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41.1. General Layout of the System

The conductor system by means of which electric power is conveyed from agenerating station to
the consumer’s premises may, in general, be divided into two distinct partsi.e. transmission system
and distribution system. Each part can again be sub-divided into two—primary transmission and
secondary transmission and similarly, primary distribution and secondary distribution and then
finally the system of supply to individual consumers. A typical layout of a generating, transmission
and distribution network of alarge system would be made up of elements as shown by asingle-line
diagram of Fig. 41.1 although it hasto be realized that one or more of these elements may be missing
in any particular system. For example, in a certain system, there may be no secondary transmission
and in another case, when the generating station is nearby, there may be no transmission and the
distribution system proper may begin at the generator bus-bars.

Now-a-days, generation and transmission isalmost exclusively three-phase. The secondary trans-
mission is aso 3-phase whereas the distribution to the ultimate customer may be 3-phase or single-
phase depending upon the requirements of the customers.

InFig. 41.1, C.S. representsthe central station where power is generated by 3-phase alternators
at 6.6 or 11 or 13.2 or even 32 kV. Thevoltageisthen stepped up by suitable 3-phase transformersfor
transmission purposes. Taking the generated voltage as 11 kV, the 3-phase transformers step it up to
132 kV asshown. Primary or high-voltage transmissioniscarried out at 132 kV*. Thetransmission
voltageis, to avery large extent, determined by economic considerations. High voltage transmission
requires conductors of smaller cross-section which resultsin economy of copper or aluminium. But
at the same time cost of insulating the line and other expenses areincreased. Hence, the economical
voltage of transmission is that for which the saving in copper or aluminium is not offset (i) by the
increased cost of insulating the line (ii) by the increased size of transmission-line structures and
(i) by theincreased size of generating stations and sub-stations. A rough basis of determining the
most economical transmission voltageisto use 650 volt per km of transmission line. For example, if
transmission line is 200 km, then the most economical transmission voltage will be 200 x 650
[0132,000 V or 132 kV.

The 3-phase, 3-wire overhead high-voltage transmission line next terminatesin step-down trans-
formersin asub-station known as Receiving Station (R.S.) which usually liesat the outskirts of acity
becauseit isnot safe to bring high-voltage overhead transmission linesinto thickly-popul ated areas.
Here, the voltage is stepped down to 33 kV. It may be noted here that for ensuring continuity of
service transmission is always by duplicate lines.

From the Receiving Station, power is next transmitted at 33 kV by underground cables (and
occasionally by overhead lines) to various sub-stations (SS) located at various strategic pointsin the
city. Thisisknown as secondary or low-voltage transmission. From now onwards startsthe primary
and secondary distribution.

At the sub-station (SS) voltage is reduced from 33kV to 3.3kV 3-wire for primary distribution.
Consumers whose demands exceeds 50 kVA are usually supplied from SS by special 3.3kV feeders.

The secondary distribution is done at 400/230 V for which purpose voltage is reduced from
3.3 kV to 400 V at the distribution sub-stations. Feeders radiating from distribution sub-station
supply power to distribution networksin their respective areas. |f the distribution network happensto
be at a great distance from sub-station, then they are supplied from the secondaries of distribution
transformerswhich are either pole-mounted or el se housed in kiosks at suitable points of the distribu-
tion networks. The most common system for secondary distribution is 400/230-V, 3-phase 4-wire
system. Thesingle-phaseresidential lighting load is connected between any one line and the neutral

*  Highvoltageslike 750 kV arein usein USSR (Konakovo-Moscow line) and 735 kV in Canada (Montreal -
Manicoagan Scheme).
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whereas 3-phase, 400-V motor load
is connected across 3-phase lines
directly.

It should be noted that low-voltage
distribution system is sub-divided
into feeders, distributors and service
A AAESISTep-TT mains. No consumer is given direct

/\
WAMT/WWM st connection from the feeders, instead

Central
Station

Generator

11/132kV

consumers are connected to
distribution network through their
MMM §ten-Down service mains. The a.c. distributors
132/1 lkV Transformer are, in many ways, similar to thed.c.
distributors as regards their
| | Receiving constructional detailsand restrictions
Striem (8 on drops in voltage.
Secondary Summarizing the above, we have
Transmission .
1. Generating voltage:

6.6, 11, 13.2 or 33 kV.
NN 2. Highvoltagetransmission:
33/3.3kV A Step-Down 220 kV, 132 kV, 66KV.

3. High voltage or primary
Sub Station (SS)] | distribution : 3.3, 6.6 kV.
4. Low-voltagedistribution:

A.C. 400/230, 3-phase, 4-wire

D.C. 400/230 ; 3-wire system
The standard frequency for a.c. work-
ingis50Hz or 60 Hz (asin U.S.A.).
Primary 3.3kVv For single-phase traction work,

Distributi frequenciesaslow as 25 or 16 2/3Hz
istribution AMMAVAAMAMA - Distribution &
are al'so used.

Primary
Transmission

MMM - Transformer

41.2. Power Systems and

Secondar
Distributi}(])n 440/230V System Networks

It is a common practice now-a-days

to interconnect many types of gener-
l l i l l ating stations (thermal and hydroelec-
Consrmars Conmasien tric etc.) by meansof acommon elec-
trical network and operate them all
inparallel.

This combination of generating stations forms what is known as power system. The various
elements of such a system like generating stations, transmission lines, the substations, feeders and
distributors etc. become tied into a whole by the integrated process of continuous generation and
consumption of electric energy.

A system network (or grid) isthe name given to that part of power system which consists of the
sub-stations and transmission lines of various voltage rating.

Fig. 41.2 shows single-line diagram representing the main connections of a power system con-
sisting of aheating and power central station (HCS), alarge-capacity hydro-electric station (HS) and

Fig. 41.1
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two regional thermal power stations (RTS1 and RTS-2). The stationsHS, RTS1 and RTS2 are
situated at large distances from the consumers, hence voltage of the electric power generated by them
has to be stepped up by suitable transformers before it is fed into the system transmission network.

Asshown in Fig. 41.2, HSis connected with the main 110-kV network of the system with the
help of (i) two-220kV transmissionlinesL-1 and (ii) main (regional) sub-station A which housestwo
220/110 kV, 2-winding transformersfor interconnecting the two transmission lines.

Transmission lines L-2, L-3 and L-4 constitute a high-voltage loop or ring mains. As seen,
disconnnection of any one of the lineswill not interrupt the connections between the elements of the
system. Station RT S-1 feeds directly into the 110-kV line loop whereas RT S-2 is connected to the
main network of the system by lines L-5 and L -6 through the buses of substations B and C. HCSis
interconnected with 110-kV system through the buses of substation A by means of 10/110-kV trans-
formersand lineL-7.

It may be pointed out here that the main substations of the system are A and B. Substation B
houses 3-winding transformers. The 35-kV supply is provided over quite large areas whereas
6-10 kV supply issupplied to consumerssituated with alimited radiusfrom the substations. Substations
C and D are equipped with 2-winding transformers which operate at voltages indicated in the diagram.
Substation C is known as a through substation whereas D is known as a spur or terminal substation.

Obviously, Fig. 41.2 shows only part of 220-kV and 110-kV lines and leaves out the 35, 10 and
6-kV circuits originating from the buses of the substations. Also, |eft out arelow-voltage circuitsfor
transmission and distribution (see Fig. 41.9).
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41.3. Systems of A.C. Distribution

As mentioned earlier, a.c. power
transmissionisawaysat high voltage and mostly
by 3-phase system. The use of single-phase
system is limited to single-phase electric
railways. Single-phase power transmission is
used only for short distances and for relatively
low voltages. Aswill be shown later, 3-phase
power transmission requires less copper
than either single-phase or 2-phase power
transmission.

Thedistribution system begins either at the
sub-station where power is delivered by over-
head transmission lines and stepped down by
transformers or in some cases at the generating
station itself. Where a large area is involved,
primary and secondary distributions may be used.

With respect to phases, the following
systems are available for the distribution of
a.c. power.

1. Single-phase, 2-wire system.
Single-phase, 3-wire system.
Two-phase, 3-wire system.
Two-phase, 4-wire system.
Three-phase, 3-wire system.
Three-phase, 4-wire system.

o 0k wN

41.4. Single-phase, 2-wire System

L e
The above figure shows an electrical substation.
A substation is a high-voltage electric system facility.
It is used to switch generators, equipment, and circuits
or lines in and out of a system. It is also used to
change AC voltages from one level to another, and/or
change alternating current to direct current or direct
current to alternating current. Some substations are
small with little more than a transformer and associated
switches.

Itisshownin Fig. 41.3 (a) and (b). InFig. 41.3 (a), one of the two wiresis earthed whereas in
Fig. 41.3 (b) mid-point of the phase winding is earthed.

41.5. Single-phase, 3-wire System

The 1-phase, 3-wire system isidentical in principle with the 3-wire d.c. system. As shown in
Fig. 41.4, thethird wire or neutral isconnected to the centre of thetransformer secondary and earthed
for protecting personnel from electric shock should the transformer insulation break down or the

secondary main contact high voltage wire.

T O
5

|||||—

(@) (b)

Fig. 41.3

Fig. 41.4
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41.6. Two-phase, 3-wire System

This system is still used at some places. The third wire is taken from the junction of the
two-phasewindings| and |1, whose voltages are in quadrature with each other asshownin Fig. 41.5.
If the voltage between the third or neutral wire and either of the two wiresis V, then the voltage
between the outer wiresis V asshown. Ascompared to 2-phase, 4-wire system, the 3-wire system
suffers from the defect that it produces voltage unbalance because of the unsymmetrical voltage
drop in the neutral.
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Fig. 41.5 Fig. 41.6

41.7. Two-phase, 4-wire System

As shown in Fig. 41.6, the four wires are taken from the ends of the two-phase windings and
the mid-points of the windings are connected together. Asbefore, the voltage of thetwowindingsare
in quadrature with each other and the junction point may or may not be earthed. If voltage between
the two wires of a phase winding be V, then the voltage between one wire of phase | and one wire of
phasell is0.707 V.

41.8. Three-phase, 3-wire System

Three-phase systems are used extensively. The 3-wire system may be delta-connected or star-
connected whose star point isusually earthed. Thevoltage between linesisV in delta-connection and

V3V in caseof star connection whereV isthevoltage of each phaseasshowninFig. 41.7 (a) and (b)
respectively.
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41.9. Three-phase, 4-wire System

The 4th or neutral wireistaken from the star point of the star-connection as shown in Fig. 41.8
and is of half the cross-section of the outers or line conductors. If V isthe voltage of each winding,
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then linevoltageis v/3 V. Usually, phasevoltagei.e. voltage between any outer and the neutral for a
symmetrical systemis 230V so that the voltage between any two lines or outersis /3 x 230 =400 V.

Single-phaseresidential lighting loads or single-phase motorswhich run on 230V are connected
between the neutral and any one of the line wires. Theseloads are connected symmetrically so that
line wires are loaded equally. Hence, the resultant current in the neutral wire is zero or at least
minimum. The three phase induction motors requiring higher voltages of 400 V or so are put across
thelinesdirectly.

41.10. Distribution

The distribution system may be divided into feeders, distributors, sub-distributors and service
mains. Asaready explained in Art. 41.1, feeders are the conductors which connect the sub-station (in
some cases the generating station) to the distributors serving acertain allotted area. From distributors
various tappings are taken. The connecting link between the distributors and the consumers' termi-
nalsaretheservicemains. Theessential difference between afeeder and adistributor isthat whereas
the current loading of a feeder is the same throughout its length, the distributor has a distributed
loading which resultsin variations of current along itsentirelength. In other words, no direct tappings
are taken from afeeder to a consumer’s premises.

Sub Station

Service Mains
Transformers

53 f ||

% Ring Main Distribution
&

S

§ S Sub L
—RMD Station E

R 2

é%/—éé
— s

Fig. 41.9 Fig. 41.10

In early days, radial distribution of tree-system type, as shown in Fig. 41.9, was used. In this
system, anumber of independent feeders branch out radially from acommon source of supply i.e. a
sub-station or generating station. The distribution transformers were connected to the taps along the
length of the feeders. One of the main disadvantages of this system was that the consumer had to
depend on one feeder only so that if afault or breakdown occurred in hisfeeder, his supply of power
was completely cut off till thefault wasrepaired. Hence, there was no absol ute guarantee of continu-
ous power supply.

For maintaining continuity of service, ring-main distributor (R.M.D.) system as shown in
Fig. 41.10, is employed almost universally. SS represents the sub-station from which two feeders
supply power to the ring-main distributor at feeding points F, and F,. The ring-main forms a com-
pleteloop and hasisolating switches provided at the poles at strategic pointsfor isolating aparticul ar
section in case of fault. In thisway, continuity of service can be maintained to other consumers on

Feeder

D'\sw'\\ﬁ“‘o(
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healthy sections of the ring-main. The number of feeders of the ring-main depends on (i) the nature
of loading—heavy or light (ii) the total length of the R.M.D. and (iii) on the permissible/allowable
drop of voltage. Service mains (S) are taken off at various points of the R.M.D. Sometimes sub-
distributors are also used. Since aloop or closed ring-main can be assumed to be equivalent to a
number of straight distributorsfed at both ends, the voltage drop is small which resultsin economy of
conductor material. The service mainsarethe connecting link between the consumer’sterminalsand
the R.M.D. or sub-distributor.

41.11. Effect of Voltage on Transmission Efficiency

L et us suppose that a power of W watt isto be delivered by a 3-phase transmissionline at aline
voltage of E and power factor cos .

. W
Theline current | = =———
V3 Ecosg
Let | = length of theline conductor ; ¢ = current density
p = specific resistance of conductor material, A = cross-section of conductor
| W
then A= —=——7F——
o J3Eo.cos@
~ p_I:«f3opI Ecosg
Now R = AT W
Lineloss = 3 xlossper conductor = 3 I°R
: w?  ~3opl cose_ V3oplw )
3E? cos’ @ w E cos¢
Lineintakeor input = output + losses= W + M =W % +@D
E cos @ 0 Ecos
O efficiency of transmission
output W 0  3opl O
= = = =- rox
input W E“ J3opl O El E cos (pgapp @
g Ecos @E
J3opl Ecos o W
i o [RE x =0
Voltage drop per line W JAEcoso dl (3)
Volume of copper = 3IA= it V3w ..(4)

J30E cosg OE cosg

For agiven value of transmitted power W, linelength |, current density o and specific resistance
p of the given conductor material, the effect of supply voltage on transmission can be seen as
follows:

1. From equation (1), linelossisinversely proportional to E. Itisalsoinversely proportional
to power factor, cos @.

2. Transmission efficiency increases with voltage of transmission and power factor as seen
from equation (2).

3. Asseenfrom equation (3) for agiven current density, the resistance drop per lineis constant
(since p and | have been assumed fixed in the present case). Hence, percentage drop is
decreased as E isincreased.

4. Thevolume of copper required for atransmission lineisinversely proportional to the volt-
age and the power factor as seen from equation (4).
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Itisclear from the above that for long distance transmission of a.c. power, high voltage and high
power factors are essential. But as pointed out earlier in Art. 41.1, economical upper limit of voltage
isreached when the savingin cost of copper or aluminium isoffset by theincreased cost of insulation
and increased cost of transformers and high-voltage switches etc. Usually, 650 volt per route kmis
taken asarough guide.

