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Introduction

lectric power can be transmitted or dis
Etributed 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. Obviousdly, theinstallation costsfor
underground transmission will be very heavy.
Secondly, electric power hasto betransmitted at
high voltages for economic reasons. It is very
difficult to provide proper insulationt to the
cablesto withstand such higher pressures. There-
fore, asarule, power trasmission over long dis-
tancesiscarried out by using overhead lines. With
the growth in power demand and consequent rise
in voltage levels, power transmission by over-
head lines has assumed considerableimportance.

*  Theundergound system ismuch more expensive
than overhead system. Therefore, it has limited
use for distribution in congested areas where
safety and good appearances are the main con-
siderations.

T Inoverhead lines, bare conductors are used and
air acts asthe insulation. The necessary insula-
tion between the conductors can be provided by
adjusting the spacing between them.
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160 Principles of Power System

An overhead lineis subjected to uncertain weather conditions and other external interferences.
This calls for the use of proper mechanical factors of saftey in order to ensure the continuity of
operation in theline. In general, the strength of the line should be such so asto provide against the
worst probable weather conditions. In this chapter, we shall focus our attention on the various 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 dependsto agreat extent upon the mechanical design of theline. While constructing
an overhead line, it should be ensured that mechanical strength of the line is such so as to provide
againgt the most probable weather conditions. In general, the main components of an overhead lineare:
(i) Conductors which carry electric power from the sending end station to the receiving end
station.
(if) Supportswhich may be polesor towersand keep the conductors at asuitablelevel abovethe
ground.
(iif) Insulators which are attached to supports and insulate the conductors from the ground.
(iv) Crossarmswhich provide support to theinsulators.
(v) Miscellaneousitems such as phase plates, danger plates, lightning arrestors, anti-climbing
wires etc.
The continuity of operation in the overhead line depends upon the judicious choice of above
components. Therefore, it is profitable to have detailed discussion on them.

8.2 Conductor MaterialS

The conductor isone of theimportant itemsas most of the capital outlay isinvested 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 thefollowing properties:
(i) highelectrical conductivity.
(if) hightensile strength in order to withstand mechanical stresses.
(iii) low cost so that it can be used for long distances.
(iv) low specific gravity so that weight per unit volumeissmall.

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

Commonly used conductor materials. Themost commonly used conductor materialsfor over-
head lines are copper, aluminium, steel-cored aluminium, galvanised steel and cadmium copper.
The choice of aparticular 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* in order 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 n layers, the total number of individual
wiresis3n(n + 1) + 1. Inthe manufacture of stranded conductors, the consecutive layers of wiresare
twisted or spiralled in opposite directions so that layers are bound together.

1. Copper. Copperisanideal 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.

*  Solid wires are only used when area of X-sectionissmall. If solid wiresare used for larger X-section and
longer spans, continuous vibrations and swinging would produce mechanical fatigue and they would frac-
ture at the points of support.
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Although hard drawing decreasesthe el ectrical conductivity dightly yet it increasesthetensile strength
considerably.

Copper has high current density i.e., the current carrying capacity of copper per unit of X-sec-
tional areaisquitelarge. Thisleadstotwo advantages. Firstly, smaller X-sectional areaof conductor
isrequired and secondly, the area offered by the conductor to wind loadsis reduced. Moreover, this
metal is quite homogeneous, durable and has high scrap value.

Thereis hardly any doubt that copper is an ideal material for transmission and distribution of
electric power. However, dueto its higher cost and non-availability, it is rarely used for these pur-
poses. Now-a-days the trend isto 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 materialsis briefed below :

(i) The conductivity of aluminium is 60% that of copper. The smaller conductivity of alu-
minium means that for any particular transmission efficiency, the X-sectional area of con-
ductor must be larger in aluminium than in copper. For the same resistance, the diameter of
auminium conductor is about 1-26 times the diameter of copper conductor.

Theincreased X-section of aluminium exposes agreater surfaceto 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.

(if) The specific gravity of aluminium (2-71 gm/cc) is lower than that of copper (8-9 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.

(iif)  Aluminium conductor being light, isliableto greater swingsand hencelarger cross-armsare
required.

(iv) Dueto lower tensile strength and higher co-efficient of linear expansion of aluminium, the
sag isgreater in aluminium conductors.

Considering the combined properties of cost, conductivity, tensile strength, weight etc., alu-
minium has an edge over copper. Therefore, it is being widely used as a conductor material. Itis
particularly profitable to use aluminium for heavy-current transmission where the conductor sizeis
large and its cost forms a major proportion of the total cost of complete installation.

3. Steel cored aluminium. Duetolow tensile strength, al uminium conductors produce greater
sag. Thisprohibitstheir use for larger spans and makes them unsuitable for long distance transmis-
sion. In order to increase the tensile strength, the aluminium conductor is
reinforced with acore of galvanised steel wires. The * composite conductor
thus obtained is known as steel cored aluminium and is abbreviated as
A.C.S.R. (aluminium conductor steel reinforced).

Steel-cored aluminium conductor consistsof central core of tgalvanised
steel wires surrounded by a number of aluminium strands. Usually, diam-
eter of both steel and aluminium wires is the same. The X-section of the W//f//% iz
two metals are generally in theratio of 1 : 6 but can be modifiedto1: 4in 7
order to get more tensile strength for the conductor. Fig. 8.1 shows steel Fig. 8.1
cored aluminium conductor having one steel wire surrounded by six wires
of aluminium. The result of this composite conductor is that steel core takes greater percentage of

Aluminium

*  Thereader may think that reinforcement with steel increases the weight but actually the weight of compos-
ite conductor is 25% less as compared with equivalent copper conductor.

T  Thegalvanised steel isused in order to prevent rusting and electrolytic corrosion.
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mechanical strength while aluminium strands carry the bulk of current. The steel cored aluminium
conductors have the following advantages :

(i) The reinforcement with steel increases the tensile strength but at the same time keeps the
compositeconductor light. Therefore, steel cored a uminium conductorswill produce smaller
sag and hence longer spans can be used.

(if) Dueto smaller sag with steel cored aluminium conductors, towers of smaller heights can be

used.

4. Galvanised steel. Steel hasvery hightensile strength. Therefore, galvanised steel conduc-
tors can be used for extremely long spans or for short line sections exposed to abnormally high
stresses due to climatic conditions. They have been found very suitablein rural areas where cheap-
nessisthemain consideration. Dueto 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
advantagefor transmitting asmall power over asmall distance where the size of the copper conductor
desirable from economic considerations would be too small and thus unsuitable for use because of
poor mechanical strength.

5. Cadmium copper. The conductor material now being employed in certain casesis copper
aloyed with cadmium. An addition of 1% or 2% cadmium to copper increasesthetensile 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, dueto high cost of
cadmium, such conductorswill be economical only for linesof small X-sectioni.e., wherethe 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 poles and towers called
line supports. In general, the line supports should have the following properties :

(i) High mechanical strength to withstand the weight of conductors and wind loads etc.

(if) Lightinweight without theloss of mechanical strength.

(iif) Cheapin cost and economical to maintain.

(iv) Longer life.

(V) Easy accessibility of conductorsfor maintenance.

The line supports used for transmission and distribution of electric power are of various types
including wooden poles, steel poles, R.C.C. polesand lattice steel towers. The choice of supporting
structure for a particular case depends upon the line span, X-sectiona area, line voltage, cost and
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, provideinsulating properties and, therefore, are widely used for distirbution
purposesin rural areas as an economical proposition. The wooden poles generally tend to rot below
theground level, causing foundation failure. In order to prevent this, the portion of the pole below the
ground level isimpregnated with preservative compounds like creosote oil. Double pole structures
of the' A’ or ‘H’ type are often used (See Fig. 8.2) to obtain ahigher transverse strength than could be
economically provided by means of single poles.

The main objections to wooden supports are : (i) tendency to rot below the ground level
(i) comparatively smaller life (20-25 years) (iii) cannot be used for voltages higher than 20 kV
(iv) lessmechanical strength and (V) require periodical inspection.
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2. Steel poles. The steel poles are often used as a substitute for wooden poles. They possess
greater mechanical strength, longer life and permit longer spansto be used. Such polesare generally
used for distribution purposesin the cities. Thistype of supports need to be galvanised or painted in
order to prolong its life. The steel poles are of three types viz., (i) rail poles (ii) tubular poles and
(iii) rolled steel joints.

3. RCC poales. Thereinforced concrete poles have become very popular as line supportsin
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 showsR.C.C. polesfor single and doublecircuit. The holesinthe polesfacilitate the
climbing of poles and at the same time reduce the weight of line supports.

The main difficulty with the use of these polesisthe 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
transportation.

4. Steel towers. In practice, wooden, steel and reinforced concrete polesare used for distribu-
tion purposes at low voltages, say upto 11 kV. However, for long distance transmission at higher
voltage, steel towersareinvariably employed. Steel towershave greater mechanical strength, longer
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life, can withstand most severe climatic conditions and permit the use of longer spans. Therisk 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 alightning conductor.

Fig. 8.4 (i) showsasingle circuit tower. However, at amoderate additional cost, double circuit
tower can be provided as shown in Fig. 8.4 (ii). The double circuit has the advantage that it ensures
continuity of supply. It casethereisbreakdown of one circuit, the continuity of supply can be main-
tained by the other circuit.

8.4 Insulators

The overhead line conductors should be supported on the poles or towersin such away that currents
from conductorsdo not flow to earth through supportsi.e., line conductors must be properly insulated
from supports. Thisisachieved by securing line conductors to supports with the help of insulators.
The insulators provide necessary insulation between line conductors and supports and thus prevent
any leakage current from conductors to earth. In general, the insulators should have the following
desirable properties :
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(i) High mechanical strength in order to withstand conductor load, wind load etc.
(if) High electrical resistance of insulator material in order to avoid leakage currentsto earth.
(iii) High relative permittivity of insulator material in order that dielectric strength is high.
(iv) Theinsulator material should be non-porous, free from impurities and cracks otherwise the
permittivity will be lowered.

(v) Highratio of puncture strength to flashover.

The most commonly used material for insulators of overhead lineis porcelain but glass, steatite
and special composition materialsare also used to alimited extent. Porcelainisproduced by firing at
a high temperature a mixture of kaolin, feldspar and quartz. It is stronger mechanically than glass,
giveslesstrouble from leakage and isless effected by changes of temperature.

8.5 Types of Insulators

The successful operation of an overhead Groove for
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 shackleinsulator.
1. Pintypeinsulators. Thepart sec- [+— Galvanised

tion of apintypeinsulator isshownin Fig. steel pin

8.5 (i). Asthe name suggests, the pin type (i) (ii)
insulator is secured to the cross-arm on the

Fig. 8.5. Pin-type insulator
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pole. Thereisagroove on the upper end of the insulator for housing the Conductor
conductor. The conductor passes through this groove and is bound by the
annealed wire of the same material as the conductor [See Fig. 8.5 (ii)].

