n calculations because the distributed capaci-
tance has been assumed to be lumped or concentrated,
(i) This method overestimates the effects of line capacitance.

Example 10.10. A (medium) single phase transmission line 100 km long has the following

x 100

% \oltage transmission efficiency =

constants .
Resistancekm = 0-25€) ; Reacrance/km = 0.8
Susceptance/km = 14 x 107 siemen ; Receiving end Iline voltage = 66,000 V

Assuming that the fotal capacitance of the line Is localised at the recelving end alone, determine
(d) the sonding end current (i) the sending end voitage (1) regulation and (1V) supply power factar.
The line is delivering 15000 kW at (.8 power factor lagging. Draw the phasor diagram to fllustrate
your calculations.

Solution. Figs, 10.10 (N and (1) show the clrcult diagram and phasor dlagram of the line
respectively.

" Note the construction of phasor diagram. The kad curens T, lags behind V7 by ¢, The capacitive
current 7; heacds V,; by 90 as shown. The phasor sum of 7’ and 'f; is the sending end current 7; The
drop in the line resistance is TER (A8 in phase with 7’ whereas inductive drop T;.\'L (BCy leads Is by 90°
Therefore, OC represents the sending end voliage 7o, The angle 9. between the sending end voliage TZ
and sending end current .. determines the sending end power factor ¢os s |
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Total resistance, R=02x100=25Q
Total reactance, X, = 08x100=800Q2
Total susceptance, Y = 14x107°%x100=14x107*s
Receiving end voltage, ¥, = 66,000V
- _15000x10% _
Load current, L = GG.O(JU_XM—Z& A
cosg, = 08! sing,=06

Taking recetving end voltage as the reference phasor [see Fig 10.10 (1], we have,

T/,.: = Vp+10=066,000V
Load current, '{: = I (cos p—7sin ¢ ) = 284 (0.8 —yO.6) = 227 - 7170
s R X &
I
Vs c VnB]
¥ [ v
®
Capacitive current, 7; = i¥xVo=jldx 1071 % 66000 = J42

(d Sending end current, 7; 7’; + 75 = (227 —4170) + 192

227- /78 vl

J227 + (78 =240 A
LZ2=TUR+ s X;) = (227~ jT8) ( 25+ j80)
5,675 + £ 18, 160 — 1950 + 6240
11,915 + 716,210
Vo +T; 2 = 66,000 + 11,915 + /16,210
77915 + 116,210 [
J(77913) + (16210)* = 79583V
K= Y2 o100 = 79383 - 66.000
Ve (6,000
(i Referring to exp, (4, phase angle between 7, and T, is ©
B, = tan' - 78/227 = tan"! (- 0.3436) = — 18-96°
Referring to exp. (#), phase angle between ’17; ande Is

Magnitude of [
(in Voltage drop

Sending end voltage, '172

Magnitude of V.

I

(i) % \oltage regulation = % 100 = 20-58%

0= wn %}—%= tan”" (0-2036) =11-50°

Supply power factor angle, ¢, = 18-96° + 11-50° = 30.46°
Supply pf. = cos9:= cos 30.46° = D86 lag
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10.8 Nominal T Method

[n this method, the whole line capacitance 1s assumed to be concentrated at the middle point of the line
and half the line resistance and reactance are lumped on its either side as shown in Fig. 10.11. There-
fore, in this arrangement, full charging current flows over halfthe line. InFig. 10:11, one phase of 3-
phase transmission line is shown as it is advantageous to work in phase instead of line-to-line values.

Ig RR X /2 Ig A2 X2 In
F—MW—p AN — 5
le
Vs Vi c Vr EJ
D o i o s s B i e N e (e ke ki \ s
Neutral
Fig. 10.11
Let I, = load current per phase ; R = resislance per phase
A: = inductive reactance per phase | (' = capacitance per phase
cos & = receiving end power factor {lagging) | V ;= sending end voltage/phase

V| = voltage across capacitor &

The *phasor diagram for the circuit is shown in Fig. 10.12, Taking the receiving end voltage T;
as the reference phasor, we have,

Receiving end voltage, V; = Ve+ 40

Load current, 7;(, = Ip{cos p~jsing g

Fig. 10.12

*  Note the constrection of phasor diagram, T; Is taken as the reference phasor represented by OA, The Joad
curment T: Lags behind '[7': by 3y Thedrop AB - I, RIZis in phase with T and BC= I, X, 12 teads 7; by
G0 The phasor OC represents the voltage —q across condenser £, The capacitor curent T leacs T: by

~

—

90" as shown. The phasor sum of 7; and T gives T Now CD= I, RZ Is in phase with [; while Df =
1:.X, 72 Wads 7: by 80%. Then, OF repeesents the sending end voluage V
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Voltage across C, B = R+ 2/2
= Vor Ip(cos d;—7sinog) '..8 + =k "2’

Capacitive current, E’- = joC tf= j2nrcC T{

Sending end current, 7; = 7} + ’I_:

Sending end voltage, V% =W+ £ 2 =N+ T —g '\2

Example 10.11. A 3-phase, 50-Hz omﬁead transmission line 100 km long has the following
constants |

Resistance/kmiphase = 01Q

Inductive reactance/knyphase =020

Capacitive susceptance/knvphase = 0.04 x 107 * siemen

Determine {1} the sending end current (11} seading end voltage (111} sending end power factor
and (Iv) transmission efficiency when suppiving a balanced load of 10,000 kW at 66 &V, p.f 0.8
lagging. Use nominal T method,
Solution. Figs. 10.13 (# and 10.13 (i) show the circuil diagram and phasor diagram of the line
respectively.

g Rz Xf2

Total resistance/phase, R=01x100=10Q
Total reactance/phase. A; = 02x100=20Q
Capacitive susceptance, V= 004x107 "% 100 =4x107*S
Recetving end voltage/phase, V. = 66,000W 3 =38105 V
10,000 x 10°
Load current, L = J—gxﬁﬁxl[)’;x[)-s-mgA
cos9, = 08 sing,=086

Impedance per phase, Z = R+ X, =10+ 420
() Taking receiving end voltage as the reference phasor [see Fig. 10.13 ()], we have,

Receiving end vollage, l_'; = Vo+10=38105 V
Load current, To = I (cosog—Jsinog = 109 (0.8 - j0.6) =872 - j 54
Voltage across C, T = VosT; 202 38,105+ (87:2 —1654) (5 + 1 10)

I

38,108 + 436 + /872 ~ /327 + 634 = 39,195 + j 54§

0
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F¥Y W= 4x107(39195 + j 545) =~0.218+ j15.6

Charglng current, K

Sending end current, 7; = 7; + 7: = (87.2-16G5.4) +{(-=0-218 + 115.6)

870~ 7498 =100 2 - 29%47" A
100 A

~  Sending end current

(i) Sendingendvaltage, ¥, = W+ 715 2/2 = (39,105 + j545) + (87.0— /49.8) (5 + 410)
39195 + 1545 + 4349 + /870 — 7249 + 498
40128 + 1170 = 40145 £ 1°40° V
L.ine value of sending end voltage
= 40145 %V 3= (9 533 V = 69533 kV
(7ii) Referring to phasor diagram in Fig. 10.14,

v,
8, = angle between Vyand T, = 1%0° Va
8, = angle between Tzand 7; =29 47
¢. = angle between T’: and 7; " 's
= By + 6, = 1°0" + 29°47" = 31°27
Sending end power factor, cos 9 = cos 31°27° = 0853 lag I
(iv Sendingendpower = 3 V. l.cos¢.=3 x40, MstCOxOSaB :
_ 10273105 W - 10273.105 kW i 1814
Power delivered = 10,000 kKW
Transmission efficiency = ——IMXIOO = 97-34%

10273-105
Fxample 10.12. A 3 phase, 50 Hz transmission line 100 km long delivers 20 MW at 0.9 p.£.
lagging and ar 110 kY. The resistance and reactance of the lmeporphaseperkmam 0.2 82 and 0.4
£ respectively, while capacitance admiitance Is 2.5 x 107° siemen/Xmiphase. Calcutate ; () the
current amd voltage at the sending end {if effictency of transmission. Use nominal T method.

Solution. Figs. 10,15 () amd 10.15 () show the circuit diagram and phasor diagram respec-
tively.
Total resistance/phase, R = (-2 x 100 = 20 Q
Total reactance/phase, X, = 04 x 100 = 40 2
Total capacitance admittance/phase, ¥ = 2.5x107°x 100 = 2.5x 107 S

Phase impedance, 7= 2+ MO

L =%
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- ot = L] eai

Racelving end voltage/phase, ¥, = 110 x 10°/y3 = 63508 V
_20x10°
3x110x10° x0-9
cosdz = 09 :sin = 0435
() Taking recelving end voltage as the reference phasor [see phasor diagram 1015 (4], we

=116.6 A

Load curmrent, I; =

have,
Ve = Vi+0=63508V
Load current, T; = [plcosdp—7sin dph= 1166 (0.9 —70-435) = 105 - j50-7
Voltage across €, B = Vo+ T, 2z = 63508 + (105 550.7) (10 + 4 20)
= 63508 + (2064 + /1593) = 63572 + 1593
Charglng current, To = fYW =725%107" (85572 + 1593) =—04 + 7164
Sending end current, -I:- = 7; +T£- ={105—=750-7) + (=04 + j16-4)
= (1046 -~ 734.3) = 110 £-18%%" A
~ Sending end current = 110A
Sending end voltage, T = 'q +1% 212
= (65572 + /1593) + (104.6— B4-3) (10 + j20)
= 67304 + 73342
Magnitude of Vs = (J(67304)" + (3342)° = 67387 V

Line value of sending end voltage

= 67387 %3 = 116717V =16TITKV
(i Total line losses for the three phases
3L R+ 3L R2
3x (110)° x 10+ 3 % (116:6)* % 10
0.770 x 10° W = 0-770 MW

~ SRR . . 5
Transmission efficiency = 530970 100 = 96-:29%

I

10.9 Nominal = Method

[n this method, capacitance of each conductor {4.e., line to neutral) 1s divided nto two halves; one half
being lumped at the sending end and the other half at the receiving end as shown in Fig. 10,16, [tis
obvious that capacitance at the sending end has no effect on the line drop. However, its charging
current must be added to line current in order to obtain the total sending end current.

Ig R L X Iy
=
lez le:
v; C2 c2 [‘g VR
TR RN oo S SRESA) SRt Jd =
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Let I = load current per phase
R = resistance per phase
A; = inductive reactance per phase
C = capacitance per phase

cos ¢ = recelving end power faclor (lagging!
Vi = sending end voltage per phase

The *phasor diagram for the circuit is shown In Fig. 10,17, Taking the receiving end voltage as
the reference phasor, we have,

V= Vzs0
Load current, T, = Iylcos ¢~ jsin ¢;)
Charging current at load end is

o = jolqaT=infCT,

Line current, L= LIy
Sending end voltage, -F:- = T;+7:2=E;+7Z(R+J’X1)
Charging current at the sending end is
Io = SO V= jnfCT,
= Sending end current, 7; = T‘ + T‘

Faxample 1013 A 3 phase, 50Hz, 150 km Ilne has a resistance, inductive reactance and ca-
pacitive shunt admittance of 0.1 80, 0.58) and 3% 107 Sperkm peorphase. [fthe line delivers 50 MW
at [10kV and 0.8 p.£ Iagging, determine the sending end voltage and carrent. Assume a nominal
curcudtt for the e,

*  Note the constructinn of phasor diagram -;: is taken as the reference phasor represented by 04, The
Current 7,' fags behind T: by ¢z The charging current I_-; leads 1_,; by 90°, The line current T: i3 the
phasor sum nl'T‘; andl I_; Thedrop A B - I, Kis in phase with T: whereas drop BC = LX, leads '1: by
90*. Then OCrepresents the sending end voltage V The charging current T’ leads T?- by 90°. There-

fore, sending end curvent Is is the phasor sum of the T; and I The angle ¢+ between sending end
voltage V', and sending end current /; determines the sending end p.f. cos o
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Solution. Fig. 10.18 shows the circuit diagram for the line.
Total resistance/phase, R=01x15=150Q
Total reactance/phase, X, = 05x150=750

Capacitive admittance/phase, Y= 3 x 10°%%150=45%107"S
Recelving end voltage/phase, V; = 110x ]OVJZ’? = 63,508V

50 x 10°
VIx110x10° % 0.8
cosgp = 08; sing,=06

Load current, L = =~ 328 A

Fig. 1018
Taking receiving end voltage as the reference phasor, we have,

'[,:; = Vp+s0=63508V

Load current, T; = L(cosdp—fsindg = 328 (0.8 - £0-6) = 262.4 - j196.8

Charging current at the load end is

-5
j o sgf—-ﬁssos Q‘JL 7143

Line current, TL’ = 7;, + Ia = {2624 - j196.8) + 714.3 = 2624 - j182.5

Sending end voltage, Ve= B+ 2=V + T (R+jX)

= 63,508 + (2624 - j182.5) (15+ 7 75)
= 63,508 + 3936 + 7 19,680 — s 2737.5 + 13,687
= 81,131+ 716,942.5=8288] £ 11°4T'V
Line to line sending end voltage = 82,881 x v 3= 1,43,550 V = 14355 kV
Charging current at the sending end Is

I, = R ¥i2=(81131+/16942- 5)145x10'

- 381 +j18.25
T+ T = (2624 j182:5) + (- 381 + j18.25)

2586 - 7164.-25 = 3064 £L~32.4° A
Sending end current J064 A
Example 1014, A 100 -km fong, 3-phase, 50-Hz transmission iine has following iine constants:
Resistance/phase/km = 0.1 £2
Reactance/phasekm = 0.5 2

]

Sending e current, 7;
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Susceptancedphasedm = [0x 107" §
If the Iine supplies load of 20 MW at 0.9 p.f. lagging at 66 KV at the receiving end, calculate by
mominal & methoed
() sending end power facior (i reguiaton
(18 transmission efficiency
Solution. Fig. 10-19 shows the circuil diagram for the line.

Total resistance/phase, R=01x100=100
Total reactance/phase. & = 03x100=300Q
Susceptance/phase, Y=10x10°x100=10x107"S
Receiving end voltage/phase, V, = 66 x 10°4/3 = 38105 V
20 x10°
Load current, I = T rG6 %10 %09 =195 A
cosd, = 09 | sing,=0435

- —————————

Fig. 10.19
Taking receiving end voltage as the reference phasor, we have,
Tf".", =Ve+0=38105V
Load current, 7; = I {cos ¢y ising g =195 (09— 70.435) = 176 - /85
Charging current at the receiving end is

=8 y 10x10™

Tn = Vato=8105% f——=/19
Line current, T, = Te+ T3 =(176— /85) +/19=176~ /66
Sending end voltage , T’; ~ V;+T;?=T;+T;(R+j,\}]

I

38,103 + (176 — 766) (10 + 7 50)
38,105 + (3060 + 78140)
43,165 + 78140 = 43,925 £1065" V

Sending end line to line voltage = 43, 925x¥ 3 =76x10°V =76 kV
Charging current at the sending end s

L

-4
@J'Y-’2=(4&165+18140),-%

—40+;21.6
Sending end current, 7; = _IZ+E=(176-]66)+(-4-0+121-6)
172 = j44.4 = 1776 £ - 14.5° A

]
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(n Rel‘errlng to phasor diagram in Fig, 1020, Vs
0, = angle between T2 and T, = 10-65°

8, = angle between T’,’,and 7: ==14.5°

b; = angle between Tf; and 7: =8, + 6 5
14'5. ‘3 l0'65° = 25'150 mlm
s Sending end p.f., cos ¢ o= cos 25157 = 0905 lag
g Vo— ¥ 43925 - 38105
W, vu = 5_3‘. =
(i) % Vbltage regulation 0 % 100 38105
(#ii) Sending end power = 3 Ve lcosdo=3 % 43925 x 1776 x D905
= 2118 x 10°W = 2118 MW

Transmission efficiency = (20/21-18) x 100 = 94 9%

TUTORIAL PROBLEMS
1. A (meditm) single phase trarsmission line 100 km long has the following constants :
Reslstance/km/phase = §15Q
Inductive reactance/km/phase 037170
Capacitive reactance/km/phase 31870
Recetving end line voltage = 132kV
Assuming that the total capacitance of the line is localised at the receiving end alone, determine :
(# sending end current (id line value of sending end voltage
(iify regulation {iv sending end power factor
The line is delivering 72 MW at 0.8 p.f. lagging.
[(H 3773 A (i) 1557 &V (i) 1799 (fv) 0.774 lag|
2. A 3-phase. 50 Hz overhead transmission line has the following constants :
Resistance/phiase = 960
Induciance/phase = 0097 mH
Capacitance/phase = 0.765 pF
If the line Is supplying a balanced load of 24,000 kVA 0-8 p.f. lagging at 66 kV, calculate -

x 100 = 1527 %

{4 sending end current (i lne value of sending end voltage
(48 sending end power factor  (f+) percentage regulation
(v transmission efficiency (D 204 A (&4 75 kV (&) 0-814 lag (iv) 1363 % (v) 93-79)

3. A 3-phase, 50 Hz, overhead transmission line delivers 10 MW at 0-8 p.f. lagging and at 66 KV, The
resistance and inductive reactance of the line per phase are 10 Q and 20 Q respectively while capacitance
admittance is 4 « 10”* stemen. Calculate :

{4 the sending end current (i sending end voltage (line-10-1ine)
(#h sending end power factor  (f¥} transmission efficiency
Use nominal F'method, [() 100 A (i) 69-B KV () 0-852 (%) 97-596]
4. A 3-phase. 50 Hz 100 km transmission line has the following constants :
Resistance/phase’km = 01 Q
Reactance/phasekm -~ 0.5Q
Susceptance/phasekm = 107 siemen
If the line supplies a load of 20 MW at 0.9 p.f. lagging at 66 kV at the receiving end. calculate by using
nominal ® method -
{4 sending end current (2 line value of sending end voltage
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L) senching end pawes idior (i reguiation
(A 1TTEA (b TOKV (@) 0905 lag (ie) 15-15%)
5. A 3-phase averhead trassmssion Hoe has the following constanes ;
Resistance/phase = 1062
Inductiye reactance/phasy = 350
Capacitive sdmitiance/ybase = 3% 107 siemen
I he Laye supplied s balanced load of 40,600 KA at 10 KV aaod 0.8 p.f. Bagaug, calculate |
(0 sencling end pawes focter (i percentage regulation

{4t transmtssion efficiency [ D798 lag (4 1096 (i) DE3IBGG|
fi. Al-phase 50 Hzoverhead transmission line, 100 km loag, 110 XV between the linesat the neoetving end
bas the following constants :

Resstance per km pes phuse - 01530
Inductance per km per phase - |25 mH
Capacitance pes km por phase = 000058 yF
The line supplles & load of 20,000 KW at 0.8 power factor hgglng  Calculate using nominal o
sepresentation, the sendirg end valtage, curnat, power Gctor, regulation amd the efficlency of the Hne.
Negbeot beakage. HHESS15 KV (Hne voltage) : 109 / — 16468° A ; 0923 lag - 5.13 %: 97.21 %]
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(iip sending el power factor {# reguiation
(A 1776 A (1h TOKV (4 0-905 lag (/v 15-1695)
5. A J-phase overhead transmission line has the following constants

Resistance/phase = 100

Inductive reactance/phase = 350
Capacitive admitiance/phase = 3% 107" stemen
If the line supplied a baknced load of 40,000 KVA at 110 kV and 0-8 p.f, lagging, calculate
(# sending end power fuctor (i) percentage regulation

]

]

(4# transmission efficiency [(H 0798 1ag (4) 109 (i) 96-389)
6. A3-phase, 50 Hz overhead transmission line, 100 km long, 110V between the lines at the recetving end
has the following constants :
Resistance per km per phase = 0153 Q
Inductance per km per phase = 1.21 mH

Capacltance per km per phase = 0.00958 pF
The line supplies a load of 20,000 kW a1 0-9 power factor lagging. Calculate using nominal
representation, the sending end voltage, current, power factor, regulation and the efficiency of the ling.
Neglect leakage. [115645 kV (line voltage) : 109 £ — 1668* A : 0.923 lag : 513 %: 97-21 %)

10.10 Long Transmission Lines

[t is well known that line constants of the transmission line are uniformly distributed over the entire
length of the line. However, reasonable accuracy can be obtained in line calculations for short and
medium lines by considering these constants as lumped. If such an assumption of lumped constants
15 applied to long transmission lines (having length excess of about 150 km), it is found that serious
errors are introduced in the performance calculations, Therefore, in order to obtain falr degree of
accuracy in the performance calculations of long lines, the line constants are considered as uniformly
distributed throughout the length of the line, Rigorous mathematical treatment is required for the
solution of such lines.