41.12. Comparison of Conductor Materials Required for Various Overhead
Systems
We will now calculate the amounts of conductor material required for various systems of
a.c. power transmission. To do it without prejudice to any system, we will make the following
assumptions :
Amount of power transmitted by each system isthe same.
Distance of transmission isthe samein each case.
Transmission efficiency isthe samei.e. the losses are the same in each case.
Loads are balanced in the case of 3-wire systems.
Cross-section of the neutral wireis half that of any outer.
Maximum voltage to earth isthe samein all cases.
By way of illustration afew cases will be compared, athough the reader is advised to attempt
othersaswell.
(i) Two-wire d.c. System and Three-phase, 3-wire System
Let in both cases, E be the maximum voltage between conductors and W the power transmitted.
Ind.c. system, let R, betheres stance of each conductor and |, thecurrent, then |, = (W/E), hence

lossesin thetwo conductorsare 2] R 2 (W/E)? R, ()
For a.c. system, let resistance per conductor be R and power factor cos @, then since E is the

maximum voltage, theR.M.S voltageis E/V2.
Currentin eachline, l, = W

o s wdhE

V3 (E/2) cos
Total losses in three conductors are,
312 . d R, = v, 1 R, (ii)
= BB /5 oo = X —=—.
2Ry D/é(E/\/_Pcosq% E oo

Since transmission efficiency and hence
and (ii), we get

osses are the same, therefore equating (i)

2WR _ 2w? 1 R_ 1
2 - 2 2 o ==—>%—
E E° cos” @ R, cos” @
Since area of cross-section isinversely proportional to the resistance.
0 area of onea.c. conductor _ 1
area of oned.c. conductor cos’ @
Now, for agiven length, volumes are directly proportional to the areas of cross-section.
0 volume of one a.c. conductor _ 1
volume of oned.c. conductor cos? ®

Keeping in mind the fact, that there are two conductors in d.c. system and three in a.c. system
under consideration, we have
total volumein 3-wirea.c.system _ 1
total volumein 2-wired.c.system ~ cos’ @
(if) Three-phase, 4-wire and 3-wire d.c. Systems
The neutral conductor of each systemisearthed. Let E be the maximum voltage to earth and W
the power to be transmitted in both cases.

_ 15
- 2
cos” @

3
2
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For d.c. 3-wire system, voltage between outersis 2E. If |, and R, arethe current in and resistance
of each conductor, then I, = W/2E. Assuming a balanced load (in which case there would be no
current flowing in the neutral conductor), the value of lossin two conductorsis

2ZR, = 2(WI2E)’R=W’R,/2E>

In the case of a.c. system, if E is the maximum voltage between any wire and neutral, then its

R.M.S. valueis E/+/2. Hence, thelinevoltage= /3. E/+/2. Thelinecurrentis

W
2 = J3x(3E/2) cos @

where cos @isthe power factor. If R, isthe resistance of each line, then total lossin 3 linesis
0 W f 2W2R

= 312, = 3x 0 xR, =——F——
2Ry %ﬁ (J3E/N2)cosqgq  ° 3E%cos @
For equal transmission efficiencies, the two losses should be the same.

WPR  2WR o Ro_ 4
2E2  3E’coff @ R, 3cos’ o
Sincevolumeisdirectly proportional to the areaof cross-section whichisitself inversely propor-
tional to the resistance, hence
volume of onea.c. conductor _ 4
volume of one d.c. conductor 3c0s” @
Assuming the neutral wires of each system to have half the cross-section of the outers, thereis
3.5 times the quantity of one conductor in a.c. and 2.5 timesin the d.c. system. Hence
total volumein theac.system _ 35 4 _ 1.867
total volumein thed.c. system 25 30032 (0} C032 (0}
In Table 41.1 are given the ratios of copper in any system as compared with that in the
corresponding d.c. 2-wire system which has been alloted a basic number of 100.

O

Table No. 41.1

System With same maximum With same maximum voltage

voltage to earth between conductors
D.C. 2-wire 100 100
D.C. 2-wire
Mid-point earthed 25 100
D.C. 3-wire
Neutral = %2 outer 31.25 125
D.C. 3-wire
Neutral =¥ outer 375 150
Single-phase, 2-wire 200/cos? @ 200/cos’ @
Single-phase, 2-wire
Mid-point earthed 50/cos? (0] 200/cos? ®
Single-phase, 3-wire
Neutral =¥ outer 62.5/cos” (0] 250/cos? (0]

Two-phase, 4-wire 50/cos” @ 200/cos” @
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Two-phase, 3-wire 146/cos’ ® 291/cos? (0]
Three-phase, 3-wire 50/cos? (0] 150/cos? (0]

Three-phase, 4-wire
Neutral = outer 67/cos’ (0] 200/cos? (0]

A comparison of costsfor underground systems employing multicore cables can a so be worked
out onsimilar lines. Inthese case, however, maximum voltage between the conductorsistaken asthe
criterion.

It would be clear from the above discussion, that for a.c. systems, the expression for volume
contains cos” @ in denominator. Obviously, reasonable economy in copper can be achieved only
when cos @ approaches unity as closely as possible. For equal line loss, the volume of copper
required for cos @ = 0.8 will be 1/0.8” = 1.6 times that required for cos @ = 1.

Sincethe cost of distribution system represents alarge percentage of thetotal capital investment
of power supply companies, it is quite reasonable that a consumer should be penalized for low power
factor of hisload. Thispointisfully dealt with in Chapt. 47.

Example41.1. A 3-phase, 4-wire systemis used for lighting. Compare the amount of copper
required with that needed for a 2-wire D.C. systemwith same line voltage. Assume the same losses
and balanced load. The neutral is one half the cross-section of one of the respective outers.

Solution. (a) Two-wire DC Let V= voltage between conductors

P = power delivered, R,= resistance/conductor
Current I, =PV
power loss = 2R, =2 PPR,/V?

(b) Three-phase, 4-wire

Let V bethe line-to-neutral voltage and R, resistance of each phase wire.

P =3VI,cosp=3VI, —ifcosp=1
Power loss = 3I7R,=3(P/3V)°R,=P’R,/3V°

Since power losses in both systems are equal

0 2PR/V? = PPRJ3V? or R/R,=1/6

If A; and A, arethe cross-sectional areas of conductorsin the two systems, then A,/A,=6. Be-
causeROI/A

O Cureqd. for 2-wiresystem = 2A||

Cureqd. for 3-, 4-wiresystem = (3A,l+A,l/2)

Cufor3-@systen _ 35Al 35 1 _
. Cufordc.system ~ 2Al 2 6 =0.292

Cufor 3-psystem = 0.292 x Cu for d.c. system.

Example41.2. Estimate the weight of copper required to supply a load of 100 MW at upf by a
3-phase, 380-kV system over a distance of 100 km. The neutral point is earthed. The resistance of
the conductor is 0.045 ohm/c?/km. The wei ght of copper is0.01 kg/cmg. The efficiency of trans-
mission can be assumed to be 90 percent. (Power Systems, AMIE, Sec. B, 1994)

Solution. Power lossin theline= (1 - 0.9) x 100 = 10 MW
Linecurrent = 100 x 10°//3 x 380 x 10° x 1 = 152 A
Since I°R lossin 3-conductorsis 10 x 106 W, loss per conductor is= 10 x 10%3=3.333x 10° W
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Resistance per conductor = 10 x 10%3 x 152% = 144.3 Q
Resistance per conductor per km = 144.3/100 = 1.443 Q
0 Conductor cross-section = 0.045/1.443 = 0.03 m°
VVolume of copper per meter run =0.03 x 100 = 3 cm®

Weight of copper for 3-conductor for 100 km length = 3 x (3 x 0.01) x 100 x 1000 = 9000 kg

Example41.3. Ad.c. 2-wiredistribution systemis converted
into a.c. 3-phase, 3-wire system by adding a third conductor of
the same size asthe two existing conductors. If voltage between
conductors and percentage power loss remain the same, calcu-
late the percentage additional balanced load which can now be
carried by the conductors at 0.95 p.f.

Solution. () DC 2-wire system [Fig. 40.11 (a)]
If R isthe resistance per conductor, then power transmitted (@) (b)
isP=VI, and power loss = 2I,2R. Percentage power loss

2

v :
R

e

2 Fig. 41.11

= 212Rx 100VI,

= 21,R x 100V
(b) as 3-phase, 3-wire syssem [Fig. 40.11 (b)]

P, = V3VI,cosq, power loss= 3I,°R
% power loss = 3I2RIP,=V3I,Rx 100V cos®
Since losses in the two cases are the same
O 21,Rx100/V = V3I,Rx100/V cosqor |,=2cosq@ x|,/V3
0 P, = V3V.2cos’px1,/V3=2VI, cos=2VI, (0.95°=1.8 VI,
Percentage additional power transmitted in a 3-phase, 3-wire system
%R 100 _18Vi, -V, x100 = 80%
1 1

Example 41.4. A 2-phase, 3-wire a.c. system has a middle conductor of same cross-sectional
area astheouter and suppliesaload of 20 MW. The systemis converted into 3-phase, 4-wire system
by running a neutral wire. Calculate the new power which can be supplied if voltage across con-
sumer terminal and percentage line losses remain the same. Assume balanced load.

Solution. Thetwo systemsare shown
inFig. 41.12. Let R bethe resistance per
conductor.

P, = 2VI, cos ¢; Cu loss,

w, =21,°R %

Percentage Cu loss

\ /o

= (W,/P,) x 100 I
= (21°R/2V1, cos @) x 100 00—
= 1,Rx100/V cos@ (@) )
P, = 3Vl,cos@ Fig. 41.12
W, = 3,°R
%lineloss = (W,/P,) x 100

(31,°R/3V1, cos ¢) x 100
I,Rx100/V cos@
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Since percentage line losses are the same in both cases

O I,Rx100/V cos@ = I,Rx100/V cos@ O L=
Now, P, = 2Vl cos=20MW; 0O VI;cos@=10MW
P, = 3VI,cosp=3VI,cosp=3x10=30MW

41.13. Constants of a Transmission Line

A transmission line not only has an ohmic resistance but also inductance and capacitance
between its conductors. These are known as the constants of atransmission line. While calculating
thedrop in a.c. transmission and distribution circuits, we will have to consider (i) resistive or ohmic
drop—in phase with the current (ii) inductive drop—Ieading the current by 90° and (iii) the capaci-
tive drop and charging current taken by the capacitance of the line. The capacitance and hence the
charging current isusually negligible for short transmission lines.

41.14. Reactance of an Isolated Single-Phase Transmission Line

InFig. 41.13 (&) are shown the cross-sections of two conductors of a single-phase line spaced D
from centre to centre.

Since currentsthrough the two conductorswill, at any time, alwaysbe flowing in oppositedirec-
tions, the fields surrounding them alwaysreinforce each other in the space between them as shownin
Fig. 41.13.

@))€

—> 1e——D———»| —>1e—— D ———
(@) (b)
Fig. 41.13

Thetwo parallel conductorsform arectangular loop of one turn through which flux is produced
by currents in the two conductors. Since this flux links the loop, the loop possesses inductance. It
might be thought that this inductance is negligible because the loop has only one turn and the entire
flux-path liesthrough air of high reluctance. But asthe cross-sectional areaof theloopislarge, from
1to 10 metrewide and several kmlong, even for asmall flux density, thetotal flux linking theloopis
large and so inductance is appreciable.

It can be proved that inductance per loop metre (when r < D) is (i)
_H Hi
L = - log, DIr + an henry/metre
where M = absolute permeability of the surrounding medium

W, = absolute permesbility of the conductor material
Now, W = g M, and W, = i, 1, where l, and |, are the relative permeabilities of the surrounding
medium and the conductor material. If surrounding mediumisair, then . = 1. Also, if conductor is
made of copper, then " = 1. Hence, the above expression becomes.

[y Ky Ho O
- logh DIr +7510

L =
T 41t

H/m
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= 5—1‘3[ (loghD/r + 1) H/m = 10”7 (2 +logh Dr) H/m

L oop reactance X = 2rfL ohm/metre
Obviougly, the inductance of each single conductor is half the above value*.
inductance/conductor = % (1+loghD/r) x 107 H/m (i)
reactance/conductor = 2 f x % (1+loghD/r) x 107 Q/m

41.15. Reactance of 3-phase Transmission Line

In 3-phase transmission, it is more convenient to consider the reactance of each conductor
instead of the looped line or of the entire circuit. Two cases will be considered for 3-phase lines.

(i) Symmetrical Spacing

In Fig. 41.14 (&) are shown the three conductors spaced symmetrically i.e. each conductor is at
the apex of the same

equilateral triangle A
ABC of side D. The
inductance per

conductor per metreis
found by using
equation (ii) in Art D D A

41.14 becauseit can be /v@y&
shown that inductance D
per km of one b, :
conductor of 3-phase D, 4%
circuit is the same as B D c B c
the inductance per (@) (b)
conductor per km of
single-phase circuit
with equivalent spacing.
(if) Unsymmetrical Spacing
InFig. 41.14 (b) isshown a 3-phase circuit with conductors placed unsymmetricaly. Inthiscase
aso, the inductance is given by equation (ii) of Art. 41.14 with the only modification that D is put

equal to J/(D, D, Ds) .

41.16. Capacitance of a Single-phase Transmission Line

Fig. 41.14

We know that any two conductors which are separated by an insulating medium constitute a
capacitor. When apotential differenceisestablished acrosstwo such conductors, the current flowsin
at one conductor and out at the other so long as that p.d. ismaintained. The conductors of an over-
head transmission line fulfil these conditions, hence when an aternating potential difference is
applied across atransmission line, it draws aleading current even when it isunloaded. Thisleading
current is in quadrature with the applied voltage and is known as the charging current. Its value
depends upon voltage, the capacitance of the line and the frequency of alternating current.

As shown in Art 5.10, the capacitance between conductors of a single-phase line is approxi-
mately given by

* |t may be noted that standard conductors have a slightly higher inductance.
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__no___mgp, 001210,
€ = oghDir ~ 23l0g,, Dir Fim =1og,, pir HE/KM

Here, D is the distance between conductor centres and r the radius of each conductor, both
expressed in the same units (Fig. 41.15).

A 0 B A Cn=2C
I I |

@ 1] Q @ 1] i
Fig. 41.15 Fig. 41.16

As shown in Fig. 41.16, the capacitance to neutral C,, = 2C where point O is the neutral of the
system. Obviously, thetotal capacitance between conductors A and B isgiven by finding the resultant
of two capacitances each of value C, joined in series, the resultant, obviously, being equal to C.

It isimportant to remember that if capacitance to neutral is used for calculating the charging
current, then voltage to neutral must al so be used.

_ _ 2nQ .
O C, = 2C_IogeD/r F/m (i)
. . _ VvV _ VvV _
O line charging current = _Xc —1/(2T[fC) =2nfCV A/m

where V isthe voltage to neutral.

However, it may be noted that ground effect has been neglected while deriving the above expres-
sion. Thisamountsto the tacit assumption that height h of the conductorsisvery large as compared
totheir spacing ‘d’. In case ground effect isto be taken into account, the expression for capacitance

becomes.

C = e F/m (Ex. 41.7)

Iogh*
ry1+d%/4n

Example 41.5. What is the inductance per loop metre of two parallel conductors of a single
phase system if each has a diameter of 1 cm and their axes are 5 cm apart when conductors have a
relative permeability of (a) unity and (b) 100. The relative permeability of the surrounding medium
is unity in both cases. End effects may be neglected and the current may be assumed uniformly
distributed over cross-section of the wires.

Solution. (a) Here, M = Hp=4m x107 H/m; M=1

-7
O L = w (Iog h°/0.5+ %) =1.02 pH/m
(b) Here, M = Hp=4m x107 K = 100 py

L = @(l gh5/05+100) 10.9 pH/m

Example41.6. A 20-km single-phase transmission line having 0.823 cm diameter has two line
conductors separated by 1.5 metre. The conductor has a resistance of 0.311 ohm per kilometre.
Find the loop impedance of thisline at 50 Hz. (Gen. Trans. & Dist. Bombay Univ. 1992)

Solution. Looplength = 20 km=2 x 10* m

Tota loopinductanceis L = 2x10° % log, D/r + Z—'TE henry

Here, D = 15m;r=0.8232=0412cm=412x10"m
Assuming . = 1 for copper conductors since they are non-magnetic and also taking 1, = 1 for air,
we have
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_ 4 WO 2x 10* x 41t x10”~’ 15/412x10° 1
L=2x10 %IogeDlr+4—;_H_ log, *3 H
= 8x107°(5.89+0.25)=49.12x 10° H
Reactance X = 21 x50x 49.12 x 10°=1544Q ; Loop resistance =2 x 20 x 0.311 = 12.44 Q

Loop impedance = /12.44° +15.44% = 19.86 Q

Example41.7. The conductorsin a single-phasetransmission lineare 6 mabove ground. Each
conductor has a diameter of 1.5 cm and the two conductors are spaced 3 m apart. Calculate the
capacitance per km of theline (i) excluding ground effect and (ii) including the ground effect.