Pin typeinsulators are used for transmission and distribution of elec- 2
tric power at voltages upto 33 kV. Beyond operating voltage of 33kV, the
pin type insulators become too bulky and hence uneconomical.

Causesof insulator failure. Insulatorsare required to withstand both
mechanical and electrical stresses. Thelatter typeispirmarily duetoline
voltage and may causethe breakdown of theinsulator. The electrical bresk-
down of theinsulator can occur either by flash-over or puncture. In flash- Cross am
over, an arc occurs between theline conductor and insulator pin (i.e., earth)
and the discharge jumps across the *air gaps, following shortest dis-
tance. Fig. 8.6 showsthe arcing distance (i.e. a + b + ¢) for theinsula-
tor. In case of flash-over, theinsulator will continueto act inits proper
capacity unlessextreme heat produced by the arc destroystheinsulator.

In case of puncture, the discharge occurs from conductor to pin
through the body of the insulator. When such breakdown isinvolved,
the insulator is permanently destroyed due to excessive heat. In prac-
tice, sufficient thicknessof porcelainisprovided in theinsulator to avoid
puncture by the line voltage. The ratio of puncture strength to flash-
over voltageis known as safety factor i.e.,

7777277777777 7 77

S N

b

x’ Pin

C

Fig. 8.6

Line
conductor
Puncture strength Fig. 8.7

Safety factor of insulator = Flash - over voltage

Pin type insulator Suspension insulator

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 is about 10.

2 Suspensiontypeinsulators. The cost of pintypeinsulator increasesrapidly asthe working
voltage isincreased. Therefore, this type of insulator is not economical beyond 33 kV. For high
voltages (>33 kV), it isa usual practice to use suspension type insulators shown in Fig. 8.7. They

*  Theinsulator is generally dry and its surfaces have proper insulating properties. Therefore, arc can only
occur through air gap between conductor and insulator pin.
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consist of anumber of porcelain discs connected in series by metal linksin theform of astring. The
conductor is suspended at the bottom end of this string while the other end of the string is secured to
the cross-arm of the tower. Each unit or disc isdesigned for low voltage, say 11 kV. The number of
discsin serieswould obviously depend upon the working voltage. For instance, if the working volt-
age is66 kV, then six discsin series will be provided on the string.
Advantages

(i) Suspension typeinsulators are cheaper than pin type insulators for voltages beyond 33 kV.

(if) 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-
ries.

(iii) If any onedisc is damaged, the whole string does not become usel ess because the damaged
disc can be replaced by the sound one.

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

(V) Incaseof increased demand on thetransmission line, it isfound more satisfactory to supply
the greater demand by raising the line voltage than to provide another set of conductors.
The additional insulation required for the raised voltage can be easily obtained in the sus-
pension arrangement by adding the desired number of discs.

(vi) Thesuspension typeinsulators are generally used with steel towers. Asthe conductorsrun
below the earthed cross-arm of the tower, therefore, this arrangement provides partial pro-
tection from lightning.

3. Straininsulators. Whenthereisadead end of theline or thereis corner or sharp curve, the
lineis subjected to greater tension. In order to relieve the line of excessive tension, strain insulators
areused. For low voltagelines (< 11 kV), shackleinsulators are used as strain insulators. However,
for high voltage transmission lines, strain insulator consists of an assembly of suspension insulators
asshowninFig. 8.8. Thediscsof straininsulatorsare usedin thevertical plane. Whenthetensionin
linesis exceedingly high, as at long river spans, two or more strings are used in parallel.

Strain /
insulator

b

______ I [ v 1]
€= () snake
% Conductor insulator
A | i |
<+ Pole gLt
Pole—» \\ | ] | |
1
P\ \Y A l_l
~~ D-Strap
Fig. 8.8. Strain insulator. Fig. 8.9

4. Shackleinsulators. Inearly days, the shackleinsulatorswere used asstraininsulators. But
now adays, they are frequently used for low voltage distribution lines. Such insulators can be used
either in ahorizontal position or in avertical position. They can be directly fixed to the pole with a
bolt or to the crossarm. Fig. 8.9 shows a shackle insulator fixed to the pole. The conductor in the
grooveisfixed with a soft binding wire.
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8.6 Potential Distribution over Suspension Insulator String

A string of suspension insulators consists of anumber of porcelain discs connected in seriesthrough
metallic links. Fig. 8.10 (i) shows 3-disc string of suspension insulators. The porcelain portion of
each disc is inbetween two metal links. Therefore, each disc forms a capacitor C as shown in Fig.
8.10 (ii). Thisisknown as mutual capacitance or self-capacitance. If there were mutual capacitance
aone, then charging current would have been the same through all the discs and consequently voltage
across each unit would have been the samei.e,, V/3 as shown in Fig. 8.10 (ii). However, in actual
practice, capacitance al so exists between metal fitting of each disc and tower or earth. Thisisknown
as shunt capacitance C,. Due to shunt capacitance, charging current is not the same through all the
discs of the string [See Fig. 8.10 (iii)]. Therefore, voltage across each disc will be different. Obvi-
ously, the disc nearest to the line conductor will have the maximum* voltage. Thusreferringto Fig.
8.10 (iii), V5 will be much morethan V, or V.

Tower
S T M@ ‘ e /JT
Vi CcC— V/3 —cC Vi
C, I,
14 L i
\Y
e c=—= Va3 —c V2
C, I,
14 — |—<—
L)
I3
Vs cC=— VB8 c, —=C Vs
1 —] —+
v i3
Conductor
@ (i) (iif)

Fig. 8.10
The following points may be noted regarding the potential distribution over a string of suspen-
sioninsulators:
(i) The voltage impressed on a string of suspension insulators does not distribute itself uni-
formly across the individual discs due to the presence of shunt capacitance.
(if) Thedisc nearest to the conductor has maximum voltage acrossit. Aswe move towardsthe
cross-arm, the voltage across each disc goes on decreasing.
(iif) The unit nearest to the conductor is under maximum electrical stress and is likely to be
punctured. Therefore, means must be provided to equalise the potential across each unit.
Thisisfully discussed in Art. 8.8.

(iv) If the voltage impressed across the string were d.c., then voltage across each unit would be
the same. It isbecauseinsulator capacitances are ineffective for d.c.

8.7 String Efficiency

As stated above, the voltage applied across the string of suspension insulatorsis not uniformly dis-
tributed across various units or discs. The disc nearest to the conductor has much higher potential
than the other discs. This unequal potential distribution is undesirable and is usually expressed in

*  Because charging current through the string has the maximum value at the disc nearest to the conductor.
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termsof string efficiency.

The ratio of voltage across the whole string to the product of number of discs and the voltage

across the disc nearest to the conductor is known as string efficiency i.e.,

Voltage across the string
n x Voltage across disc nearest to conductor
where n = number of discsin the string.

String efficiency is an important consideration since it decides the potentia distribution along
thestring. Thegreater the string efficiency, the more uniformisthe voltage distribution. Thus100%
string efficiency is an ideal case for which the volatge across each disc will be exactly the same.
Although it isimpossible to achieve 100% string efficiency, yet efforts should be made to improve it
as close to thisvalue as possible.

Mathematical expression. Fig. 8.11 showsthe equivalent circuit for
a3-discstring. Let ussupposethat self capacitance of each discisC. Let 4
us further assume that shunt capacitance C, is some fraction K of self-
capacitancei.e., C, = KC. Starting from the cross-arm or tower, the volt-

String efficiency =

age across each unit is V,,V, and V, respectively as shown. ¢ i 3
Applying Kirchhoff’s current law to node A, we get, g v
l, = 1 +i; ¥ 5 C— V;
or V,wC* = VoC+V,0C, Z I I
or V,wC = V,wC+V,wKC ¢
O V, =V, (1+K) (1) 7 C== V,
Applying Kirchhoff’s current law to node B, we get, §_C|1 '3 éi* i v
I3 = L,+1i, é
or V,wC = V,wC+(V,+V,) wC,T
or V;wC = V,wC+(V,+V,) oKC
or Vs = Vot (Vi VK Fig. 8.11
= KV, +V, (1+K)
= KV, +V, (1+K) [V,=V, (1+K)]
= V, [K+(1+K)]
O V, = Vj[1+3K+K7 (i)
Voltage between conductor and earth (i.e., tower) is
V =V, +V,+V,
=V, +V,(1+K) +V, (1+3K+K)
=V, (3+4K +K?)
0 V = V,(1+K) (3+K) (i)
From expressions (i), (ii) and (iii), we get,
Mo % b -V (V)
1 1+K 1+3K+K?> (@+K)@B+K)

v
1+ K)B+K)

U Voltage across top unit, 'V,

Voltage
Capacitive reactance

Tt Voltage across second shunt capacitance C, from top =V, + V,. It is because one point of it is connected
to B and the other point to the tower.

*  Note that current through capacitor =
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Voltage across second unit from top, V,
Voltage across third unit from top, V;

V; (1+K)
V, (1+3K +K?)
Voltage across string
n x Voltage across disc nearest to conductor

_ VvV
= —3><V3 x 100

x100

%age String efficiency =

Thefollowing points may be noted from the above mathematical analysis:

U]

(i)
(iii)

If K=0-2(Say), then from exp. (iv), we get, V, = 1.2V, and V; = 1.64 V,. Thisclearly
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 (= C,/C), the more non-uniform is the potential across the discs
and lesser isthe string efficiency.

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

8.8 Methods of Improving String Efficiency
It has been seen above that potential distribution in a string of suspension insulatorsis not uniform.

The maximum voltage appears across the insulator nearest to T
the line conductor and decreases progressively as the cross-  Tower—p
arm is approached. If the insulation of the highest stressed
insulator (i.e. nearest to conductor) breaks down or flash over
takes place, the breakdown of other units will take place in
succession. This necessitates to equalise the potential across | L
the various units of the string i.e. to improve the string effi- Shunt—"]
ciency. The various methods for this purpose are:

U]

(i)

(iii)

Cross arm

capacitor

By using longer cross-arms. Thevalue of string effi-

ciency depends upon thevalue of K i.e,, ratio of shunt
capacitance to mutual capacitance. The lesser the

valueof K, thegreater isthe string efficiency and more

uniform is the voltage distribution. The value of K

can be decreased by reducing the shunt capacitance.

In order to reduce shunt capacitance, the distance of —
conductor from tower must be increased i.e., 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. In practice, K=0-1
isthelimit that can be achieved by this method.

By grading theinsulators. In 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 away that the top unit has the minimum capacitance, in-
creasing progressively asthe bottom unit (i.e., nearest to conductor) isreached. Sincevolt-
age is inversely proportional to capacitance, this method tends to equalise the potential
distribution across the units in the string. This method has the disadvantage that a large
number of different-sized insulatorsare required. However, good results can be obtained by
using standard insulators for most of the string and larger units for that near to the line
conductor.