R X R X

Fig. 1021

Fig. 10.21 shows the equivalent circull of a 3-phase long transmission line on a phase-neutral

hasts. The whole line length is divided into a2 sectlons, each sectlon having line constants 1 th of

i
those for the whele Hine. The followlng polnts may by noted -

() The line constants are uniformly distributed over the entire length of line as is actually the
case,
(il The resistance and inductive reactance are the series elements.

(/i) The leakage susceptance (/) and leakage conductance (G} are shunt elements. The leakage
susceptance is due to the fact that capacitance exists between line and neutral. The leakage
conductance takes into account the energy losses occurring through leakage over the insulators

or due to corona effect between conductors, Admiltance = “(,‘7 v B
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(M The leakage current through shunt admittance is maximum at the sending end of the line ant
decreases continuously as the receiving end of the circuit is approached at which point its
value is zero,

10.11 Analysis of Long Transmission Line (Rigorous method)

Fig. 10.22 shows one phase and neutral connection of a 3-phase line with impedance and shunt
admittance of the line uniformly distributad,

T+dl—p | | ZOX

s x .
Fig. 10.22
Conslder a small element in the line of length dy situated at a distance x from the recetving end.
Let 2z = series impedance of the line per undt length

¥ = shunt admittance of the line per unit length
V' = voliage at the end of element towards receiving end
V+ dV = vaollage at the end of element towards sending end

I+ dl = current entering the element dy
I = current leaving the element dx
Then for the small element dy,
zdy = series impedance
ydr = shuntadmitlance
Obviously, dV = Tzdx
or d_d:', = IZ b

Now: the current entering the element is £+ dfwhereas the current leaving the element is I The
difference in the currents flows through shunt admittance of the element ie.,

d! = Current through shunt admittance of element = Vy dx
dl

or & - Vy ol
Differentlating eq, () wort. x we get,
- dl
%;f = z% =z(Vy [ e, V' y from EXP-(”)]
or %’ = yzV v LIH)

The selution of this differential equation is

V = K cosh (.\' Jy_z'l + k, sinh (xJ}_z) iV
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Differentiating exp. {iv) wrt. x, we have,

-‘:t—:” = kg Jrzsioh (x Jy7) + k, vz cosh [x fyz)

But av. _ Iz [from exp. (4]

dx
lz = &JrzslM(ny_z)+szzTycosh (.\'Jy_z)
or I = J{_-[klsinh (x,lyz)-tkz cosh [.t,/y zl] Y

Exquations (# and {v) give the expressions for Vand 7in the form of unknown constants &, and
X, The values of X, and &, can be found by applying end conditions as under :
At x =0, V=1V.andI=1;
Putting these values ineq. (), we have,
Vo = kcoshO+ k;sinhO =k +0

¥a = &
Similarly, putting x = 0, V= Vyand I'= L in eq. {v), we have,
B YIL o
Iy = J—;[ﬁsmhﬂ + k, cosh o]-‘@[m k)
kz = -2' Iﬁ

y
Substituting the values of & and &, in egs. {#) and (4. we get,

V = V;cosh (xfyzi + J% I, sinh (xfy 2
and I = EVR sinh (xfy z) + I cash (IJ}’—J)

The sending end voltage (V) and sending end current (1) are olxained by putting x = 7in the
above equations Le.,

Vs

V. cosh U J72) + J): 1, sinh (47 2)

Ie ‘[g Ve sinh (1fy 2) + I cosh (1fy 2)
Now, Nyz = JIylz=J¥YZ

b4 LB ¥
and J: J; J;

where Y = toal shunt admittance of the line
Z = total series impedance of the line
Therefare, expressions for V.and [ become :
Iy = v_,.gsinh.lv_zu,,comﬁz

It s helpful to expand hyperbolic sine and cosine in terms of their power series,

cosh J¥Z = (1 +%+z;—{a+]
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82
sith = ‘J)’ZJYZ)

Example 10,15, A 3 transmission line 200 kax long has the following constants -
Resistancephasefm = 0.16 2
Reactancephase’km = 0250
Shunt admittance/phasekm = 1.5x 10°§

Calculate by rigorous methad the sending end valiage and current when the Hne is delivering a
load of 20 MW at 0-8 p.f. lagging. The receiving end valtage is kept constant at 110 kV,

Solution :

Total resistance/phasa, R=016x200=32Q

Total reactance/phase, X, = 025 x200=50Q

Total shunt admittance/phase, Y= j1.5x 107% x 200 = 0.0003 £ 90°
Series Impedance/phase, Z= R+ jX;=32+)50=7594 £58°
The sending end voltage Vg per phase is given by :

Vo= Vicosh J¥ Z + I anh,} el

Now JZY = J59-1 Z58°% 0 0003 Z90° = 0133 £ T4°
Z2Y = 00178 £ 148"
ZY = 0.00032 £ 296°

7 _ [WaZ58¢ _ i
b Ju-oouszeo"“"" 2
¥ _ fﬂ-ooougo": ; -
R B RV A 0.00224 £ 16
cosh JY Z = ZY z ‘Yz approximately
- +—0 08 21430 + LI £ 2950

| + 0-DO8Y £ 148° + 0-0D(K}133 £ 296°
1 +0.0080 (- 0.848 + y0. 529) + 0.0000133 (0-438 —j0.9)
0.992 4+ 000469 = D.062 £ 0-26°

s n32
sinh JY Z = ,]}’ + p——?— approximately
0193 2T 4 0-0024 £222°

b
0:133 £ 74°+ 0:0004 £ 222°

0:133 (6275 + 70.951) + D.0004 (—0.743 - 70.67)
0.0362 + 70.1278 = 0.1325 £ T4°%°

Recelving end voltage per phase Is
Ve = 110 % 10%43 = 63508 V
20 10"

=131 4
V3x110x10° x0-8

Recetving end current, L=




Performance of Transmission Lines 255

Putting the varlous values tn exp (1), we get,
Ve = 63508 x 0.992 £ 0:26° + 131 x 445 £ - 16°0° x 0.1325 £ T4%’
63000 £ 0-26° + 7724 £ 58°6°
63000 (0999 + yO.0045) + 7724 (0-5284 + j0.8489)
67018 + j6840 = 67366 £ 5°50°V
Sending end line-to-line voltage = 67366 x 3 = 116.67 x 10° V = 116-67 kV
The sending end current I is given by :

IL.=¥ -}2-,,-sithY_Z‘ + Icosh J¥ 7
Putting the various values, we gel,
I; = 63508 x 0.00224 £ 16° x 0-1325 £ T4°%" + 131 x 6:992 £ 0-26*
1885 £ 90% + 130 £ 0.26°
1885 (= 0.0017 + #0.999) + 130 (0.999 + 70.0045)
12983+ /1942 =131.1 £ 8" A
Sending end current = 131-1 A

TUTORIAL PROBLEMS

1. A J-phase overhead transmission line has a total sertes impedance per phase of 200 £80° ohms and a
tolal shunt admittance of 0.0013.290° slernen per phase. The e delivers a load of 80 MW at 0.8 p.f.
lagging and 220 kV between the lines. Determine the sending end line voltage and current by rigorous

"

method. [263.574 kV ; 187-5 A
2. A 3-phase transmisston line, 164 km long, has the following constants :

Resistance/phase/km =020

Reactance/phase/km = 03127 Q

Shunt admittance/phase’km = 1.875% 107 S

Desermine the sending end voltage and current by rigorois method when the line is delivering a load of
25 MVA at0-8 p.f lagging. The receiving end voltage is kept constantat 110 KV, 11667 kV ; 1311 A}

10.12 Generalised Circuit Constants of a Transmission Line

[n any four terminal *network, the Input voltage and Input current can be expressed In terms of output
voltage and output current.  Incidentally, a transmission Iine is a 4-terminal network | two [nput
terminals where power enters the network and two output terminals whete power leaves the network.

Therefore, the input voltage (V:] and input current (?:) of a 3-phase transmission line can be ex-

pressed as :
- AT
= ? T}: ~+ D T;:
where = sending end voltage per phasa

sending end current
recelving end voltage per phase
receiving end current

Shalodal ot A

*  'The network shoukd be piassive (containing no source of e.m.f), linear (fmpedances independent of current
flosving) and bifatera! (Impedances independent of direction of current flowing). This condition is fully
med in transmission lines.
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and A B.C and D {generally complex numbers) are the constants known as generalised circult

constants of the transmission line. The values of these constants depned upon the particular method
adopted for solving a transmissicn line. Once the values of these constants are known, performance
calculations of the line can be easily worked out. The following points may be kept in mind !

(A The constants A, R T and T are generally complex numbers,

(i The constants A and T are dimensionless whereas the dimensions of Band € are chms and
slemen respactively.
(7 For a given transmisson ling,

2=D

(i) Fora given transmission line,

AD-B2 -

We shall establish the correctness of above characteristics of generalised circult constants in the
following discussion.

10.13 Determination of Generalised Constants for Transmission Lines

As stated previously, the sending end voltage (VB and sending end current (T_J of a transmission line
can be expressed as |

V- AN+BT; ¢
L =CV+DT; )

We shall now determine the values of these constants for different types of transmission lines,

(# Short lines. [n short transmission lines, the effect of line capacitance is neglected. There-
fore, the line is considered to have series impedance. Fig. 10.23 shows the circuit of a 3-phase
transmission line on a single phase basts.

Z
Here, L =7 A1) R—':"ml:—l—

and T =Rz A
Comparing these with egs. () and (13}, we have, Vg Va E]
A=1; B=2 Tw=0 and D=l
Incidentally; =T R — ..
and AD-2T - 1x1-2x0=1 s

(i) Medium lines - Nominal T method. In this method,
the whole line to neutral capacitance 1s assumed to be concentrated at the middle point of the line and

half the line reststance and reactance are lumped on 1g zre R In
elther side as shown in Fig, 10.24,
Here, V_; = h+ 7_;'2_?2 w9 le
and N =T+ Z2 Vg Vy =y V.E
Now, T -%-%
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T‘; b4 where Y= shunt admittance

(o2

+—}’$ +?r22

YV’+T[: +¥] Avd

ol

Substituting the value of V| in eq. (v}, we get,

% - e B2 12

Substituing the value of [, we get,

% = [ll +222]E+[2+z-42—2]7; Avid)

Comparing eqs. (v} and (v2) with those of (/) and {(£), we have,
A= 3-!1-?2. tnj(l-i-EJI?:"

Incidentally:  AD-BT (1 +-Y-£) - z(uﬁ) ¥

2 4
= Ydfu/z ZY—#:I
(i) Medium lines—Nominal x mc(hod. In this I z
method, lne-to-peutral capacitance Is divided Into two p—"I—W—'m‘—iTL < 3
halves ; one half being concentrated at the load end and Ie, '°|
the other half al the sending end as shown in Fig. 10.23.
Here, 2 = R+ jX; = series impedenace/phase Vs YR Yi2 Z- E Va
? - J o C=shunt admittance
k= T B e i S s # T
s 72 ey Neutral
oo T = T+V¥iz vt Fig. 10.25
Also T = Rtlp = L+ V¥/2 (29
Now T{. = '@'1—7{? = T"q»(_;-r '17;-?.’2)? (Puttmgthevalueofﬁ]
% =" ]+122-]+IR2' [
Also L =TL+V¥2 = (T T ¥12)+ V12
(Putting the value of T:]

Putting the value of T?; from eq. {4, we get,
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- 7;+T/;§+Vé?,mf2+7£;2

T:(H-?] T{?(H?—?] (X0

Comparing equations (x) and {x/) with those of (/) and (1}, we get,

% P [IZZ] 3=2 - ?( 77]
7 Y7
Gt AD_22 =(1+T] zr[ 4)
1+ X2 Ly oy BV

(/) Long lines— Rigorous method. By rigorous method, the sending end voltage and current
of a long transmission line are glven by .

V, cosh J¥Z +1, %smhm
I = ¥ ',}?,' sinh JY¥Z + [ cosh JYZ

Comparing these equations with thase of {4 and (i), we get,

4D = ot JTZ: P=J%slthY_Z: 2= [Faim 77

Incidentaliy

V.

AD-22

cosh ,[YZ % cosh JYZ - J:‘;'-slnh,h’lxgsmh,[}’z
cosh® J¥ Z = sinh? JY Z = 1

Example 10.16, A balanced 3-phase load of 30 MW is suppited at 132 &V, 50 Hz and -85 p.f.
lagging by means of a transmission line. The series lmpedm of a single conductor is (20 + j52)
oluns and the total phase-neutral admittance is 315 x | 0 ® stemen, Using noyninal T method, deter-
mine: (1) the A, B, C and D constants of' the line (i) sending end voltage (i11) regulation of the line.

Solution. Fig. 10.26 shows the representation of 3-phase line on the single phase basis,
Series line impedance/phase, 2 = (20 + 7 52) Q

Shunt admittance/phase,  J° j315%10°S
(# Generalised constants of line. For nominal I'method, various constants have the values as
under :

B=D=<13272 =14+ 2°+2'52 x f315% 1078
(:992 + 10.00315 = 0992 £0.18°

r -b
B - 2[1+22] (20 + £52) [H(Zflusmial.)xm }
- 1984 +/51.82 = 55.5 £69°
T = 7 - 0000315 2o0°
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lg R Ze In
e
Vg Y Vi B]
| TOUPERE TSP TR | SocTReN W k. . T
Noutral
Fig, 1026

(#) Sending end voltage.
Receiving end voltage/phase, ¥, = 132x 10°/J3 = 76210V
30 x 10°

Recetving end current, I = BT %0 <05 =154 A
P % (-

cosd, = 0-83: sinop =053
Taking receiving end voltage as the reference phasor, we have,
Tf; = Vp+ 0=T6210V
T = Llcosgg=jsingg = 154 (085~ j0.53) = 131 - j81.62
Sending end voltage per phase is
oA T
(0:992 + 70.0032) 76210 + (19-84 + j51.82) (131 - /81-62)
= B2.428 + 5413
Magnitude of sending end voltage is
Ve = (82428)% + (5413)% - 82.6 x 10°V = 826 kV
Sending end line-to-line voltage
= B2Bx A3 =MIKV

(i) Regulation. Regulation is defined as the change in voltage at the receiving end when full-
load is thrown ofT.

Now, 'P_; = A T’h:-;? T,:
At no load, T =0
% - A7
where Tr';; = voltage at receiving end at no load
o T - T/
or Va = V4 {in magnitude)

% Reguiation = LSZ=70 x100 - 2 5/0.992) - T6-2L 00 = 925%
- .

Example 1017, A 132 8V, 50 Hx, 3-phase transmission ling delivers a load of 50 MW ai (0.8 p.£.
lagolng at the receiving end. The generalised constants of the transmission line are :
A=D=095 £14°, B=96 £78°, C = 00015 £90°
Find the regulation of the Une and charging current. Use Nominal-T method.
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Solution.

Recetving end voltage/phase, V),

132x 10%/y3 = 76210V

50 x10°
NI
sing, = 0.6

Taking receiving end voltage as the reference phasor, we have,

Receiving end cument, Iy =
cos Q.R = (.8

o

‘R —

T; =

Sending end voltage per phase Is

'F; =

Sending end current, 7; =

Charging current, T{' >

% Regulation =

Vo +10=T6210 £0°
I, £ 0g = 213 £~36.9°

ATV +B T,

0-95 £1.4° x 76210 £0° + 96 £ 78" x 273 £-36-9°

72400 Z1.4° + 26208 £41-1°

72400 (cos 1.4° + ysin 1.4% + 26208 (cos 41-1°+ ssin 4117
72400 (0-9997 + #D.0244) + 26208 (D.7536 + J 0.6574)
(72378 + 7 1767) + (19750 + s 17229)

92128 + 1 18996 = 94066 £11.65°V

CReDT

00015 £90° % 76210 20° + 0.95 £1.4° x 273 £-36.9°
114 £ 90° + 260 £-35.5°

114 (cos 90° + j sin 90°) + 260 (cos 35-5°— f sin 35-5%

114 {0+ ) + 260 (814 — 1 0.58)

14211 —£150 =211 — 136

T — Tp = (211 — /36) —273 £-36.9°

(211 —j36) — (218 — / 164) = —T + £128 = 128:2 £93-1° A

VD= V5 10 - 24066/0-95- 76210 0w
Ve i 76210 E

Example 10.18. Find the lollowing for a single circnif transmission line delivering a load of 50

MVA at 11O kV and p.f. 0.8 lagging -

{1} sending end voltage (If) sending end currem (1)) sending end power {iv) efficioncy of frans-
misstonn. Given A= D =098 23% B= 110£73 olwyn ! C = (00005 £80° siemen.