Solution. The line conductors are shown in Fig. 41.17.

-12
0 c = 2mh _ 211 x8.854 x10 _ Em @ d=3m @
" loghdr |ogh3/0.75x10 STl
= 9.27 x 102 F/m = 9.27 x 10°° pF/km ' —{ |+
(i) Inthiscase, .9 e 1.5 cm
Cn = ZT[Q():I F/m
logh

rL+ d%/an? h=6m
21 x8.854 x10
3
0.75x10™2 |1+ 3%/4 x6?
= 033x 10 FmM=933x10°mFkm  VV VLV LUV VUV T TT Y

It is seen that line capacitance when considering ground Fig. 41.17
effect ismore (by about 0.64% in the present case).

logh

41.17. Capacitance of a Three-phase Transmission Line

In Fig. 41.18 (a) are shown three conductors spaced symmetrically and having a capacitance of
C between each pair. The value of C i.e. line-to-line capacitance is the same as given by equation
(i) in Art. 41.16.

Considering the two conductors A and B, their line capacitance C can be regarded as consisting
of two line-to-neutral capacitances connected in series, so that for theline-to-neutral capacitance of A
with respect to neutral plane 1, asin Art. 41.16, we have

20
Cm = log, D/r

Neutral
Plane-1

(a) (b)
Fig. 41.18
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Similarly, line-to-neutral capacitance of conductor A with respect to neutral plane 3is
2
log, DIr
The vector sum of these capacitancesis equal to either because their phase angleis 120°i.e. the
phase angle of the voltages which cut across them.
Hence, the capacitance to neutral per metre of one conductor of a 3-phase transmission lineis
2
n = log, D/r F/m
In case the conductors are placed
asymmetrically, the distance used isD = 3/(D,D,D,).

Cis =

41.18. Short Single-phase Line Calculations

Single-phasecircuits are always short and work at relatively low voltages. 1n such cases, theline
constants can beregarded as ‘ lumped’ instead of being distributed and capacitance can be neglected.

Let E; = voltageat sendingend; E;, = voltageat receiving end
I = linecurrent cos@, = power factor at receiving end
R = resistance of both conductors; X = reactance of both conductors = wL
Then, the equivalent circuit of a short single-phase lineisas shown in Fig. 41.19.
Resistivedrop = IR —in phasewith |
Reactivedrop = IX —in quadrature with |

The vector diagramis shown in Fig. 41.20. From theright-angled triangle OM A, we get
OM? = OA%+AM?=(OK+KA)?+ (AC +CM)>?

E = \/[(ER COS @ +1R)? +(Eg Sin @ +1X)?]
An approximate expression for the voltage drop isasfollows:

R X
T—vawv DH0000
ES

Fig. 41.19 Fig. 41.20

Draw thevariousdottedlinesasin Fig. 41.20. Here, ML is(1OF, CL is||OF andCD isOOF. As
seen

OM = OF (approximately).
= OD +DF = OB + BD + DF
or E; = Eg+BD+DF=Eg;+BD +CL=Eg+IRcos@; + IXsing,
or Es—Er = IRcos@z +I1Xsing; O drop=1(Rcos; + X sin@g) (approx.)

Voltageregn. of line = [(Eq—Eg)/Eg] x 100
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Solution in Complex Notation

Let ustake Ej, as reference vector as shown in Fig.
41.21 sothat Eg = (Eg +]o)

Asseenfrom A OAB, Egisequal to the vector sum

of EgandIZor Eg=Eg +1Z 0
Now, I = 10-@g=1(cos@z—jsingy)
Similarly, Z =2Z0® =(R+jX) I
0 Eg = ER+|Z[B_(|)R Fig. 41.21
or Eg = Ex+l(cos@y—jsingg) (R+jX)

En+ (IRCOS @+ 1X sin@y) +j (IX cos @ - I Sin @g)°
O Es = \/(ER+IRcosch +1X sin @,)° HIXsin @ 4Rsin @°
If the p.f. isleading, then
I = 10p g=1(cosq@s+jsing)
0 Eg = ER+1Z0 +@z=Ez+I(cosqz+jsingg) (R+jX)
It may be noted that the sending end power factor angleis ¢, = (@5 + ).

Example41.8. A single-phase line has an impedance of 5.7 60° and supplies a load of 120 A,
3,300 V at 0.8 p.f. lagging. Calculate the sending-end voltage and draw a vector diagram.

(City & Guides, London)
Solution. The vector diagram is similar to that shown in Fig. 41.21. Here

E, = 33000 0°, Z=5060°
Since @, = cos'(0.8)=36°52, [ |=1200+ 36°52
Voltage drop = 1Z =120 x 50 60° - 36°52
= 600 [ 23°8' = 600 (0.9196 + j0.3928) = 551.8 +j 235.7
O Ec = (3,300+]y) + (551.8 +235.7) = 3,851.8 + ] 235.7
Es = 4/3851.8% + 235.7% =3,860 V

Example 40.9. An overhead, single-phase transmission line delivers 1100 kW at 33 kV at
0.8 p.f. lagging. Thetotal resistance of thelineis 10 Q and total inductive reactanceis 15 Q. Deter-
mine (i) sending-end voltage (ii) sending-end p.f. and (iii) transmission efficiency.

(Electrical Technology-I, Bombay Univ.)
Solution. Full-load line current is| =1100/33 x 0.8 =41.7 A
Lineloss = I’R=41.7°x 10 = 17,390 W = 17.39 kW

output _ 1100x100
output + losses 1100 +17.39
|Z =41.7(0.8 -] 0.6) (10 +j 15) = 709 + ) 250

= 98.5%

(iii) Transmissionefficiency =

(i) Linevoltage drop
Sending-end voltageis
Es = Ex+1,=(33,000+0) + (709 +j 250)
= 33,709 +j 250 = 33,710 J25°
Hence, sending-end voltage is 33.71 kV o

o <5 ——7/——D
(i) AsseenfromFig. 41.22, a= 0°25 ¢ Ex33,000V
Sending-end p.f. angleis : E

O+0 = 36°52 +0°25 = 37°17'
0 pf. = cos37°17' = 0.795 (lag). Fig. 41.22
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Note. Asseenfrom Fig. 41.22, approximate line drop is

= I(Rcos@; + X singg) =41.7 (10 % 0.8 + 15 x 0.6) = 709 V
0 Es 33,000 + 709 = 33,709V —as above
Example 41.10. What is the maximum length in km for a 1-phase transmission line having
copper conductors of 0.775 cm? cross-section over which 200 KW at unity power factor and at

3300V can be delivered ? The efficiency of transmission is 90 per cent. Take specific resistance as
(2.725 10‘8) Q-m. (Electrical Technology, Bombay Univ.)

Solution. Since transmission efficiency is 90 per cent, sending-end power is 200/0.9 kW.

Lineloss (200/0.9 — 200) = 22.22 kW = 22,220 W
Linecurrent 200,000/3300 x 1 = 60.6 A
If Ristheresistance of one conductor, then
2°R = lineloss or 2%x6062xR=22220 or R=3.03W

Now, R= p% 0 3.03=1725x10°x1/0.775x 10 [ | = 13,600, m = 13.6 km

Example41.11. Anindustrial load consisting of a group of induction motors which aggregate
500 kw at 0.6 power factor lagging is supplied by a distribution feeder having an equivalent imped-
ance of (0.15 + j0.6) ohm. The voltage at the load end of the feeder is 2300 volts.

(a) Determine the load current.
(b) Find the power, reactive power and voltampere supplied to the sending end of the feeder.
(c) Find the voltage at the sending end of the feeder.

(Electrical Technology, Vikram Univ., Ujjain)

Solution. (@) I = 500 x 103/v3=209 A
(c) Let Vi = (2300+j0); 1=209(0.6-]j0.8)
Voltage drop = 1Z2=209(0.6—j 0.8) (0.15+j 0.6) =119 +j50

Vs

Vge+1Z2=2300+119+j50=2419+j 50 =24200 1.2'

(b) Sending power /3% 2420 x 209 x0.5835 = 511.17 kW

Sending-end reactivepower = /3 x 2420x 209 x0.8121 = 711.42 kVAR

Sending-end volt amperekVA = /3% 2420x209 = 876 kVA

or kVA

JKW? + kVAR? = [511.17% +711.427 =876

41.19. Short Three-phase Transmission Line Constants

Three-phase calculations are made in the same way as single-phase calculations because a
3-phase unit can be regarded as consisting of 3 single-phase units each transmitting one-third of the
total power. InFig. 41.23isshown a3-phase system in which each conductor has aresistance of RQ
and inductance of XQ. Inthe case of a3-phase system, it isadvantageousto work in phaseinstead of
inline-to-linevalues. InFig. 41.24, one phaseisshown separately. Sinceinabalanced load, thereis
no current in the neutral wire hence no current flows through the ground.

The resistive and reactive drops are calculated as before. By adding these drops vectorially to
thereceiving-end voltage, the sending-end voltage can be calculated. Thelinevoltage at the sending-

end can be found by multiplying thisvalue by /3 .
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Fig. 41.23 Fig. 41.24

In the figure, astar-connected load isassumed. But if it isadelta-connected load then it can be
replaced by an equivalent star-connected load.

Example41.12. A 33-kV, 3-phase generating station isto supply 10 MW load at 31 kV and 0.9
power factor lagging over a 3-phase transmission line 3 kmlong. For the efficiency of the line to be
96% , what must be the resistance and reactance of the line?

(Electrical Power-111, Bangalore Univ.)

Solution. Power output = 10 MW ; n = 0.96 ; Power input = 10/0.96 = 10.417 MW
Tota loss = 0.417 MW
Now, | = 10x 106/v3x 31 x 103 x 0.9 =207 A

If Ristheresistance per phase, then3x 2072xR=0417x106 0O R=324Q
Now, Vg per phase = 33/¥3=19.052kV and V, per phase = 31/v3=17.898 kV
Using the approximate relation of Art. 36-18, we get
Vg = Vig+I(Rcos@z+ Xsingg)
19,052 = 17,898 + 207(3.24 x 0.9 + X x 0.4368) [0 X = 6.1 Q/phase.
Example41.13. A balanced Y-connected load of (300 + j100) Q is supplied by a 3-phase line
40 km long with an impedance of (0.6 + j0.7) Q per km (line-to-neutral). Find the voltage at the
receiving end when the voltage at the sending end is 66 kV. What is the phase angle between these
voltages? Also, find the transmission efficiency of theline.
(Elect. Power Systems, Gujarat Univ.)
Solution. The circuit connections are shown in Fig. 41.25.
Resistance for 40 km conductor length = 40 x 0.6 =24 Q
Reactance for 40 km conductor length = 40 x 0.7 =28 Q
Total resistance/phase =300+24=324Q
Total reactance/phase 100 +28=128 Q

3247 + 1287 =3480Q

66,000/v3 _ 38,100
348 348

Now, tan @, 00/300 ; @, =18.4" ; cos @5 = 0.949, sin ¢, = 0.316
Voltage drop in conductor resistance 110 x 24 = 2640 V
Voltage drop in conductor reactance = 110 x 28 = 3080 V

Total impedance/phase

Linecurrent = =110A
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(@)

It isseen from Art. 41.18 that
Vg = (Vg+IRcos@z +1Xsingg) +j (IXcos@z—IRsin @)
= (Vg + 2640 % 0.949 + 3080 x 0.316) + (3080 x 0.949 — 2640 x 0.316)
(Vg + 3475) + 2075
66000/~/3 =38,100 V
(Vg + 3475)° + 2075°, V_=34,585V
Line voltage across load = 34,585 x V3 =59.88 kV
0 Vg = (34,585 + 3475) +j 2075 = 38,060 +j 2075 = 38,100 J 3.1°
Obvioudly, VgleadsV, by 3.1° asshownin Fig. 41.25 (b).
Power delivered to the load/phase = 110% x 300 W

Now, Vg
O 38,1007

Power transmitted/phase

(b

Fig. 41.25

= 110° x 324 W

O transmissionefficiency n = (300/324) x 100 = 92.6%

Example41.14. Define ‘regulation’ and ‘efficiency’ of a short transmission line.

A 3-phase, 50-Hz, transmission line having resistance of 5Q per phase and inductance of 30 mH
per phase supplies a load of 1000 kW at 0.8 lagging and 11 kV at the receiving end. Find.

(a) sending end voltage and power factor (b) transmission efficiency (c) regulation.

Solution. VR per phase
Linecurrent,

O drop per conductor

(a
Sending-end line voltage

X

Vs

(Electrical Engineering-111. Poona Univ. 1990)

11,000/v3 = 6,350 V

1000 x 10°/V3 x 11,000 x 0.8 = 65.6 A

2mx50x30x10° =94Q,R=5Q;Z,=(5+]9.4)Q
65.6 (0.8 - 0.6) (5+j 9.4) = 632 +j 296

6350 + (632 + j 296) = 6,982 + | 296 = 6,988 [12.4°

6,988 x V3=12,100 V = 12.1 kV

As seen from Fig. 41.25 (b), a = 2.4°, Now, cos @ = 0.8, ¢z = 36.9°

(b) Total power loss
Input power

&

= 36.9° + 2.4° = 39.3°, cos ¢ = 0.774 (lag).
31°R =3 x 65.62 x 5= 64,550 W = 64.55 kW
1000 + 64.55 = 1064.55 kW
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0 powertransmission 1 = 1000/1064.55 = 0.9394 or 93.94%

(c) Now, line regulation is defined as the rise in voltage when full-load is thrown off the line
divided by voltage at the load end.

Electrical Technology

(12.1-11)
11
Example 41.15. A short 3-¢ line with an impedance of (6 + j8) Q per line has sending and

receiving end line voltages of 120 and 110 kV respectively for some receiving-end load at a p.f. of
0.9. Find the active power and the reactive power at the receiving end.

(Transmission and Distribution, Madras Univ.)

O %regn. = x 100 = 1%

Solution. Asseen from Art. 41.18, considering phase values, we have
Vs = Vg+I(RcosgR+ X singR)

Now, Vgperphase = 120/3 = 69,280 V
Similarly, Vg perphase = 110/V3 = 63,507 V
O 69,280 = 63,507 + 1 (6 x 0.9 + 8 x 0.435)

O Linecurrent I 5,773/8.88 = 650 A

Active power at receivingend = V3V, I, cos@=V3x 110 x 650 x 0.9 = 111,400 kW

Reactive power at receivingend =v3V | sin@=+v3x 110 x 650 x 0.435 = 53,870 k VAR

Example41.16. A 3-phase, 20 kmline deliversaload of 10 MW at 11 kV having a lagging p.f.
of 0.707 at the receiving end. The line has a resistance of 0.02 Q/km phase and an inductive reac-

tanceof 0.07 Q/knVphase. Calculatethe regulation and efficiency of theline. If, now, thereceiving-
end p.f. is raised to 0.9 by using static capacitors, calculate the new value of regulation and

efficiency. (Electrical Engg. ; Bombay Univ.)
Solution. (i) When pf. = 0.707 (lag)
Linecurrent = 10 x 1053 x 11,000 x 0.707 = 743 A
V per phase = 11,000/V3=6,352V

Total resistance/phase for 20 km =20 x 0.02=0.4 W

Total reactance/phase for 20 km =20x 0.07 =14 W

0 Total impedance/phase= (0.4 +j 1.4) Q

If V istaken asthe reference vector, then drop per phase

743 (0.707 —j 0.707) (0.4 +j 1.4) = (945 + j 525)

O Vg = 6,352+ 945 + | 525 = 7,297 + ] 525
or Vg = /7297% +5257 =7,315V

. 7,315 - 6,352 _
O % regulation = WXlOO =151%
Total lineloss = 31°R=3x 7432 x 0.4 = 662 kW
Total output = 10+0.662=10.662MW [ n =10x 100/10.662 = 9%
(it) When p.f. = 0.9 (lag)
Linecurrent = 10'/V3x 11,000 x 0.9 = 583 A
Drop/phase = 583(0.9-j 0.435) (0.4 +j 1.4) =565+ 633
Vg = 6,352 + (565 +j 633) = 6,917 + j 633
0 Vg = /6,917%+ 633° = 6947V
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. 6,947 - 6,352
0 %regulation = WMOO = 9.37%
Total line loss = 3x 5832 % 0.4=408 kW ; Tota output = 10.408 MW
O n = 10 x 100/10.408 = 96.1%

Example41.17. Aload of 1,000 kw at 0.8 p.f. lagging is received at the end of a 3-phase line
10 kmlong. The resistance and inductance of each conductor per km are 0.531 W and 1.76 mH
respectively. The voltage at thereceiving end is 11 kV at 50 Hz. Find the sending-end voltage and
the power loss in the line. What would be the reduction in the line loss if the p.f. of the load were
improved to unity? (Elect. Power Systems, Gujarat Univ.)