By using a guard ring. The potential across each unit in astring can be equalised by using
aguard ring which isametal 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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Z

tween metal fittings and the line conductor. Theguardring |
is contoured in such away that shunt capacitance currents

iy, 1,€tc. areequal to metal fitting line capacitance currents 7
i, i', etc. Theresultisthat same charging current | flows 7
through each unit of string. Consequently, there will be 7
uniform potential distribution across the units.

8.9 Important Points
While solving problems relating to string efficiency, the following
points must be kept in mind:

(i) The maximum voltage appears across the disc nearest to
the conductror (i.e., line conductor).

(if) Thevoltage across the string is equal to phase voltagei.e.,

AMAANNNANY

Fig. 8.13
Voltage acrossstring = Voltage between line and earth = Phase Voltage

(iii) LineVoltage = /3 x Voltage across string
Example 8.1. Ina 33 kV overhead line, there are three unitsin the string of insulators. If the
capacitance between each insulator pin and earth is 11% of self-capacitance of each insulator, find
(i) the distribution of voltage over 3 insulators and (ii) string efficiency.

Solution. Fig. 8.14. showsthe equivaent circuit of string insulators.

or \'A

0 YA

V,+(V,;+V,) K
111V, +(V, +111V,) 011
1.342 Vv,

LetV,, V, and V, bethe voltage acrosstop, middle and bottom unit respec- 7 +11 T
tively. If Cisthe self-capacitance of each unit, then KC will be the shunt é CT v,
capacitance. ] K¢
- 1— A
K = Shunt Capa(_:ltance —011 ] ]
Self - capacitance y oLy v
Voltage acrossstring, V- = 33/,/3 =19-05kV 7 KC 2
At Junction A 7 | IB
. 1 3
I = 1+i0; 7 C=—= V,
or V,wC = V;wC+V,KwC 7 'TC iy . +
or V, =V, (1+K)=V, (1+011) 7
or V, = 111V, )]
At Junction B
I3 = Ip+i, .
or V,0C = V,wC+(V; +V,) KwC Fig. 8.14

(i) Voltage acrossthewholestring is
V =V, +V,+V;=V, + 111V, +1:342V, = 3452 V,
or 1905 = 3452V,
O Voltage across top unit,V, = 19:05/3-452 = 5:52 kV
Voltage across middle unit, V, = 1.11V, =111 x552=6.13 kV
Voltage across bottom unit, V, = 1.342V, = 1.342 x 5.52 = 7.4 kV

(i) VoItagfs acrossstring 100 = 19[05
No. of insulators x \, 3x7[4

String efficiency = x 100 = 85.8%



172 Principles of Power System

Example 8.2. A 3-phase transmission line is being supported by three disc insulators. The
potentials across top unit (i.e., near to the tower) and middle unit are 8 KV and 11 kV respectively.
Calculate (i) the ratio of capacitance between pin and earth to the self-capacitance of each unit
(ih)the line voltage and (iii) string efficiency.

Solution. Theequivalent circuit of string insulatorsisthe sameasshowninFig. 8.14. Itisgiven
that V, =8kV and V, = 11 kV.

(i) LetK betheratio of capacitance between pin and earth to self capacitance. If Cfaradisthe
self capacitance of each unit, then capacitance between pin and earth = KC.

Applying Kirchoff’s current law to Junction A,

I, =1 +i;
or V,wC = V;wC+V,KwC
or V, =V, (1+K)
0 K=Y M _1"8_;qp
Vi
(if) Applying Kirchoff’s current law to Junction B,
I3 = I,+1i,
or V,wC = V,wC+(V;+V,) KwC

or A
Voltage between line and earth

V, + (V, +V,) K =11+ (8 + 11) x 0375 = 18-12 kV
V,+V,+V, =8+ 11 + 1812 = 3712 kV

J3 x37:12=64-28 kV

(i) String efficiency - Voltageacrossstring 100 3702 104 = 68280
No. of insulators x \j, 3x18[12

Example 8.3. Each line of a 3-phase systemis suspended by a string of 3 similar insulators. |If
thevoltage acrosstheline unitis 17-5kV, calculate thelineto neutral voltage. Assumethat 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. 8-15 showstheequivalent circuit of string

0 LineVoltage

insulators. If C isthe self capacitance of each unit, then KC # C
will be the shunt capacitance where K = 1/8 = 0-125. Y c ih T
Voltage acrosslineunit, V, = 17-5kV 1 « i Vi
At Junction A §_| “—e A %
Iy =1+ 7 k2 v
V,wC =V, wC+V,KwC - O Vs
or Vo =V (1+K) =V, (1+0125) 4| 2 5
0 V, =1125V, ¢ I,
At Junction B 7 C=—= Vs,
I3 = I, +i, E_TC 3 e i v
or V,wC = V,wC+(V,;+V,)KwC y
or V, = V,+ (V, +V,) K ’
= 1125V, +(V, + 1-125V,) x 0.125
0 V, = 139V,

Voltage acrosstop unit,  V; = V,/1.39=17-5/1-39 Fig. 8.15

12-59 kV
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Voltage across middle unit,V, = 1.125V, = 1.125 x 12.59 = 14-16 kV
00 Voltage between line and earth (i.e., lineto neutral)
=V, +V,+V,;=1259 + 14-16 + 17-5 = 44.25 kV
44125
3x175

Example 8.4. Thethree bus-bar conductorsin an outdoor substation are supported by units of
post typeinsulators. Each unit consists of a stack of 3 pin type insulators fixed one on the top of the
other. The voltage across the lowest insulator is 13-1 kV and that across the next unitis 11 kV. Find
the bus-bar voltage of the station.

Solution. Theequivalent circuit of insulatorsisthe same as shown in Fig. 8.15. Itisgiven that
V;=13-1kV andV, = 11kV. Let K betheratio 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
(Seeexample 8.3) :

String efficiency = x100 = 84-28%

V, =V, (1+K)

v, = i
or 1T 19K ()
and V; = V,+(V;+V,)K (i)

Putting thevalue of V, = V,/(1+K)ineq. (ii), we get,
V,
Vy = Vo+ | —2+V, | K
82 L+K 2}
or Vo(1+K) = V,(1+K)+[V,+V, (1+K)] K
= V2[(1+K)+K+(K+K2)]
=V, (1+3K+K?)
0 131 (1+K) = 111+ 3K + K7
or 11K*+199K-21 = 0
Solving this equation, we get, K = 0.1.
0 Vv, = V2o 11 _gokv
1+K 1+4003

Voltage betweenlineand earth = V; +V, +V,; =10+ 11+ 13.1 =341 kV
0 Voltage between bus-bars (i.e., line voltage)
= 341x /3 =59kV
Example 8.5. Aninsulator string consists of three units, each having a safe working voltage of

15 kV. The ratio of self-capacitance to shunt capacitance of each unitis8: 1. Find the maximum
safe working voltage of the string. Also find the string efficiency.

Solution. The equivalent circuit of string insulators is the same as shown in Fig. 8.15. The
maximum voltage will appear across the lowest unit in the string.

0 V;=15kV ;  K=1/8=0-125
Applying Kirchhoff’s current law to junction A, we get,
V, =V, (1+K)
or V;=V,/[(1+K) = V,/(1+0:125) =089V, (i)

Applying Kirchhoff’s current law to Junction B, we get,
Vy, = V,+(V,+V,)K=V,+(089V, +V,) x0.125
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O V; = 1236V, (i)
0 Voltage across middle unit,V, =V,/1.236 = 15/1:236 = 12:13 kV
Voltage acrosstop unit,  V, = 0-89V, =0-89 x 12.13 = 10-79 kV

Voltage across the String =V, +V,+V;=1079 + 1213 + 15=37-92kV
String efficiency - 3782 x 100 = 84-26 %
3x15

Example 8.6. A string of 4 insulators has a self-capacitance equal to 10 times the pin to earth
capacitance. Find (i) the voltage distribution across various units expressed as a percentage of total
voltage across the string and (ii) string efficiency.

Solution. When the number of insulators in a string exceeds 3, the noda equation method
becomeslaborious. Under such circumstances, thereisasimple method to solvethe problem. Inthis
method*, shunt capacitance (C,) and self capacitance (C) of each insulator are represented by their
equivalent reactances. Asitisonly theratio of capacitances which determines the voltage distribu-
tion, therefore, the problem can be simplified by assigning unity valueto X i.e., assuming X. =1 Q.
If ratio of C/C; =10, thenwehave X.=1Q and X, =10Q .

(i) Suppose X. =1 Q. Astheratio of self-capacitance to shunt capacitance (i.e., C/C)) is 10,
therefore, X, =10 Q asshowninFig. 8-16 (i). Supposethat potential V acrossthe string issuch that
1 A current flows in the top insulator. Now the potential across each insulator can be easily deter-
mined. Thus:

Voltage acrosstop unit,  V,

Voltage across** 2nd unit, V,

Voltage across t3rd unit, V; = 1Q x1.31 A =1-31volts

Voltage across 4th unit,  V, = 1Q x1-65A =1-65volts

Voltage obtained acrossthe string, V=1 + 1.1 + 1.31 + 1-65 = 5:06 volts

10x1A=1volt
10x1.1A=11volts

IR I T
—C v, 1 1 Volt
10 Q g
7 0.1A
S A e T
7 o 7 1.1A
=@ A 7 — 1.1 Volt
10 Q 7
¥ 0.21 A
@ ! ; !
C, _T_ 7 1.31A _T_
10 7
—C Vs, 4 p— 1.31 Volt
10 Q 7
7 0.34 A
e ] | » )
C; B T Z 1.65 A T
=@ v, Z ;@L 1.65 Volt
@ Fig. 8.16 &

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

** Current through first shunt capacitance [marked 1, see Fig. 8-16] is V,/10 = 1/10 = 0-1 A. Therefore, the
current through second unit fromtopis=1+ 0-1=1-1 A and voltage acrossitis=1Q x 1.1 A = 1.1 volts.

T Current through second shunt capacitance [marked 2 in Fig. 8:16] is (V, + V,)/10 = (1 + 1-1)/10 = 0-21 A.
Therefore, current thro’ 3rd unit fromtop=1-1+0-21=1-31 A and voltage acrossitis1Q x1-31 A = 1-31 valts.
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(ii).