Solation.
Recelving end voltage/phase,

V o
Receiving end current, Iy =

110
- 635KV
N

50 % 10"
. TG A
ﬁxllﬂx]ﬂ

Taking receiving end voltage as the reference phasor, we have,

% =

(63500 + )
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T, = 2624 Z—cos ' 08 = 2624 (08— j0.6) = (210 - /157-5) A
(4 Now sending-end voliage per phase is

% =AT+B T
Here ';I‘F_’; = (98 £3° x 63506 Z0° = 62230 £3° = (62145 + f3260) V
and BT, - 110 £75°x 2624 2~ 36.86°
= 28865 £3B-14° = (22702 + 4 17826) V
¥ = (62145 + 1 3260) + (22702 + 1 17826)

BABAT + j21086 = 8T427 L14°V
Magnitude of sending-end voltage/phase = 87427 V
(#) Sending-end current is given by ;

-2
Here Z‘V; = (000§ £80° % 63500 £0® = 31-75 £80* = {55+ 731.3) A
and DT, = 098 £3°x 2624 £- 36.86°

25715 £-33-8*= (2135 -7 143-3) A

To = (55+131-3) + (213.5— 1 1433)

219— 4112 =246 £-21°A
Magnitude of sending-end current = 246 A

(/i) Sending-end power = 3V lcos0;

Here Vo= 8T427V | I.=246 A | cos 9. = cos (- 27° - 14°)
Sending-end power 3 X 8T427 % 246 x cos (- 27* - 149)

48.6 % 10° W = 486 MW

(/¥) Receiving end power 50 x 0.8 = 40 MW
Transmissionefficlency, m = 748-(-’3 x 100 = 82.3%

TUTORIAL PROBLEMS

A 150 km, 3-9. 110 kV, 50 Hz transmission line transmits 3 load of 40.000 kW a1 0.8 p.f. lagging at the
receiving end, Resistance/km/phase = 0-1542 ; reactance/kmiphase = 06 £ susceptance/km/phase =
107°S. Determine (3 the 4, B, Cand £J consiants of the line (i) regulation of the line.
(DA =D =DY68 £1°: B =928 £7.542 ; C = 000145 £50-5" S (4 33.5%)
A balanced load of 30 MW Is supplied at 132 kV, 50 Hz und 0-85 p.f. lagging by mwans of a transmission
line. The serfes impedance of a single conductor 1s (20 + §52) ohms and the total phases-neutral admit-
tance is 315 microsiemens. Shunt leakage may be neglected, Using the nominal T approximation.
calculate the line voltage at the sending end of the line. If the load Is removed and the sending end
voltage remains constant, find the percentage rise in voltage at the recetving end.
1143 kV; 9]
Calculate A, B, Cand Dconstants of a 3-phase, 50 Hz transmiission lne 160 km long having the follow-
ing distributed parameters :
R=0-15km: L=1.20%10" Hkm; C=8x 10" Fkm ; G=0
[A =D~ 0988 £0.3°: B - 642 Z68.3°Q; C - 04% 107 2002 §)
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_— p—a = e A — '
SELF-TEST
1. Fill in the blanks by inserting appropeiate wordxmaum.
(H In short transmisston lines. the effects of ... .. are neglected,
(4 .. of transmission lines, is the most l.mponam cause of power loss in the line.
(i) ln me anal)ms or 3-phase transmission line, only .....vevvens . 15 considered,
() Foragiven Vg and [ the regulation of the Une ............. “lﬂl lhe decrease In p.f for lagging loads.
(v} If the p.f. of the load decreases, the line 10sses ........coocvvcrvenee
(v) In medium ransmission lnes, effects of ... are taken into account,
(vi) The rigorous solution of transmission lines lakes ini account the ... nalure of line consianis.
(viid Inany transmission line, AD—BC= ...
(2 Tn a transmission line, generalised constants ................. AN 1vis i vrressy sare - A0E AL
{3 The dimensions of constants Band Care respectively ..........., [+, P ———
2. Pick up the correct words/figures from the brackets and fifl in the hlanlu.
(A The line constanés of a transmission line am ... |uniformly distributed. lumped)
() The length of a short transmission line is upto aboul e |20 km, 120 km, 200 km
(1) The capacitance of a transmiEss|on LINE IS & ....coyverer o €lEMENt, [series, shand
(M) Iris desiralde that voliage regulation of a transmission Hne should be ... | low; highl
{(# When the regulation is positive, then receiving and voltage { ¥} is .......... than sending and voltage
(Vg Imore, less|
{v The shunt admittance of a tansmission line is 3 micresiemens. [ts complex notatfon will be ...
siemen. (3= 107° 290° 3% 10°° 207
(¥4 Theexactsolution of any transmisston lne must consider the fact that line constants are ....................
|uniformly distributed, Jomped)

(vit) The generalised constants 4 and D) of the transmission line have .
Inodlmendans dknen.ﬁam of ahm|
(i 30 Z10°% 60 2200 = .......... |2.22% 1800 230", 1800 £

(O DO LR = oiiinivia isosioosicds v |6 £50° 6 £80°, 6 211

ANSWERS TO SELF-TEST

1. (d capacikance (i} resistance (i) one phase (/) increases (v) increase (vd) capacitance {vif distributed
(vt 1 (£ A and D (3 ohm, slemen

2. (3 uniformly distributed (i3 50 ke {iig shunt (iv) low (v) less (v 3 x 10°° 2900 (vi)) uniformly
distributed {viid no dimensions (43 1800 Z30° (x) 6 Z50°

CHAPTER REVIEW TOPICS

What Is the purpose of an overhead transmission line 7 How are these lines classified ?

Discuss the terms voltage regulation and transmisston efficiency as applied to transmission line.
Deduce an expression for voltage regulation of a short transtnission line, giving the vector diagram.
What is the effect of kad power factor on regulation and efficlency of a transmission line 7

What do vou understand by medium vansmission lines 7 How capacitance effects are taken into account
in such lines ?

6, Show how reguiation and ransmisston efficiency are dedennined for medium fines using
(8 end condensor method
() nominal T method
(77 nominal m method
[llustrate your answer with suitable vector diagrams.

D
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T.

9.
10,

What do you understand by long transmisshon lines 7 How capacitance effects are taken (nto account in
such lines 7

Using rigorous method. derive expressions for sending end voltage and current for a Jong transmission
line.

What do you understand by generalised circuit constants of 2 transmisston line ? What is their tmportance?
Evaluate the generalised ciseuit constants for
(# shon trarsmisslon line
(/) medium line — nominal I method
(7 medium line — nominal © method

. What & the justification in neglecting line capacitance in short transmission lines ?

DISCUSSION QUESTIONS

What are the drawbacks of localised capacitance methods ?

A long transmission line is open circuited at the receiving end. Will there be any current in the line at the
sending end ? Explain your answer,

Why is leakage conductance negligible in overhead lines? What about underground system ?
Why do we analyse a 3-phase transmission line on single phase basis ?
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Distribution Systems - General

12.1
12.2
12.3
124
12.5

12.6

12.7

12.8
12.9

Distribution System

Classification of Distribution Systems
A.C. Distribution

D.C. Distribution

Methods of Obtaining 3 Wire D.C.
System

Overhead Versus Underground
System

Connection Schemes of Distribution
System

Requirements of a Distribution System

Design Considerations in Distribution
System

Introduction

e electrical energy produced at the gen
erating station is conveyed tm the consum
ers through a network of transmission amnd

distribution systems. [t is often difficult to draw
a line between the transmission and distribution
systems of a large power system. [t 1s impossible
to distinguish the nwo merely by their voltage
because what was considered as a high voltage a
few years ago {s now considered as a low volt-
age. In general, distribution system is that part
of power system which distributes power to the
consumers for utilisation.

The transmission anl distribution systems are
sirnilar to man’s circulatory system. The trans-
mission system may be compared with arterles in
the hurnan body and distribation system with cap-
illarles. They serve the same purpose of supply-
ing the ultimate consumer In the city with the 1ife-
giving bload of civilisation-electricity. In this
chapter, we shall confine our attention (o the gen-
eral Introduction to distributlon system.

12.1 Distribution System

Ihat part of power system which distributes elec-
tric power for local use is known as distribution

system.

300
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In general, the distribution systern is the elecirical system between the sub-station fed by the
transmission system and the consumers meters. It generally consists of feeders, distribuears and the
service mains. Fig. 12.1 shows the single line diagram of a typical low tension distribution system.

(i) Feeders. A feeder 1s a conductor which connects the sub-station (or localised generating
station) to the area where power Is to be distributed, Generally, no tappings are taken from the feeder
so that current in it remalns the same throughout, The main conskderation tn the deslgn of a feeder 18
the current cammying capacity.

{in Dusirtbutor: A distributor is a conductor from which tappings are taken for supply to the
consumers. InFig, 12.1, A B, BC, CDand DA are the distributors, The current through a distributor
Is not constant because tappings are taken at various places along its length. While designing a
distributor, voltage drop along its length is the main consideration since the statutary limit of voltage
variations is + 6% of rated value at the consumers’ terminals,

(#) Service mains. A service mains is generally a small cable which coanects the distributor to
the consumers’ terminals,

12.2 Classification of Distribution Systems

A distribution system may be classified according o
() Nature of current. According to nature of current, disteibution system may be classified as
(@ d.c. distribution system (b} a.c, distribution system.
Now-a-days. a.c. system is universally adopted for distrd- 4"
bution of electric power as 1t is simpler and more economi-
cal than direct current method., JJ'
(i Tvpe of construction. According to type of construction,
distribution system may be classified as (@ overhead sys-

Feeder Feeder
tem (B} underground system. The overhead system isgen- © £) A
erally employed for distrtbution as 1t 1s § to 10 times cheaper
than the equivalent underground system. [n general, the o
underground system is used at places where overhead con-
%‘ D

struction is impracticable or prohiblted by the local laws.

(i) Schome of connection. According to scheme of connec-
tion, the distribution system may be classified as (@ radial
system {5} ring main system (¢} inter-connected system. Fig. 121
Each scheme has its own advantages and disadvantages and those are discussed in Art.12.7.

12.3 A.C. Distribution

Now-a-days electrical energy is generated, transmitted and distributed in the form of alternating cur-
rent. One important reason for the widespread use of alternating current in preference to direct
current 1s the fact that alternating voltage can be conveniently changed in magnitude by means of a
transformer. Transformer has made 11 possible to transmit a.c, power at high voltage and utilise it at
a safe potential. High transmission and distribution voltages have greatly reduced the current in the
conductocs and the resulting line losses.

There is no definite line between transmission and distribution according o voltage or bulk
capacity. However, in general, the a.c. distribution system is the electrical systern between the step-
down substation fed by the transmission system and the consumers” meters. The a.c, distribution
systent is classified into () primary distribution system and (#) secondary distribution system.

(i) Primary distribution system. [t is that parl of a.c. distribution system which operates at
voltages somewhat higher than general ntilisation and handles large blocks of electrical
energy than the average low-voltage consumer uses. The voltage used for primary distribu-

) 0
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tion depends upon the axpountof posver to be conveyed and the distance of the subsiton
quited to be fed. The most commponly used porary distdbution voltges are 11 V. 66
kW and 23 kV. Due toeconaric conside rations, pamary distabution is carded out by 2-
phasa, 34vime sysern).

$-Plwmon
=Win

1Y

n—wmr—b

ARV

Fig. 12 2 shows atypical pormarydistabution sysem. Electac powerfrom the generating station
& transmoitted 3k high voltage to the substation located in ornear thecity. At this substation, voltzge

& sepped down to 11 kV with the help of step-down transfompee. Poaer & supplied to various

aubetations for distribution or © big consumets at this voltzge. This forms the high voltzge distabu-

tion or parary distribu ion.

(i Secondary distributionsystern. It that partof ac. distdbution sysem which includes the

range of volges atwhich the ultirpate consurmer utilisas the elec rical energy delivered to

hirp. The secondary distibution empleys 400230 WV 3-phase, 4-wite system
Fig. 12 3 shows a typical :condary distabution systery The primary distibution citcuit deliv-

el pomer o vanous subsk-
tions, called distribution sub-
sations. The substations are
situated near the consumers’
localities and con zin step-
doan teanstomes. Ateach
distribu ton substation, the
volizge isse pped down 1o 400

WV and poseris delivered by |
3-phase,d-wite ac. system). |

The valtage bebtaeen any Ao
phases is 400V and betheen
any phase and neutal is 220
W The singke phaz domestic
kads ae connected bebtaeen
any one phase and the neutrad,
wherszs 3-phase 400V motor
ads ae connected acmoss 3-
phzee lines direc fy.
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Fig. 123
12.4 D.C. Distribution

[t is a common knowledge that electric power is almost exclusively generated, transmitted and dis-
tributed as a.c. However. for certain applications, d.c. supply is absolutely necessary. For instance,
d.c. supply is required for the operation of variable speed machinery {i.e. d.c. motorsi, for electro-
chemical work and for congested areas where storage battery reserves are necessary. For this pur-
pose, a.c. power 15 converted into d.c. power at the substation by using converting machinery e.g..
mercury arc rectifiers, rotary converters and motor-generator sets. The d.c. supply from the substa-
tion may be obtained in the form of (4 2-wire or {4 3-wire for distribution.

() Z-wired.c. system. Asthe name implies, this system of distribution consists of two wires.
One 1s the outgoing or positive wire and the other is the return or negative wire, The loads such as
lamps, motors ete. are comnected in parallel between the two wires as shown in Fig. 12.4. This system
is never usad for transmission purposes due to low efficiency but may be employed for distribution of
d.c. power.
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(i) 3-wired.c. system. |l consists of two outers and a middle or neutral wire which is earthed at
the substation. The voltage between the outers s twice the voltage between efther outer and neutral
wire as shown in Fig. 12.5. The principal advantage of this system Is that it makes available two
vollages al the consumer terminals viz, V between any outer and the neutral and 2V between the
outers. Loads requiring high voltage (e, motors) are connected across the outers, whereas lamps
and heating circuits requiring less voltage are connected between either outer and the neutral. The
methods of obtaining 3-wire system are discussed in the following article.

12.5 Methods of Obtaining 3-wire D.C. System

There are several methods of ohtaining 3-wire d.c. system, However, the most Important ones are:
(# Two generator method. In this method, two shunt wound d.c. generators G, and G, are
connected in series and the neutral is obtained from the common point between generators
as shown in Fig. 12.6 (4, Each generator supplies the load on its own side. Thus generator
G, supplies a load current of £, whereas generalor G, supplies a load current of 2, The
difference of load currents on the two sides, known as out of balance current (/, = L) flows
through the neutral wire. The principal disadvantage of this method is that two separate

generators are require].
3 o b Ty (
[ v
. ! =

3 R T

® Hg. 126 (D)

(i F-wire d.c. generator. The above method 1s costly on account of the necessity of two gen-
erators.  For this reason, 3-wire d.c. W~ O
generator was developed as shown in 'y I

Fig. 12.6 (i). It consists of a staxlard
2-wire machine with one ar two colls o
of high reactance and low reslstance, +
connected permanently to diametri- Neutral
cally opposite points of the armature

winding The neutral wire is obtalned N\
from the common point as shown. 0

(ii) Balancer set. The 3-wire system can
be ohtained from 2-wire d.c. system by B
the use of balancer set as shown in Fig,. ~Ve  Outer
12.7. G 1s the main 2-wire d.c. gen- Fig 12.7

v

2
s
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erator and supplies power to the whole system. The balancer set consists of two identical d.c
shunt machines A and B coupled mechanically with their armatures and field windings jolned
in series across the outers. The junction of their armatures Is earthed and nentral wire is
taken out from here, The balancer sel has the additional advantage that it maintains the
potential difference on two skles of neutral equal to each other. This method is discussed in
detall in the next chapter.

12.6 Overhead Versus Underground System

The distribution system can be overhiead or underground. Overbead lines are generally mounted on
wooden, cancrete or steel pales which are arcanged o carry distribution transformers in addition ro
the conductors. The underground system uses conduits, cables and manholes under the surface of
streets and sidewalks. The choice between overhead and underground system depends upon a num-
ber of widely differing factors, Therefore, it Is desirable to make a comparison between the two.
() Public safery. The underground system Is more safe than overhead system because all dis-
tribution wiring is placed underground and there are little chances of any hazard,
(il Initial cost. The underground system Is more expensive due to the high cost of trenching,
conduits, cables, manholes and cther special equipment. The initial cost of an underground
system may be five to ten times than that of an overhead system.

(#i) Flexibility. The overhead system is much more flexible than the underground system, In the
latter case, manholes, duct lines etc., are permanently placed once Installed and the load
expansion can only be met by laying new lines. However, on an overhead system, poles,
wires, transformers ete., can be easily shifted to meet the changes in load conditions.

(i) Fawls. The chances of faults in underground system are very rare as the cables are laid
underground and are generally provided with better Insulation,

(W Appearance. The general appearance of an underground system is better as all the distribu-
tion lines are invisible. This faclor is exerting considerable public pressure on electric
supply companies to switch over to underground system,

(vi) Fault Jocation and repairs. In general, there are little chances of faults In an underground
system. However, if a fault does occur, 1t is difficult to locate and repair on this system. On
an overhead system, the conductors are visible and easily accessible so that fault localions
and repairs can be easily made.

(vid) Current camying capacity and voltage drop. An overhead distribution conductor has a
considerably higher current carrylng capacity than an undecground cable conductor of the
same material and cross-section. On the other hand, underground cable conductor has much
lower Inductive reactance than that of an overhead conductor because of closer spacing of
conductors.

(vii [seful itfe. The useful life of undergrounxd system is much longer than that of an overhead
system. An overhead system may have a useful life of 25 years, whereas an underground
system may have a useful life of more than 50 years,

(%) Maintenance cost. The maintenance cost of underground system is very low as compared
with that of overhead system because of less chances of faults and service interruptions from
wind, ice, lightning as well as from traffic hazards,

(x) Tnterference with communication circuits. Anoverhead system causes electromagnetic in-
terference with the telephone lines. The power line currents are superimposed on speech
currents, resulting In the patential of the communication channel being raised to an nndesir-
able level. However, there is no such interference with the underground system,

It is clear from the above comparison that each system has its own advantages and disadvan-

(
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tages. However, comparative economies (i.e., annual cost of operation) is the most powerful factor
Influencing the cholce between underground and overhead system. The greater capltal cost of under-
ground system prohibits its use for distribution. But sometimes non-economic factars {e.g., general
appearance, public safety ete.) exert considerable influence on choosing undergrounxd system. In
general, overhead system Is adopted for distribution and the use of underground system is made only
where overhead construction 1s impracticable or prohibited by local laws.

12.7 Connection Schemes of Distribution System

All distribution of electrical energy {s done by constant voltage system. In practice, the following
distribution circuits are generally used :

(# Radial System. [n this system, separate feeders radiate from a single substation and feed
the distributors at one end only. Fig. 12.8 (1) shows a single line diagram of a radial system
for d.c. distribution where a feeder OCsupplies a distributor A Bat point A. Obviously, the
distributor s fed at one end only Ze., point A is this case. Fig. 12.8 (i) shows a single line
diagram of radial system for a.c. distribution. The radial system is employed caly when
power is generated at low voltage and the substation is located at the centre of the load.

Feeder Distributor Feedor

B B

Loads (s
11kV/400V, 230 V
Sub- Sub- I
e (T, T il (.
Feedor Feeder
@ (1)

Fig. 12.8

This is the simplest distributica circuit and has the lowest initial cost. However, it suffers from
the followlIng drawbacks :

(a) The end of the distributor nearest to the feeding point will be heavily loaded.

(b)) The consumers are dependent on a single feeder and single distributor. Therefore, any fault
on the feeder or distributor cuts off supply to the consumers who are on the side of the fault away from
the substation.

(& The consumers at the distant end of the distributor would be subjected to serious voltage
fluctuations when the load on the distributor changes.

Due to these limitations, this system is used for short distances only.

(i) Ring main system. [n this system, the primaries of distribution transformers form a loop.
The loop circuit starts from the substation bus-bars, makes a loop through the area to be
served, and returns to the substation. Fig 12.9 shows the single lne diagram of ring main
system for a.c. distribution where substation supplies to the closex] feeder LMNOPQRS.
The distributors are tapped from different points M, Oand Qof the feeder through distribu-
tion transformers. The ring main system has the following advantages :
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(@ There are less voltage fluctuations al consumer’s terminals.

(5 The system is very rellable as each distributor s fed via *two feedors. In the event of fault
on any sectlon of the feeder, the continuity of supply is maintained. For example, suppose
that faull occurs at any point Fof section SLM of the feeder. Then section SLM of the
feeder can be Isolatedd for repairs and at the same time continulty of supply is malntained to
all the consumers viathe feeder SROPONM

Fig. 12.9

(7i) Intercomnected system. When the feeder ring is energtsed by two or more than two gener-
aling stations or substations, it is called inter-connected system. Fig 12,10 shows the single
line diagram of interconnected system where the closed feeder ring ABCD is supplied by
two substations S, and S, at points £2and Crespectively, Distributors are connected to

o
WA

P
Distributor -3 Distributor
0
28 CoTEE
A 8
Distribution
Transformer

Fig. 12.10
*  Thus the distributor from point M s supplied by the feeders SLM and SRQPONM.
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points (. P, Qand R of the feeder ring through distribution transformers. The intercon-
necta] system has the following advantages -

(@ [tincreases the service reliability,

(M Any area fed from one generating station during peak load hours can be fed from the other
generating station. This reduces reserve power capaclty and increases efficiency of the
system.

12.8 Requirements of a Distribution System

A considerable amount of effort is necessary to maintain an electric power supply within the require-
ments of various fypes of consumers. Some of the requirements of a good distribution system are :
proper voltage, avatlability of power on demand and reliability.