Solution. Linecurrent = 1,000 x 1,000/v3 x 11 x 1,000 x 0.8 = 65.6 A
Voltage/phase = 11,000/V3 = 6,352 V
X =2mx50%x 176 x 10v¥3x 10=553Q;R=0531x10=531Q O Z=(5.31+]5.53)
Voltage drop/phase = 65.6(0.8-j0.6) (5.31+)5.53)=496.4+) 81.2
0 Vg=6,352+496.4+81.2=6,848 + 81 =6,848 V numerically (approx.)
O lineto-line sending-end voltage = 6,848 x V3= 11,860V = 11.86 kV
Total loss = 3x5.31 x 65.62 = 68,550 W = 68.55 kW
Line current for unity p.f. 1,000/11 x V3 =52.49 A
O New losses 3 x 531 x 52.492 = 43.89 kW
O reduction 68.55 — 43.89 = 24.66 kW
Example 41.18. Estimate the distance over which a load of 15,000 kW at 0.85 p.f. can be

delivered by a 3-phase transmission line having conductors of steel-cored aluminium each of resis-
tance 0.905 W per kilometre. The voltage at the receiving end is to be 132 kV and the loss in

transmission is to be 7.5% of the load. (Transmisson and Digribution, Madras Univ.)
Solution. Linecurrent = 15,000/132 x V3 x 0.85=77.2A
Total loss = 7.5% of 15,000 = 1,125 kW

If Ristheresistance of one conductor, then

3I1°R = 1,125000 or 3x(77.2>xR=1,125000; R=62.94Q
Length of theline = 62.94/0.905 = 69.55 km.
Example 41.19. A 3-@ line has a resistance of 5.31Q and inductance of 0.0176 H. Power is

transmitted at 33 kV, 50-Hz from one end and the load at the receiving end is 3,600 kW at 0.8 p.f.
lagging. Find thelinecurrent, receiving-end voltage, sending-end p.f. and efficiency of transmisson.

(Transmission and Distribution-l, Madras Univ.)

Solution. Vg = Vgt Igcos@y+ 1 Xsin @ approximately
Now, power delivered/phase = Vilcosgy
0 1,200x1,000 = VR.I.x08 O [1=15%x105/V,
Also, Vgperphase = 33,000/vV3= 19,050 V

R = 531Q;X=00176x314=554Q

5 5
O 19,050 = Vp+ X100 i 531%08+ %19 x554 %06
R R

0 VZ-19050V, + 11,358,000 = Oor V= o002 ThE0 36860 _ 4g 450y

18,430 x V3= 32kV
15 x 105/18,430 = 81.5 A

Linevoltage at the receiving end
I
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Now, Vg = Vg+l(cos@;—jsingg) (R+]X)
= 18,430+ 81.5(0.8—j 0.6) (5.31+]j 5.54)
= 18,430 + 615 +j 100 = 19,050 J 0.3°

@, = cos'(0.8)=36°52;

@, = 36°52' + 18 =37°10
0 sending-end p.f. = C0s@g=c0s37°10'=0.797 A
Power lost inline = 31°R=3x8152x 531 =106 kW
Power at sending end = 3,600 + 106 = 3,706 kW
transmission n = 3,600 x 100/3,706 = 97.2%

Example 41.20. A 3-phase short transmission line has resistance and reactance per phase of
15Q and 20 Q respectively. If the sending-end voltage is 33 kV and the regulation of the lineis not
to exceed 10%, find the maximum power in KW which can betransmitted over theline. Find alsothe
k VAR supplied by the line when delivering the maxi mum power.

Solution. Asseen from Art. 41.18

VS = (Vp+lgcos@e+1Xsingg)’+ (1Xcos @y - Ig @)
= V7, 21Vg(Reos g+ X sin @) + 1% (RP+X?)

real power/phase, P = Vglcos gy; reactive power/ phase, Q =V | sin @q
O P+Q* = V12 or 1P=(P+Q) IV
Substituting this value above, we get
2 2 P2+Q2 2 2
Vg = VR™+2PR+20QX+ >— (R™+X9)
R
2 2 P2 +Q2 2 2 .
or Vg = Vg'—2PR-2QX- —— (R°+X9)=0 (i)
V,

R
To find the maximum power transmitted by theline, differentiate the above equationwir.t. Q and
put dP/dQ = O (treating V g and V ; as constants).

R+X)dP

0 —2rIP oy _op R+ X%

2q R+ X)

=0
dQ Vi VR
_\/2 2
Since dP/dQ = 00 2% ZQ(R;ZX): 0o & ZVsz— VR2X
Ve R® + X z
Putting this value of Q in Eq. (i) above we have
2 2
P°Z%  opr-v2 +vE -2 X g
R Z
20
or Pf +2PR vs+vRE1—X—ZD ~ 0
R O Z°0
2.2 2+ 2
or P% +2PR+VS Vi -Vs =0
V,
R
Ve Vs 0
' = atts/phase
Solvingfor P,weget P, = -2 é&v REW p
In the present case, Vg = 33,000/V3=19,050V ; Sinceregulation islimited to 10%,

O Vgp+10%Vg= Vg or 1.1V, =19,050; V,=17,320V ; Z= 157+ 20F =25Q
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17.320\? 19,050 .0 6
= (2228 5 x 22 22F 1556 x10° W = 6 MW
. Prna Per phase ( 25 )ﬁlemzo H=0x
Total maximum power = 3x 6= 18 MW
V2 X 2 i}
KVAR suppliediphaseQ = -2 :—17’32222"20 x107% =0,508

Total kVAR supplie = 3 x 9,598 = 28,794.
Example41.21. A 3- ¢, 50-Hz generating station supplies aload of 9,900 kw at 0.866 p.f. (lag)

through a short overhead transmission line. Deter mine the sending-end voltage if the receiving-end
voltageis 66 kV and also the efficiency of transmission. The resistance per kmis4Q and inductance
40 mH. What is the maximum power in kVA that can be transmitted through the line if both the
sending and receiving-end voltages are kept at 66 kV and resistance of the lineis negligible.

Solution. R = 4Q;X:40><10_3><314:12.56Q
Linecurrent I 9,900/v3 x 66 x 0.866 = 100 A
Vy = 66,000/V3=38,100V ; cos ¢, =0.866;sin @ =0.5
Vs=Vg+I(Rcos@ + X sin @) =38,100 + 100(4 x 0.866 + 12.56 x 0.5) = 39,075V
Line value of sending-end voltage = 39,075 x V3 = 67.5kV
Total lineloss = 3I°R = 3 x 100° x 4 = 120 kW

O n = 9,900/(9,900 + 120) = 0.988 or 98.8%
2
Max, value of Q for 3-phases = 3'\2'? X
Z
Now, Vs = Vg =38,100V andresistanceis negligible.
3.V .o 5
O Max. value of Q = = - X 107 =3 x 3,810 x 107°/12.56 = 3,48,000 kVA

Example41.22. A 3-phase load of 2,000 KVA, 1

0.8 p.f. is supplied at 6.6 kV, 50-Hz by means of a

transformer. Theresistance per kmof each conductor
is 0.4 Q and reactance 0.5Q. The resistance and

13.2 Q, whilst the resistanceof the secondary is
0.35 Q and reactance 0.65 Q. Find the voltage
necessary at the sending end of transformission line
when 6.6 kV is maintained at the load-end and find
the sending-end power factor. Determine also the

5:
33kV % % 6.6 kV
33 kV transmission line 20 kmlong and a 5 : 1 N
20 km % %
Generator

reactance of the transformer primary are 7.5 Q and |::|
LOAD

efficiency of transmission. Fig. 41.26

Solution. One phase of the systemis shown in Fig. 41.26. Impedance per phase of high voltage

line=(8+] 10)

Impedance of the transformer primary
= (7.5+j 13.2) ohm
Total impedance on the high-tension side
= (8+j10)+(7.5+j13.2) =155+j 23.2
Thisimpedance can be transferred to secondary side by using the relation given in Art. 30.12.
Hence, impedance as referred to secondary sideis
= (15.5+j 23.2)/52=0.62 +] 0.928
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Adding to them the impedance of the transformer secondary, we get the total impedance as
referred to low-voltage side

(0.62 +j 0.928) + (0.35+j 0.65) = 0.97 +] 1.578
2,000/3.0 = 667
6.6/ /3 =3.81kV

Now, kVA load per phase
Receiving-end voltage/phase

O currentintheline = 667/3.81=175A
Drop per conductor = I(Rcos@+ X sing) =175(0.97 x 0.8+ 1.578 x 0.6) =302V
Now, Es = Egx+I(Rcos@+ Xsin @)

Hence, sending-end voltage (phase to neutral as referred to the lower voltage side) is 3,810 +
302 =4,112 V. Asreferred to high-voltage side, itsvalue= 4,112 x 5= 20,560 V

Linevoltage = 20,560 x ,/3/1000 = 35.6 kV
If @gisthe power factor angle at the sending-end, then
sn@ +(IX/Eg) _ 0.6 + (175 x1.578/3810)

= = =0.7
©NGs = s +(IRE,) 08 +(75x0.97/310) ' °
O Qg = tan_l(0.796) =38°31 00 cos@s=cos38°31' =0.782
Power loss/phase = 1752 x 0.97/1000 = 29.7 kW
Power at the receiving end/phase = 2000 x 0.8/3 = 533.3 kW
.. . 533.3x100

0 f = —— — — =9ATY%

transmission efficiency 5333+ 597 0

Tutorial Problem No. 41.1

1. 500 kW at 11kV are received from 3-phase transmission line each wire of which has a resistance of
1.2 Q and areactance of 1 Q. Calculate the supply pressure when the power factor of the load is

(i) unity and (ii) 0.5 leading. [(i) 11,055 V (ii) 10,988 V]

2. What load can be delivered by a 3-phase overhead line 5 km long with a pressure drop of 10%.
Given that the station voltage is 11 kV, resistance per km of each line 0.09 Q, reactance per km 0.08

Q and the power factor of the load 0.8 lagging. [14,520 kW]
3. Estimate the distance over which aload of 15,000 kW at 0.85 power factor can be delivered by a
3-phase transmission line having conductors of steel-cored auminium each of resistance 0.56 Q per

km. The p.d. at the receiving end isto be 132 kV and the loss in transmission is not to exceed 7.5%
[121.9 km] (I.E.E. London)

4. A d.c. 2-wire system isto be converted into 3-phase, 3-wire a.c. system by adding a third conductor
of the same size as the two existing conductors. Calculate the percentage additional balanced |oad
that can now be carried by the conductorsat 0.96 p.f. lagging. Assume the same voltage between the

conductors and the same percentage power |oss. [84%]
5. A 3-phase short transmission line of resistance 8 Q and reactance 11 Q per phase is supplied with a
voltage of 11 kV. Attheend of thelineisabalanced load of PkW per phase at ap.f. of 0.8 leading.

For what value of Pis the voltage regulation of the line zero?

[210 kW] (Electrical Technology, M.S. Univ. Baroda)
6. A 3-ph, 50-Hz transmission line 10 km long delivers 2,500 kVA at 10 kV. Thep.f. of theload is 0.8
(lag). Theresistance of each conductor is 0.3 W/km and the inductance 1.82 mH/km. Find (a) the
voltage and p.f. at the sending end (b) the efficiency of transmission and (c) the percentage regulation

of theline. [(a) 11.48 kV ; 0.763 (b) 91.4% (c) 14.8%]
7. The conductors in a single-phase transmission line are 6 m above the ground. Each conductor has
1.5 cm diameter and the conductors are spaced 3 m apart. Starting from the fundamental's, determine

the capacitance per kilometre of the line first including and then excluding the effect of ground.
What do you conclude ? [4.60 x 10 pF/km ; 4.63 x 10~ pF/km] (Ranchi Univ.)
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41.20. Effect of Capacitance

So far we have neglected the effect of capacitance on the line regulation because the capaci-
tances of short lines transmitting at relatively low voltages (up to 20 kV) are negligible. But asthe
voltage and length of the transmission line increase, the capacitance gradually becomes of greater
importance. Similarly, the leakage across insulators also assumes greater importance. Hence, exact
calculations of regulation for long linestakeinto consideration the capacitance and | eakage reactance
of thelinesand are quite el aborate, the amount of elaboration depending on the transmitting voltage.

(i) Inthe case of short lines, ordinarily, the capacitance is negligible. But if in a problem, the
line capacitanceisgiven and if thelineislessthan 80 km, then the line capacitance can be lumped at
the receiving or load end as shown in Fig. 41.27 (@) athough this method of localizing the line
capacitance at the load end over-estimates the effect of capacitance. Inthat case, thelinecurrent | gis
the vector sum of theload current | ; and the charging current | - of the capacitance. Hence, Ig= I + | .

A\
D

Wi
P 4

ez
@)
|
[
LOAD

L |
«— 7 —p

R I B
< ,{ IC
(@) ®)
Fig. 41.27
Now, charging current lc = jJwCE; O Ig=Ilg(cos@—jsingg)
O lg=lgcos@z—jlgsingg+]j CER =1z COs@R +j(—Ig Sin @ + WCER)

Linedrop = I(R+jX) O Eg=Ez+Is(R+J)
The vector diagram is shown in Fig. 41.27 (b).
(if) Inthe case of lines with voltages up to 100 kV and 150 km in length,satisfactory solutions
can be obtained by the so-called T-method and 1-or pi method as described bel ow.

Example 41.23. A (medium) single-phase transmission line 50 km long has the following
constants :

resistancelkm =05 Q; reactancelkm= 1.6 Q
susceptance/lkm =28 x10° § receiving-end line voltage = 66,000 V
Assuming that total capacitance of the line is located at receiving end alone, determine the

sending-end voltage, the sending-end current and regulation. The line is delivering 15,000 kW at
0.8 p.f. lagging. Draw a vector diagram to illustrate your answer.

Solution. Let Eq and E be sending-end and receiving-end voltages respectively as shown in
Fig. 41.28.
Load current at the receiving-end is |, = 15 x 10766 x 10° x 0.8 = 284 A
Total resistance = 0.5x50=25Q; Total resistance= 1.6 x 50 =380 Q
SusceptanceB = 28 x 10° x 50 = 14 x 10™* Siemens
Capacitive admittance Y = B=14x10"* Siemens
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As seen from vector diagram of Fig. 41.29, sending-end current |4 is the vector sum of load
current |, and capacitive current | ..
Now, |, = E; Y=66,000 x 14 x 10=92A
Let Ex = (66,000 +j 0)
Il = 284(0.8-j0.6) =227 -j190; | .= 92
lg = Ig+1.=(227-j190+] 92) = 240 [+ 18°57';Z=25+)80=84 1 72°36'
Linedrop = |Z =240 18°57' x 84 0 72°36' = 20,160 [ 53°39" = 11,950 + j 16,240
Es = Eg +15Z=66,000 + (11,950 + j 16,240) = 79,500 (]11°44'

) Es - Eg 79,500 - 66,000
— 1 e
Regulation E. %100 66,000

x100 = 20.5%

mrn
|
Ila
LOAD
el
=

Fig. 41.28 Fig. 41.29

41.21. “Nominal” T-method

In this T-method, also known as mid-capacitor method, the whole of the line capacitance is
assumed to be concentrated at the middle point of the line and half the line resistance and reactance
are lumped on its either side as shown in Fig. 41.30.