The voltage across each unit expressed as a percentage of V (i.e., 5-06 volts) becomes:

Top unit = (1/5:06) x 100 = 19-76%
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 = (1-65/5-06) x 100 = 32-6%
(if) String efficiency -V - oo

4 xV, 4 x

x100= 76-6%
65

Example 8.7. Astring of 5 insulators is connected across a 100 kV line. If the capacitance of
each discto earthis0-1 of the capacitance of theinsulator, cal culate (i) the distribution of voltage on
the insulator discs and (ii) the string efficiency.
Solution. Suppose X =1Q. Astheratio of self capacitance to shunt capacitanceis 10, there-
fore, X, =10 Q asshowninFig. 8:17 (i). Suppose that potential V acrossthe string is such that 1A
current flowsin the top insulator. Then potential across each insulator will be as shown in Fig. 8-17

\

7 1A 1 2
7 Xo=1Q >
2 oY 5
7 Xg=10Q g
T T
7 —10 v, ¢
] 10Q 4
T— T—
7 —1Q V, 3
7 10Q 7
] T
7 v, 7
1 10q 102 7
7 T—
;19 V5
(@)

Fig. 8.17

oyt B

41a

0.1A
1.1A

0.21A

1.31A

0.34A

1.65 A

0.51A

216 A

(i)

1 Volt

1.1 Volt

s

1.31 Volt

e

1.65 Volt

N
-
S

The value obtained for V=1+ 1.1+ 1.31 + 1.65 + 2:16 = 7-22 volts and starting from top, the
percentage of V (i.e., 7-22 volts) across various units are :

*13-8 %, 15-2 %, 18-2 %, 22-8 % and 30%

Voltage across string = 100/+/3 = 57-7 kV

(i) Voltage acrosstop insulator, V, =0-138 x 57-7 = 7:96 kV
Voltage across 2nd from top, V, = 0-152 x 57.7 = 8-77 kV

1

% age of V (i.e.,, 7-22 volts) across top unit = x 100 = 13-8%

10

% age of V across 2nd from top = — 2 x 100 = 15-2%
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Voltage across 3rd from top, V,;= 0-182 x 57.7 = 10-5 kV
Voltage across 4th from top, V,= 0-228 x 57-7 = 13-16 kV
Voltage across 5th from top,V; = 0-3 x 57.7 = 17-3kV

%100 = 66-7%

N . . 5707

(i) String efficiency Ex1703

Example 8.8. Each conductor of a 3-phase high-voltage transmission lineis suspended by a

string of 4 suspension type disc insulators. If the potential difference acrossthe second unit fromtop
is 13-2 kV and across the third from top is 18 kV, determine the voltage between conductors.

Solution. Suppose X =1Q. If Kistheratio of shunt-capacitance to self-capacitance, then X,
= 1/K ohms as shown in Fig. 8.18 (i). Suppose voltage across string is such that current in top
insulator discis1A. Then voltage across each insulator can be easily determined [see Fig. 8.18 (ii)].
Thus the voltage across first shunt capacitance from top is 1 volt and its reactance is 1/K ohms.
Therefore, current throughitisK ampere. Hence current through second insulator fromtopis (1 + K)
amperes and voltage acrossitis (1 + K) x 1 = (1 + K) volts.

Referring to Fig. 8.18 (ii), we have,

V/V, = (1+K)/1

or V, =V, (1+K) ()
Also VyV, = (1+3K+K%/1
O V, =V, (1+3K+K? (i)

Dividing (ii) by (i), we get,
Vs 1+3K +K?
Vv,  1+K
Itisgiventhat V; =18 kV and V, = 13-2kV

0 18  1+3K +K?
132 1+ K
or  132K?+216K-48 = 0

Solving this equation, we get, K = 0-2.

\
\

7 +1A T 7 fA
7 - 1@ 2 7 1Vo|t
2 1KQ ¢ <
T—I— T
E E 1+K
E —1Q V, ; == 1+ K Volts
7 1KQ 7 oK+ K
—— —
Y g 1+3K + K
7 —10 v, 7 1+3K+K Volts
] 1KQ :
A ;‘—I
y 2 K + 5K +6K + 1
p K + 4K + 3K
—1Q v, 7
;@L K+5K +6K + 1 Volts

() (ii)
Fig. 8.18
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O

V, = V/(1+K)=132/12=11kV

V, = V; (1+K3+5K+6K) =11 (1+0-008 + 0-2 + 1-2) = 26-49kV
Voltage between line and earth (i.e., phase voltage)

=V, +V,+V;+V,

= 11+ 132 + 18 + 26:49 = 6869 kV
Voltage between conductors (i.e., line voltage)

= 6869 x /3 = 119 kV

Example 8.9. A string of four insulators has a self-capacitance equal to 5 times pin to earth
capacitance. Find (i) the voltage distribution across various units as a percentage of total voltage
acrossthe string and (ii) string efficiency.

Solution. Theratio of self-capacitance (C) to pin-earth capacitance (C,) is C/C, = 5. Suppose
Xc=1Q. Then X, =5Q. SupposethevoltageV acrossstring issuch that current in thetop insul ator
is1A asshownin Fig. 8.19 (i). The potential across variousinsulatorswill be asshownin Fig. 8.19

(ii).

\
A

\

-~ >
0

}.75 S A

5

L,

o
)
o]

[
o lsl

o]

5

e}

ALLALENNNNN NN NN NN N NN NN NN NN NN NN NN NN NN AN NN NN NN NN

O]

I

AAALLAN NN NN NN NN AN NN NN NV AN NN NN AN NN AN AN AN NN

Fig. 8.19

The voltage obtained across the string is given by ;
V = 1+1.2+ 164+ 2408 = 6-248 volts
(i) Thevoltage across each unit expressed as a percentage of V (i.e., 6:248 volts) isgiven by :

Top Unit
Second from top
Third from top
Fourth from top

(i) String efficiency

= (1/6-248) x 100 = 16%

= (1-2/6:248) x 100 = 19-2%

= (1-64/6:248) x 100 = 26:3%
(2-408/6-248) x 100 = 38:5%

61248 = 64-86%
420308 1%

SCI
- 1 Volt
0.2A
1.2A
= 1.2 Volt
0.44A
1.64A
— 1.64 Volt
0.768A
2.408A

N\
)
N
-
&

(i)

Example 8.10. The self capacitance of each unit in a string of three suspension insulatorsis C.
The shunting capacitance of the connecting metal work of each insulator to earthis0-15 C whilefor
lineitis0-1 C. Calculate (i) the voltage across each insulator as a percentage of the line voltage to
earth and (ii) string efficiency.
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Solution. Inanactual string of insulators, three capacitances exist viz., self-capacitance of each
insulator, shunt capacitance and capacitance of each unit to lineas shown inFig. 8.20 (i). However,
capacitance of each unit to line is very small and is usually neglected. Fig. 8.20 (ii) shows the
equivalent circuit of string insulators.

Tower
0.15C 7
remrpmme ;
AN y
S Y Y
o TN : 2
| — Jp— ine Y
N \\\ Capacitance Y
é‘h\\ N\ 7
0.15C \ 0.1C Y V3
\ ”
oAb %N z z
010\ N\ 7
\\ \\ E
| 7
W Line 7
@ (i)
Fig. 8.20
At Junction A
L+i'y = 1 +i;
o V,wC+(V,+Vy)) 0-lwC = V;wC+015CV, w
or 01V, = 1115V, - 11V,
or V; = 115V, -11V, ()
At Junction B
I3+i', = L+,
or VawC+Vyx01Cxw = V,wC+(V;+V,) wx015C
or 11V, = 115V, +015V, (1)

Putting the value of V, from exp (i). into exp. (i), we get,
11(115v,-11V,) = 1115V, + 015V,

or 1325V, = 125V,
or v, = 25, (D)
1325

Putting the value of V, from exp. (iii) into exp. (i), we get,
V, = 115 V, - 11 (12[5\/1) = ( 1478 )vl

1325 1325
Now voltage between conductor and earth is

v ( 1205 1418 j (40[55v1
L1+ + =

1325 13025 13025
1325 VV/40-55 = 0-326 V volts
125 x 0-326 \/13-25 = 0-307 V volts
14-8 x 0-326 \//13-25 = 0-364 V/ volts

V=V, +V,+V,

j volts

Vi
Vv,
V3
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(i) Thevoltage across each unit expressed as a percentage of V becomes:

Top unit =V, x 100/V = 0-326 x 100 = 32:6%

Second from top = V, x 100/V = 0-307 x 100 = 30:7%

Third from top = V;x 100/V = 0-364 x 100 = 36-4%

(i) String efficiency =V 4100=915%
3x0[364V

Example8.11. Each line of a 3-phase systemis suspended by a string of 3 indentical insulators
of self-capacitance C farad. The shunt capacitance of connecting metal work of eachinsulator is0-2
Ctoearthand 0-1 Ctoline. Calculatethe string efficiency of the systemif a guard ring increasesthe
capacitance to the line of metal work of the lowest insulator to 0-3 C.

Solution. The capacitance between each unit and line is = -

artificially increased by using a guard ring as shown in Fig. 7 +I1
8.21. This arrangement tends to equalise the potential across 7 T
various units and hence leads to improved string efficiency. It 7
isgiven that with the use of guard ring, capacitance of theinsu-
lator link-pinto theline of thelowest unitisincreased from 0-1

Cto03C.

|<—w< — e < —e—<—>

At Junction A é
l+i'y = 1 +i; E
o V,wC+(V,+V) wx01C
= V,wC+V,x02Cw
V, = 12V, - 11V, () 7
At Junction B é
I3+ = L+, . Guard ring
or V;wC+V;x03Cxw=V,wC+(V,+V,)wx0-2C
or 13V, = 12V,+02V, (i)
Substituting the value of V; from exp. (i) into exp. (i), we get,
13(12V,-11V,) = 12V, +02V,
or 155V, = 154V,
O V, = 154V,/155=0993V, (i)

Substituting the value of V,, from exp. (iii) into exp. (i), we get,
V, = 12V, -11x 0993V, = 1077V,
Voltage between conductor and earth (i.e. phase voltage)
=V, +V,+V,;=V, +0993V, + 1.077V, =307 V,
307V,
3x1M077V,

Example 8.12. Itisrequired to grade a string having seven suspension insulators. If the pinto
earth capacitance are all equal to C, determine the line to pin capacitance that would give the same
voltage across each insulator of the string.

String efficiency = %100 = 95%

Solution. Let C,, C,... C4 respectively be the required line to pin capacitances of the units as
shownin Fig. 8.22. Asthe voltage across each insulator has to be the same, therefore,

== l,=1,= 1= 1,=1,
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Fig. 8.22
At Junction A
i+l =i+
or iy = (-1 =)
or wC, (6V) = wCV (. Voltage acrossC, = 6 V)
O C,=Cl6 = 0167C
At Junction B
i, =1,
or wC,(5V) = wC((2V)
O C, = % =04C
At Junction C At Junction D
iy =i i, =i,
or wC;(4V) =wC(3V) o wC,(3V) =wC(4V)
0 C; =3CA4=075C 0 C, =4C/3=133C
At Junction E At Junction F
is =g ig =g
or wC;(2V) =wC (V) o wCV =wC(6V)
0 C; =5C/2=25C 0C, =6C

TUTORIAL PROBLEMS

1. Ina3-phase overhead system, each line is suspended by a string of 3 insulators. The voltage across the
top unit (i.e. near the tower) and middle unit are 10 kV and 11 kV respectively. Calculate (i) theratio of
shunt capacitance to self capacitance of each insulator, (ii) the string efficiency and (iii) line voltage.