() Proper voltage. One important requirement of a distribution system 1s that voltage varia-
tions at consumer’s (erminals should be as Jow as possible. The changes in voltage are
generally caused due to the variation of load on the system. Low voltage causes loss of
revenue, inefficient lighting and possible buming out of motors. High voltage causes lamps
to bum oul permanently and may cause failure of other appliances. Therefore, a good distri-
bution systemn should ensure thal the voltage varlations al consumers terminals are within
permissible limits. The statutory limit of voltage variations is + 6% of the rated value at the
consumer’s erminals. Thus, if the declared vollage is 230V, then the highest voltage of the
consamer should not exceed 244 V while the lowest voltage of the consumer should not be
less than 216 V.

(i) Availability of power on demand. Power must be available to the consumers In any amount
that they may require from time (o tme. For example, motors may be started or shut down,
lights may be tumed onor off, without advance waming (o the eleciric supply company. As
clectrical energy cannot be stored, therefore, the distribution system must be capable of
supplying load demands of the consumers. This necessitates that operating staff must con-
tnuously study load patterns Lo prediel in advance those major load changes that follow the
known schedules.

(fi) Reliability. Modern Indusery 1s almost dependent on electrie power for Its operation, Homes
and office buiidings are lighted, heated, cooled and ventilated by electric power. This calls
far reliable service. Unfortunately, electric power, like everything else that is man-macde,
can never be absolutely relfable. However, the rellahtlity can be Improved to a conslderable
extent by (& Interconnected system (b) reliable automatic control system (ol providing ad-
ditional reserve facilities,

12.9 Design Considerations in Distribution System

Gaood voltage regulation of a distribution network is probably the most important factor responsible
for delivering good service (o the consumers, For this purpose, design of feeders and distributors
requires careful consideration,
(d Feaders A feeder is designed from the point of view of its current carrying capacity while
the voltage drop consideration is relatively unimportant. It is because voltage drop in a
feeder can be compensated by means of voltage regulating equipment at the substation.

(i Distributors. A distributor is designed from the point of view of the voltage dropinit. Itis
because a distr/butor supplies power to the consumers and there |5 a statutory Umit of volt-
age variations al the consumer’s lerminals (+ 6% of rated value). The size and length of the
distributor should be such that valtage at the consumer’s terminals is within the permissible
limits,
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SELF - TEST

I. Fill in the blanks by inserting appropeiate words/figures.,

(d Theunderground system has ........... initial cost than the overhead sysiem.
(i) A ring main system of distribution is ........... reliable than the radial system.

(f#) The distribution transformer links the peimary and ............. distribution systems

{f) The mast common systemn for secondary distribution is ... 3-phase. ... ..., wire sys@em.
(9 The statutory limit for voltage variations at the consumer’s terminals is .......... % of rated value.

{v) The service mains connect the _........... and the ...........,

(vi) The overhead systemis ... flexible than underground system.

2. Fill in the blanks by picking up correct words'ligures from brackets.
(d The main consideration n the design of a feederis the ...
(current canying capacity, voltage drop)

(i) A Jwire d.c. distribution makes available ............ voltages. (cne, two, thred)
(i) Now-a-days ..........system is used for distrihution. (3, ¢ dc)
(/) The Interconmected system ............ the reserve capaclty of the systems.  (incresses, decreases)

(¥ The major part of investment on secondary distribation is made on ............
(Distribution transformers, conductars, pole fittings)
(vl The chances of faults In underground system are ............. as compared to overhiead system.

(less, more)

ANSWERS TO SELF-TEST

L. () more (i) more (# secondary (iv) 400230V, 4 () =6 (vi) distributor, consumer temminals
(vii more

2. (d current carrying capacity () two (if) a.c. {iv) increases (v) distribution transformers (v less

CHAPTER REVIEW TOPICS

. What do you understand by distribution system ?
- Draw a single line diagram showing a typical distribution system.
. Define and explain the terms : feeder, distributor and service malns.
Discuss the refative merits and demerits of underground and overhead systems.
Explain the following systems of distribution :
(0 Radial system
{id Ring main system
{(fiy Interconnected system
6. Discuss briefly the design considerations in distribution system.
With a neat disgram. explain the complete a.c. system for distribution of electrical energy.
8. Write short notes on the following
(4 Distribution tansformers
(i 3-wire d.c, distribution
(i) Primary distribution

© o

o

DISCUSSION QUESTIONS

1. Can transmission and distribution systems be distinguished merely by their voltages ? Explain youn
answer,

2. Itis suggested that since distribution transformer links the peimary and utilisation voltage, secondary
system is not essential. Is it a feasible proposition 7

3. What are the situations where the cost of underground system becomss comparable to overhead system

4. What are the effects of high primary voltage on the distribution system ?

<&
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inroduction

e function of a power station is to de
I liver power to a large number of consum
ers. However, the power demands of dif-
ferent consumers vary in accardance with their
activities, The result of this varlation in demand
ts that load on a power station is never constant,
rather it varies from time to time, Most of the
complexities of modern power plant operation
arise from the inherent variability of the load de-
manded by the users. Unfortunately, electrical
power cannot be stored and, therefore, the power
station must produce power as and when de-
rnanded (o meet the requirements of the consurn-
ers. Onone hand, the power engineer would like
that the altemators in the power station should
run at ther rated capacity for maximum efficiency
and on the other hand, the demands of the con
sumers have wide vardations. This makes the
designof a power station highly complex. Inthis
chapter, we shall focus our attention on the prob-
lems of varlable load on power stations

3.1 Structure of Electric Power
System

The function of an electrik power system Is to
connect the power station to the consumerns” loads
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(i¥) The power demanded by the
consumers is supplied by the power
station through the transmission and
distribution nerworks. As the consum-
ers’ load demand changes, the power
supply by the power station changes
accordingly,

3.2 Variable lLoad on
Power Station

Ihe load on a power station varies
from time to time due to uncertain
demands of the consumers and is
known as variable load on the sta-
ton.

A power station is designed to
meet the load requirements of the con-
sumers. An ideal load on the station,
from stand polnt of equipment needed
and operating routine, would be one
of constant magnitude and steady du-
ration, However, such a steady load
on the station 1s never reallsed In ac-
tual practice. The consumers require
their small or large block of power in
accordance with the demands of their
activities. Thus the load demand of ene consumer at any time may be different from that of the other
consumer. The result is that lnad on the power station varies from time to time.

Effects of variable load. The variable load on a power station introduces many perplexities in
Its operation, Some of the impoctant effects of variable load an a power statlon are ;

() Need of additional equipment. The variable load on a power station necessitates to have
additional equipment. By way of lllustration, consider a steam power statlon. Air, coal anxl
water are the raw materials for this plant. [n order to produce variable power, the supply of
these materials will be required to be varied correspondingly. For instance, if the power
demand on the plant increases, it must be followed by the increased flow of coal, air and
water to the boiler in order to meet the Increased demand. Therefore, additional equipment
has to be installed to accomplish this job. Asa matter of fact, ina modern power plant, there
is much equipment devoted entirely to adjust the rates of supply of raw materials in accor-
dance with the power demand made on the plant.

(1) Increase in production cost. The variable load on the plant increases the cost of the pro-
duction of electrical energy. An alternator operates at maximum efficiency near its rated
capacity. If a single alternator 15 used, it will have poor efficlency during periods of light
loads on the plant. Therefore, in actual peactice, a number of alternatoes of different capaci-
ties are installed so that most of the alternators can be operated at nearly full load capacity.
However, the use of a number of geperating units increases the initlal cost per kKW of the
plant capacity as well as floor area required, This leads Lo the increase in production cost of

energy.

Transmisson e
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3.3 Load Curves

The curve showing the variation of load on the power station with respect to (wa.f) Hme is known as
a load curve.

The load on & power station is never constant; it varies from time to time. These load variations
during the whole day (1.£., 24 hours) are recorded half-hourly or hourly and are plotted against time
on the graph. The curve thus oblained 1S known as datly Joad curveas it shows the variations of load
w.ri L time during the day. Fig. 3.2, shows a typical daily load curve of a power station. Itis clear that
load on the power station Is varylng, belng maximum at § PM. o this case. [t may be seen that load
curve Indicates at a glance the general character of the load that s being Imposed on the plant. Such
a clear representation cannot be obtained from tabulated figures.

The manthiy load curve can be obtained from the dally load curves of that month. For this
purpose, average® values of power over a month at different times of the day are calculated and then
plotted on the graph. The monthly load curve is generally used to fix the rates of energy, The yearly
load curve is obtained by considering the monthly load curves of that particular year. The yearly load
curve is generally used to determine the annual load factor.

10

;0
1 Smsi

12 2 4 6 8 10 12 2 4 6 8 10 12

Mid Noon
night houF ' g
Fig.32

Importace. The dally load curves have attained a great Importance In generation as they sup-
ply the following Information readlly :
(# The daily load curve shaws the variations of load on the pawer station during different hours
of the day.
(i) The area under the daily load curve gives the number of units generated in the day.
Unlts generated/day = Area (In XWh) under dally load curve,
(i) The highest point on the daily load curve represents the maximum demand on the statlon on
that day.
(i) The area under the daily load curve divided by the total number of hours gives the average
load on the station in the dav.

o Area (in KWh) zu‘n;]l;:l t(::uly load carve
(v) The ratia of the area under the load curve to the total area of rectangle in which it is con-
tained gives the load factor.

~ Average load  Average load x 24
bond.Tictor: = Max.demand ~ Max. demand x 24
Area (in XWh) under daily load curve

Total area of rectangle in which the load curve is contained

*  For Instance, if we consider the load on power station at mid-night during the varfous days of the month, it
may vary slightly, Then the average will give the load at mid-night on the monthly cuarve.
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(3 Theload curve helpsin selecting® the size and number of generating units.
(vid Theload curve helpsin prepadng the operation schedule®* of the staton.

3.4 Important Terms and Factors

Thevariable bad poblerm hzs introduced the following e oms and factors in powver plantengines fng:
(3 Connecled load. Jtis the sum of continyous rasngs of all the eguipments connected &

syp ply systerm.

4 poserstation supplies kad b thousands of consurers. Each consurmerhas certzin equiproent
installed in his premizes. The sur of the continuous ratings of 3ll heequipmensin the consurmer's
peernises isthe “connec ted load ™ of the consurer. Forinstance, ifa consumer hasconnec tions of five
100p=1t amops and 2 power point of SO0 watts, then connec ted load of the consumeris S x 100+ 500
= 1000 watts. The sumof the connected loads of 31l the consume s & the connec ed kad tothe powver
skalon.

{3 Maadimurn dernand @ Jt i the greatest
demand of bad on the power staion dusing a
given period.

The lozd on the powe rstation vanies foom bme
to tirpe. The mzdmum of 20l the dergands that
hawve occurred dudng agiven pedod (sayaday) is
the roasdmum derand. Thus efercing back © the
load curve of Fig. 32, the mexirum dergnd on
the porver station duting the day & 6 MW and it
cccursat6PM. Madrur dernand is generslly
less than theconnected load becaus all the con-
sumezts do notoaitch on theicconneced kbad o
the systerp ata timpe. The knowledge of mzd-
mur derjand isvery important 3 it helpsin de-
be ovining the instelled capecityof the stakion. The
station roust be capable of meeting the mzedmmury derand.

(3 Deroandfactor. fisthe ratio ofmarimym demand
an the power station to s connected bad ie.,
Macarour derend
Bmopad Lacoes:= Connected loed

The value of derpand factor s usuallyles than 1. It &5
expec ted because meedmurm dergand on the poser station &
generally less than theconneced load. If the mzdmumde-
rend on the power sation is 80 MW and the connected load
i 100 MW, the n demand fzcor = &0V100= 0-8. The knowl-
edge of derand facor isvital in dete miining the capecity of
the plantequiprpznt

(7 Average load. The average of Joads acayrring on
the poger station in a given period (dayor month or yead &
known as average load ar average demand.

*  Irwddl beshown in Art. 3.9 that number and size of the gensr-
ating urdk aresekected to fit heload curve. This helpsinopersting thegensrating ums ator near the point
of mawimum efficiency.

“  Ttisthesequence and Emefor which thevarious generating units (£.e, alterrators) in the plantywill be put
in O perabon.

Maximum  demand mebs

Enerqy meter
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_ No. of units (kWh} generated in a day
Daily average load = 74 hours
Monit = No. of units (kWh) generated ina month
onthly average load = Number of hours in a month
Yestly average load = No. of units (kWh) generated in a year
8760 hours

(v Load factor. The ratio of average load fo the maximum demand during a given period is
known as load factor Lo,

- Averag load
Load factor = Max. demand

If the plant is in operation for T hours,
~ Average load x T
LRt = Max. denand x T
Units generated in T howrs
Max. demand x T hours

The load factor may be daily load factor, monthly Joad factor or annual Inad factor if the time
period considered is a day or menth or year. Load factor is always less than 1 because average load
is smaller than the maximum demand. The load facter plays key role in determining the overall cost
per unit generated, Higher the Ioad factor of the power station, lesser* will be the cost per unit
generated.

(v) Diversity factor. The ratio of the sum of individual maximum demands to the maximum
demand on power station is known as diversity factor e,

Diversity factor — Sumiof individual max. demands
: Max. demand on power station

A power station supplies load o various types of consumers whose maximum demands generally
do not occur at the same time. Therefore, the maximum demand on the power station is always less
than the sum of Individual maximum demands of the consumers, Obviously, diversity | factor will
always be greater than 1. The greater the diversity factor, the lesser! 1S the cost of generation of
power.

(vi)) Plant capacity factor. [t is the ratio of actual energy produced to the maximum possible
energy that could have been produced during a given period L.,
Actual energy produced
Max. energy that could have been produced

Average demand x T""
Plant capacity x T
Average demand
Plant capacity

Plant capacity factor

*  Itis because higher Joad factor factor means Jesser maximum demand. The station capactty s so selected
that 1t must meet the maximam demand, Nosy, lower maximum demand means lower capacity of the plam
which, therefore, reduces the cost of the plant,

1 There is diversification in the individual maximum demands Le., the maximum demand of some consum-
ers may occur at one tme while that of others at ssme other time. Hence, the name diversity factor

+  Greater diversity factor means lesser maxtrourm demand. This in wirn means that lesser plant capeity s
required. Thus, the capital investment on the plant is reduced,

** Suppose the perlod 1s 7 hours.
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Thus if the considered pertod ts one year,
Annual kKWh output

Plant capacity = 8760

The plant capacity factor is an Indication of the reserve capacity of the plant. A power station is
so designed that It has some reserve capacity for meeting the Increased load demand in future. Therefore,
the installed capacity of the plant Is always somewhat greater than the maxtmum demand on the plant.

Reserve capacity = Plant capacity — Max. demand

It is Interesting to note that difference between load factor and plant capacity factor 1s an Indica-
tion of reserve capacity. If the maximum demanl on the plant is equal to the plant capacity, then load
factor and plant capacity factor will have the same value. In such a case, the plant will have no
reserve capacity.

(viil) Plant use factor. [t is ratio of KWh generated to the product of piant capacity and the
rumber of hours for which the plant was in aperation i.e.

Station output in kWh
Plant capacity x Hours of use

Suppose a plant having installed capacity of 20 MW produces annual output of 7-35 x 10° kWh
and remalns in operation for 2190 hours in a year. Then,

7.35%x10"
{mxmf‘) % 2190

Annual plant capacity factor =

Plant use factor =

Plant use factor = =167 = 16:7%

3.5 Units Generated per Annum

[t is often required to find the kWh generated per annum from maximum demand and load factor.
The procedure is as follows :

- Averag load
Load factor = Y genand
Average load = Max. demand % L.F.

Units generatedfannum = Average load (In kW) x Howrs In a year

Max. demand {in kW) x L.F. x 8760

3.6 Load Duration Curve

When the joad elements of a load curve are arranged In the erder of descending magnitudes, the
curve thus obiained is called a load duration curve,

4 25+ 25
r oV 20
g| 15-- 113 TSR
S| 1o} i 10+ E
1236‘;21!02:221 oiifzfsib’m
(Mid Night)  Time of day Hours duration
0 (if)
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The load duration curve is obtained from the same data as the load curve but the ordinates are
arranged In the order of descending magnitudes. In other words, the maxtmum load 1s represented to
the left and decreasing loads are represented to the right in the descending order. Hence the area
urkler the load duration curve and the area under the load curve are equal. Fig, 3.3 (3) shows the daily
load curve, The daily load duration curve can be readily obtalned from It [t s clear from dally load
curve [See Fig. 3.3. (], that load elements in order of descending magnitude are = 20 MW for 8
hours; 15 MW for 4 hours and 5§ MW for 12 hours. Plotting these loads in order of descending
magnltude, we get the datly load duration curve as shown in Fig, 3.3 (4).

The following points may be noted about load duration curve :

(d The load duration curve glves the data in a more presentable form. In other words, it readily
shows the number of hours during which the given load has prevailed.

(i) The area under the lpad duration curve is equal to that of the corresponding load curve.
Obviously. area under daily load duration curve {in k\Wh) will give the units generated on
that day.

(fid The load duration curve can be extended to include any perlod of time, By laying out the
ahscissa from {) hour to 8T#) hours, the variation and distribution of demand for an entire
year can be summarised In one curve. The curve thus obtalned Is called the annual load
duration cxrve,

3.7 Types of Loads

A device which taps electrical energy from the electric power system &s called a lead on the system.
The load may be resistive (e.g.. electric lamp), inductive (e.g., induction motar), capacitive or some
combination of them. The various Lypes of loads on the power systerm are :

(4 Domestic load. Domestic load consists of lights, fans, refrigerators, heaters, television,
small motors for pumping water ete. Most of the residential load eccurs only for some hours during
the day (f.e. 24 hours) e.g., lighting load occurs during night time and domestic appliance load occurs
for only a few hours, For this reason, the load factor is low {10% to 12%).

(in Commercial load. Commercial load consists of lighting for shops, fans and electric appli-
ances used in restaurants et¢c. This class of load occurs for more hours during the day as compared to
the domestic load. The commercial load has seasonal variations due to the extensive use of air-
conditioners and space heaters,

(i) Industrial load. Industrial load consists of load demand by industries. The magnitude of
industrial load depends upon the type of industry. Thus small scale industry requires load upto
25 kW, medium scale industry between 25kW and 100 kW and large-scale industry requires load
ahove 500 kW. Industrial loads are generally not weather dependent.

{1") Municipal load. Municipal load consists of street lighting, power required for water sup-
ply and dralnage purposes. Street lighting load Is practically constant throughout the hours of the
night. For water supply, water is pumped to overhead tanks by pumps driven by eleciric motors.
Pumping is camied out during the off-peak period, usually occurring during the night. This helps to
improve the load factor of the power system.

(v) lrrigation load. This type of load is the electric power needed for pumps deiven by motors
to supply water to fields. Generally this type of load is supplied for 12 hours during night.

(vi) Traction load. This type of load includes tram cars, trolley buses, railways etc. This class
of load has wide variation, During the morning hour, it reaches peak value because people have to go
to their work place. After moming hours, the load starts decreasing and again rises during evening
since the people start coming to their homes.