Itis seen that E, = Egx+I1rZgc Knowing E,;, we can find | - as under.
lc = jwCg O Ig=l+1y
Obviously, current through portion ABis|g; hencevoltagedrop =157,

O Es = EitlsZag
ZAB ZBC

Ig R2 X2 I Lk R2 x2
E

Fig. 41.30
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Y
A
Ve
Ve
Eg s
B// 2
IC \\ -~ o ]R/ B
o El g -~ Q § "2
(0] ~ E v X
~ R v ~
™ ; ° D
©
IR
Fig. 41.31

The vector diagram is shown in Fig. 41.31. Receiving-end voltage E, is taken as the reference
vector. It may be pointed out herethat all values are phase valuesi.e. lineto neutral values. | isthe
load current lagging Eg by @, CD =I1.R/2and pardlel tol ;. BD =1, X/2 and perpendicular tol,. OB
represents E, i.e. the voltage across the middle capacitor. BE represents | R/2 and isparallel to | ..
Similarly, EA = 14. X/2 and perpendicular to 1. OA represents the voltage at the sending end.

It may be noted that if leakage is appreciable, then leakage conductance G can be assumed to be
concentrated at the middle point of the line and can be represented by non-inductive conductance G

shunting the middle capacitor as shown in Fig. 41.32.

ZAB ZBC
— —

m B oy g oC
. >

Y1, R2 X2 : R2 X2 1
IC

C
Eq E, —— §G E,

v \/ v
vy _ . e

Neutral

Fig. 41.32
Example 41.24. A 3-phase, 50-Hz overhead transmission line 100 km long with 132 kV
between lines at the receiving end has the following constants :
resistance/lkm/phase = 0.15 Q; inductance/km/phase = 1.20 mH

capacitance/km/phase = 0.01 mF

Determine, using an approximate method of allowing for capacitance, the voltage, current and
p.f. at the sending end when the load at the receiving end is 72 MW at 0.8 p.f. lagging. Draw vector
diagram for the circuit assumed. (Electrical Power System ; Gujarat Univ.)

Solution. For a 100-km length of the line,
R = 015x100=150Q ;XL:314><1.2><10'3><100:37.7Q

Xc = 106/314 x 0.01 x 100 = 3187 Q
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Using the nominal T-method, the equivalent circuit isshown in Fig. 41.33 (a)

V, = 132W3=76.23kV = 76,230 V. Hence, V= 76,230 +] 0
Load current, |, = 72x 1023 x 132 x 103 x 0.8 =394 A
O I, = 394(0.8-j0.6)=315-] 236 A ; Z,. = (7.5+] 18.85) W
Drop/phase over BC = 1.7,.= (315 j 236) (7.5 + ] 18.85) = 6802 + j 4180

V, = VR+1.Z,. = (76,230 +j0) + ( 6802 + ] 4180) = 83,030 + j 4180

V, _ 83030+ j 4180 .
o Y S0 A 3142
= X, ~j3187 31+ 26

lg =l +13=(-131+] 26) + (315-j 236) = (313.7 —j 210) = 377.3[F 33.9°
Drop/phaseover AB = 1.Z,;=(313.7—-j 210) (7.5 +j 18.85) = 6320 + j 4345

0 Vg=V,+1Z,,=(83,030+j 4180) + (6320 + j 4345) = 89,350 + j 8525 = 89,750 [J 5.4°
Line value of sending-end voltage = V3 x 89,750 x 103=155.7kV

le

Neutral

(@)

Fig. 41.33
Phase difference between Vg and I = 33.9° + 5.4° = 39.3° with current lagging as shown in
Fig. 41.33 (b) cos @ = c0s 39.3° = 0.774 (lag)

Example 41.25. A 3-phase, 50-Hz transmission line, 100 km long delivers 20 MW at 0.9 p.f.
lagging and at 110 kV. The resistance and reactance of the line per phase per km are 0.2 Q and
0.4 Q respectively while the capacitive admittanceis 2.5 x 10°s per km. Calculate (a) the voltage
and current at the sending end and (b) the efficiency of transmission. Use the nominal T-method.

(Electrical Power-1, M.S. Univ. Baroda)
Solution. Resistancefor 100km =0.2x 100=20Q
Reactance for 100 km = 0.4 x 100 =40 Q
Capacitive admittance for 100 km=25x 10°x 100=25x10*S
L et ustake the receiving-end voltage E asreference vector.
Erx = 110/V3=63.5kV ;|5 =20 x 106/v3 x 110 x 103 x 0.9 = 116.6 A
cos@y = 0.9; sin @, = 0.435 (from tables)
With reference to Fig. 41.34, we have
Er=(635+]0)kV ;1;=116.6(0.9-j 0.435) =105 - 50.7 ; Z5- = (10 +j 20)
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I A A
P /
E /
) v
/
E B/
IC ~ 1 —~
~ P - ~ G
(0] ~ Eg 'C
~N
I F
I
IR
Fig. 41.34

Voltage drop between pointsB and Cis
Vge = 1Zgc=(105-]50.7) (10 +j 20) = (2,064 +j 1,593) V
E + 1375 = (63,500 + 2,064 + j 1,593) = 65,564 +j 1,593
E,Y = (65,564 +] 1,593) x j 2.5 x 107 = (0.4 +j 16.4) A
ln+1.=(105-50.7) + (-0.4 +j 16.4) = (104.6 — j 34.3) = 110.1 [118°9
Drop between pointsA and B is
Vag = 1eZag=(104.6 -] 34.3) (10 +j 20) = 1,732 +) 1,749
Eq = E, +V,5=(65564+] 1593) + (1,732 + 1,749) = 67,296 + j 3,342 = 67,380 J2° 51
(a) Sending-end voltage (line value) is 67,380 x V3 = 116,700 V = 116.7 kV
Sending-end current = 110.1 A

m
iy
I

Note. Phase difference between Eg and | gis(-18°9 — 2°51) = — 21°with current lagging. Hence,
p.f. at sending-end is cos @ 4 = cos 21° = 0.934 (lag).
(b) Copper lossfor three phases between points B and C (Fig. 41.32) is
= 3x116.6” x 10 = 0.408 MW
Copper loss for three phases between points A and B is= 3 x 110.1° x 10 = 0.363 MW
Total Cu lossfor 100 km of line length = 0.408 + 0.363 = 0.771 MW
Transmission n = 20 x 100/20.771 = 96.27 %

Note. Linelosses could also be computed by finding the line input which = V3 Eq.l5 cos ¢

41.22. “Nominal” T-method

In this method, the line-to-neutral capacitance is divided into two halves ; one half being
concentrated or localized at the sending-end and the other half at the receiving-end as shown in
Fig. 41.35 (a). The capacitance at the sending or generating end has no effect on line drop or line
regulation but its charging current must be added to the line current in order to obtain the total
sending-end current |,

Itisobviousthat |5isthe vector sumof |, and |, where |, isthevector sumof I, andI;. The
vector diagram is shown in Fig. 41.35 (b). E; istaken asthe reference vector. Current |, is vector
sumof Iz and I -, (whichisahead of E; by 90°). Thedrop AB=1 Risin phasewithvector for |, and
reactivedrop BC = 1| X isin quadraturewith I . OC represents the sending-end voltage. The send-
ing-end current | sisthevector sumof I, and |, (whichitself isahead of Egby 90°). It may be noted that
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Neutral

(@)

if leakage reactance is
not negligible, then leak-
age conductance G can
also be divided into two
equal halves and put at
both endsin parallel with
the capacitors as shown
inFig. 41.36.

41.23. Ferranti
Effect

A long or medium
transmission linehascon-
siderable capacitanceand
so draws leading charg-

Fig. 41.35
Z
—
Ig Iy
o—p AWW—p—/ TN > o)
A R I X A
Eq Cr2—— G/2 G/2 —C2 Ey
ley Ie;
. 3
Neutral
Fig. 41.36

ing current from the generating-end even when unloaded. Moreover, receiving-end voltage V , under
no-load conditionisfound to be greater than sending-end voltage V4. This phenomenonisknown as

Ferranti effect.

«— S —»

(b)

Fig. 41.37

Fig. 41.37 (a) showsthe distributed parameters of such aline. It may be replaced by the circuit
of Fig, 41.37 (b) where these distributed parameters have been lumped. As shown in the phasor



IR
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diagram of Fig. 41.38, the charging current | . leadsV; | A
by 90° and produces a phase voltagedrop=1-Z =1, (R ¢
+j X))
Obviously, V< Vg Now, I =V{wC I
Asseen from Fig. 41.38 Vi N
VIS
Vs = Vg~ I X)2 +(Ig R O
If Risnegligible, then Vi g
Vs = (Vg—IcX)orVg=Vg+Ic X Fig. 41.38

41.24. Charging Current and Line Loss of an Unloaded Transmission Line

Fig. 41.39 shows the distribution of capacitance in along transmission line of length |. Obvi-
ously, charging current | . has maximum value at the sending end and linearly falls to zero at the
receiving end. Accordingly, value of charging current at distance x from the sending end is propor-

tionally equal to I - (I —x)/I. The RMSvaluel of thiscurrent is given by

1 120-%7° 12/

1? = i O%.dle—gﬁ)(lz+x2—21x)dx
2 3 2
= I_g%%(+x_—|ng :I_C
g 3 g 3

O I =1./3
If Ristheresistance of the line per phase, then total power lossinthelineis
2
= 3l R—3a\/—§a R=IZR.
Example 41.26. A 3-phase transmission line,

100 kmlong hasfollowing constants: resistance per le

km per phase = 0.28 Q; inductive reactance per km
per phase = 0.63 Q. Capacitive susceptance per
km per phase = 4 x 10° siemens. If the load at the
receivingendis75 MVA at 0.8 p.f. laggingwith 132y, == == =L
kV between lines calculate sending-end voltage,

current and p.f. Use nominal-7rmethod. l

(Power System-I, AMIE, Sec. B. 1994)

«—— < —»

Solution. For aline of length 100 km,
resistance/phase = 0.28 x 100=28 Q ;

inductive reactance/phase = 0.63 x 100 =63 Q ;
Capacitive susceptance/phase = 4 x 10°° x 100 C(
=4x10"S

Capacitive susceptanceat eachend=2x 107 S
V, = 132x10%,/3 =76,230V ; V= (76,230

+j0); 1,=75%x10% /3 x 132x 10° x 0.8 = 410 e 1 )

410(0.8-j 0.6) =328 - 246
j2x10°S;1,=V,. Yy
76,230 xj 2% 104 =j 1525 A

I

Fig. 41.39
YCl
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I, = Iq+1,,=328-j231A
Drop per conductor =1, . Z, = (328 —j 231) (28 +j 63) = 23,737 + j 14,196
Vg = Vi+1 Z =76,230 + 23,737 + ] 14,196 = 99,967 + j 14,196 = 100,970 [18.1°
Line value of sending-end voltage = 100,970 x 10° x /3 = 1749 kW
lc = YgY,=100,970 08.1°x 2 x 107 090° = 20.19 098.1°= —2.84 +j 20
ls = IC2 +1, =(-2.84+)20)+(328-j231) =325.2-j 211 =388 [3 33°
Angle between Vg and Ig=8.1°+ 33°=41.4°; cos ¢ = 0.877 (lag)

Neutral

(a)

Fig. 41.40

Example 41.27. A 100-km long, three-phase, 50-Hz transmission line has resistance/phase/
km= 0.1 Q; reactance/phase/lkm = 0.5 Q ; susceptance/phase/km = 10 x 10° siemens.

If theline suppliesaload of 20 MW at 0.9 p.f. lagging at 66 kV at the receiving end, calculate by
nominal ‘p’ method, the regulation and efficiency of the line. Neglect |eakage.
(Electrical Power-1, Bombay Univ. 1991)
Solution. For a 100 km line
resistance/phase = 0.1 x 100 = 10 Q ; inductive reactance/phase = 0.5 x 100 = 50 Q
Capacitive susceptance/phase = 10 x 10 * x 100 = 10 x 10™* siemens
Susceptance at each end = 5 x 10 siemens
Vi = 66x10%./3 =38,100V 0 V,=(38100+]0)
g = 20x% 106/@ x 66 x 10°x 0.9=195A ; g =195(0.9-j0.435)=176-) 85
le, = 38100%)5x10*=j19.1A ;I =l +I.,=176-] 66
drop/conductor = |, Z, = (176 - j 66) (10 + j 50) = 5060 + j 8140
Vg = Vg +1, Z, =38,100 + 5060 + j 8140 = 43,160 + j 8140 = 43,920 [110.7°
Linevalue = 43,920 x 107° x /3 = 76 kV
ley = VoY =43920010.7°x 5x 10 [ 90°= 21.96 (J 100.7°= — 4.1 + | 21.6
lg = I+ 1 =172-]44.4=1776F 14.5°; ;= 145°+ 10.7°=25.2°
cos@g = 0.905 (lag)
76 - 66

0) % regulation = x100 = 15.15%
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(i) lineinput = /3 x 76 x 103 x 177.6 x 0.905 = 21.5 x 10° Q = 21.15 MW
0 transmission n = 20 x 100/21.15 = 94.56%

Example 41.28. (a) A 50-Hz, 3-phase, 100-km long line delivers a load of 40 MVA at 110 kV
and 0.7 p.f. lag. The line constants (line to neutral) are : resistance of 11 ohms, inductive reactance
of 38 ohms and capacitive susceptance of 3 x 10~ siemens. Find the sendi ng-end voltage, current,
power factor and efficiency of power transmission.

(b) draw the vector diagram.
(c) If the sending-end voltageisheld constant and load is removed, cal culate the receiving-end
voltage and current. (Electrical Power-Il, Bangalore Univ.)
Solution. (a) Nominal T=method will be used to solvethis problem. Capacitive susceptance (or
admittance) at each end = Y/2 =3 x 1042 = 1.5 x 10 siemens as shown in Fig. 41.41.
Vg =110/ /3 =635kV/phase; |, =40x 10°V3 x 110 x 10°= 210 A
Let Vg =(63,500+j0) ; I, =210(0.7 - 0.714) = (147 - j 150)
Yo =15x 107 siemens; ley = VY, = 63500 %j1.5x 10 =j 9.5 A
Asseen from Fig. 41.36
I, = I+l = (147 -] 1405) A

Voltage drop/phase = | Z, = (147 —] 140.5) (11 +j 38) = 6956 + j 4041
Vg = Vi +1,Z =63500+ 6,956 +j4041 = 70,456 + j4041 = 70,570 (013.2°
Linevalue of sending-end voltage I R X, .

= V3x 70,570 =122.2 kV =

lei = VsYe, . —»la T
= (70,570 +j 4041) x j 1.5 x 107 ©
= ~06+]10.6=10.6 193.2° v L s [:] Ve

lg = I, +1; -

= (-0.6 + 10.6) + (147 — j 140.5)
= 146.4-j129.9=195.7 & 41.6°

AnglebetweenV and | =41.6°+ 3.2°=44.8°

COS (5 = €05 44.8° = 0.71 (lag) Fig. 41.41
Power input =3 x 122.2 x 10° x 195.7 x 0.7 = 29.41 MW
Power output = 40 x 0.7 = 28 MW

0 power transmission n = 28/29.41 = 0.952 or 95.2%

(b) vector diagram is similar to that shown in Fig. 41.35 (b).