[(i) 0-1 (ii) 86:76% (iii) 59 kV]
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2. Each line of a3-phase system is suspended by a string of 3 similar insulators. |f the voltage across the
lineunitis17-5kV, calculate the line to 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. [52kV, 86-67%]

3. Thethreebus-bar conductorsin an outdoor sub-station are supplied by unitsof post insulators. Each unit
consists of a stack of 3-pin insulators fixed one on the top of the other. The voltage across the lowest
insulator is 845 kV and that across the next is 7-25 kV. Find the bus-bar voltage of the station.

[38:8KkV]

4. A string of suspension insulators consists of three units. The capacitance between each link pin and earth
isone-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 can withstand. Also calculate the string efficiency.

[84-7 kV; 80-67%]

5. A string of 4 insulators has self-capacitance equal to 4 times the pin-to-earth capacitance. Calculate (i)
the voltage distribution across various units as a percentage of total voltage across the string and (ii)
string efficiency. [(i) 14-5%), 18-1%, 26-2% and 40-9% (ii) 61-2 %]

6. A string of four suspension insulators is connected across a 285 kV line. The self-capacitance of each
unit is equal to 5 times pin to earth capacitance. Calculate:

(i) the potential difference across each unit, (ii) the string efficiency.
[(i) 27-65 kV, 33-04 kV, 43-85 kV, 60KV (ii) 68-5%]

7. Each of three insulators forming a string has self-capacitance of “C” farad. The shunt capacitance of
each cap of insulator is0-25 C to 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.

[ 317%, 29-4%, 38:9%; 85-7%)]

8. Each of thethreeinsulators forming astring has a self capacitance of C farad. The shunt capacitance of
each insulator is 0-2 C to earth and 0-1 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 :

(i) with the guard ring, (ii) without guard ring. [(i) 95% (ii) 86-13%]

9. A three-phase overhead transmission line is being supported by three-disc suspension insulators; the
potentials across the first and second insulator from the top are 8 kV and 11 kV respectively. Calcuate
(i) theline voltage (ii) theratio of capacitance between pin and earth to self capacitance of each unit (iii)
the string efficiency. [(i) 64-28 V (ii) 0-375 (jii) 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 potential differenceis applied across two conductors whose spacing is large as
compared to their diameters, there is no apparent change in the condition of atmospheric air sur-
rounding thewiresif the applied voltageislow. However, when the applied voltage exceeds acertain
value, called critical disruptive voltage, the conductors are surrounded by afaint violet glow called
corona.

The phenomenon of coronaisaccompanied by ahissing sound, production of 0zone, power 1oss
and radio interference. The higher the voltageisraised, thelarger and higher the luminous envelope
becomes, and greater are the sound, the power loss and the radio noise. If the applied voltage is
increased to breakdown value, aflash-over will occur between 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 cor ona.

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, thereis
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differencein the appearance of thetwo wires. The positivewire has uniform glow about it, whilethe
negative conductor has spotty glow.

Theory of coronaformation. Someionisationisawayspresentinair dueto cosmicrays, ultra-
violet radiationsand radioactivity. Therefore, under normal conditions, theair around the conductors
contains some ionised particles (i.e., free electrons and +ve ions) and neutral molecules. When p.d.
is applied between the conductors, potential gradient is set up in the air which will have maximum
value at the conductor surfaces. Under theinfluence of potential gradient, the existing free electrons
acquire greater velocities. The greater the applied voltage, the greater the potential gradient and
moreisthe velocity of free electrons.

When the potential gradient at the conductor surface reaches about 30 kV per cm (max. value),
the velocity acquired by the free electronsis sufficient to strike aneutral molecule with enough force
to dislodge one or more electronsfrom it. This produces another ion and one or more free el ectrons,
which is turn are accelerated until they collide with other neutral molecules, thus producing other
ions. Thus, the process of ionisation iscummulative. Theresult of thisionisationisthat either corona
isformed or spark takes place between the conductors.

8.11 Factors Affecting Corona

The phenomenon of corona is affected by the physical state of the atmosphere as well as by the
conditions of theline. The following are the factors upon which corona depends :

(i) Atmosphere. Ascoronaisformed duetoionsiation of air surrounding the conductors, there-
fore, itisaffected by the physical state of atmosphere. Inthe stormy weather, the number of
ions is more than normal and as such corona occurs at much less voltage as compared with
fair weather.

(if) Conductor size. The corona effect depends upon the shape and conditions of the conduc-
tors. Therough and irregular surface will give rise to more corona because unevenness of
the surface decreases the value of breakdown voltage. Thus a stranded conductor hasir-
regular surface and hence gives rise to more coronathat a solid conductor.

(iif) Spacing between conductors. If the spacing between the conductors is made very large as
compared to their diameters, there may not be any corona effect. It is because larger dis-
tance between conductors reduces the electro-static stresses at the conductor surface, thus
avoiding coronaformation.

(iv) Linevoltage. Thelinevoltage greatly affects corona. If itislow, thereisno changein the
condition of air surrounding the conductors and hence no coronaisformed. 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 coronais formed.

8.12 Important Terms
The phenomenon of corona plays an important role in the design of an overhead transmission line.
Therefore, it isprofitableto consider the following terms much used in the analysis of coronaeffects:

(i) Critical disruptive voltage. It is the minimum phase-neutral voltage at which corona
occurs.

Consider two conductors of radii r cm and spaced d cm apart. If Visthe phase-neutral potential,
then potential gradient at the conductor surface is given by:

g = v d volts/cm
rloge—
r

In order that coronais 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/cm (max) or
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21-2 kV/cm (r.ms.) and is denoted by g,. If V, is the phase-neutral potential required under these
conditions, then,

g = Ve
o Ioge—E|
where g, = breakdown strength of air at 76 cm of mercury and 25°C

30 kV/cm (max) or 21-2 kV/cm (r.m.s.)

O  Critical disruptivevoltage, V, = g,r Iogeg
r

Theabove expression for disruptive voltageis under standard conditionsi.e., at 76 cm of Hg and
25°C. However, if these conditions vary, the air density also changes, thus altering the value of g,.
Thevalue of g, isdirectly proportional to air density. Thus the breakdown strength of air at a baro-
metric pressure of b cm of mercury and temperature of t°C becomes & g, where

392b

d = ar density factor =
273+t

Under standard conditions, the value of & = 1.
O  Critical disruptivevoltage, V, = g,0r log, d
r

Correction must also be made for the surface condition of the conductor. Thisis accounted for
by multiplying the above expression by irregul arity factor m,.

O Critical disruptivevoltage, V, = m,g,dr log, d kV/phase
r

where m, = 1for polished conductors
0-98 to 0-92 for dirty conductors
0-87 to 0-8 for stranded conductors

(i) Visual critical voltage. It is the minimum phase-neutral voltage at which corona glow
appears all along the line conductors.

It has been seen that in case of parallel conductors, the corona glow does not begin at the disrup-
tive voltage V, but at ahigher voltageV,, called visual critical voltage. The phase-neutral effective
value of visua critical voltageis given by the following empirical formula:

V, = m,g,0r [1+%] Ioge% kV/phase
r

wherem, isanother irregularity factor having avalue of 1.0 for polished conductors and 0-72 to 0-82
for rough conductors.

(iii) Power loss due to corona. Formation of coronais aways accompanied by energy loss
which isdissipated in theform of light, heat, sound and chemical action. When disruptivevoltageis
exceeded, the power |oss due to coronais given by :

p = 242-2(f 225) " (V-V,)* x107° kW / km/ phase
where f = supply frequency in Hz

V = phase-neutra voltage (r.m.s.)

V. = disruptive voltage (r.m.s.) 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 voltage overhead
line, a balance should be struck between the advantages and disadvantages.
Advantages
(i) Dueto coronaformation, the air surrounding the conductor becomes conducting and hence
virtual diameter of the conductor isincreased. Theincreased diameter reduces the electro-
static stresses between the conductors.
(if) Coronareduces the effects of transients produced by surges.
Disadvantages
(i) Coronaisaccompanied by aloss of energy. This affects the transmission efficiency of the
line.
(if) Ozoneis produced by corona and may cause corrosion of the conductor due to chemical
action.
(iif) The current drawn by the line due to corona is non-sinusoidal and hence non-sinusoidal
voltage drop occursin the line. This may cause inductive interference with neighbouring
communication lines.

8.14 Methods of Reducing Corona Effect

It has been seen that intense corona effects are observed at a working voltage of 33 kV or above.
Therefore, careful design should be madeto avoid coronaon the sub-stations or bus-barsrated for 33
kV and higher voltages otherwise highly ionised air may cause flash-over in theinsulators or between
the phases, causing considerable damage to the equipment. The corona effects can be reduced by the
following methods:

(i) 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
reasonsthat ACSR conductorswhich have alarger cross-sectional areaare used in transmis-
sionlines.

(if) Byincreasing conductor spacing. By increasing the spacing between conductors, the volt-
age at which corona occursisraised and hence corona effects can be eliminated. However,
spacing cannot be increased too much otherwise the cost of supporting structure (e.g., big-
ger cross arms and supports) may increase to a considerable extent.

Example8.13. A 3-phaseline has conductors2 cmin diameter spaced equilaterally 1 mapart.

If the dielectric strength of air is 30 kV (max) per cm, find the disruptive critical voltage for the line.
Take air density factor 4 = 0-952 and irregularity factor m, = 0-9.

Solution.
Conductor radius, r = 2/2=1cm
Conductor spacing, d = 1m=100cm

Dielectric strength of air, g,
Disruptive critical voltage, V,

30 kV/cm (max.) = 21-2kV (r.m.s.) per cm

m, g, & r log, (d/r) kV*/phase (r.m.s. value)

0-9 x 21.2 x 0-952 x 1 x log, 100/1 = 83-64 kV/phase

O Linevoltage (rms) = +/3 x 8364 =144.8kV

Example 8.14. A 132 kV line with 1.956 cm dia. conductorsis built so that corona takes place

if the line voltage exceeds 210 kV (r.m.s.). If the value of potential gradient at which ionisation
occurs can be taken as 30 kV per cm, find the spacing between the conductors.

*  Asg,istakeninkV/cm, therefore, V, will beinkV.



Mechanical Design of Overhead Lines 185

Solution.
Assumethelineis 3-phase.
Conductor radius, r = 1-956/2 = 0-978 cm

Dielectric strength of air, g, = 30/ J2 =212kv (r.m.s.) per cm
Disruptive voltage/phase, V.= 210//3 = 121:25kV

Assume smooth conductors (i.e., irregularity factor m, = 1) and standard pressure and tempera-
ture for which air density factor d=1. Let d cm be the spacing between the conductors.