3.8 Typical Demand and Diversity Factors
The demand factoe and diversity factor depend on the type of load and its magnitude.
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TYPICAL DEMAND FACTORS
Type of consumer Demand factor
Residence lighting jl‘- kW 1.00
5 kW 060
l Over 1 kW 0.50
Cominercial lighting - Restaurants 0.70
Theatres 0-60
Hotels 0.50
1 Schools 0.55
Small industry 0-60
Store 0.70
General power service [ 0-10 HE 0.75
’ 10-20 H.P. 0.65
] 20-100 H.E. 0.55
Over 100 H.P. 0.50
TYPICAL DIVERSITY FACTORS
Residential Commercial General
lighting lighting power supply
Between consumers 3-4 1.5 1.5
Between transformers 1.3 1.3 1.3
Between feeders 1-2 1.2 1.2
Between substations 1-1 1.1 1.1

Hlustration. Load and demand factors are always less than 1 while diversity factors are more
than unity. High load and diversity factors are the desirable qualities of the power system. Indeed,
these factors are used (o predict the load. Fig 3.4 shows a

small part of electric power system where a distribution trans- Foniee
former is supplying power (o the consumers. For simplicity,
only three consumers a. b, and care shown in the figure. The
maximum demand of consumer z is the product of Its connected

load and the appropriate demand factor. Same 1S the case for Transiormer
consumers band ¢. The maximum demand on the transfarmer
Is the sum of a, &and ¢'s maximum demands divided by the
diversity factors befween the consumers. Similarly, the maxi-
mum demand on the feeder is the sum of maximum demands
on the distribution transformers connected to it divided by the
diversity factor between transformers. Likewise diversifica-
tion between feeders is recognised when obtaining substation
maximum demands and substation diversification when pre-

dicting maximum load on the power station. Note that diver- [&] (]
sity faclor is the sum of the individual maximum demands of Consumers
the subdlvisions of a system taken as they may occur during the Fig. 3.4

daily cycle divided by the maximum simultaneons demand of
the system, The "system”™ may be a group of consumers served by a certain transformer, a group of
transformers served by a feeder ete, Since individual variations have diminishing effect as one goes
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farther from the ultimate consumer in making measurements, one should expact decreasing numeri-
cal values of diversity factor as the power plant end of the system 1s approached, This is clear from
the above table showing diversity factors between different elements of the power system.
Example 3.1. The maximum demand on a power station is 100 MW If the annual lead factor
Is 40% | calewlate the toial energy genorated in a year,
Solution.
Energy generatedfyear

Max. demand x L.F. x Hours in a year
(100 x 10%) x (04) % (24 % 365) kWh
3504 % 10° kWh

Example 3.2. A genorating station has a connected load of 43MW and a maximum demand of
20 MW the units generated being 61-5 % 10° per annum. Calcuiate (i) the demand factor and

(#) load factor:

Solution.

Max. demand _ 20
D xl fact = === = 0465

@ i el Connected load 43
r 0

(i Average domand = Units generated /annum _ 61-5X10° _ 7000 kW

Hours In a year 8760

Load factor = Average demand __ 7020 __ 0-351 or 3519
Max. demand 20 x10°

Example 3.3, A 100 MW power statton delivers 100 MW for 2 kours, 50 MW for 6 hours and is
shut down for the rest of each day. It is also shut down for matntenance for 43 days each year.
Calculate its annual Joad factor:

Solution.
Energy supplied for each working day
(100 x 2 + (50 x 6) = 500 MWh

Station operates for = 365 — 45 = 320 daysin a year
Energy suppliedfyear = 500 x 320 = 160,000 MWh
. s MWh supplied per annum
ALl = Max. demand in MW x Working hours x40
180000 x 100 = 208%

T {100 % (320 x 24)
Example 3.4. A generating station has a maximum demand of 25MW, a load factor of 60%, a
plant capacity factor of 50% and a plant use factor of 72%. Find (i) the reserve capacity of the plant

(1) the daily energy produced and (i) maximum energy that could be produced datly if the plant
wiile running as per schedule. were fully loaded.

Solution.
¢ Lo fuctor = e
= 060 = A\reragtz- 5clem:md
Average demand = 25 x 0.60 = 153 MW
Plant capacity factor = A;g: f:a‘;l::;d

Average demand 15

Plant capacity factor  0-5 W

Plant capacity =
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Reserve capacity of plant = Plant capacity — maximum demand
= 30-25=5MW

(4)  Dally energy produced = Average demand x 24
= 15 x 24 = 360 MWh
(i) Maximuam energy that could be produced
Actual energy produced in a day
Plant use factor

- % - 500 MWh/day
Example 3.5. A diesel station supplies the following loads to varteus consumers
Industrial consumer = 1500 kW ;| Commercial establishment = 750 kKW
Domestic power = 100 kW, Domestic light = 450 kW
If the maximum demand on the station is 2500 kW and the number of KWh generated per year is
45 3 100, dotormine (#) the diversity factor and (i) annual load factor,

Solution.
1500 + 750 + 100 + 450
( Diversity factor = 5500 = 1112
A kWh generated / annum 5 7
{in Average demand = =45 x 10°/8760 = 513-7 kW
Hours in a year
Load factor = —verageload _ 513-7 _ o005 2059

Max. demand 2500

Example 3.6. A power station has a maximum demand of 15000 kW, The annual load factor is
50% and plant capacity factor is 40%. Determine the reserve capacity of the plant.

Solution.

Energy generated/annum = Max, demand x LF. x Hours in a year

= (15000) x ((:5) x (8760} kWh
- 65.7 % 10° KWh

Units generated / annum
Plant capacity x Hours in a year
65-7%10°
0.4 %8760
Plant capacity - Max. demand

= 18,750 — 15000 = 3750 kW
Example 3.7. A power supply is having the following loads :

Plant capacity factor

= 18,750 kW

Plant capacity
Reserve capacity

Type of load Mav. demand(k W) Diversity of group Demand factor

Domestic 1500 12 08

Commercial 2000 11 049

Industrial 10.000 1.25 1

If the overall system diversity factor Is 135, determine () the maxtmum demand and () con-
nected load of each type.

Solution.

(# The sum of maximum demands of three types of loads Is = 1500 + 2000 + 10,000 = 13,500
KW, As the system diversity factoris 1.35,

Max. demand on supply system = 13,500/1-35 = 10,000 kW
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(i) Each type of load has its own diversity faclor among ils consumers.
Sum of max. demands of different domestic consumers

= Max, domestic demand x diversity facior
1500 x 1.2 = 1800 kW
1800708 = 2250 kW

Connected domestic load
Connected commercial load 2000 x 1:1.70.9 = 2444 KW
Connected Industrial load 10,000 x 1.25,71= 12,500 kW

Example 3.8. At the end of a power distribution system, a certain feeder supplies three distri-
bustion transforiners, each ane supplving a group of customers whose cannected foads are as under:

L]

Transtormer Load Demand factor Diversity of groups
Transformer No. | 10kW .65 I-5
Transformer No. 2 12k 6 35
Transformer No. 3 15kW 0.7 1.5

If the diversity factor among the transformers is [-3, find the maxtmam load on the feeder.
Seolution. Fig. 3.5 shows a feeder supplying three distribution transformers,
Sum of max. demands of customers on Transformer 1
= connected load x demand factor = 10 x (65 = 6-5 kKW

Fig. 3.5

As the diversity factor among consumers connected to transformer No. | is 1-5,
Maximum demand on Transformer 1 = 6.5./1.5 = 433 kW
Maximum demand on Transformer 2 = 12 x0.6,73.5 = 2.057 kW
Maximum demand on Transfoemer 3 = 15x07/71.5 = TkW

As the diversity factor among transformers is 1.3,

Maximum demand on feeder = i +l2-.3057 i 103 kW
Example 39, Jr has been desived o install a diesel power station to supply power in a suburban
area having the following particuars ;
(h 1000 houses with average connected load of 1.5 kW in each house, The demand factor and
diversity factor being (-4 and 2.3 respectively.
(1§ 10 factories having overall maximum demand of 90 kW,
(tih 7 tubewells of 7 kW each and aperating together in the morning.
The diversity factor among above three types of consumers is 1. 2. What should be the minimum
capacity of power station ?
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Solution.
Sum of max. demands of houses = (1.5 x (0.4) x 1000 = 600 kW
Max. demand for domestic load = 600,/2.5 = 240 kW

Max. demand for factorles = 90 kW

Max, demand for tubewells = 7* x 7 =49 kW

The sum of maxtmum demands of three types of loads is = 240 + 90 + 49 = 379 kW. As the
diversity factor among the three types of loads is 1-2,

s Max. demand on station = 379.71.2 = 316 kW

S Minimum capacity of station requried = 316 kW

Example 3.10. A generating station has the following daily load cycle .

Time (Hours)  0—6 6—10 10—12 12—16 [16—20 20—24

Load (MW) 40 30 60 30 (/] 40

Draw the load cwrve and find () maximum demand (i) units generated per day (i) average
load and (i) load factor.

Solution. Daily curve is drawn by taking the load along Y-axis and time along X-axis. For the
given load cycle, the load curve is shown in Fig. 3.6.

(9 [t is clear from the load curve that maximum demand on the power station is 70 MW and
occurs during the period 16— 20 hours.

~ Maximum demand = 70 MW

Load in MW ———»

8 8888 388

|
| |
2 4 6 B 1012 14 16 18 20 22 24
Time in hours ——»

Fig 3.6
Area (in kWh) under the load curve
10 MO G+50x4+60x2+50x4+T0x4+40x4]
= 10%[240 + 200 + 120 - 200 + 280 + 160] kWh

3
)

{id Units generated/day

= 12 x 10° kWh

5 Unitsgenerawdfday_l?:’xl[)5 5
(#id Average load > s T 50,000 kW
(i) Load factor = Sverageload | 50000 _ 6714 _ 75494

Max. demand 70 % 10°
*  Since the tubswells operate togethes, the divessity factor is |
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Example 3.11. A power station has to meet the following demand !

Group A : Z00kW betweoen 8 AM, and 6 BM.

Group B © 100 kW berween 6 AM. and 10 A M.

Group C © 50 kW betwoon § AM. and 10 A. M.

Group D : 100 kW botween [0 A.M. and 6 PM. and then botwoen 6 PM. and 6 AM.

FPiot the daily load curve and determine (f) diversity factor (1) wmits gonerated per day (1)) load
factor.

Solution. The given Joad cycle can be tabulated as under |

Time (Hours) 0—=6 6—8 8—10 10—18 18—24
Group A - - 200 kW 200 kW -
Group B — 100 kW 100 kW — —
Group C - 50 kW 50 kW - -
Group D 10 kW — — 100 kW 1} kW
Toval load on
power statton 100 kW 150 kW 350 kW 300 kW 100 kW
From this table, it is clear that total load on power station 15 100 a4
kW for 0—6 hours, 150 kW for 6 —8 hours, 35 KW for 8—10hours, 4 apal_
300 kW for 10— 18 hours and 100 kW far 18 —24 hours. Plotting 250
the load on power statlon versus time, we get the dally load curve as i 200-
shown in Fig. 3_.7. [t s clear from the curve that maximum demand on & 1801~
the station is 350 kW and ocours from 8 AM. o 10 AL M. ie, g 100 f
Maxtmumdemand = 350 kW 50 i '
Sum of Individual maximum demands of groups 0 4 s 12 {‘6‘2‘0 24
= 200+ 100+ 30 + 100 Time in hours ——p
= 450 kW it o
( Diversity factor - Sum of individual max. demands _ 450 /950 _ 1.286
Max. demand on station
(i Units generated/day = Area (In KWh) under load curve
= 1006+ 150%x2+300x2+300x8+100x6
= 4600 kWh
(i) Average load = 4600/24 = 191.7 kW
Load factor = l.g_ls;ol x 100 = 548%
Example 3.12. The daily demands of three consumers are given below :
Time Consumer | Consumer 2 Consumeor 3
12 midnight to 8 A M, No Joad 200 W No Joad
SAM 102 PAM. 600 ¥ No Joad 200W
ZPM to 4 PM. 200 W 00w 12200 W
4PM o I0PM. 800 W No load No load
10PM. to midnight No load 200W 200W
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Plot the load curve and find (i) maximam demand of individual consumer (i) Joad factor of
wndividual consumer ({1)) diversity factor and (1 load factor of the statfon.

Solution. Fig, 3.8 shows the load curve,

2400 W
TR Sl o o i B et
2000+
1600 -
i 1m--
i [ESENCTA 800 W 800 W
i | sow
-0 200W - 1
o i . I 4
2 4 8§ 1224 8
(Midnight) (Noon) (Midnight)
_—
Time in hours
Fig. 38
(d Max. demand of consumer | = 800 W
Max. demand of consumer 2 = 1000 W
Max. demand of consumer 3 = 1200 W
A B Energy consumed / day
(# Lot pteomimi] = Max, demand x Hours in a day * 30
~ B800% 6+ 200 % 2 + 800 x § .
- 800 % 24 % 100 =4840
200x 8+ 1000 % 2 + 200 % 2
L.E of consumer ¢ = 1000 %24 x 100 = 16:79%
. ; 2006 + 1200 x 2 + 200 x 2
L.E of consumer 3 = 500 < 24 » 100 = 1389

(éi) The simultaneous maximum demand an the station s 200 + 1000 + 1200 = 2400 W and
occurs from 2 PM, to 4 PM.
800 + 1060 + 1200
2400 =33
Total energy consumed / day « 100
Simultaneous max. demand x 24
¢ 8800;43)32*4‘0‘” « 100 = 2019

Example 313 A daily Joad curve which exhibited a 15-minute peak of 3000 kW is drawn to
scale of 1 cm = 2 hours and 1 cm = 1000 kW, The total area under the load curve is measured by
plantmeter and fs found to be 12 cn’. Calculate the load factor based on 15-min. peak.

Solution.

1 cm” of load curve represents 1000 % 2 = 2000 kWh

2000 x Area of load curve = 2000 x ]2 1000 kKW
Hours in a day

Diversity factor

(¥ Station load factor =

Average demand =
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1000
Load factor = 3000 x 100 = 3339

Example 314, A power station has a daily load cycle as under :
260 MW for 6 hours ; 200 MW for 8 hours : 160 MW for 4 hours, 100 MW for 6 hours.

If the power station is equipped with 4 sets of 75 MW each. calculate (§) daily load factor (1)
plant capactty factor and (1)) daily requirement If the calorific value of il used were 10,000 kcalkg
and the average heat rate of station were 2860 keal/kWh.

Solution, Max. demand on the station is 260 x 10° kW,
Units suppliediday = 10% [260 % 6 + 200 8 + 160 x 4 + 100 x 6
4400 % 10° kWh

3
(? Daily load factor = 440010 x 100 = T0:5%

260 % 10° % 24
4400 % 10°24 = 1,832,333 kW

(i Average demand/day

Station capacity = (73 x 10" x4 = 300 x 10° kW
183333
Plant ity factor = — % 100 = 61-1 %
nt capacity facto B

(#in) Heat requiredfday = Plant heat rate X units per day
= (2860) x (4400 x 10% keal
3
Fuel requireddday = 2860 133003 X310 _ 12584 x 10° kg = 1258-4 tons

Example 3.15, A power station has the following daily load cycle :
Time tn Hours 6—8 8§—12 1Z2—16 16—-20 20—-24 24—6
Load in MWV 20 40 60 20 50 20
Plot the load curve and foad duratoin curve. Also calculate the energy generated per day.

Solution, Flg. 3.9 (/) shows the dally load curve, whereas Flg. 3.9 (1) shows the dally load
duraton curve. [t can be readily seen that area under the two load curves is the same, Note thal load
duration curve is drawn by arranging the loads in the order of descending magnitudes.

80t -====~ 60
‘w-\ -------- w--'
“4 ----- 401---{--
I |
| %0 | ot 1 !
] 1 : !
20 s 204 -q-=4~
L s L
10 - R 7 LU S T
P O GRS GO VR - A | .
0 4 8 1218 20 24 0 4 8 1216 20 24
— —»
Time of day Hours duration

5
|

0] Fig. 3.9 G0

Units generated/day = Area (in kWh) under daily load curve
= 10°[20x 8+ 40 4 + 60 %4 + 20x 4 + 50 % 4]
= 840 x 10° KWh
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Alternatively :
Units generatediday = Area (in KWh) under daily load duration curve

= 10°[60x 4 +50% 4+ 40 x4 + 20x12]
840 x 10° kWh

I

which I8 the same as above

Example 3.16. The annual Joad duration curve of a certain power station can be considered as
a straight line from 20 MW to 4 MW. To meer this load, three turbine-generator units, two rated ar 10
MW each and one rated at 5 MW are instalfed. Determine \l) instalied capactty (1) plant factor (141
units generated per annum (V] Joad factor and (v) utilisation factor.

Solution, Fig. 3.10 shows the annual load duration curve of the power station.
( Installed capacity = 10+ 10 + 5= 25 MW
(id Referring to the load duration curve,

1120+ 41= 12 MW

Plant factor = Sveragedemand _12 _ 40 _ g0

Average demand

Plant capacity ]

(iip  Units generatedfannum = Area (in kWh) under load duration curve

. ;— 4000 + 20,0001 x 8760 KWh = 105-12  10° KWh

(9 Load factoe ;g:% x 100 = 609%

Max. demand _ 20,000 3 g
Plant capacity ~ 25000 R =

Example 3.17. At the end of a power distribution system, a certain feeder supplies three distri-
bution transformers, each ane suppiying a group of customers whose connected load are listed as
follows :

Il

(v Utilisation factor

Transtormer 1 Transtormer 2 Transtormer 3
General power Residence lighting Store lighting and power
service and lighting
a: IOHE, kW e kW J: I0KkW3HE
b: 75HP, 4kW f: 4kW k: SKWZ5HP
c: I5HP g 8kW 1: 45w
d: SHP, ZkW h: I5kW
1: 20kW

Use the factors given in Art. 3.8 and predict the maxtmum demand on the feeder, The H.P. load
Is motor load and assume an efficiency of 72%,
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Solution. The Individual maximum demands of the group of consumers connected o trans-

former 1are obtained with factors from the table on page 49.

| 0746 2. ,
i (mx ~ 72]x065?5x0~60 T4 KW
b [75x%7;26]x0-?5+4x0-60 - 823 KW
& |15><0 77426\ 065 = 10.10 kW
, 0-746 ) ,
d: |5x072]x075+2x060_5-09kw

Total = 33.16 kW
The diversity factor between consumers of this type of service is 1.5 {From the table of article 3.8).

S Maximum demand on transformer 1 = 2:15—%9 = 22.10 kW

In a similar manner, the other transformer loads are determined to be

Total Simultaneous
Transformer 2 26 kW 743 kW
Transformer 3 2913 kW 1940 kW

The diversity factor between transformers is 1.3,

Maximum load on feeder = ot L 7]._433“9‘40 - 1?23 = 37-64 KW

« A generating station has a connected load of 40 MW and a maximum demand of 20 MW : the units

. A 100 MW powers stations delivers 100 MW for 2 hours, 50 MW for 8 howrs and is shut down for the

. A power station is 1o supply four reglons of loads whose peak values are 10,000 KW, 5000 kW, 8000 kW

. A generating station supplies the following loads : 15000 kKW, 12000 kW, 8500 kW, 6000 kW and 450

5. A generating station has a maxtmum demand of 20 MW, a load factor of 60%, a plant capacity factor of

TUTORIAL PROBLEMS

generated being 60 % 10°. Calculate (4 the demand factor (¢4 the load factor.  [(§ 0-5 (i) 34.2556]

rest of each day. 11 Is also shut down for maintenance for 60 days each year, Calculate its annual load
factor, 1219

and 7000 kW, The diversity factor of the load at the statlon &s 1.5 and the average annual Joad factar Is
60%, Calculate the maximum demand on the station and annual enengy supplied from the station,

(20,000 kW ; 106-12% 10° kWh|

kW, The statlon has a maximum demand of 22000 kW. The annual load factor of the station is 48%.
Calculate () the number of unlts supplied annually (i) the diversity factor and (7 the demand factor.
[0 925 10° kKWh () 52-4%% (4 1:49]

48% and a plant use factor of 80% . Find

(3 the daily energy produced
() the reserve capacity of the plant

-

Since demand Lactor for a particulor koad magn hede in not glves in the table, it i reasonable (o assume 1
average value f.e
0-740-5

- U
Demand Factor = 7 =2 =04
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(fifd the maximum enery that coukd be produced dally if the plant was running all the time
(#) the maxtmum energy that could be produced datly if the plant sas running fully loaded and oper-
ating as per schecle. [(4 288 10° KWh (i 0 (i 480 x 10" KWh (i%) 600 x 10° K\Wh)

6. A generating station has the following daily load cycle
Time (hours) 0—6 6—10 10—I12 12—16 16—20 2024
Load [(MW) 20 25 30 25 35 X
Draw the load curve and find
(4 maximum demand,
(#) wunits generated per day,

(i) average boad,

(1) load factor. 1(0 35 MW (i 560 % 10 kWh (i 23333 kW (is) 66-6796]
7. A power slation has to meel the following load demand :

Load A 50 kW hetween 10AM. and 6 PM.