(c) Asseenfrom Fig. 41.41 under no-load condition, current in the conductor is

=g, =j95A

lc, 2= j9.5(11+)38) =-361+j 105
63,500 + (361 +j 105) = 63,140 + j 105 = 63,140 [10.1°
(63,140 +j 105) x j 1.5 x 10™* = (- 0.016 + j 9.47) A
=g, +lg, =j95-0.016 +j 9.47=(-0.016 +j 18.97) A

Drop/phase

<
n
1

Tutorial Problem No. 41.2

1. A 50-Hz, 3-phase line 100 km long delivers aload of 40,000 kVA at 110 kV and a lagging power
factor of 0.7. The line constants (line-to-neutral) are : resistance 11 Q ; inductive reactance 38 Q;
capacitive susceptance 3 x 10™* S (half at each end), leakage negligible. Find the sending-end volt-
age, current, power factor and power input. [122 kV ; 1958 A ; 0.715; 29.675 kW]
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2. A 50-Hz, 3-phase transmission line has the following constants (line-to-neutral). Resistance 11 Q,
reactance 38 Q; susceptance 3 x 10™s, leakage negligible. The capacitance can be assumed located
half at each end of the line. Calculate the sending-end voltage, the line current and the efficiency of
transmission when the load at the end of the line is 40,000 kVA at 110 kV power factor 0.7 lagging.

[122 kV ; 203.35 A ; 95.5%]

3. A 3-phase transmission line has the following constants (line-to-neutral) ; R = 10 Q ; inductive
reactance =20 Q, capacitivereactance= 2.5k Q. Using the nominal T-method, calculate thevoltage,
line current and power factor at sending-end and the efficiency of transmission when the transmis-
sion line supplies a balanced load of 10 MW at 66 kV and power factor 0.8 lagging.

[69.5KV ; 100 A ; 0.85 lag ; 96.8 %] (Electrical Technology ; M.S. Univ. Baroda)

4. A 3-phaseline hasaresistance of 5.31 ohmsand inductance of 0.0176 henry. Power istransmitted at
33 kV, 50 Hz from one end and the load at the receiving end is 3600 kW at 80 per cent power factor.
Find the line current, receiving-end voltage, sending-end power factor and the efficiency of trans-
mission. [81.5 A, 319 kV, 0.796, 97.2%] (U.PS.C)

5. Cdculatethe % regulation of 6.6 kV single-phase A.C. transmission line delivering 40 amps current
at 0.8 lagging power factor. Thetotal resistance and reactance of theline are 4.0 ohm and 5.0 ohm per
phase respectively. [3.76%]

6. A-3phaseload of 2,000 kVA at 0.8 power factor is supplied at 6.6 kV, 50 Hz by means of a 33 kV
transmission line, 32 km long in association with a33/6.6 kV step-down transformer. The resistance
and reactance of each conductor per km are 0.4 ohm and 0.5 ohm respectively. The resistance and
reactance of the transformer primary are 7.5 ohm and 13.2 ohm while those of secondary are 0.35
ohm and 0.65 Q respectively. Find the voltage necessary at the sending end of the transmission line
when thevoltageismaintained at 6.6 kV at the receiving end. Determine a so the sending-end power
and efficiency of transmission. [35.4 kV, 1,689.5 kW, 94.7%]

7. Thegeneralised A and B constants of atransmission line are 0.96 [11° and 120 [J80° respectively. If
the line to line voltages at the sending and receiving ends are both 110 kV and the phase angle
between them is 30°, find the receiving-end power factor and the current.

With the sending-end voltage maintained at 110 kV, if the load is suddenly thrown off, find the
corresponding receiving-end voltage. [0.868 (lead), 326 A,114.5 kV]

8. A 3-phase, 50-Hz, 150 km line has aresistance, inductive reactance and capacitive shunt admittance
of 0.1Q,0.5Q and 3 x 10° siemens/km/phase. If the line delivers50 MW at 110kV and 0.8 p f. lag,
determine the sending-end voltage and current. Assume a nominal Tecircuit for the line.

[143.7 kV, 306.3 A]

41.25. Generalised Circuit Constants of a Transmission Line

For any 4-terminal network i.e. one having two input and two output terminals (like atransmis-
sion line) the sending-end voltage per phase and the currents at the receiving and sending-end can be
expressed by the following two equations :

Vg = AVg+Bly (i)
lg = CVp+Dlg (i)
where A, B, C and D are the constants known as ‘ generalized circuit constants of the transmission

line. Their values depend on the particular method adopted for solving the transmission network. Let
us consider the following cases.

(i) Short Line. In the case of lines up to 50 km, the effect of capacitance on the line perfor-
manceis negligible. Hence, such aline can be represented as shown in Fig. 41.42 (a).

Here, lg =1 and  Vg=Vg+IZ
Comparing these with Eq. (i) and (ii) above, we get that
A =1; B=Z C=0 and D=1
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Incidentaly, it may be noted that AD -BC =1
(i) Medium Line-Nominal-T Method
Thecircuit isshownin Fig. 41.42 (b).

Itisseenthat, Vg =V, +15Z/2 (i)
Also V, = Vg+IgZ/2 (iv)
Now, le = lg=1g=V,Y =Y (Vg +15Z/2)
YZ
O lg = VRY +1g (l+2) (V)
IS 1 IR
Z
Vs L

(@) () (©
Fig. 41.42
Eliminating V, from Eq. (iii) and (iv) we get
1 Z

Vg = Vip+ 57 +% (Vi)

Substituting the value of |, we get
_ YZ yz*0 .

Vg = (1+T)VR+%+ E'r (Vi)
Comparing Eq. (vii) and (v) with Eq. (i) and (ii) respectively, it isfound that

A =D= 1+Y—ZZ;B: (1+Y42) andC=Y

It can again be proved that AD —BC = 1.
(iif) Medium Line-Nominal- Tt Method
Thecircuit isshown in Fig. 41.42 (c). Here, seriesimpedance per phase = (R +j X) and admit-
tanceisY =jwC.

As seen, g = I+1,=1+VgY/2 ..(viii)
Also I =l +1g=lg+VgY/2 o(iX)
Vi Y
Now, VS:VR+|Z:VR+Z§R+ YL
2 H
- (1+Y22) Va+7l g (%)
Eliminating | from Eq. (viii) and (ix), we get
VoY V.Y
lg = I+ R2 + Z

Now, substituting the value of Vo, we have
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VY Y YZ 0
IS = IR+ F\é +§ 1+T)VR+ZIRE
YZ YZ .
or |S = Y(1+4)VR +(1+2)|R ...(Xl)
Comparing Eq. (x) and (ii) with Eq. (i) and (xi) above, we get,

A = D:(1+YZZ) B=Z C= Y(lﬂf)

Again, it can be shownthat AD -BC =1
Example 41.29. Find the following for a single-circuit transmission line delivering a load of
50 MVA at 110 kV and p.f. 0.8 lagging :
(i) sending-end voltage, (ii) sending-end current, (iii) sending-end power, (iv) efficiency of
transmission. (Given A= D = 0.98 [73°, B = 110 [J75° ohm, C = 0.0005 [/80° ohm)
(Power Systems, AMIE, Sec. B, 1993)

Solution. Receiving-end voltage, Vi, = 110/+/3 = 63.5kV
Taking this voltage as reference voltage, we have
Vg = (63500+]j0)
I, = 50x10%43 x110x 10°=262.4 A
I, = 262.40cos 0.8=2624(0.8-j0.6)=(210-]157.5 A
AVLp = 0.98[03°x 63,500 [0° = 62,230 J3° = (62145 + j 3260) V
Bl = 110075°x 262.4[136.86°= 28,865 [1111.8°=(-10,720 +j 26,800) V
(@) Vs = AV, +Bly=51,425+] 30,060 = 59,565, [130.3°V
CV, = 0.0005[080°x 63,500 00°=31.75080°= (5.5+j 3L.3) A

Line 1 Line 2
Iz 1 Ir
Vs A1,B1,Cp. Dy Ag, By, C2. Dy VR
N I
Fig. 41.43
DI, = 0.9803°x 262.4 [136.86° = 257.75 [139.86° = 197.4 + j 164.8
(ii) lg = CVg+ DIy, =203+j 196 = 282 [144°A

(iii) Sending-end power = 3V g I cos @ = 3 x 59.565 x 282 x cos [144.30° - 30.3°= 48.96 MW
Receiving end power = 50 x 0.8 = 40 MW
(iv) Transmission n = 40 x 100/48.96 = 81.7%
Example41.30. A 150 km, 3-¢ 110-V, 50-Hz transmission linetransmitsaload of 40,000 kW at
0.8 p.f. lag at receiving end.
resistance/km/phase = 0.15 Q, reactance/km/phase = 0.6 Q ; susceptance/km/phase = 10°'S
(a) determinethe A, B, C and D constants of the line (b) find regulation of the line.
(Power System-1, AMIE, 1993)
Solution. We will use the nominal-rtmethod to solve the problem. For alength of 150 km :
R = 015x150=225Q ;X =0.6x150=90Q ;Y =150x10°S=15x10"S
Z = (R+]X)=(225+]90)=92.8075°0hm; Y =15x 10 090° S
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. -4
(3 A =D= (1+YZZ) =1+ % (22.5+] 90) = (0.9675 + ] 0.01688)
= 0.968 0 1.0°
B =27=928075;C=Y (l+ Yf) =j15x 107 é,+%1.j15><10‘4 (22.5 + jQO)E

—0.00001266 + j 0.00145 = 0.00145 [J90.5°

(b) Now, theregulation at the receiving-end isdefined asthe changein voltagewhenfull-load is
thrown off, the sending-end voltage being held constant.

Now, when load is thrown off, | ; = 0. Hence, putting thisvaluein Vo = AV, + Bl 5, we get

V — —

Vg = AVpgorVeo=—= 0 %regn. = Veo “Ve x 100= VATVR) 109
A A A

Now, Vg = 100/./3 kV = 63,520 V—at load
Il = 40x10% /3 x 110x 10’ x 0.8 =263 A ; |, = 263 (0.8 — ] 0.6) = (210 - j 158)
Vg = AV, +BI, = 63,520 (0.9675 +j 0.01688) + (22.5 + | 90) (210 - j 158)
= 80,450 + | 16,410 = 82,110 011.5°
Vg/A = 82,110/0.968 = 84,800 ; regn. = % x 100 = 335%

Example41.31. A 132-kV, 50-Hz, 3-phasetransmission linedeliversaload of 50 MW at 0.8 p.f.
lagging at receiving-end.
The generalised constants of the transmission line are
A=D=095[14°; B=96[]7.8°; C= 0.0015 [790°
Find the regulation of the line and the charging current. Use nominal T-method.
(Electrical Power-I, Bombay Univ.)
= 50x10% /3 x 132 x 10° x 0.8 = 273 A
= 273(0.8-j0.6) =218-j164=273F 36.9°
Vi = 132,000/,/3 =76,230;V,=76,230+j 0
Vg = AVi + Bly=76,230 00° x 0.95 J1.4° + 96 0J78°. 273 00 —36.9°
= 72,418 0 1.4 + 26,208 [141.1° = 89,000 +j 21,510 = 92,150 [(113°
lg=CV,+ DI, = 76,230 x 0.0015 090° + 0.95 [0 1.4°. 273 (3 36.9°
= j114+259.3[F 355°=211-j 36
Veo=VJA = 92,150/0.95 = 97,000 ; % regn = %2372230
lc=lg—1g = (211-j36) - (218 —j 164) = -7 +] 128 =128.2 0 93.1°
Example41.32. A 3-phase transmission line consists of two lines 1 and 2 connected in series,
line 1 being at the sending end and 2 at the receiving end. The respective auxiliary constants of the
twolinesare: A;, B, C;,D, andA,, B,, C,, D,. FindtheA, B, C, D constants of the whole line which
is equivalent to two series-connected lines.

Solution.

=271

Solution. The two series-connected lines along with their constants as shown in Fig. 41.43.

For lineNo. 1

Vg = AV +Bl : ls = C,V +D|l ()
For line No. 2

V = AVg+B,l, | = CVg+D,l, (i)

Substituting the values of VV and | from Eq. (ii) into Eq. (i), we get
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Vs = AL(AVr*B,lg) +B1(C Vg + D,lg) = (A1A, + B,C, )V +(AB, + BD, g

and I = Cy(A,Vr+B,lg)+D,(C,Vg+D,lg)=(C,A,+D,C,)Vg+(C,B,+D,D,)l5
Hence, the two lines connected in series have equivalent auxiliary constants of

A = AA,+B,C, B = AB,+B,D,

C =CA,+DC, and D = CB,+D,D,

41.26. Corona

When an alternating potential differenceisapplied acrosstwo conductorswhose spacing islarge
as compared to their diameter, there is no apparent change in the condition of the atmospheric air
surrounding the wiresiif voltageislow. However, when the p.d. isincreased, then a point isreached
when afaint luminous glow of bluish colour appears along the lengths of conductors and at the same
timeahissing sound isheard. Thisbluish dischargeisknown ascorona. Coronaisawaysaccompa:
nied by the production of ozone which isreadily detected because of its characteristic odour. If the
p.d. isfurther increased, then the glow and hissing both increasein intensity till aspark-over between
the conductors takes place due to the break-down of air insulation. If the conductors are smooth and
polished, the corona glow is uniform aong their length but if there is any roughness, they will be
picked up by relatively brighter illumination. In the case of conductors with a spacing shorter as
compared to their diameters, sparking may take place without any visible glow. If the p.d. between
wiresis direct instead of alternating, there is a difference in the appearance of the two wires. The
positive wire has a smooth glow about it whereas the glow about the negative wire is spotty.

Corona occurs when the electrostatic stress in the air around the conductors exceeds 30 kVA
(maximum)/cmor 21.1kV (r.m.s.)/cm. Theeffectivedisruptivecritical voltageto neutral isgiven by
therelation.

Ve = myg, o rlogh D/r kV/phase = 2.3 myg, & r log,, D/r kV/phase
where  m, = irregularity factor which takesinto account the surface conditions of the conductor.
D = distance between conductorsin cm.
r = radiusof the conductor in cm or the radius of the circumscribing circlein astranded
cable.
0, = breakdown strength or disruptive gradient of air at 76 cm of mercury and 25°C
= 30KkV (max.)/lcm =21.1kV (r.m.s.)/cm
O = air density factor
Substituting the value of g,, we have
Ve =21.1m,drlogh D/r kV/phase =21.1 my & r x 2.3 10g,, D/r kV/phase
= 48.8 my & r log,, D/r kV/phase
3.92b
273+t
where b = barometric pressurein cm of Hg and t = temp. in degrees centigrade.

whenb =76cmandt=25°,Cd=1

The irregularity factor m, depends on the shape of cross-section of the wire and the state of its
surface. Itsvalueisunity for an absolutely smooth wire of one strand of circular section and lessthan
unity for wires roughened due to weathering as shown below :

Irregularity Factor

Thevalue of disgivenby &=

Polished wires 1.0
Wesathered wires 0.93t0 0.98
7-strand cables, concentric lay 0.83t00.87

Cableswith morethan 7-strands ... 0.80t0 0.85
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41.27. Visual Critical Voltage

This voltage is higher than the disruptive critical voltage V.. It isthe voltage at which corona
appears al aong the line. The effective or r.m.s. value of visual critical voltage is given by the
following empirical relation.

0 0
V, = m,g,or EH %Elogh D/r kV/phase

O o30
21.1m,dr EH fﬁ x 2.3 log,, D/r kV/phase
or

488m & %+ 0'3§| DIr kV/ph
8m,3r Jor 09,, D/r kV/phase
or

where m, is another irregul arity factor having avalue of 1.0 for smooth conductors and 0.72 to 0.82
for rough conductors.

41.28. Corona Power

Formation of coronais always accompanied by dissipation of energy. Thislosswill have some
effect on efficiency of thelinebut will not have any appreciable effect onthelineregulation. Thisloss
is affected both by atmospheric and line conditions. Soon after the critical voltage is reached, the
coronalossincreases asthe square of the excessvoltage. Thelossfor voltage of V kilovolt to neutral
isgiven by thefollowing empirical relation.

p = 241@ \/([r))(v ~V,)? %10 kW/km/phase

wheref isthe frequency of theac. in Hz.
Obvioudly, total loss equals 3 times the above.

41.29. Disadvantages of Corona

1. Thereisadefinite dissipation of power although it is not so important except under abnor-
mal weather conditions like storms etc.