O Disruptivevoltage (r.m.s.) per phaseis
V., = m,g,0r log, (d/r) kV
= 1x21.2x1x0-978 x log, (d/r)

or 121-25 = 20-733 log, (d/r)
d 121025

or Ioge? = oO®m =5-848

or 2-3log,,dir = 5-848

or log,, d/r = 5.848/2:3 = 2.5426

or d/r = Antilog 2-5426

or dir = 3488

0 Conductor spacing, d = 3488 xr=2348-8 x 0-978 =341 cm

Example 8.15. A 3-phase, 220 kV, 50 Hz transmission line consists of 1.5 cm radius conductor
spaced 2 metres apart in equilateral triangular formation. |f the temperature is 40°C and atmos-
pheric pressureis 76 cm, calculate the corona loss per kmof the line. Take m, = 0-85.

Solution.
Asseen from Art. 8.12, the coronalossisgiven by :

P = —24(25[2 (f +25) \/g (v —vc)2 x107> kW/km/phase
_ 3@2b _3M@2x76 _
Now, = 573+t 2r3+d0 092
Assuming g, = 21-2kV/cm(rm.s.)

O Critical disruptive voltage per phaseis
V. = m,g,0r log,dir kV
0-85x 212 x 0-952 x 1.5 x log, 200/1-5 = 125-9 kV
Supply voltage per phase, V = 220/43 =127kV
Substituting the above values, we have coronaloss as:

24212 [15 2 -5
P= ——(50+25) x_ |[— x (127 —-1259)° x10> kW/phase/k
OE952( ) 200 ( ) fphasefkm
24212 -5
= x 75x01[0866 x121 x107> kW/km/ph
00952 prase
= 0:01999 kW/km/phase

[0 Total coronaloss per km for three phases
= 3x0:01999 kW = 0-05998 kW
Example8.16. A certain 3-phase equilateral transmission line hasa total coronaloss of 53 kW
at 106 kV and alossof 98 kWat 110-9 kV. What isthedisruptivecritical voltage? What isthe corona
lossat 113 kV?
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Solution.
The power loss due to coronafor 3 phasesisgiven by :

24202 (f +25) [y 2 .
T\/g(v—vc) x10™° kKW/km

Asf, 8, r and d are the same for the two cases,
0 P O(V-V)
For first case, P = 53 kW and VV = 106//3 = 61-2 kV

For second case, P = 98 kW and V = 110[9//3 = 64 kV

0 53 O (612-V,)° (i)
and 98 [ (64-V,)° ..(ii)
Dividing [(ii)/(i)], we get,

P = 3x

% (64_Vc)2
53 (612-V,)

or V., = 54kV
Let Wkilowatt be the power lossat 113 kV.
2
113
==\,
0 w O ( Ne c)
0 (652 - 54)° ..(iii)
Dividing [(iii)/(i)], we get,
W _ (65[2-54)°
53 (612-54)
0 W = (11-2/7-2)* x 53 =128 kW

TUTORIAL PROBLEMS

1. Estimate the coronaloss for athree-phase, 110 kV, 50 Hz, 150 km long transmission line consisting of
three conductors each of 10 mm diameter and spaced 2-5 m apart in an equilateral triangle formation.
The temperature of air is 30°C and the atmospheric pressure is 750 mm of mercury. Take irregularity
factor as0-85. lonisation of air may be assumed to take place at a maximum voltage gradient of 30 kV/

cm. [316-8 kW]
2. Takingthedielectric strength of air to be 30 kV/cm, calculate the disruptive critical voltagefor a3-phase
line with conductors of 1 cm radius and spaced symmetrically 4 m apart. [220 kV line voltage]

3. A 3-phase, 220 kV, 50 Hz transmission line consists of 1-2 cm radius conductors spaced 2 m at the
cornersof an equilateral triangle. Calculatethe coronaloss per km of theline. The condition of thewire
is smoothly weathered and the weather isfair with temperature of 20°C and barometric pressure 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 supportsin abid to save conductor material, the stressin
the conductor may reach unsafe value and in certain cases the conductor may break dueto excessive
tension. Inorder to permit safetension in the conductors, they are not fully stretched but are allowed
to have adip or sag.

The difference in level between points of supports and the lowest point on the conductor is
called sag.
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Fig. 8.23. (i) shows a conductor suspended between two equilevel supports A and B. The con-
ductor isnot fully stretched but isallowed to have adip. Thelowest point on the conductor is O and
thesagisS Thefollowing points may be noted :

T A\ /B
S
v .
e}
@ )
Fig. 8.23
(i) When the conductor is suspended between two supports at the samelevel, it takesthe shape
of catenary. However, if the sag isvery small compared with the span, then sag-span curve
islike a parabola.
(i) Thetension at any point on the conductor acts tangentially. Thustension T at the lowest
point O acts horizontally as shown in Fig. 8.23. (ii).

(iif) Thehorizontal component of tension is constant throughout the length of the wire.

(iv) Thetension at supportsis approximately equal to the horizontal tension acting at any point
onthewire. Thusif Tisthetension at the support B, then T =T,.

Conductor sag and tension. Thisis an important consideration in the mechanical design of
overhead lines. The conductor sag should be kept to a minimum in order to reduce the conductor
material required and to avoid extrapole height for sufficient clearance above ground level. Itisalso
desirable that tension in the conductor should below to avoid the mechanical failure of conductor and
to permit the use of less strong supports. However, low conductor tension and minimum sag are not

possible. It isbecause low sag means atight wire and high tension, whereas alow tension means a
loose wire and increased sag. Therefore, in actual practice, acompromise in made between the two.

8.16 Calculation of Sag

In an overhead line, the sag should be so adjusted that tension in the conductorsiswithin safe limits.
Thetensionisgoverned by conductor weight, effects of wind, iceloading and temperature variations.
It isastandard practice to keep conductor tension less than 50% of its ultimate tensile strength i.e.,
minimum factor of safety in respect of conductor tension should be 2. We shall now cal culate sag and
tension of a conductor when (i) supports are at equal levels and (ii) supports are at unequal levels.
(i) When supportsareat equal levels. Con- A
sider a conductor between two equilevel supports
Aand B with O asthelowest point asshownin Fig.
8.24. 1t can be proved that lowest point will be at

I s ! 5
2 “T 2
|
1
1
I
I

the mid-span. X
Let i‘_i_’|
| = Length of span T
w = Weight per unit length of con-
ductor
T = Tension in the conductor. Fig. 8.24

Consider apoint P onthe conductor. Taking thelowest point O asthe origin, et the co-ordinates
of point P be x andy. Assuming that the curvature is so small that curved length is equal to its
horizontal projection (i.e., OP = x), the two forces acting on the portion OP of the conductor are:

(a) Theweight wx of conductor acting at a distance x/2 from O.

(b) Thetension T acting at O.
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Equating the moments of above two forces about point O, we get,

Ty = wxx X
2
2
W X
or y =
2T

The maximum dip (sag) is represented by the value of y at either of the supports A and B.
At support A, x=1/2 and y=S

127 wi?

D = VV(— = —

S0 S = —r Ty

(if) When supportsareat unequal levels. Inhilly areas, we generally come across conductors
suspended between supports at unequal levels. Fig. 8.25 shows a conductor suspended

between two supports Aand Bwhich are at different levels. Thelowest point on the conduc-

torisO.
Let
| = Spanlength
h = Differencein levels between two supports

X, = Distance of support at lower level (i.e., A) from O
X, = Distance of support at higher level (i.e. B) from O
T = Tension in the conductor

— XD ————— X

< : i ¥ rrrrrT?
|
:
777
Fig. 8.25
If wisthe weight per unit length of the conductor, then,
2*
- WX
0SS Tor
2
W X
and = 2
205 = o7
Also X+ X =1 (i)
. _w X2
Y= o7
Atsupport A, x=x, andy =S,.
w X12

. S
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Now S-S =
. 58 =
But S-5 =
O h =
or X, =X =

Solving exps. (i) and (ii), we get,

X =

X =

w
%[Xz2 -x{1= E(Xz +%) (% = %)

(%) [ x4 =1]

h
wl
f(xz_xl)

2Th .
W ...(II)

—
>

1
2
|

=
5 =

_
2 wli

Having found x, and x,, values of S, and S, can be easily calculated.

Effect of wind and ice loading.

The above formulae for sag are true only in still air and at

normal temperature when the conductor is acted by its weight only. However, in actua practice, a
conductor may have ice coating and simultaneously subjected to wind pressure. The weight of ice
actsvertically downwardsi.e., in the same direction asthe weight of conductor. Theforce dueto the
wind is assumed to act horizontally i.e., at right angle to the projected surface of the conductor.
Hence, thetotal force on the conductor isthe vector sum of horizontal and vertical forcesasshownin

Fig. 8.26 (iii).

Ice
coating

t [ed

O]

(i)
Fig. 8.26

Total weight of conductor per unit lengthis

Wi
where w

\/(W+wi )2 +(WW)2

= weight of conductor per unit length

conductor material density x volume per unit length
weight of ice per unit length
density of ice x volume of ice per unit length

density of ice x 774T [(d+20)%-d] x1
density of ice x 1t (d + t)*
wind force per unit length

wind pressure per unit area x projected area per unit length
wind pressure x [(d + 2t) x 1]

*  Volume of ice per unit length = g[(dﬂ)z—dz] x1= g[4dt +47] =Tt (d +1)
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When the conductor has wind and ice loading also, the following points may be noted :

(i) The conductor setsitself in aplane at an angle 0 to the vertical where

WW
W+ W,

(if) Thesag inthe conductor isgiven by :

|2

tan® =

W
2T

Hence S represents the slant sag in a direction making an angle 6 to the vertical. If no

specific mention is made in the problem, then dant slag is calculated by using the above

formula.
(iii) Thevertical sag = Scos6
Example 8.17. A 132 kV transmission line has the following data :
Wt. of conductor = 680 kg/km ; Length of span = 260 m
Ultimate strength = 3100 kg ; Safety factor = 2

Calculate the height above ground at which the conductor should be supported. Ground clear-
ance required is 10 metres.

Solution.
Wt. of conductor/metrerun, w = 680/1000 = 0-68 kg
Ultimate strength _ 3100

Working tension, T = = 1550 kg
Sefety factor 2

Span length, | = 260m

0 Sag = WI2_0[68><(260)2:3_7m

8T  8x1550
[0 Conductor should be supported at a height of 10 + 3.7 =13-7m

Example 8.18. Atransmission line hasa span of 150 m between level supports. The conductor
has a cross-sectional area of 2 cn’. The tension in the conductor is 2000 kg. If the specific gravity
of the conductor material is 9-9 gm/cm® and wind pressure is 1-5 kg/m length, calculate the sag.
What isthe vertical sag?