Load B 30 kW between 6 PM. and 10 PM.

Load 20 kW hetween 4 PM. amxt 10 AM

Plot the daily Joad curve and determine (4 diversity factor (£ units generated per day (#1) load factor.
[(h 1.43 (ih 880 kKWh (iih 52.38%]
8. A substation supplles power by four feeders to 1 consumers. Feeder no. 1 supplies six consumers
whose individual daily maximum dernands are 70 kKW, 90 KW, 20 KW, 50 KW, 10 kW and 20 KW while
the maximum demand on the feeder is 200 kW. Feeder no. 2 supplies four consumers whose daily
maximum demands are 60 kW, 40 kW, 70 kW and 30 kW, while the maximum demand on the feeder is
160 kW. Feeder nos. 3 and 4 have a daily maximum demand of 150 kKW and 200 KW respectively while
the maximum desmand on the station is 600 kKW,
Determine the diversity factors for feeder no, 1, feeder no. 2 and for the four feedess. 1.3, 1.25, 1-183)
9. A central station is supplying energy to a community through two substations. Each substation feeds
four feeders. The maximum dally reconded demands are

POWER STATION........ 12000 KW

Substation 4 ...... 6000 kW Sub-station B ... 9000 kW

Feeder 1 ........... 1700 kW Feeder 1 .......... 2820 kW

Feeder 2 ............ 1800 kW Feeder 2 ............ 1500 kW

Feeder 3 ............ 2800 kW Feeder 3 ............ 4000 kW

Feeder4 .......... GDO kKW Feeder 4 ............ 2000 kW

Calculate the diversity factor between (i) substations (if) feeders onsubstation A and (i feeders on sub-
station B. (A 125 (4 115 (i) 1.24)

10. The yearly load duration curve of a certain power station can be approximated as a straight line ; the
maximurn and minimum loads being 80 MW and 40 MW respectively. To meet this load, three turbine-
generator units, two rated at 20 MW each and one at 10 MW are installed.  Determine () tnstalled
capacity (i) plant factor (ii) KWh output per year (i+) load factor,

[ SOMW (i) 485 (di) 210 x 10° (is) 60%)]

3.9 Load Curves and Selection of Generating Units

The load on a power station Is seldom constant; It varies from time to time. Obvlously, a single
generating unit (ie., alternator) will not be an economical proposition to meel this varying load. [tis
because a single unit will have very poor® efficiency during the periods of light foads on the power
station, Therefore, In actual practice, a number of generating units of different sizes are Installed In a
power station. The selection of the number and sizes of the units is decided from the annual load
curve of the station. The number and size of the units are selected in such a way that they carrectly

*  The efficiency of a machine (altermator in this case) is maximum at nearly 75% of its vated capacity,
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(it the station load curve. Once this underlying principle is adhered to, it becomes possible 1o operate
the generating units at or near the point of maximum efficlency.

[llustration. The principle of selection of number and sizes of generating units with the help of
load curve is illustrated in Fig. 3.11. In Fig. 3.11 (4, the anmmal load curve of the station Is shown, It
Is clear form the curve that load on the station has wide variatlons ; the minimum lead belng some-
what near 50 kW and maximum load reaching the value of 500 kW, It hardly needs any mention that
use of a single unit to meet this varying load will be highly uneconomical,
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Fig. 3.11
As discussed earlier, the total plant capacity Is divided into several generating units of different
sizes to fit the load curve. This is illustrated in Fig. 3.11{i) where the plant capacity is divided into
three® units numbered as 1, 2 and 3. The cyan colour outline shows the units capacity being used.
The three units employed have different capacities and are used according to the demand on the
station. [n this case. the operating schedule can be as under :

Time Units in operation

From 12 midnight to 7 A M, Only unit no.1 is put in operation.

From 7 AM. to 12.00 noon Unit no, 2 isalso started so that both units 1 and 2 are
in operadon.

From 12.00 noon to 2 PM, Unit no. 2 1s stopped and only unlt 1operates.

From 2 PM. to 5 PM. Unit no. 2 is again started. Now units 1 and 2 are in
operation.

From 5 PM. to 10.30 PM. Units 1, 2 and 3 are put In operatton,

From 10, 30 PM. to 12.00 midnight Units 1 and 2 are put in operation.

Thus by selecting the proper number and sizes of units, the generating units can be made to
operate near maximum efficiency. This results in the overall reduction in the cost of production of
electrical energy.

3.10 Important Points in the Selection of Units
While making the salection of number and sizes of the generating units, the following potnts should
be kept in view !
(4 The number and sizes of the units should be so selected that they approximately fit the
annual load curve of the station.

[t muy be seen that the generating units can fit the load curve more closely if more units of smaller sizes are
employed. Howeves, using greater number of unlts increases the Investment cost per kW of the capaclty.
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(i) The units should be preferably of different capacitles to meet the load requirements. Al-
though use of identical units (Le., having same capacity} ensures saving® in cost, they often
do not meet the load requirement.

(#if) The capacity of the plant shoukl be made | 5% to 20% more than the maximum demand to
meet the future load requirements

(i There should be a spare generating unit so that repairs and overhauling of the working units
can be carried out,

(v) The tendency to select a large number of units of smaller capacity in order to fit the load
curve very accurately should be avoided. It is because the Investment cost per kKW of capac-
ity increases as the size of the units decreases.

Example 318, A propased station has the following daily load cycle

Time in hours 68 8§11 116 1619 19-22 22-24 2446

Loadin MW 20 40 30 23 70 40 20

Draw the load curve and select suitable generator units from the 10,000, 20,000. 25,000,

30000 kVA. Prepare the operation schedule for the machines selected and determine the load factor

from the curve

Selution. The load curve of the power station can be drawn to some suitable scale as shown in
Fig. 3.12.

Units generated per day = Area (in kWh) under the load curve

factor of the machines to he 0.8, the output of the generating 807
units available will be 8, 16, 20 and 24 MW. There can be 50
several possibilities. However, while selecting the size and num-

ber of units, it has to be borne in mind that () one set of highest 40
capacity should be kept as standby unit (#) the units should 30+
meet the maximum demand (70 MW in this case) on the station =
(#4)) there should be overall economy, §

be chasen. Three sets will meet the maximum demand of
70 MW and one unit will serve as a standby unit. 4

= 10°[20%8+40x3+50x5+35%3+T0x3+40x2]
= 10° [160 + 120 + 250 + 105 + 210 + 80] kWh
= 923 % 10° kWh

3
%52’;;0 ~ 38541.7 kW

385417 i
W » 100 = 550696

Selection of number and sizes of undts | Assuming power

Average load

Load factor

I

Keeping in view the above facts. 4 sers of 24 MW each may

5 8 8 ¢

e —_——— - ———
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Operational schedule. Referring to the load curve shown ———Time in hours———%
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2
0

O e v -

in Fig. 3.12, the operational schedule will be as under : Fig 3.12

() Set No, 1 will run for 24 hours,

(i) Set No Z will run from 8.00 hours to midnight.
(i) Set No. 3 will run from 11.00 hours to 16 bours and again fram 19 hours to 22 hours.
Example 3.19. A generating station is to supply four regions of load whose peak loads are

10 MW, 5 MW. 8 MW and 7 MW, The diversity factor at the station is 1-5 and the average anmaal
load factor is 60%. Calewlate !

Due o duplication of sizes and dimensions of pipes, foundations etc,
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(f  the maximum demand on the station.
(th annual energy supplied by the station,
(#h  Suggost the tnstalfed capacity and the number of wmits.
Solution.
Sum of nax_dermamds of the regions
Diversity factor
(10+5+8+7)/1.5=20 MW
Max. demand x LF. x Hours in a year
(20 x 10%) % (0-6) x (8760) kWh
10512 x 10° kWh
(#if) The installed capacity of the station should be 13% to 20% more than the maximum demarx
In order to meet the future growth of load. Taking Installed capacity to be 20% more than
the maximum demand,
Installed capacity = 1.2 x Max, demand = 1.2 x 20 = 24 MW
Suttable unit sizes are 4, each of 6 MW capacity.

3.11 Base Load and Peak Load on Power Station

The changing load on the power station makes its load curve of variable nature. Fig 3.13. shows the
typical load curve of a power station. It is clear that load on the Peak load
power station varies from time to time, However, a close look
at the load curve reveals that load on the power station can be x
considered in two parts, namely;
(d Base load § ;
(il Peak loal B 5
(0 Baseload. The unvaryving ioad which occurs alimost g
the whale day on the station is known as base load. 10¢
Referring to the load curve of Fig. 3.13, it is clear that 0
20 MW of load has to be supplied by the station at all times of
day and night J.e. throughout 24 hours. Theeefore, 20 MW is
the base load of the station. As base load on the station Is Fig3.13
almaost of constant nature. therefore, it can be suitably supplied {as discussed in the next Article)
without facing the problems of variable load.
(id Peak load. The various peak demands of load over and above the base load of the station
Is known as peak load,
Referring to the load curve of Fig. 3.13, it is clear that there are peak demands of load excluding
base load. These peak demands of the station generally form a small part of the total load and may
occur throughout the day.

3.12 Method of Meeting the Load

The total load on a power station consists of two parts viz, base load and peak load, In ceder to
achieve overall economy, the best method o meet load is to interconnect two different pawer sta-
tions. The more efficient plant is used to supply the base load and is known as base load power
station. The less efficient plant is used to supply the peak loads and is known as peak lead power
station. There is no hard and fast rule for selection of base load and peak load stations as it would
depend upon the particular situation. For example, bath hydro-electric and steam power stations are
quite efficient and can be used as base load as well as peak load station to meet a particular load
requirement.

(d Max. demand on station

()  Units generated/annum

8 12 18 20 24
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Hiustration. The interconnection of steam and hydro plants is a beautiful illustration to meet
the load, When water s avallable In sufficlent quantity as In summer and rainy season, the hydro-
electric plant Is used to carry the base load and the steam plant supplies the peak load as shown in
Fig 3.14 (4.

77 vyare [008) Steam
wr

I Y N o
Z : e %0
B 0 oS, l,-'
g, ,
o o -II
4 8 1216 20 24 4 8 12186 20 24
Hours ———
Load division on Hydro-sleam sysiem.
{i) High Flow day (i) Low Flow day

Fig.3.14
However, when the water 1s not avaifable in sufficient quantity as in winter, the steam plant
carries the hase load, whereas the hydro-electric plant carries the peak load as shown inFig. 3.14 (#).

3.13 Interconnected Grid System

The connection of several generating statlons In parallei is known as interconnected grid system.

The various problems facing the posver engineers are considerably reduced by interconnecting
different power stations in parallel. Although interconnection of station involves extra cost, yet
considering the benefits derived from such an arrrangement, it is gaining much favour these days.
Some of the advantages of Interconnected system are listed below :

() Exchange of peak loads : An important advantage of interconnected system is that the peak
load of the power station can be exchanged, [f the load curve of a power station shows a
peak demand that is greater than the rated capacity of the plant, then the excess load can be
shared by other stations interconnected with it,

(in Use of oider plants . The interconnected systemn makes [t possible to use the okler and less
effictent plants to carry peak loads of short durations. Although such plants may be inad-
equate when used alope, yet they have sufficlent capaclty to carry short peaks of loads when
Interconnected with other modem plants. Therefore, Interconnected system gives a direct
key to the use of obsolete plants,

(i) Fnsures economical gperation ! The interconnected system makes the operation of can-
cerned power stations quite ecopomical. Tt is because sharing of load among the stations 1s
arranged in such a way that more efficient stations work continuously throughouts the year
ata high load factor and the less efficlent plants work for peak load hoars only.

(1Y) Increases diversity factor © The load curves of different Interconnected stations are gener-
ally different. The result is that the maximum demand on the system is much reduced as
campare to the sum of individual maximum demands on different stations. [n other words,
the diversify factor of the system is improved, thereby increasing the effective capacity of
the system.

(W Reduces plant reserve capacity © Every power station 1s required to have a standby unit for
emergencies. However, when several power statlons are connected in parallel, the reserve
capacity of the system is much reduced. This increases the efficiency of the system.
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(vi) Increases reliabtlity of supply | The interconnected system increases the reliability of sup-

ply. If a major breakdown occurs In one station, continuity of supply can be maintained by
other healthy stations.

Example 3.20. A base load station having a capacity of 18 MW and a standby station having a
capacity of 20 MW share a comnion Joad. Find the annual lead factors and plant capacity factors of
two power stations from the following data :

Annual standby station output = 7:35% 10" kWh
Annual base load station output = 10135 % 1F kWh
Peak load on standby station =12 MW

Hours of use by standby stationyear = 2190 hours
Solution.

Installed capacity of standby unit
= 20 MW = 20 x 10° kW
Installed capacity of base load plant
= 18 MW = 18 % 10° kW
Standby station
kWh generated / annum
Amneaload factor Max, deman(ig ® Annual working hours

_ 7.35x10°

- (12 % 10™) x 2140
kWh output / annmum 1

Installed capacity x Hours in a year

7-35% 10°
= ] = 4'2%
20 <107 8760 < 1
Base load station. It is reasonable to assume that the maximum demand on the base load station

1s equal to the installed capacity (fe., 18 MW), It operates throughout the year i.e., for
8760 hours.

x 100

x 100 = 28%

Annual plant capacity factor =

101-35% 10°
(18 x10%) x 8760

As the base load station has no reserves above peak load and It is In continuous operation,
therefore, Its capacity factor Is also 64.295,

Example 3.21. The load duration curve for a typleal heavy load being served by 4 comibined
hydro-steam sysiem may be approximated by & seraight line, maximany and minimam loads being
60000 kW and 20, 000 kW respectively. The hydro power available at the time of minimum regulated
flow is just sufficlent to take a peak load of 50,000 kWh per day. It Is observed that it wili be
econamical to pump water from tall race to the reservolr by atilising the steam power plant during
the off-peak periods and thus running the station at 100% load facter.  Determine the maximum
capacity of each type of plant. Assume the efficiency of sieam conversion to be 60%.

Solution. OCBA represents the load duration curve for the combined system as shown In
Fig. 3.15. The tatal maximum demand {£e., 50,000 kW) Is represented by OC, whereas the minimum
demand (£.e., 20,000 kW) is represented by O

Annual load factor = = 64:29%

Let OF = Capacity of stearn plant
EC = Capacity of hydro plant
Area OHI = The energy available from hydro plant in the low flow period.
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Area FGB = The off-peak”™ period energy avallable from steam plant

Obviously, the energy of hydro plant represented by area HEFTand avallable from reservoir has
heen supplled by steam power plant represented by area FGB. As steam electric conversion Is 60%,

& Area HEFT = (-6 x Area FGB o )
But Area HEF! = Area CFFE - Area CHI
= 5 %/— 500001
Now Area FGB = %—x FC x GB=% (24 - ¥ (40,000 - 3

Putting the various values in exp. {1}, we get,

%.\3'-50.000 - 0'6[-% (24 - » {40.000-)')]

60,000

Max, demand in kW —»

Fig.3.15
or 0.2 xy+ 12000 x+ 7.2 y—3,38,000 =0 - (1
Also from similar triangles CEFand CDEB, we gel,
e A 2
40,000 24
_ 40,000 x
I e 146)

Putting v= 40000 x/24 from exp. {#) Into exp. (i), we get,

333 x* - 24000 x— 338,000 = o
or ¥+ T2x—1015 =

- -7ziJ51'34+ _=T2196

: 24

Capacity of the hydro plant is
yie B0 = 2009X12 _ 20 000 kW

24
Capacity of steam plant = 60,000 = 20,000 = 40,000 kW

Example 3.22. The annual load duration curve for a typical heavy load being served by a
steam station, a run-of-river siation and a reservoir hydro-electric station Is as shown in Fig. 2.16.
The ratto of mumber of units supplied by these stattons is as follows .

»

It s clear from load duration curve that the capacity of steam plant represented by area FG8 s not being
wilised efficiently. This steam energy can be used to pump water in tail race back to the ceservoir,
¥ Because during minimum regulated flow, hydro energy supplied is 50,000 kWh
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Steam ! Run-of-tiver! Reservoir '@ 7! 4.1

The run-of river station Is capable of genorating power continuousty and works as a base foad
station, The reservoir station warks as a peak load station, Determine () the maximum demand of
oach station and (i) foad facior of each station.

Solution. ODCA is the annual load duration curve for the system as shown In Fig. 3.16. The
energy supplied by the reservolr plant Is represented by area DFG ; steam station by area FGCBE axl
run-of-river by area OFBA. The maximum and minimum loads on the system are 320 MW aml

168 MW respectively.
D Roservoir
’f’ Hydro-station
t y station
v G
5 T o0
i c
E B8
/ = Run-of-river Station
o ZAn
= 8760 Hours- B
Fig. 3.16
Units generated/annum = Area (in kWh) under annual load duration curve

10° [% (320 +160) xsno] KWh = 21024 % 10° kWh

As the steam plant, run-of-river plant and hydro plant generate units in the ratioof 7 : 4 © 1,
therefore, units generated by each plant are glven by :
Steam plant = 2102.4 x 10° x 7/12 = 1226.4 x 10° kWh
Run-of-river plant = 21024 x 10° % 4/12 = 700-8 x 10° KWh
Resarvolrplant = 21024 x 10%x 1/12 = 175.2 x 10° KWh
(# Maximum demand on run-of-river plani

Area OFBA _ 7008 x10°

- = = 80,000 kW
0A 8760
Suppose the maximum demand of reservoir plant is ¥y MW and it operates foc x hours (See
Flg. 3.16),
R N - o ST60 ¥

Then, 160 ~ 8760 = 160
Units generated per annum by reservalr plant

= Area (in kXWh) DFG

s(1. N _insf1, 8760y )
= 10 [_2 .\}.]-10 [-2 T y

2
‘:% % 8,76,000
But the units generated by reservoir plant are 175-2 10° kWh.

2
.

~3L2x8,76.000 - 1752 % 10°
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¥ = 6400 or y=JGI00 = 8OMW
Maximum demand on reservolr station s

FD = 80 MW
Maximum demand on steam station Is
EF = 320- 80— 80 = 160 MW
(i L.F of runof river plant = 100* %
' _ _Units generated / annum
L..F. of reservoir plant Maximum dermand X 8760 100
175-2 x 10°
= 100 = 25%
(B0 x 107) < 8760
L.E of steam plant = 1226'43)( 10° x100 = 87.5%
(160 % 107) x 8760
SELF - TEST

I. Fill in the blanks by inserting appropriate wordsTigures :
{# The area under the daily load curve gives ...
(i) The connected load is generally ............. than the maximum demand,
(it} The value of demand factor is ............. than 1
(f¢) The higher the load factor of a power station, the ............. is the cost per unit generated,
(v) The value of diversity factor Is ............. than 1.
(vl) The Jesser the diversity factor, the ........... 15 1he cost of generation of power.
(vi) A generating unit operates with maximum efficiency at about ............. % of its rated capacity.
(vil) According to Indian Electricity Supply Act (1948), the capacity of the spare set should be ...
(i) Inan annual load carve, ... b8 GRenalong Y-axisand ... ... along X-axis.
(x) Base load occurs on the power station for ............. hours in a day.
2. Pick up the correct words/ligures from the brackets and (5l in the blanks :
(d Area under the daily load curve divided by 24 gives ..............
(average load, maximum demand, units generated)
(#) The knowledge of diversity factor helps in determining .............
{average load, units generated, plant capacity)
(43 More efficient plants are used as ... (base Inad stations, peak load stations)
(i) A diesel power plant ts generally usedasa .........., (base Joad station, peak load station)
(v) I a hydro-stearn system. sieam poswer stadon carries the base load durdng ...
(high flow day, low flow day)
(vd Inan inerconnected grid system. the diversity factor of the whole system ............
(increases, decreases, remains constand)
(vl) Installed capacity of a power station 1s ............. then the maximum demand. {fess, more)
(vitd Annual load factor is determined from ............. load curve, (daily. monthly, annual)

ANSWERS TO SELF-TEST
1. (# unitsgenerated in the day (¢4 more (i less ({4} lesser (v) more (1)) greater (vi4 T5% {viifd highesq
of all sers (79 load, hours (x) 24.