2. Corrosion due to ozone formation.

3. Thecurrent drawn by the line due to corona losses is non-sinusoidal in character, hence it
causesnon-sinusoidal drop in the linewhich may cause someinterference with neighbouring
communication circuits due to el ectromagnetic and el ectrostatic induction. Such a shape of
corona current tends to introduce alarge third harmonic component.

However, it has been found that coronaworks as a safety valve for surges.

4. Particularly intense corona effects are observed at a working voltage of 35 kV or higher.
Hence, designs have to be made to avoid any corona on the bus-bars of substations rated for
35kV and higher voltages during their normal operation. Corona discharge round bus-bars
isextremely undesirable because the intenseioni zation of theair reducesitsdielectric strength,
makes it easier for the flashover to occur in the insulators and between phases particularly
when the surfaces concerned are dirty or soiled with other deposits. The ozone produced
dueto coronadischarge aggressively attacksthe metallic componentsin the substations and
switchgear, covering them with oxides. Moreover, the crackling sound of the corona
discharge in a substation masks other sounds like light crackling noise due to arcing in a
loose contact, the sound of an impending breakdown or creepage discharge in the equip-
ment, the rattling noise due to the loosening of steel in atransformer core etc. The timely
detection of such soundsis very important if any serious breakdown is to be avoided.
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Example 41.33. Find the disruptive critical voltage for a transmission line having :

conductor spacing = 1m; conductor (stranded) radius= 1 cm

barometric pressure= 76 cmof Hg ; temperature = 40°C

Air break-down potential gradient (at 76 cm of Hg and at 25°C) = 21.1 kV (r.m.s.)/cm.
(Electric Power Systems-|, Gujarat Univ.)

Solution. Ve = 23myg,rlog,, D/r kV/phase
Here, gy = 21.1kV (rm.s)/cm; m,=0.85 (assumed)

d = 3.92x 76/(273 + 40) = 0.952 ; log,, D/r = 109,,100/1 = 2
0 V, = 23x0.85%21.1x0.952%x1x2=7854KkV (r.m.s.)/phase

Linevalue = 78.54 x V3 =136 kV (r.m.s)/phase

Example 41.34. Find the disruptive critical and visual corona voltage of a grid-line operating
at 132 kV.

conductor dia = 19cm ; conductor spacing =381lm
temperature = 44°C ; barometric pressure = 73.7cm
conductor surface factor :

fine weather = 08 ; rough weather = 0.66.

(Electrical Power Systems-|11, Gujarat Univ.)

Solution. V., = 48.8m,drlog,, D/r kV/phase
Here, m, = 0.8;0=392x73.7/(273 + 44) = 0.91
log,, 381/1.9 = log,, 200.4 = 2.302
O V, = 48.8x0.8x0.91 x 1.9 x 2302 = 155.3 kV/phase
0 o330
V, = 488m,dr ﬁu FE log,, D/r kV/phase
r
Here, m, = 0.66;5=091; /5r =,/0.91x1.9 =1314
0 V, = 488x 0.66x 0.91x 1.9 (1+ 1%?4) 2.302 = 157.5 kV/phase

Example 41.35. A certain 3-phase eqguilateral transmission line has a total corona loss of
53 kW at 106 kV and a loss of 98 kW at 110.9 kV. What is the disruptive critical voltage between
lines? What is the corona loss at 113 kV? (Electrical Power Systems- I, Gujarat Univ.)

Solution. Asseen from Art. 41.28, the total coronaloss for three phasesis given by

p = 3XM.\/% V -V,)2 x10™° kwikm
Other things being equal, P (V - V)

o6, )
O 53 O B——V J(®12-v —14t case
\/é CB ( ()
(109 ., Cf 2
98 [ B__V 0(4-Vv — 2nd case
\/§ CB ( ()
64-V.)?
O B - (—C)z or V. =542kV/km
53 (61.2-V.)
Similarly, wo s O

(5 Ve D(652-V)



w _ (652-V,)° _(652-54.2)°

98
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0O W=1234kwW

(64-V.)*  (64-54.2)°

Example41.36. A 3-phase, 50-Hz, 220-kV transmission line consists of conductors of 1.2 cm
radius spaced 2 metres at the corners of an equilateral triangle. Calculate the corona power 10ss per
km of the line at a temperature of 20°C and barometric pressure of 72.2 cm. Take the surface factors

of the conductor as 0.96.

(Electrical Power-11, Bangalore Univ.)

Solution. As seen from Art. 41.28, coronaloss per phase is

P

Here, d =

O

f+2 _
241 { 5 5)\/(r/ D) . (V -V, )*x 10" kW/km/phase
392b _392x722 _
273+t 213+20 0960
_ 200
48.8my 8 logy, DIr = 48.8 % 0.96 x 0.966 x 1.2 x 10g,, T

120.66 kV/phase
220/ \/3 =127 kV/phase

75 12 2 5
2 = -120. =0.579 kW/km/ph
241 % 0,966 x (200) x (127 —-120.66)" x10 0.579 kW/km/phase

Total loss for 3 phase = 3 x 0.579 = 1.737 kW/km

41.30. Underground Cables

Underground cables
are used where overhead
lines are not possible as
inlarge cities despitethe
fact that in their case,
cost per kW per km is
much more as compared
to overhead transmission
lines. Another advantage
of overhead system for
distributors is that tap-
ping can be made at any
time  without any dis-
turbance, which is of
great importance in rap-
idly developing areas.
However, underground
cablesare more advanta-

Underground cables are used where overhead transmission is difficult

geousfor feeders which are not likely to be disturbed for tapping purposes because, being lessliable
to damage through storms or lighting or even wilful damage, they offer a safer guarantee of supply.
But this advantage may be offset by the cost of trenching and expensive jointing necessary in case of

repairs.

However, cables score over overhead linesin cases where voltage regulation is more important,
because, due to very small spacing of their conductors, they have a very low inductance and hence

low inductive drops.
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Cables may be classified in two ways according to Ll
(i) the type of insulating material used in their manu- Sheath
factureor (ii) thevoltage at which they transmit power.
The latter method of classification is, however, more Core

generally used according to which cables are divided
into three groups :

1. Low-tension cables—up to 1000 V

2. High-tension cables—up to 23,000 V

3. Super-tension cables—-from 66 kV to 132 kV

For all cables, the conductor is tinned stranded
copper of high conductivity. Stranding isdoneto secure
flexibility and the number of conductors in a core is Fig. 41.44
generally 3, 7, 19 and 37 etc. Except for 3-strand, all
numbers have acentrally-disposed conductor with al otherssurroundingit. A cable may haveoneor
more than one core depending on the type of servicefor whichitisintended. It may be (i) single-core
(i) two-core (iii) three-core and (iv) four-core etc.

In Fig. 41.44 is shown a section through a twin-cored, high-tension lead-covered underground
cable sheathed with a continuous tube of pure lead whereas Fig. 41.45 shows a section of atypical
concentric type 2-core cable used for single-phase distribution. The cores are arranged concentri-
cally. Theouter coreisarranged intheform of hollow tubing. Both coresare of stranded copper and
paper-insulated and are protected by alead-sheath.

In Fig. 41.46 is shown a section through a 3-core extra-high-tension paper-insulated lead-
covered and steel-wire armoured cable.

The cores are surrounded by insulation or impregnated paper, varnished cambric or vulcanised
bitumen.

Theinsulationis, inturn, surrounded by a metal sheath made of lead or alead aloy and prevents
the entry of moistureinto theinner parts. On the sheath is applied the bedding which consists of two
compounded paper tapes along with suitable compounded fibrous materials.

Next comes‘armouring’ whichisplaced over the bedding and consists of either galvanized steel
wires or two layers of steel tape. Armouring may not be done in the case of some cables.

Next comes ‘ serving' which consists of compounded fibrous material (jute etc.) placed over the
armouring in the case of armoured cables or over the metal sheath in the case of unarmoured cables-
in which case serving consists of two layers of compounded paper tapes and a final covering of
compounded fibrous material.

Paper Tarred Jute
Insulation /_ Lead Servings
Sheath
Steel Wire
Outer Armour
Core
>
Lead
Sheath
Inner
Core

Fig. 41.45 Fig. 41.46
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41.31. Insulation Resistance of a Single-core Cable

The expression for the insulation resistance of such acable, asderived in Art. 5.14.

23p r
= ﬁlleOr_i ohm

The value of specific resistance for paper is approximately 500 Q-m.

41.32. Capacitance and Dielectric Stress
This has already been dealt with in Art. 5.9 and 5.13.

41.33. Capacitance of 3-core Belted Cables

The capacitance of acableis much moreimportant than of the overhead wires of the samelength
becausein cables (i) conductors are nearer to each other and the sheath and (ii) they are separated by
adielectric medium of higher permittivity ascomparedtoair. Fig. 41.47 showsasystem of capacitances

(a) ) (©)
Fig. 41.47

in a belted 3-core cable used for 3-phase system. It can be regarded as equivalent to three-phase
cables having acommon sheath. Sincethereisap.d. between pairs of conductors and between each
conductor and sheath, there exist el ectrostatic fields as shown in Fig. 41.47 (a) which shows average
distribution of electrostatic flux, though, actualy, the distribution would be continually changing
because of changing potential difference
between conductors themselves and
between conductors and sheath. Because

of the existence of this electrostatic

coupling, there exist six capacitances as C,=3C,

shown in Fig. 41.47 (b). The three RS /C‘

capacitances between three cores are S C,=3C,
delta-connected whereas the other three O/\ /\0
between each core and the sheath are i C,=3C,
star-connected, the sheath forming the C,

star-point [Fig. 41.47 (c)].

The three delta-connected capaci- @ ®
tances each of value C, can be converted Fig. 41.48
into equival ent star-capacitance C, which
will be three times the delta-capacitances C, as shown in Fig. 41.48.

The two star capacitances can now be combined as shown in Fig. 41.49 (8). In this way, the
whole cable is equivalent to three star-connected capacitors each of capacitance C, = 3C; + Cg as
shownin Fig. 41.49 (b).
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A
Cs G,
Cy=C+3C,
C=C.+3C
Cs c, N=&S 1
o/\ CN=CS%O
B Cz CS C
b
@) ()
Fig. 41.49

If Vp isthe phase voltage, then the charging current is given by
lc = Vp(Cg+3C)w=V,wC,

41.34. Tests for Three-phase Cable Capacitance

The following three tests may be used for the measurement of C, and Cg:

(i) Inthefirsttest, al the three cores are bunched together and then capacitanceis measured by
usual methods between these bunched cores and the earthed sheath. Thisgives3 Cgbecausethethree
capacitances arein parallel.

(if) In the second method, two cores are bunched with the sheath and capacitance is measured
between these and the third core. It gives 2C, + C5. From thisvalue, C; and Cq can be found.

(iii) Inthethird method, the capacitance C, between two coresor linesismeasured withthethird
core free or shorted to earth. Thisgives

G GO 1 C
i T § —_—
% 2 "2H 7 3BGrCI =5

Hence, C, istwice the measured valuei.e. C, = 2C,

Therefore, charging current | - = wVC, = 52N wV,C,

V3
where V| isthelinevoltage (not phase voltage).
Example 41.37. A single-core lead-covered cable is to be designed for 66-kV to earth. Its
conductor radiusis 1.0 cmand itsthree insulating materials A, B, C have permittivities of 5.4 and 3

respectively with corresponding maximum safe working stressof 38 kV per cm(r.m.s. value), 26-kV
per cmand 20-kV per cmrespectively. Find the minimum diameter of the lead sheath.

lution. =_Q = Q
Solution O1rmax P o1 or 38 B% B 1 ()
_ . Q . Q .

Pomax = 2_,_[@ on or 26 TQDXO 4T, (1)

_ Q - Q

e = =———— Of 200=———— (il

’ 2nLpl sty X 20X, 3 1y i

From (i) and (ii), we get, 38/26 = 4r,/5, r; = 1.83 cm
Similarly, from (i) and (ii),
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38/20 = 3r,/5;r,=3.17¢cm
Vi = Oy X T X 23100, 1/r

= 38x 1x 23109,y 12> =22.0kV

I3

I.
V, = Qo X1 X 2.3 Ioglor—2
1
= 26 x 1.83 x 2.3 log,, i_é;
= 26.1kV '

I.
V3 = Ogmax X 2 X 2.310g;, r_3
2
= 20x3.17x23log,,_"3_
317

- 3

= 145.82log,, 317
Now, V =V +V,+V,

_ s
0 66 = 22.9+26.1+145.82l0g,, 317
O r, = 415cm

O diameter of thesheath = 2r,=2x4.15=8.3cm

Example 41.38. The capacitances per kilometer of a 3-phase cable are 0.63 puF between the
three cores bunched and the sheath and 0.37 pF between one core and the other two connected to
sheath. Calculate the charging current taken by eight kilometres of this cable when connected to a
3-phase, 50-Hz, 6,600-V supply.

Solution. AsshowninArt. 40.33,0.63=3C5y O Cg=0.21puF/km

Fig. 41.50

From the second test,
037 = 2C,+C,=2C,+021 O C,=0.08pF/km
O Cgfor8km = 021x8=168uF;C,for8km=0.08x8=0.64uF
C, = C4+3C,=168+(3x0.64)=36uF
Now, V, = (6,600//3); w=314rad/s

wV,C, = (6,600V3) x 3.6 x 10~° x 314 = 431 ampere

Example 41.39. A 3-core, 3-phase belted cable tested for capacitance between a pair of cores
on single phase with the third core earthed, gave a capacitance of 0.4 mF per km. Calculate the
charging current for 1.5 km length of this cable when connected to 22 kV, 3-phase, 50-Hz supply.

Solution. C_ = 04pF V, =22000V, w=3l4rads
2 2 IS
lc = “= wV,C =-=x22,000%0.4x10" x314 =32 A
\/é L-L \/§

Charging current for 15 km 32x15=48A

Example 41.40. A 3-core, 3-phase metal-sheathed cable has (i) capacitance of 1 uF between
shorted conductors and sheath and (ii) capacitance between two conductors shorted with the sheath
and the third conductor 0.6 uF. Find the capacitance (a) between any two conductors (b) between
any two shorted conductors and the third conductor. (Power Systems-|, AMIE, Sec. B, 1993)

Solution. (&) The capacitance between two cores or lines when the third coreis free or shorted
to earthisgiven by 1/2 (3C, + Cg)
Now, (i) wehave3Cq = 1IuForC,=1/3uF=0333uF
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From (i) weget,2C,+Cg = 0.6 F,2C, =0.6-0.333=0.267 i F,

O C, = 0133uF
(b) The capacitance between two shorted conductors and the other is given by
2CsxCs _ 2~ _ 2 _
2C, +3—CS = 2C; + 3 Cg=2x0.133+ 3 x0.333=0488mF

41.35. A.C. Distributor Calculations

These calculations are similar to those for d.c. distributor but with the following differences :

1. The loads tapped off will be at different power factors. Each power factor is taken with
respect to the voltage at the feeding point which is regarded as a reference vector.

2. The currentsin the sections of the distributor will be given by the vector sum of load cur-
rentsand not by their arithmetic sum asinad.c. distributor. Currentscan be added algebra-
ically only when they are expressed in the complex notation.

3. Thevoltage drop, inthe case of a.c. circuits, isnot only due to ohmic resistance but due to
inductive reactance as well (neglecting capacitive reactance if any).

It has already been shown that voltage drop in an inductive circuit is given by
I (Rcos@+ X sin )
Thetotal drop will begivenby X1 (Rcos@+ X sin ).
Questions on a.c. distributors may be solved in the following three ways:

1. Expressvoltages, currentsand impedancesin complex notation and then proceed exactly as
ind.c. distributors.

2. Split the various currents into their active and reactive components. Now, the drop in the
case of active componentswill be dueto resistance only and in the case of reactive compo-
nents due to reactance only. Find out these two drops and then add the two to find the total
drop.

3. Incaseswhere approximate sol utions are sufficient, quick results can be obtained by finding
the “distribution centre” or centre of gravity of theload.