Solution.
Span length, | = 150 m; Working tension, T = 2000 kg
Wind force/m length of conductor, w,, = 1-5kg
Wt. of conductor/m length, w = Sp. Gravity x Volume of 1 m conductor
=9:9x 2x 100 =1980gm = 1-98 kg
Total weight of 1 m length of conductor is
W, = fw? +w2 =/(198)2 +(15)% =248kg
w, 1% _ 2128 x (150)2
H 9, S = g = SXZE)OO)
Thisisthevaueof dant sagin adirection making an angle 6 with thevertical.
Referring to Fig. 8.27, the value of Bisgiven by ;
tan® = w,/w=15/1.98=0-76
O 6 = tan 076 =37:23°
O Vertical sag = Scos 0
348 x c0s 37-:23°=2-77m

=348 m
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Example 8.19. A transmission line has a span of 200 metres between level supports. The
conductor has a cross-sectional area of 1-29 ¢, weighs 1170 kg/km and has a breaking stress of
4218 kg/cm’. Calculate the sag for a safety factor of 5, allowing a wind pressure of 122 kg per
square metre of projected area. What is the vertical sag?

Solution.

Span length, | = 200m

Wt. of conductor/m length, w = 1170/1000 = 1-17 kg

Working tension, *T = 4218 x 1-29/5 = 1088 kg

Diameter of conductor, d = \/ 4 xTa[wea = \/ 4x 111[29 =1.28cm

Pressure x projected areain m?
(122) x (1-28 x 1072 x 1) = 1.56 kg
Total weight of conductor per metre length is

w, = w2 +wg =,(117)? + (186) = 195kg

Wind force/m length, W

w

. g . w; 12 _ 1095 x (200)° a0
Y S = Tgr " gxiosg oo

The slant sag makes an angle 6 with the vertical where value of Bisgivenby :
6 = tan " (w,/w) =tan " (1-56/1:17) = 53-13°
O Vertical sag = Scos0 =896 x cos53-13°=5-37 m
Example8.20. Atransmission line hasa span of 275 m between level supports. The conductor
has an effective diameter of 1-96 cm and weighs 0-865 kg/m. |ts ultimate strength is 8060 kg. If the
conductor hasice coating of radial thickness 1-27 cmand is subjected to a wind pressure of 3-9 gnv
cn’ of projected area, calculate sag for a safety factor of 2. Weight of 1 c.c. of ice is0-91 gm.

Solution.

Span length, | = 275m; Wt. of conductor/m length, w = 0-865 kg
Conductor diameter, d = 196 cm; Ice coating thickness, t = 1-27 cm
Working tension, T = 8060/2 = 4030 kg

Volume of ice per metre (i.e., 100 cm) length of conductor
= 7t (d +1t) x 100 cm®
= 1% 1-27 x (1.96 + 1-27) x 100 = 1288 cm®
Weight of ice per metre length of conductor is
w, = 0-91x1288=1172gm=1-172kg
Wind force/m length of conductor is
w,, = [Pressure] x [(d + 2t) x 100]
= [3:9] x (196 + 2 x 1-27) x 100 gm = 1755 gm = 1-755 kg
Total weight of conductor per metre length of conductor is

w, = \/(W"'Wi)z +(WW)2

= J(0m65+1072) + (10755 = 2688 kg

* Working stress _ Ultimate Strength _ 4218
Safety factor 5

0 Working Tension, T= Working stress x conductor area = 4218 x 1-29/5
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. Sag = w |1 _ 20688 x (275)°
8T 8 x 4030
Example 8.21. A transmission line has a span of 214 metres between level supports. The
conductors have a cross-sectional area of 3-225 cm?”. Calculate the factor of safety under the follow-
ing conditions :

=6-3m

\ertical sag = 2-:35m; Wind pressure = 1-5 kg/mrun
Breaking stress = 2540 kg/cn? ; Wh. of conductor = 1-125 kg/mrun
Solution.

Here, | = 214m; w=1125kg; w,=15kg

Total weight of one metre length of conductor is

W= Jw?+w? = \[(1125)% +(10)? = 1875kg
If fisthe factor of safety, then,
Breaking stress x conductor area

Working tension, T= = 2540 x 3:225/f = 8191/f k
orking tension safety factor g
Vertical sag _ 2[35 x 1[875
2
_owl
Now S = a7
T = wtl2
or = 335
0 8191 _ 10875 x (214)?
f 8x 392
or Safety factor, f = M =
10875 x (214)

Example 8.22. An overhead line has a span of 150 m between level supports. The conductor
hasa cross-sectional area of 2 cm?. The ultimate strength is 5000 kg/cm2 and safety factor is5. The
specific gravity of the material is8-9 gm/cc. Thewind pressureis 1-5 kg/m. Calculate the height of
the conductor above the ground level at whichit should be supported if a minimum clearance of 7 m
isto be left between the ground and the conductor.

Solution.

Span length, | =150 m; Wind force/m run, w,, = 1.5 kg

Wt. of conductor/mrun, w = conductor area x 100 cm x sp. gravity
2x100x% 8:9=1780gm=1-78 kg
Working tension, T = 5000 x 2/5 = 2000 kg

Total weight of one metre length of conductor is

W+ w2 =/(178)2 +(1)% =2:33kg

w, 1> 2083 x (150)2
8T~ 8x2000
Vertical sag = Scos 8 = 328 x wiw, = 3-28 x 1.78/2.33=2-5m
Conductor should be supported at aheight of 7+ 2-5=9-5m

W,

Slantsag, S = =328m

*  The dlant sag makes an angle 6 with the vertical .
O cos® = ww, = 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 distance betwen the towersis500 m. If thetensionin
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 to be at water level.

Solution. Fig. 8.28 shows the conductor suspended between two supports A and B at different
levelswith O asthe lowest point on the conductor.

Here, | =500 m; w=15kg; T = 1600 kg.

Difference in levels between supports, h = 90 — 30 = 60 m. Let the lowest point O of the
conductor be at adistance x, from the support at lower level (i.e., support A) and at adistance x, from
the support at higher level (i.e., support B).

Obviously, X;+% = 500m (i)

/=500 m /

A

Now
2 2
_g_g VX% WX
0 h=8-S=— o7
w
or 60 = E(x2+x1) (X, = %y)
60 x 2 x 1600 .
0 %=X T T mxsog - 296M (i)

Solving exps. (i) and (ii), we get, x; =122 m; x, = 378 m
Cowx _16x(122)°

Now, SUT o7 T 2x1600

Clearance of the lowest point O from water level
=30-7=23m

Let the mid-point P be at a distance x from the lowest point O.

Clearly, X = 250-x, =250-122=128m

w X _1Bx (128)2

2T 2 x 1600

Sag at mid-point P, Shid = =768m
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Clearance of mid-point P from water level
= 23+ 7-68=30-68m
Example 8.24. An overhead transmission line conductor having a parabolic configuration
weighs 1-925 kg per metre of length. The area of X-section of the conductor is 2-2 cm” and the
ultimate strength is 8000 kg/cmz. The supports are 600 m apart having 15 m difference of levels.
Calculate the sag from the taller of the two supports which must be allowed so that the factor of
safety shall be 5. Assume that ice load is 1 kg per metre run and there is no wind pressure.
Solution. Fig. 8.29. shows the conductor suspended between two supports at A and B at differ-
ent levelswith O as the lowest point on the conductor.
Here, I = 600m;w =1kg;h=15m
w = 1.925kg; T =8000 x 2:2/5 = 3520 kg
Total weight of 1 m length of conductor is
w, = w+w, =1925+1=2925kg
L et thelowest point O of the conductor be at adistance x, from the support at lower level (i.e., A)
and at adistance x, from the support at higher level (i.e., B).

Clearly, X, + X%, = 600m (i)
2 2
—q_gq =M% _WX
Now, h=§-§ oT oT
- W
or 15 = E(x2+x1)(x2—x1)
B wo—x, = 2X15x350 o (i)
2 7t 2[925%600

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

e 600 m »]
Fig. 8.29

Sag from the taller of the two towersis

w, X2 20925 x (330)2

S % T T axasp oM
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Example 8.25. An overhead transmission lineat a river crossing is supported fromtwo towers
at heights of 40 mand 90 m above water level, the horizontal distance between the towers being 400
m. If the maximum allowable tension is 2000 kg, find the clearance between the conductor and
water at a point mid-way between the towers. Weight of conductor is 1 kg/m.

Solution. Fig. 8.30 shows the whole arrangement.

Fig. 8.30
Here, h = 90-40=50m; | =400m
T = 2000 kg; w = 1kg/m
Obviously, X;+ X%, = 400m (i)
2 2
WX5; WX
N h = - - 72 _ T
o 27T T oy
w
or 50 = o7 (X + %) (X =)
50 x2x2000 .
O X=X T T a0 =500m (i)

Solving exps. (i) and (ii), we get, x, =450 m and x, = -50m
Now x, isthe distance of higher support B from the lowest point O on the conductor, whereas x,
isthat of lower support A. Asthe spanis400 m, therefore, point Aliesonthe samesideof O asB (see
Fig. 8.30).
Horizontal distance of mid-point P from lowest point Ois
x = Distance of A from O + 400/2 =50 + 200 = 250 m

wx? _ 1x (250)

0 Sagat pointP, Shid = 5T = 2% 2000 =156m
2 2
_ WXy _1x(450)° _
Now Sog S = 5T = 2% 2000 =506 m

Height of point B above mid-point P
= S§5-§,4=506-156=35m
[0 Clearance of mid-point P above water level
= 90-35=55m
Example 8.26. Atransmission line over a hillside wherethe gradient is1: 20, is supported by
two 22 m high towers with a distance of 300 m between them. The lowest conductor is fixed 2 m
below the top of each tower. Find the clearance of the conductor from the ground. Given that
conductor weighs 1 kg/m and the allowable tension is 1500 kg.



196 Principles of Power System

Solution. The conductors are supported between towers AD and BE over a hillside having
gradient of 1: 20 asshownin Fig. 8.31. The lowest point on the conductor is O and sin 6= 1/20.

Effective height of each tower (AD or BE)
=22-2=20m
Vertical distance between towersis
h = EC=DEsnB8=300x1/20=15m
Horizontal distance between two towersis
DC = J/DE?-EC? =,/(300)% -(15)2 ~300m
or X, +X, = 300m (i)

2 2
WX2_WX1 _ W

Now = o T e twle
2T h 2 x1500 x15 .
or X=X = w(x2+x1): 1x 300 =150 m (i)
H B

A

0 l
Xy >
:
E
M
|
|
F c
Fig. 8.31
Solving exps. (i) and (ii), we have, x, = 75 mand x, = 225 m
2 2
_owxy _1x(225)° _
0% = 57 = gxs0 | o8
Now BC = BE+EC=20+15=35m
Clearance of the lowest point O from the ground is
OG = HF-S,-GF
= BC-S,-GF (*- BC=HF)
[Now GF = x,tan© =75 x 0-05=3-75m]

35-16-87 -375=14-38m

Example 8.27. Atransmission tower on alevel ground gives a minimum clearance of 8 metres
for itslowest conductor with a sag of 10 mfor a span of 300 m. If the same tower isto be used over
a slope of 1 in 15, find the minimum ground clearance obtained for the same span, same conductor
and same weather conditions.