2. (9§ average Joad () plant capaclty (ifh base load statlons (iv) peak load statlon (v) low flow day (vi)f
increases (vig more (viin annual,

*  Since It operates continuously at rated capacity (.2 It s a base loadl station),
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CHAPTER REVIEW TOPICS

Why Is the load on a power station variable ? What are the effects of varkable load on the operation of the
power station 7
What do you understand by the load curve 7 What informations are conveyed by a load curve ?

3. Define and explain the importance of the following terms in generation ;

exE~D 0.

(8 connected load {73 maximum demand (i demand factor () average load
Explain the terms load factor and divesity factor. How do these factors influence the cost of generation?
Explain how load curves help in the selection of size and mumber of generating units.
Discuss the important polnis o be taken Into conskleration while selecting the size and number of units.
What do yvou understand by () base Ioad and (i peak load of a power slation ?
Discuss the method of meeting the peak load of an electrified area,
Discuss the advantages of interconnected grid system,
Write short notes on the following .
(d load curves,
() load division on hydro-steam system,
(t) load factor,

() plant capacity factor,

DeawNn -

DISCUSSION QUESTIONS

Why are load curves drawn ?

How will you Impeove the diversity factor of & power statlon 7

What is the importance of load factor ?

What is the importance of diversity factor ?

The values of demand factor and load factor are always less than 1. Why ¥
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A.C. Distribution

—

Introduction

n the beginning of electrical age, electricity
was generated, transmitted and distributed as
direct current. The peincipal disadvantage of
d.c. system was that voltage level could not
readily be changed, except by the use of rotating
2 > machinery, which in most cases was (00 expen-
141 AC. Distribution Calculations stve. With the development of transformer by

14.2  Methods of Solving A.C. Distribution  George Westinghouse, ac, system has become

Problems so predominant as to make d.c. system practically
extinct In most parts of the world, The present
143 3-Phase Unbalanced [oads da\' [arg(x pPOWEr S\ﬁ(m has been pmslbk. Dﬂl}’

184 FoarWiin Siar - Connecled Uebal due to the adoption of a.c. system.

anced Loads Now-a-days. electrical energy s generated,

transmitted and distribated in the form of aler
145 Ground Detectors nating current as an economical proposition. The
electrical energy peodduced at the power station s
transmited at very high voltages by 3-phase, 3-
wire system (o step-down sub-stations for diséri
bution. The distribution system consists of two
parts viz primary distribution and secondary dis
tribution. The primary distribution circuit is 3
phase, 3-wire and operates at voltages (3-3 or 6-6
ot 11kV) somewhat higher than general utilisation
levels. It delivers pawer to the secondary distri-
bation clreudt through distribution transformers

356
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situated near consumers' localities. Each distribution transformer steps down the voltage to 400 'V

and power is distributed to ultimate consumers” by 400/230V, 3-phase, 4-wire system. In this chap-

ter, we shall focus our attention on the various aspects of a.c. distribution,

14.1 A.C. Distribution Calculations

A.C. distribution calculations differ from those of d.c. disiribution in the following respects :
(A [ncase of d.c. system, the voltage drop is due to resistance alone. However, in a.c. system,
the voltage drops are due to the combined effects of resistance, Inductance and capacitance,
{(ih Inad.c. system, additlons and subtractions of currents or voltages are done arithmetically
but in case of a.c. system, these operations are done vectorially.

(i) Inanac. system, power factor {p.f.) has to be [aken intoaccount. Loads tapped off foem the
distributor are generally at different power factoes. There are two ways of referring power
factor viz

(a) [t may be referred o supply or recelving end voltage which s regarded as the reference
vector.
(B) 1t may be referred to the voltage at the load point itself.
There are several ways of solving a.c. distribntion problems. However, symbolic notation method
has been found to be most convenlent for this purpose. In this method, voltages, currents and imped-
ances are expressed in complex notatlon and the calculations are made exactly as In d.c, distribution.

14.2 Methods of Solving A.C. Distribution Problems

[n a.c. distribution calculations, power factors of various load currents have ta be considered since
currents in different sections of the distributor will be the vector sum of load currents and not the
arithmetic sum. The power factors of load currents may be given (] wint, recetving or sending e
voltage or (#) w.r.t to load voltage itself. Each case shall be discussed separately.

() Power factors referred to receiving end A R+iX, C Rs +1%s B
voltage. Consider an a.c. distributor A 2 with con- /

centrated loads of /; and [, tapped off at paints Cand
B as shown in Fig. 14.1. Taking the recelving end

voltage V as the reference vector, let lagging power
factors at Cand B be cos ¢, and cos ¢, wnt. Vi Let s 008 4 1 000 &,
R, X, and R;, X, be the resistance and reactance of Fig. 14.1

sections A Cand CBof the distclbutoc

Impedance of section 4 C, Z:,_-’ = R+ jAX
Impedance of section CB, Z}‘ = R+ j X,

Load current at point C, 1 = I, (cos &y = jsin )
Load current at point B, L = Licosd,—fsing,)
Current in secton CB, F:; = 7; = I {cos 9, — fsin §,)
Current In section A C, Te = T+%

= I (cos ¢y — fsin @) + I, (cos &, — /sin ¢,)
Voltage drop in section CB V;5 = 7:.;273 = L {cos ¢y = jsingy) (R, + j X))

TeZo=(F+%) 2

Voltage drop in section A€, V-
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= |flcos 9 — fsin &) + L, {cos &, — sin ¢5)] (R, + 1A
w"W* AC
T+%

Sending end voltage,

S

Sending el current,

Fig. 142

The vector diagram of the a.c. distributor under these conditions is shown in Fig, 14.2, Here, the
recelving end voltage V; is taken as the reference vector. As power factors of loads are given wir.f,
V5, therefore, £, and 1, Jag behind ¥ by ¢, and ¢, respectively.

{(#) Power Factors referred to respective load voltages. Suppose the power factors of loads in
the previous Fig. 14.] are referred to their respective load voltages, Then ¢, Is the phase angle
between V.and I and ¢, is the phase angle between V, and [, The vector diagram under these
conditions is shown in Fig. 14.3.

Fig 143

T 7o = I (cos 0~ sin 6,) (R, + 1 X;)

%

& + Drop Insectlon CH= V . £ @ (say)

\bltage drop in section CB

\bltage at point C

Now T = I £-6, wetvoltage V,,

T = L£-i0,-0)  wrtvoltage V,
le. -l: = I lcos (¢, — o — jsin (9, — o)
Now e = 1+%
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= 1 [cos (¢ — o) —jsin (&), — 0] + £ (cos g, — fsin §,)

Voltage drop in section AC = T,,_‘ ZZ
Voltage at point A = Vi -+ Dropin CB+ Dropin AC

Enmple 14.1. A single phase a.c. distributor AB 300 metres long 15 fed from end A and Is
loaded as under :

() 10 A ar 0.707 pf. lagging 20 m from polnd A

(1 2004 at 0.8 p.f. lagging 300 m from point A

The load resistance and reactance of the distributor is (-2 € and (041 ) per kilometre. Calculate
the total voltage drop in the distributor. The load pawer factors refer to the voltage af the far end.

Solution. Fig. 14.4 shows the single line diagram of the distributor,

Impedance of distributor/km = 02+701)0
A 200 m C 100m 8
/ > I -
L=100A L=200 A
cos §,=0-707 lag cos §,=08 lag
Fig. 144

Impedance of section AC, 7_4: = (024 0.1 x 200/1000 = [0.04 + §0:02) ©

Impedance of section CB, Z_g' = (0-2 + j0O.1) x 100/1000 = (002 + 70431 ©
Taking voltage at the far end Has the reference vector, we have,

Load current at point B, T - 1, (cos 9, — fsin ¢,) = 200 (0-8 — 7 0-6)
- (160=4120) A

Load current at point C, T = 1 (cos ¢, = jsin ¢,) = 100 (0.707 - 10.707)
= (07707 A

Current in section CB, T:_,: = 7; = (160 -/ 120} A

Current in section AC, Too = T +% =(T07-470.7) + {160 - 1 120)

- (230.7—7190.7) A
Voltage drop in section CB. Vim = Top Zop = (160— 7120) (602 + 70.01)
- (44 - 708 volis
Voltage drop In sectlon AC, Vio = Too Zgo = (230.7—7190:7) (0.04 + 10.02)
= (13-04 - ;3.01) volts

Voltage drop in the distributor = LT: + E = {1304 - j3.01) + (4.4 - 70.8)
= (17-44 - j3.81) volls

Magnitude of drop J7-44) + (3817 — 17.85 v
Example 14.2. A single phase distributor 2 kilometres long supplies a load of 120 A ar 0.8 p.f.
lagaing at its far end and & load of 80 A at (-9 p.f. lagging ar its mid-peint. Both power factors are

C
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referred fo the voltage ar the far end. The resistance and reactance per km (go and returm) are
0.03 K2 and 0-1 §2 respectively, If the voltage ar the far end Is maintained at 230 'V, calculate

[ voltage at the sending end
(th phase angle between voltages at the two ends.
Solution. Flg, 14.5 shows the distributor ABwith C as the mii-polnt
Impedance of distributor/km = (005 + 101} Q

(0:05 + 70.1) x 1000¥1000 = (005 + 70-1)
(0:05 + 70-1) x 100X¥1000 = (005 + jO-1) Q

Impedance of section AC, Zac
Impedance of section CEB, 2‘(}3

A 1000 m Cc 1000 m
/ = I —
L=80A L=120A
cos §,=0-9lag cos ¢, =0 8 lag
Fig. 145

Let the voltage Vyat point Bbe taken as the reference vector.

Then. Ty = 230+ f0

(? LoadcumentatpointB, T, = 120 (D-8—-706)=096-772

Load current at point £ 7: = 80 (09 = j0-436) = 72— j34.88

Current In section CB, Iz = T = 06— 472

Current in section AC, Toe = T +T, =(72=734.88) + (96 - 1 72)
= 168 —s106.88

Drop in section C8, CB = 7,_-—..; 2;:‘ = (96 - f72) (005 + j0.1)
= 12+ /6

Drop in section AC, T = Tae Zie = (168 — 1 106.88) (005 + 10-1)
= 19.08 + j11.45

Sending end voltage, V; = l_{,: +E + !Tt-.

= (230 + jO) + (12 = #6) + (19.08 + 111.45)
= 261.08 + 71745

Its magnitude is = J(261-08) + (1745 =261.67V

(#) The phase difference O between V and Vyis given by :

17.45
tan = 251-08 = (0668

C3 8 = @n’ 0.0668 = 3-82"
Example 14.3. A single phase distribuior one km long has resistance and reactance per con-

ductor of 0-1 2 and 015 respectively. At the far end, the voitage V, = 200 Vand the current is 100
Aatapd of 0.8 lageing. At the mid-point M of the distributer, a current of 100 A s tapped at a p.f.

C
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of 0-6 lagging with reference to the voitage V,, at the mid-point. Calculate
() voltage at mid-potnt
(i semding end voltage V
(1l phase angle between V., and V
Solution. Fig. 14.6 shows the single line diagram of the distributor ABwith Aas the mid-point.
Total impedance of distributor = 2{0:1 +40:15) =02+ 03 Q

Impedance of section AM, 7. (01 + 70.15) €2

Impedance of section MB, ZM—; (01 + 7015) 22
Let the voltage V' at point Bbe taken as the reference vector.

Then, -17; = 200+ 40
/ . T - T
L, =100 A L,=100A
cos §, =08 lag cos ¢, =08 lag

Fig. 146

() LoadcumentatpomntB, 5 = 100 (0.8 —s06) = 80— 60

Current In sectlon MB, 7; = 72'=80— F60
Drop in section WB, Via = TM-;ZE

(80 —#60) (01 + 10.15) = 17 + 46

T+ Vi = (200 + f0) + (17 + j6)
217 + 46

Its magnitude is \I(zmz +(B)° =217V

Phase angle between Viand Vy, o0 = tan™ 8217 = tan™ 00276 = 1-58°

(#) The load current [ has a lagging p.f. of 0.6 wren V), It lags behind V), by an angle
¢, =cos ' 0.6 = 53.13°
“  Phase angle between [ and Vj, ¢,

Voltage at point M, V;

]

]

¢, —o=53.13"-1.58 = 51.55°

]

Load current at M, z = I (cos 9" — fsin ¢,") = 100 [cos 51.55° — /sin 51.55°%)
= 62.2— (783

Current in sectlon AM, Tor = T+T =(62.2~478.3) + (80 ~560)
- 142:2- 71383

Drop in section AM, Vi = TuyZay = (1422 j1383) (0.1 +70.15)
= 3496+ 475

Sending end voltage, Ve = Vi + Vigr = (217 + 76) + (34.96 + 4 7-5)
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25196 + f13-3

Its magnitude 15 J(ZSI <963 + (135 =252.2V

(/i) The phase difference 8 between Vyand Vi is glven by :
tan8 = 13.5/251-96 = 0-D3358

5 8 = tan ' 0.05358 = 3.07°

Hence supply voltage is 252-32 V and leads Vg by 3-07°

Example 14.4. A single phase ring distributor ABC is fed at A. The loads at B and C are 20 A
at 0.8 p.f. lagging and 15 A at 0.6 p.f, Iagoing respociively [ both expressed with reforence to the
voltage at A. The total impedance of the three sections AB, BC and CA are (! + ) ), {1+ 12 and
(I + 43 ohms respectively. Find the total carrent fed at A and the current in each section. Use
Thevenin's theorem o obtain the results,

Solution. Fig 14.7 (#) shows the ring distributor ABC. Thevenin's theorem will be used ta solve
this problem. First, let us find the current in BC. For this purpase, imagine that section BC is
removed as shown (n Fig. 14.7 ().

Fig. 147

Referring to Fig 14.7 (#), we have,
Current in sectlon AR
Current in section AC

2008 06)=106-712
1506708 =9-/412
Voltage drop in section AB (I6—=712) (1 + 1) =28 + j4
Voltage drop in section AC (A—-712) {1 73 =45+113

Obviously, point #is at higher patential than point & The pud. between Band Cis Thevenin's
equivalent circuite.m.f. £ i

Thevenin’s equivalent ciccuite.m £, £y = p.d. between Band C
= (A5 +/15)~ (28 + j4) =17+ ;11
Thevenin's equivalent impedance Z can be found by looking into the network from paints Band

Obviously, Za
Current in BC

M+ A)+{1+j3)=2+4
£y
Zy + Impedance of 8C
17+ 11 _17+ 411
T Rea)+0+2) 348
2.6 - 1-53 = 3Z4=-30-18° A
(16=712) + (2.6 = 71.53)

Current in AB
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Current in AC

Curmrent fed at A

363

186 — /1353 = 232-36.03" A
(9=712) = (26 - 71.53)

6.4 —j10.47 = 12.27£4-58-56" A
(16=f12)+(9=/12)

25—/ 24 = 3165 2-43.83° A

Example 10.5. A 3-phase, 400V distributor AB is leaded as shown in Fig 14.8. The 3-phase
load at point C takes 5A per phase at a p.f of 0 8 lagging. At point B, a 3-phase, 400 ¥ induction
motor is connected which has an output of 10 H.E with an efficieacy of 0% and p.f 0.85 lagging.

If voliage at paint B is to be maintained at 400 ¥ witat should be the voltage at point A 7 The
resistance and reactance of the line are IS and (2 5 per phase per kilometre respectively.

Solution. It is convenient to consider one phase only. Fig.14.8 shows the single line diagram of
the distributor. Impedance of the distributor per phase per kilometre = (1 + f0-3) Q0

Impedance of section AC,  Zge = (1+70:5) x 6001000 = (06 + 103) Q2
Impeclance of section CB,  Z= = (1 +/0:5) x 400/1000 = (04 + J 02} Q
A h T h T
L=5A 1= 1408 A
cos 9,=08 lag cos 6,= 085 lag
Fig, 148
Phase voltage at point 5, Vy = 40003 =231V
Let the voltage ¥V al point Bbe laken as the reference veclor.
Then, Vo = 231+40
Line current at B = = =P A0A
J7 x line voltage X p.f. x efficlency
10 x 746
= Bx100x0-85x0.9 - HBA
*Current/phase at B, L = 1408 A
Load current at B, T = 1408 (08540527 = 12—474
Load current at C; 7: = 3{08-s06) = 4—43
Current in section AC, “. = 7;+7; A=)+ {12474
= 16— /104
Current in section CB, ! . = 7; =12=-474
Voltage drop in C8, Ver = JaoZes=(12- F14) 04+ 702
- 628~ j0.36
Voltage drop in AC, Vuc = acZac=(16—7104) (06 + 70.3)
= 1272-7144

*  Ina3-phase system, if the type of connection & not mentloned, then star connection s understood.
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e Vs o
(231 « yO) + (6:28 —70.56) + (12-72 — ¢ 1.44)
50— 12

Magnitude of V,/phase (250)° +(2)" = 250V

Line voltage at A = f3 x 250433V

Example 14.6. A 3-phase ring main ABCD fod at A at 11 kV supplios balanced loads of 50 A at
0.8 p.f. laguing at B, 120 A at unity p.£ at C and 70 A at 0-866 lagging at D, the load currents being
referved to the supply voltage at A, The impedances of the various sections ao |

Section AB ={I + {1 0-6) Q . Section BC={1-2+ 409 £}

Section CO = (008 + j 0.5 1} ; Section DA =(3+j2 Q

Calculate the curvents in various sections and station bus-bar voltages at B, C and D.

Solution. Fig.14.9 shows one phase of the ring main. The problem will be solved by Kirchhoff’s
laws. Let current in section ABbe (x+ j v).

Current in section BC, 73'; = [+ 7y =50 (0.8 = j(6) = (x=40) + f(y+ 30)

Voltage at A per phase, Vs

Current in section D), Tp = [lx—40) + jiy+ 30)] - [120 « ;0]
= (x=160) + j (y+ 30)
Current in section 124, E = [{x—160) + j (y+ 30)] — [T0 (0-866 — jD.5)]
= [x—220:6) - 1 (¥~ B69)
Drop in section A5 = !_4;2_.,; =[x+ ) (1+ 0.6)
= [x=06%) + j([O6x+ y)
Drop in section BC = Toe Zc
= [{x=40) + f(y+ 30)] [(1:2 + 70-9)]
= 1.2x=09 y-75 +709x+ 1-Z2 1)
11KV
iSUpply
A
B
1+)06 3+)2
S50A 4 o 70A
O 12+]08 08405 2l
c
v
120 A
Unity p.f.