Solution. On level ground

wl?
, S =
Sag a7
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w _ 85 8x10 8
0 T T 92 - 2~ 3
T I (300)° 9x10
Height of tower = Sag + Clearance=10+8=18m
On sloping ground. The conductors are supported between towers AD and BE over a sloping
ground having agradient 1in 15 asshown in Fig. 8.32. The height of each tower (AD or BE) is18 m.
Vertical distance between the two towersis

h = EC=*DEsin8=300x1/15=20m

Now X +%, = 300m (1)
2 2
WX, WX _w
AI h = —2—_:_ -
0 o o 2t P2 P00 X))
2Th 2x9x10° x 20 N
0 -x, = = =1
X5 = X R 8% 300 50 m (i)
B

(2
N

_———a ¥

|

oL-

D F
Fig. 8.32

Solving exps. (i) and (ii), we have, x, = 75 mand x, = 225m
wx' _ 8x (757

Now S = >T 2x9x103:2-5m
WX, _ 8% (225 oo
% = 3T Toxgxa0? 20N

Clearance of point O from the ground is
OG = BC-S,-GF=38-225-5=105m
[+ GF =x,tan 8 =75 x 1/15 = 5m]
Since O isthe origin, the equation of slope of ground isgiven by :

y = mx+A
Here m = 1/15andA=0G=-105m
X
a = — -105
y 15

O Clearance C from the ground at any point x is

* DE=DC=300m
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2
C = Equation of conductor curve -y = | WX _(L_ )
q y (ZT] 15 1055
2
- LS_(L_M)
2x9x10 15
2
0 c=2__Xi103
2250 15

Clearance will be minimum when dC/dx=0i.e,,

2
41X X, 103 =0
dx | 2250 15
or ﬂ_i =0
2250 15
or X = ix@:75m
15 2

i.e., minimum clearance will be at apoint 75 m from O.

N

-2 41005 = (75)%/2250 - 75/15 + 10-5
2250 15

= 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
horizontal distance between the towers is 300 m. If the tension in the conductors is 1500 kg, find the
clearance at a point mid-way between the towers. The size of the conductor is 0-9 cm? and densi ty of

Minimum clearance

conductor material is 8:9 gm/cm’. [64 m]
2. Anoverhead line has a span of 260 m, the weight of the line conductor is 0-68 kg per metre run. Calcu-
|ate the maximum sag in the line. The maximum allowable tension in the line is 1550 kg. [3:7m]

3. A transmission line has a span of 150 m between level supports. The cross-sectional area of the conduc-
tor is 1-25 cm? and weighs 100 kg per 100 m. The breaking stressis 4220 kg/cm?. Calculate the factor
of safety if the sag of thelineis3-5m. Assume a maximum wind pressure of 100 kg per sg. metre. [4]

4. A transmission line has a span of 150 m between the level supports. The conductor has a cross-sectional
area of 2 cm?. The ultimate strength is 5000 kg/cm?. The specific gravity of the material is8-9 gm/cm®,
If the wind pressure is 1-5 kg/m length of conductor, calculate the sag at the centre of the conductor if
factor of safety is 5. [3-28 m]
5. A transmission line has a span of 250 m between supports, the supports being at the same level. The
conductor has a cross-sectional area of 1-29 cm®. The ultimate strength is 4220 kg/cm? and factor of
safety is2. Thewind pressureis40 kg/cmz. Calculate the height of the conductor above ground level at
which it should be supported if a minimum clearance of 7m is to be kept between the ground and the
conductor. [10-24 m]
6. A transmission line hasaspan of 150 m between level supports. The conductor hasacross-sectional area
of 2cm?. The ultimate strength is 5000 kg/cm?. The specific gravity of the material is8-9 gm/cm®. If the
wind pressure is 1.5 kg/m length of the conductor, calculate the sag if factor of safety is 5. [3:-5m]

7. Twotowersof height 40 m and 30 m respectively support atransmission line conductor at water crossing.
The horizontal distance between the towersis 300 m. If thetension in the conductor is 1590 kg, find the
clearance of the conductor at a point mid-way between the supports. Weight of conductor is 0-8 kg/m.
Bases of the towers can be considered to be at the water level. [59m]

8. An overhead transmission line at ariver crossing is supported from two towers at heights of 50 m and
100 m above the water level. The horizontal distance between the towers is 400 m. |If the maximum
alowabletension is 1800 kg and the conductor weighs 1 kg/m, find the clearance between the conductor
and water at a point mid-way between the supports. [63-8m]
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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 theline under consideration. In general, the strength of
the line should be such asto provide against the worst probable weather conditions. We now discuss
some important points in the mechanical design of overhead transmission lines.

(i) Tower height : Tower height depends upon the length of span. With long spans, relatively
few towersarerequired but they must betall and correspondingly costly. Itisnot usually possibleto
determine the tower height and span length on the basis of direct construction costs because the
lightning hazards increase greatly asthe height of the conductors above ground isincreased. Thisis
one reason that horizontal spacing isfavoured inspite of the wider right of way required.

(if) Conductor clearanceto ground : The conductor clearanceto 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 it may occur in winter owing to the
formation of a heavy coating of ice on the wires. Special provisions must be made for melting ice
from the power lines.

(iif) Sag and tension : When laying overhead transmission lines, it is necessary to allow a
reasonable factor of safety in respect of the tension to which the conductor issubjected. Thetension
isgoverned by the effects of wind, iceloading and temperature variations. 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 corresponding decrease in the sag.
Icing-up of theline and wind loading will cause stretching of the conductor by an amount dependent
onthelinetension.

In planning the sag, tension and clearance to ground of a given span, a maximum stress is se-
lected. It isthen aimed to have this stress devel oped at the worst probable weather conditions (i.e.
minimum expected temperature, maximum iceloading and maximum wind). Wind loading increases
the sag in the direction of resultant loading but decreases the vertical component. Therefore, in
clearance cal culations, the effect of wind should not beincluded unless horizontal clearanceisimpor-
tant.

(iv) Stringing charts: For usein the field work of
stringing the conductors, temperature-sag and temperature-
tension charts are plotted for the given conductor and load-

ing conditions. Such curvesare called stringing charts (see $29
Fig. 8.33). These charts are very helpful while stringing
overhead lines. =

o
(v) Conductor spacing : Spacing of conductors son

should be such so as to provide safety against flash-over

when thewiresare swinging in thewind. The proper spac-

ing isafunction of span length, voltage and weather condi-

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.

(vi) 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-
ciently 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 fairly strong wind on a

Temperature
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wire covered with ice, when the ice coating happens to take a form which makes a good air-faoil
section. Then the whole span may sail up like akite until it reachesthelimit of itsslack, stopswith a
jerk and falls or sails back. The harmful effects of these vibrations occur at the clamps or supports
where the conductor suffersfatigue and breaks eventually. In order to protect the conductors, damp-
ersare used.

SELF-TEST

1. Fill intheblankshy inserting appropriate words/figures.

0)
(D)
(iii)
(iv)
v)
(Vi)
(vii)
(viii)
(ix)
)

Cross-arms are used on poles or towers to provide ............. to the insulators.

The most commonly used material for insulators of overhead linesis...........

The potential acrossthe variousdiscs of suspension stringisdifferent because of ............ capacitance.
Inastring of suspension insulators, the maximum voltage appears acrossthe unit ...... to the conductor.
If the string efficiency is 100%, it meansthat ............. .

If shunt capacitance is reduced, then string efficiency is............... .

If the spacing between the conductors is increased, then corona effect is ................

If sag in an overhead line increases, tension inthe line. ...............

By using aguard ring, string efficiency is................

Shunt capacitance in suspension insulators can be decreased by increasing the distance of ...........
from .o

2. Pick up thecorrect words/figuresfrom the bracketsand fill in the blanks.

0]
(i)
(iii)

(iv)
V)
(Vi)
(vii)
(viii)
(ix)

)

The insulator is so designed that it should fail only by ................... (flash-over, puncture)
Suspension type insulators are used for voltages beyond ................. (33 kV, 400V, 11 kV)
Inastring of suspension insulators, if the unit nearest to the conductor breaks down, then other units
will L (also breakdown, remain intact)
A shorter string has.......... string efficiency than alarger one. (less, more)
Coronaeffectis........cc...... pronounced in stormy weather as compared to fair weather. (more, less)
If the conductor sizeisincreased, the corona effect is ................ (increased, decreased)
The longer the crossarm, the.......... the string efficiency. (greater, lesser)
The discs of the strain insulators are used in ............ plane. (vertical, horizontal)

Sag isprovided in overhead lines so that .............

(permanently, only partially)

1. (i) support (ii) porcelain (iii) shunt (iv) nearest (v) potential across each disc is the same (vi) increased
(vii) reduced (viii) decreases (ix) increased (X) conductor, tower.

2. (i) flash-over (ii) 33KV (iii) aso breakdown (iv) more (v) more (vi) decreased (vii) greater (viii) vertical
(ix) safe tension is not exceeded (x) permanently.

ANSWERS

CHAPTER REVIEW TOPICS

1. 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 various types of line supports.

4. Why are insulators used with overhead lines ? Discuss the desirable properties of insulators.



Mechanical Design of Overhead Lines 201

5. Discuss the advantages and disadvantages of (i) pin-type insulators (ii) suspension type insulators.
6. Explain how the electrical breakdown can occur in an insulator.
7. What isastrain insulator and whereisit used ? Give a sketch to show its location.
8. Givereasons for unequal potential distribution over a string of suspension insulators.
9. Define and explain string efficiency. Can its value be equal to 100% ?
10. Show that in a string of suspension insulators, the disc nearest to the conductor has the highest voltage
acrossit.
11. Explain various methods of improving string efficiency.
12. What is corona? What are the factors which affect corona ?
13. Discuss the advantages and disadvantages of corona.
14. Explain the following terms with reference to corona:
(i) Critical disruptive voltage
(if) Visua critical voltage
(iii) Power loss due to corona
15. Describe the various methods for reducing corona effect in an overhead transmission line.
16. What isasag in overhead lines ? Discuss the disadvantages of providing too small or too large sag on a
line.
17. Deduce an approximate expression for sag in overhead lines when
(i) supportsareat equal levels
(ii) supports are at unequal levels.
DISCUSSION QUESTIONS
1. What isthe need for stranding the conductors ?
2. Issag anecessity or an evil ? Discuss.
3. String efficiency for ad.c. systemis 100% ? Discuss.
4. Can string efficiency in an a.c. system be 100% ?
5. Why are suspension insulators preferred for high voltage power transmission ?
6. Give reasonsfor the following :

(i) A.C.SR. conductors are preferred for transmission and distribution lines.
(if) Conductors are not fully stretched between supports.
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