Fig. 149
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or

or

Drop in section CD

Drop in section D4

365

[fx= 160} + j (y+ 30)) [(0-8 + 4 0.5}]
(0-8x—0-5y— 143) + J (0-5x+ 0By — 56}
[{x—220.6) + f{y+65)] [(3+ 2]
(3x—=2y—T91.8) + j(Zx + 3y— 246-2)

Applying Kirchhoff s voltage law to mesh ABCDA, we have,
Drop In AB+ Drop In BC + Drop in CD + Drop in DA=0
[(x—06y) + j (0-6x+ 3] + [(0-2x= 09y =75} + 1 (0-9x+ 1.29]

+ [(08x—0-5y— 143) + j (0-5x + 0.8y— 56)]

+ [(3x= 2y~ T91.8) + j(2x+ 3y~ 2462)] =0
(6x =4y~ 1009.8) + j(4x+ 6y-302.2) =0
As the real {or active) and Imaginary (or reactive) parts have to be separately zero,

br—Ady- 10098
and dx+ Gy—302.2
Solving for xand y, we have,
X
Current In sectlon AB
Current in section BC
Current in section D
Current in section DA
Voltage at supply end A, v,
Voltage at statlon B, V;
Voltage at station C, L’
Voltage at station L2, V.:

"

0
0

1397TA ; y=—428A
(139.7-7428) A

(x—40) + 7 (p+ 30)
(139.7—40) + f(—42.8 ~ 30) = (99-T - j12-8) A
[x= 160) + J (v + 30)

(139.7 = 160) + s{~ 428 + 30)
(—20-3-712.8) A

(x—220-6) = 1 {y~+ 63)

(139.7 - 220.6) + f (- 42.8 + 63)
(~80-9 + j22.2) A

11000/ J3 = 6351 Viphase

Vi - T Zaz

(6351 + 0} — (139.7 — r42.8) (1 + 1 0.6)
(6185-62 — /41.02) volts/phase

Vo-Toc Zae
(618562 — 741.02) — (99.7 — / 12:8) (1.2 + 10.9)
(6054-46 — / 115-39) volts/phase

Vo-Teo 2

(6054.46 — 1115:39) - (203 - /12.8) X (0.8 + 10.5)
(6064.3 - 93) volts/phase
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TUTORIAL PROBLEMS

1. Asingle phase distritutor A8 has a total impedance of {0-1 « 70-Z) ohm. At the far end B, a current of 80
A3t 08 p.f. lagaing and at mid-point Ca current of 100 A at 0.6 p £, lagging are tapped, [f the veltage of
the far end is maintained at 200 V, determine :

(d Supply énd voltage ¥,
{#) Phase angle between I, and ¥
The load power factors are w.r.L. the voltage at the far end, [(h 227-22 V (ih 273V')

2. Asingle-phase a.c distributor AB is fed fromend A and has a wtal impedance of (02 + j03) ohm, At the
far end, the voltage ;= 240 V amd the current is 100 A ata p.f. of 0-8 lagging. At the mid-point M. a
current of 100 A s tapped ut o p.f. of 0.6 lagglng with reference 10 the voltage Vy,at the mid-point.
Calculate the supply voltage V, and phase angle betsween Viand 15, [292V, 26°)

3. Asingle phase ring distributor ABC is fed at A, The loads at Sand Care 40 A at 0-8 p.I. lagging and 60
A at 06 p.f. lagging respectively. Both power factors expeessed are referred to the voltage at polnt A
The total impedance of sections AR BCand CAarve 2 + 71, 2 + ;3 and 1 + jZ ohms respectively. Derer-
mine the current fn each section.

[Curvent in AH = (39-54 — f 25.-05) amp : BC = (7-54 — f1-05) amp ; CA = (2846 — j46-95) amp.|

4. A J-phase ring distributor ABCD fed at A at 11 kV supplies balanced loads of 40 A at 0-8 p.f. lagging at
B, 50 Aat 0707 p.f. lageing at C and 30 A a1 0-8 p.f. lagging at [, the loadd curvents being referred to the

supply voliage at A

The impedances per phase of the various sections are

Section AB= (1 + j21 Q 4 Section BC = (2 + j3) Q
Section CD=(1+;11 Q : Section DA=(3+;4Q

Calculate the curvents in various sectons and station bus-bar voltages at B Cand D,
[Current in AB - (538 — j46) amp ; BC - (21.8 - j 22) amp.
CD = {(=13.55 + j 13-35) amp : DA = (—40-55 — J 26-45) amp.
Vg = (6212:5 - j61-6) volts/phase ; 1, = (6103 — j 83) volts/phase
Vy, = (6129-8 — f82-8) volts/phase|

o~
Phase Sequence Indscator

14.3 3.-Phase Unbalanced Loads

The 3-phase loads that have the same impedance and power factor in each phase are called balanced
loads. The problems on balanced loads can be solved by considering one phase only | the conditions
In the other two phases being similar. However, we may come across a situation when loads are
unbalancesd f.e. each load phase has different Impedance and/or power factor, In that case, current
and power in each phase will be different. In practice, we may come across the following unbal-
anced loads :
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() Four-wire star-connected unbalanced load
(i) Unbalanced A-connected load
(i) Unbalanced 3-wire, ¥ connected load

The 3-phase, 4-wire system 1s widely used for distribution of electric power In commerclal a
industrial buildings. The single phase load Is connected between any line and nentral wire while a
3-phase load Is connected across the three lines. The 3-phase, 4-wire system Invariably carries *un-
balanced loads, In this chapter, we shall only discuss this type of unbalanced load,

14.4 Four-Wire Star-Connected Unbalanced lLoads

We can obxain this type of load in two ways. First, we may connect a 3-phase, 4-wire unhalanced load
to a 3-phase, 4-wire supply as shown in Fig. 14,10. Note that star point N'of the supply 1s connected
to the load star paint N, Secandly, we may connect single phase loads belween any lne and the
neutral wire as shown in Fig.14.11. This will also resull in a 3-phase, 4-wire **unbalanced load
because it is rarely possible that single phase loads on all the three phases have the same magnitude
and power factor. Since the load is unbalanced, the line currents will be different in magnitude and
displaced from one another by unequal angles. The current in the neutral wire will be the phasor sim
of the three line currents i.e

Current in neutral wire, Iy = L+ L+ Iz . phasor sum

I

R -

N - N
Iy

B .
Iy

Y >

Fig. 14,10 Fig. 14.11

The following points may be noted carefully :

() Since the nevtral wire has negligible resistance, supply neutral Nand load neutral N will be
at the same potential. [t means that voltage across each impedance is equal to the phase
voltage of the supply. However, current in each phase {or line] will be different due to
unequal impedances.

{(#) The amount of current flowing in the neutral wire will depend upon the magnitudes of line
currents and their phasor relations. In most circuits encountered in practice, the neutral
current is equal Lo or smaller than one of the Hne currents. The exceptions are those circuits
having severe unbalance,

*  No doubt 3-phase loads (eg ¥ phase motors) connected to this supply are balanced but when we add
single phase loads {e.g. lights, fans e1c.), the balance is lost. [t is becaise 11 is rarely possible that single
phase loads on all the three phases have the same magndtude and power factor,

“*  Inactual practice, we never lave an unbalanced 3-phase, 4-wire load. Maost of the 3-phase loads (e.g 3-
phase motors) are 3-phase, 3-wire and are balanced loads. In fact, these are the single phase loads on the
3-phase, 4-wire supply which constitute unbalanced, -wire Yconnecte) load
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Example 14.7. Non-reaciive loads of 10 kW, 8 kW and 5 &W are connected between the neutral
and the red, yellow and blue phases respectively of a 3-phase, 4-wire system. The line voltage is
400V, Calculate ) the carrent in each lne and (i) the current in the neutral wire,

Solution. This Is a case of unbalanced load so thal the line currents {and hence the phase cur-
rents) In the three lines will be different. The current in the *neatral wire will be equal to the phasor

sum of three line currents as shown In Fig. 14,12,
> -+ R

N > > Y
> - 8
Is Iy Ia
5 kW BKW 10 kW
NEUTRAL WIRE
14“ N
Fig. 1412
(A Phase voltage = 4003 = 231V
I, = 10x10°%231 =433 A
I = 8x10%231 = M6 A
I, = 5x10%231 =21.65 A

(i) The three lines currents are represented by the respective phasors In Fig, 14.13. Note that
the theee line currents are of different magnitude bat displaced 120° from one another, The current In
the neutral wire will be the phasor sum of the three line currents.

Resolving the three currents along x-axis and y-axis, we have,

Resultant horizontal component = Tycos 30° - Izcos 30°

34.6 x 0-866 — 21.65 x (-866 = 11.22 A
Iy = I cos 60° = I cos 60°

133-34-6 x05-21-66x03=135-2 A
As shown in Fig. 14.14, current in neutral wire is

Iy = Ja1-22)% +(15-2)° =189A

I

Resultant verrical component

A k-mA
g emae Iy
e O .
Ig=2165A \ 11.22A
ly=348A
Fig. 14.13 Fig. 14,14

*  Had the load been halanced (Le. each phase having sdentical load), the current in the neutral wire would
have been 2ero
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Example 14.8. A 3-phase, 4-wire system supplies power at 400 V and lighting at 230 V. If the
lamps &5 use require 70. 84 and 33 amperes in each of the three Iines, what should be the current in
the neutral wire ? If a 3-phase motor is now started, taking 200 A from the lines at a p.f. of 0.2
lagging. what should be the total current in each line and the neutral wire 7 Find aiso the iotal
pawer suppiied to the lamps and the moior.

Solution. Fig. 14.15 shows the lamp load and motor load on 400 V/230 V, 3-phase, 4-wire
sypply.

Lamp load alone. If there is lamp load alone, the line currents In phases K, Yand Bare 70 A, 84
Aand 33 Arespectively. These currents will he 120° apart {(assuming phase sequence RYB) as shown
in Fig.14.16.

4 70A

B4 A

Fig. 14.15 Fig. 14.16
Resultant H-component 84 cos 30" - 33 cos 30" = 44.1T A
Resultant V-component 70— 33 cos 60° -84 cos 60° = 11.5 A

JAEITZ £ (1157 = 4564 A

Neutral current, 1y

Both lamp load and motor load

When motor load Is also connected along with lighting load, there will be no change in current in
the neutral wire, It is because the motor load 1s balanced and hence no current will flow in the neutral
wire due to this load.

Neutral current, Ly = 4564 A .5ame as before
The current fn each line (s the phasor sum of the line currents due to lamp load and motor load.
Active component of metor current = 20xcos §,=200%02=40A

200 sin ¢, = 200 % (:98 = 195 A

Reactive component of motor current

I = J(sum of active comp.)’ + (reactive comp.)”
= {40+ 70)° +(196)° =2248A

I, = (10 +84)” + (196)” - 232 A

Iy = {40 + 33 +(196)" - 20815 A

Power supplied
Power supplied to lamps

230 (7O + 84 + 33) x 1 = 43010 W (v cosd,=1)
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Power supplied 1o motor - V3 Vil cos g,
= J3 %400 % 200 x -2 =27T1IZ W

Example 14.9. The three line leads of a 4000230V, 3-phase, 4-wire supply are designaied as R,
Y and B respectively, The fourth wire or neutral wire is designated as N, The phase sequence is RYB.
Comyate the currents in the four wires when the following loads are connected to this supply :

FromR to N : 20 kW unity power factor
FromYtoN : 2875 kVA, 0.866 lag
FromBtoN @ 2875 kVA, 0.-866 lead
Ifthe load from B to N is removed, what will be the value of currents in the four wires 7'

Van
lewB) 1200
3059, o Vew
I,
Vin
Fig 1417 Fig. 14.18

Solution. Fig. 14.17 shows the circuit diagram whereas Fig. 14.18 shows its phasor diagram.
The current I is in phase with Vi, current Jy lags behind its phase voltage Vyy by cos ™ 0.866 = 30°
and the current [ leads its phase voltage Vi, by cos™ 0866 = 30°

I, = 20% 10°230 = 89-96 A
I, = B.75%10°230= 125 A
I, = 28.75%10%230 =125 A

The current in the neutral wire will be equal to the phasor sum of the three line currents /i, I,and
1. Referring to the phasor diagram in Fig,14.18 and resolving these currents along v-axis and y-axis,

we have,
Resultant X-component 86.96 - 125 cos 30° - 125 cos 30°
86.96 = 108.25 - 108:25 = = 129.54 A

0+ 125sin 30° - 125 sin 30°=0
Neutral current, Iy = Ji-129:547 + (0} = 129-54A

I

Resultant ¥-component

When load from B to N removed. When the load from Bto Nis remaved, the various line
currants are ;

I.=86-96A (n phase with V., ; [, = 125A lagging V,,by 30° | Z,=0A

The current in the neutral wire is equal to the phasor sum of these three line currents. Resolving
the currents along x-axis and y-axis, we have,

Resultant X-compaonent = 86.96 = 125 cos 30° = 86.96 - 108.25 = - 21.20 A

Resultant Y-component = 0=125sin30° =0 = 125 x0.5 == 625 A

= Neutral current, Iy = J:* 21-29}2 +({— 62 5]3 - 6603 A
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Example 14.10. A 3-phase, 4-wire distributor supplies a balanced voltage of 400/230 V io a

load consisting of 30 A at p.f. 0-866 lagaing for R-phase, 30 A at p.f. 0.866 leading for ¥ phase and
30 A at unity p.f. for B phase. The resistance of each line conductor Is -2 £). The area of X-section

of neutral is half of any line conductor: Calcwlate the supply end vollage for R phase. The phase
sequence is RYE.

Solution. The circult diagram §s shown in Fig. 14.19, Since neutral is half the cross-sectlon, Its
resistance is (-4 . Considering the load end and taking ¥zas the reference vector, the phase voltages
can be written as

o =230 £ 0P volts ; Vo =230 £-120° volts : Vo = 230 £ 120° volts

N 040 Iy

oz v
>

020 Te I
-+

Fig. 14.19

The vector diagram of the circult s shown in Fig. 14.20. The line
current Ip lags behind ¥ by an angle cos ' 0.866 = 30°. The current I
leads V5 by 30° and the currem Iz 1s In phase with ¥ Referring to the
vector dlagtam of Flg.14.20, the iine currents can be expresscd as:

To = 30 2~ 30° amperes

T = 30 Z-%0° amperes
7o = 30 £ 120° amperes
Current in neutral wire, T = 7; + T+ Tg * Fig, 1420
= 3024-30°+302-90°+ 30 £120"
= 30 (0866 = j0.5) = 30 () + 30 (= 0.5 + f0-865)
= 1098 - ;19.02
Let the supply voltage of phase X to neutral be F;. Then,
E; = V; + Drop in R phase + Drop in neutral

(230 + 10 + 0-2%30 £ = 30" + (10.98 —  19.02) x 04
230 + 6 (0866 ~ 10-5) + 0-4 (10:98 - 719.02)

239.588 — 710608

2398 £ -2.54" volts
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Example 1411, in a4 3-phase. 4-wire, 4000230 V system, a lamp of 100 watts is connected o
one phase and neatral and a Jamp of 150 watts Is connected to the second phase and neutral, If the
neutral wire is disconnected accidentally, what will be the voltage across each lamp?

Solution. Fig. 14.21 (§) shows the lamp connections. The lamp L; of 100 walts is connected
between phase R and neutral whereas lamp £, of 150 watts 1s connected between phase Yand the
neutral,

2
Resistance of lamp L,, R, = % = 5290
&
Resisance of lunp L, Ky - k) - 352670
R R $
[
Jov L, (J) 100w 400V R,=5200Q
v} e
v L sow wf R,=35267 0
4 disconnected
Y Y
B B :
@ (i)
Fig. 1421

When the neutral wire is disconnected as shown in Fig. 14.21 (4], the two lamps are connected in
serles and the p.d. across the combination becomes equal Lo the line vollage £, (= 400V).

P2
Current through lamps, [ = @_;LE = ﬁ(ﬁ = (454 A

Voltage across lamp L, = TR =044 x 529 =240V
Voltage across lamp L, = IR, = 0454 x 352.67 = 160 V
Comments. The voltage across 100-watt lamp is increased to 240 V whereas that across 150-
watt is decreased to 160V, Therefore, 100-watt lamp becomes brighter and 150-watt lamp becomes
dim. It may be noted here that if 100-watt lamp happens to be rated at 230 V, it may burn out due to
240 V coming across it.

I

TUTORIAL PROBLEMS

1. Non-reactive loads of 10 kW, 6kW and 4 kW are connected hetween the neutral and red, vellow and blue
phases respectively of a 3-phase, 4-wire 4007230V supply. Find the current in each line and in the newtral
wire, Me=433A:1 =20 A: 1= 17T-3A: 1, = 229 A

2, Afactory has the following loads with a power factor of 0.9 lagging Ineach case. Red phase 40 A, yellow
phase 50 A and blue phase 60 A, If the supply is 400V, 3-phase, 4-wire, calculate the current in the
neutral wire and the total power. [17-3A, 31-2 kW]

3. Ina i-phase, 4-wire system, two phases have currents of 10A and GA at lagging power factors of (-8 and
0:6 respectively, while the third phase is open-circuited. Calculate the current in the neutral wire, [TA]

4. A 3-phase, 4-wire system supplies o lightng load of 404, 30A and 20A respectively in the three phiases,
If the line voltage is 400 V. determine the current in the neutra | wire [17.32A)

14.5. Ground Detectors
Ground detectors are the devices that are used to detect the ground fault for ungrounded a.c. systems.
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— —— - —m— . — —
Whena ground fanlt occurs on such a system, immediate steps t 3

5 : <

Fig.14.22 shows how lamps are connected to an un-

should be taken (o clear it. [f this Is not done and a secorxd

grounded 3-phase system for the detection of ground fault. IF
Lamp Lamp
Fig. 1422

@ < D2

ground fault happens, a short clrcuit occurs.

ground fault occurs on any wire, the lamp connected (o that Lanp
wire will be dim and the lamps connected to healthy (un-
grounded) wire will become brighter.

SELF - TEST
1. Fill in the blanks by inserting appropriate words/figures.
(§ The mest common system for secondary distribution s 400V..... V, 3-phase, ......... wire system,
(4 Ina 3-phase, 4-wire a.c. system, if the loads are balanced, then current in the neutral wire §s ...,
() Distribution transformer links the ............ and ........... Systems,
() The 3 phase, 3-wire a.c. system of distribution ts used for ......... loads.
(¥ For combined posver and lighting load, .............. system is used,
2. Pick up the corvect words/Tigures from brackets and 0 n the blanks.
() 3-phase, 4-wire a.c. system of distribution is used for ... load, (balanced, unhalanced)
() In a balanced 3-phase, 4-wire a.c, system, the phase sequence is RY' B, If the voltage of R phase =
230 /07 volis, then for B phase ft will be ... (230 £ — 12(F volts, 230 2 12T volts)

(i) Inac. systemn, additions and subtractions of currents are done ............
(vectarially, arithmetically)

(M The area of X-sectlon of neutral 1s generally .............. that of any line conductor. (the same, falf)
(9 For purely domestc loads, ............. &.C. system is employed for distribution,
(single phase 2-wire, 3-phase 3-wire)

ANSWERS TO SELF-TEST

L. (9 230, 4 (id zero (i) primary. secondary (iv} balanced (v} 3-phase 4-wire,
2. (3 unbalanced (7 230 Z120° (i) vectorially (7 hall (v) single phase 2-wire,

CHAPTER REVIEW TOPICS

How does a.c. distribution differ from d.c. distribution 7
What is the importance of load power factors in a.c. distribution ?
Describe briefly how will you solve a.c. distribution problems 7
Write short neles on the following :

(¢ Difference between d.c. and a.c, distribution

() Systems of a.c. distribution

DISCUSSION QUESTIONS
What are the undesimble effects of too much voltage variation on a distribution circuit ?
Whal are the effects of diversity factor on the maximum load of a distributlon wansformer ?
Where does the greatest cusrent density occur in a distribution feeder 7
What is the controlling factor in determining the size of a distributor ?
In which situation is secondary distribution eliminated ?

PR -
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