All these three methods areillustrated by Ex. 41.42 given on the next page :
Example41.41. A2-wirea.c. feeder 1 kmlong suppliesaload of 100 A at 0.8 p.f. lag 200 volts
atitsfar end and aload of 60 A at 0.9 p.f. lag at itsmid-point. The resistance and reactance per km

(lead and return) are 0.06 ohm and 0.08 ohm respectively. Calculate the voltage drop along the
distributor from sending end to mid-point and from mid-point to far end.

(Power Systems-|, AMIE, Sec. B, 1993)

Solution. Fig. 41.51 shows the feeder AC 1 km long having B as its mid-point and A as its
sending-end point.

A B ©
200 £0°V
60 A 100 A
0.9 lag 0.8 Lag
Fig. 41.51

L et the voltage of point C be taken as reference voltage.
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Ve = 200 +j,, |- =100(0.8—-j 0.6) = (80— 60) A
L oop impedance of feeder BC (lead and return) = (0.06 + j 0.08)/2 = (0.03 + j 0.04) ohm

Voltagedrop in BC = (80-j60) (0.03+0.04) =(48+j1L4)V

O Vg = 200+48+j14=(2048+j14)V

Current lg = 60(0.9-j0.4357)=(54-j26.14) A
Currentinfeeder ABi.e. l,g = Io+15=(80—] 60) + (54— 26.14) = (134 - j 86.14) A
Drop in section AB = (134-86.14) (0.03+j0.04) =(7.46+] 2.78) V

Voltage drop from point A to point B = (7.46 +] 2.78) V
Example 41.42. A single-phase a.c. distributor 500 m long has a total impedance of (0.02 +
j0.04) Q and isfed from one end at 250V. It isloaded asunder :
(i) 50 Aat unity power factor 200 m from feeding point.
(if) 100 A at 0.8 p.f. lagging 300 m from feeding point.
(iif) 50 Aat 0.6 p.f. lagging at the far end.
Calculate the total voltage drop and voltage at the far end.  (Power System-I, AMIE, 1994)
Solution. First Method

Currentinsection AD (Fig. 41.52) isthe vec-
tor sum of the three load currents. \\Ak—200 m—| 100 m|«— 200—»| g
O currentinAD D @
= 50+100(0.8-j0.6) +50(0.6—) 0.8) l l
=160 -j100 50A 100 A 50 A

Impedance of section AD UPF. 0.8 Lag 0.6 Lag

= (200/500) (0.02 +j 0.04) Fig. 41.52

= (0.008 +j 0.016) W
Voltagedrop in section AD = (160 —j 100) x (0.008 +j 0.016) = (2.88 +j 1.76)V
Current in section DC = (160 -j100) - 50 = (110 —j100) A

Impedance of DC = (0.004 +j 0.008) Q

Dropin CD = (100 -j100) (0.004 +j 0.008) = (1.24 + 0.48) V

Currentin CB = 50(0.6-j0.8)=(30—j 40) A

Impedence of CB = (0.008 +j 0.016) Q

O dropin CB = (30-j40) (0.008 +j0.016) = (0.88 +0.16) V

Total drop = (2.88+)1.76) +(1.24+)0.48) + (0.88+j 0.16) = (5+j 2.4) V
Voltage at far end = (250+j0) - (5+j2.4)=245— 2.4 volt

Itsmagnitudeis

\245% + 2.4> =245V (approx)
Second Method

Wewill split the currentsinto their active and reactive components as under :
50x1 = 50A; 100x0.8=80A; 50x0.6=30A
These are shown in Fig. 41.51 (a). The reactive or wattless components are
50x0 = 0; 100x0.6=60A; 50x0.8=40A
Theseare shown in Fig. 41.53 (b). The resistances and reactances are shown in their respective
figures.
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\\: 0.02Q p \\: 0040 g
«———0.0120—»
A - B A C B
C ) 0
4—0.0089—{ l D=
v
40 A
S0A S0A 30A BOA

(@) (b)

Fig. 41.53

Drops due to active components of currents are given by taking moments
= 50 x 0.008 + 80 x 0.012 + 30 x 0.02=1.96 V
Drops due to reactive components = 60 x 0.024 + 40 x 0.04 = 3.04

Total drop =196+3.04=5V
Thisis approximately the same as before.
Third Method

The centre of gravity (C.G.) of theload is at the following distance from the feeding end
50 x 200 +100 %300 +50 x500
200

Value of resistance upto C.G.

Value of reactance upto C.G.

=325m

325 x 0.02/500 = 0.013 Q.
325 x 0.04/500 = 0.026 Q.

50x1+100 % 0.8 +50 x0.6 _
Averagep.f. = 500 =08

cosg, = 08;sn ¢,=06
Drop 200(0.013 x 0.8 + 0.026 x 0.6) =5.2V
Thisis approximately the same as before.

Example 41.43. A single-phase distributor, one km long has resistance and reactance per
conductor of 0.2 Q and 0.3 Q respectively. At the far end, the voltage Vg = 240V and the current is
100 A at a power factor of 0.8 lag. At the mid-point A of the distributor current of 100 A istapped at
a power factor of 0.6 lag with reference to the voltage V,, at the mid-point. Calculate the supply
voltage V¢ for the distributor and the phase angle between Vg and V.

Solution. Asshown in Fig. 41.54 (a), let SB be the distributor with A as the mid point. Total
impedance of the distributor is= (0.4 +j 0.6) Q.

Let the voltage Vg at point B be taken as the reference voltage.

O Vg = (240+jy)V ;1;=100(0.8-j0.6) =80—-j 60 A

Drop in section AB = (80-j60) (0.2+j0.3)=(34+j12) V

V, = Vg+dropover AB=(240+j0) +(34+)12) = (274+j12) V

The phase difference betweenV , and Vg is= tan ™t (12/274) = 2°30'

The load current 1, has lagging power factor of 0.6 with respectto V. It lagsV, by an angle
@=cos '(0.6) =53°8..

Hence, it lags behind V; by an angle of (53°8' — 2°30") = 50°38' as shown in the vector diagram
of Fig. 41.54 (b).
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Iy

le—(02+j03)Q —>|Ale—(02 +j 0.3)Q—>B

S
I,=100A I, =100 A

Fig. 41.54
|, = 100 (cos50°38 —jsin50°38") = (63.4 —-j77.3) A
| = 1,+1;=(80-)60)+(63.4—j77.3)=(143.4-]j137.3) A
Drop in section S, = (143.4-j137.3) (0.2 +) 0.3) = (69.87 +j 15.56)
Vg = V,+dropinsectionS,
= (274+]12) +(69.87 +)15.56) =343.9 +] 27.6 = 345 [15°28' V
Hence, supply voltageis 345V and lead Vg by 5°28'

Example41.44. A 1-phasering distributor ABC isfed at A. Theloadsat B and C are 20 A at
0.8 p.f. lagging and 15 A at 0.6 p.f. lagging respectively, both expressed with reference to voltage
at A. The total impedances of the sections AB, BC and CA are (1 + j1), (1 + j2) and (1 + j3) ohm
respectively. Find the total current fed at A and the current in each section.

(Transmission and Distribution-l1, Madras Univ.)

Solution. Thevenin'stheorem will be used to solve this problem. Thering distributor is shown
in Fig. 41.55 (a). Imagine feeder BC to be removed [Fig. 41.55 (b)].

Currentin AB=20(0.8-j0.6) = (16 —j12) A Currentin section AC = 15(0.6—j0.8) = (9 -j12)A
Dropover AB =(16-j12)(1+j1)=(28+j4) V Dropover AC=(9-j12)(1+j3) =(45+j15)V

Obvioudly, point C isat alower potential as compared to point B.
p.d. betweenBand C= (45+j15) - (28+j4)=(17+j11)V

Impedance of the network aslooked into from pointsBand Cis=(1+j1) +(1+)3)=(2+j4)Q..
The equivalent Thevenin’s sourceis shown in Fig. 41.55 (c) with feeder BC connected acrossiit.

17+ j11
2+j4)+@1+j2
CurrentinAB (16 -j12) + (26 -j1.53) =18.6 —-j 13.53=23F 36° A
CurrentinBC = (9-j12) -(26-j153) =6.4-j115=132F 60.9°A
Total current fed at point A = (16-j12) + (9-j12)=25-j24=346 3 43.8°A.

CurrentinBC =(26-j153) A
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Fig. 41.55

Example41.45. A 2-wirering distributor ABC issupplied at A at 400 V. Point loads of 20 A at
ap.f. of 0.8 lagging and 30 A at ap.f. 0.6 lagging are tapped off at B and C respectively. Both the
power factorsrefer tothevoltage at A. Therespective go-and-returnimpedances of sections AB,BC
and CAare(1+ j2) ohm, (2 + j3) ohmand (1 + j3) ohm. Calculate the current flowing through each
section and the potentials at B and C. Use Superposition theorem.

(Power Systems-, M.S. Univ. Baroda 1992)

Solution. The distributor circuit is shown in Fig. 41.56 (). Currentsin various sections are as
shown. First, consider theload at point B acting aloneasin Fig. 41.56 (b). Theinput current at point
A dividesin theinverseratio of theimpedances of the two paths AB and ACB.

Let the currentsbe |," and |,/

PSP (3 - RY R )

e B+ij6) _., .
=(16 - j12) x—4+j8 =12 -j9 A

@+ j3)(2+j3)+(@1+j3
) = (16-j12)-(12-j9)=(4-]j3)A
Now, consider the load at point C to act alone as shown in Fig. 40.56 (c). Let the currents now
bel,” and I,".

(16-j12) A

(b) (©)

Fig. 41.56

1" = (18 - j24) xi:‘jz =75-j7.5; 1, =(18-]24) - (7.5-j7.5)= (10.5-]16.5) A
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As per Superposition theorem, the current |, in section AB isthe vector sumof I," and I,".
o 1, =1/+1,"=(12-j9 +(75-j75) =(195-j16.5 A

L +1,"=(4-j3)+(105-)16.5) = (145-j195 A

"= 1,=(75-j75-(4-j3)=(35-j45 A

P

E

Potential of B = 400-—drop over AB
= 400- (19.5-j16.5)(1 +j2) =347.5-j225=348 [+ 3.7°V
Potential of C = 400-(145-j195)(1+j3)=327-j24=328[3 4.2°V

Example41.46. A 3-phasering main ABCD, fed fromend A, suppliesbalanced |oads of 50 A at
0.8 p.f. lagging at B, 120 Aat u.p.f. at Cand 70 Aat 0.866 p.f. lagging at D, theload currents being
referred to the voltage at point A.

The impedance per phase of the various line sections are :
section AB = (1+j0.6) Q ; sectionBC=(1.2+j0.9) Q
sectionCD = (0.8+j0.5) Q ; sectionDA=(3+)2) Q
Determine the currents in the various sections. (Electrical Power-I, Bombay Univ.)

Solution. One phase of the ring main is shown in Fig. 41.57. Let the current in section
AB=(x+jy)A.

50 A; 0.8 p.f.
1,
(1+j0.6)Q «— (2+j09 —» €
—» >
120 A
A B+2Q > 0.8+j0.5Q uwpf
T
70 A; 0.866 p.f.
Fig. 41.57

Currentin BC = (x +jy) — 50(0.8 —j0.6) = (x — 40) +j(y + 30)
Currentin CD = (x — 40) + j(y + 30) — (120 +j0) = (x — 160) + j(y + 30)
CurrentinDA = (x — 160) + j(y + 30) — 70(0.866 — j0.5) = (x — 220.6) + j(y + 65)
Applying Kirchhoff’svoltage law to the closed loop ABCDA, we have

(1+j0.6)(x +jy) + (1.2+0.9)

[(x = 40) +j(y + 30)] + (0.8 +j0.5)

[(x—160) +j(y +30)] + (3+]2)

[(x —220.6) +j(y +65)] =0
or (6x —4y+1009.8) +j(4x + 6y —302.2) =0
Since thereal (or active) and imaginary (or reactive) parts have to be separately zero.
O 6x—4y +1009.8 = 0 and 4x+6y—-3022=0
Solving for x and y, we get

x = 139.7andy =—-42.8

O Currentinsection AB = (139.7-j42.8) A

Currentinsection  BC = (139.7-40) +j(-42.8+30) =(99.7 -j12.8) A
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Currentinsection CD = (139.7-160) +j(-42.8+30) =(-20.3-j12.8) A
Currentinsection DA = (139.7 —220.6) +j (- 42.8 +65) = (- 80.9+j22.2) A

41.36. Load Division Between Parallel Lines

It is common practice to work two or more cables or overhead linesin parallel when continuity
of supply isessential. Inthe case of afault developing in oneline of cable, the other lines or cables
carry thetotal load till the fault isrectified.”

Let ustakethe case of twolinesin parallel and having impedancesof Z, and Z,,. Their combined
impedanceis
Z,XZ,

Zl + ZZ
If | isthe current delivered to both lines, then total drop =1Z = | x

/ =
ZlZZ
Z,+7Z,

If I, and |, are the respective currents flowing in the two lines, then
_ voltegedrop _ 1Z, = _. . _lz,
I, = 2 =Z.+2, Similarly, |, = Z,+2,

It may be noted that in the case of two impedances in parallel, it is convenient to take voltage
vector as the reference vector.

Example41.47. Atotal load of 12,000 kW at a power factor of 0.8 lagging is transmitted to a
substation by two overhead three-phase lines connected in parallel. One line has a conductor resis-
tance of 2 Q per conductor and reactance (lineto neutral) of 1.5 Q, the corresponding values for the
other linebeing 1.5 and 1.2 Q respectively. Calculate the power transmitted by each overhead line.

(London Univ.)

Solution. Let us assume aline voltage of 1000 kV for convenience.

Z, = (2+j15);Z,=(15+j1.2)Q
Total load current | = 12,000/v3 x 1000 x 0.8 = 8.66 A
Taking voltage along reference vector, we have | = 8.66 (0.8 —j0.6)
8.66(08-j06 @.5+j12) _ 4.437(6.882 - 5.39) A

T TRy j15a5+]12)
O power transmitted by 1st lineis
_ V3 _
W, = 10°x Toog <4437 x6.882 = 5,280 kW

8.66 (0.8 j 0.6) (2+ j 1.5)
(2+]15 (L5+12)

Similarly I, = = 4.437(8.75 - j6.75) A

= 10° x 1£o x 4.437 x8.75 = 6,720 kW

5,280 + 6,720 = 12,000 kW

=
[

Asacheck, total power

41.37. Suspension Insulators

Suspension insulators are used when transmission voltage is high. A number of them are con-
nected in seriesto form a chain and the line conductor is carried by the bottom most insulator.

AsshowninFig. 41.58 a‘cap’ type suspension insulator consists of a single disc-shaped piece
of porcelain grooved on the under surface to increase the surface leakage path. A galvanized cast
iron cap is cemented at the top of the insulator. In the hollow cavity of the insulator is cemented a
galvanized forged steel pin, the lower enlarged end of which fitsinto the cavity of the steel cap of the
lower suspension insulator and forms aball and socket connection.



A string of suspension insulators con-
sistsof many units, the number of unitsde-
pending on the value of the transmission
voltage. There exists mutual capacitance
between different units and, in addition,
thereis capacitance to ground of each unit
because of the nearness of the tower, the
cross-arm and theline. Dueto this capaci-
tanceto ground, thetotal system voltageis
not equally distributed over the different
units of the string. The unit nearest to the
line conductor carries the maximum per-
centage of voltage, thefigure progressively
decreasing as the unit nearest to the tower
is approached. The inequality of voltage
distribution between individual units be-
comes more pronounced as the number of
insulatorsincreases and it also depends on
the ratio (capacitance of insulator/capaci-
tance of earth).

String Efficiency
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ap,

Fig. 41.58

If there are n unitsin the string, then its efficiency is given by

total voltage across the string X100

%stringn =

n x voltage across unit adjacent the line

41.38. Calculation of Voltage Distribution along Different Units
Let, C = capacitance to ground
kC = mutual capacitance between units
The current and voltage distribution is as shown in Fig. 41.59. It isseen that

! v,
L= T = WKCVy; Similarly iy = 37 = = wCV,
Now, l,=1,+i;=wCV, (1+k)and V, = Ikzc_\@

Thecurrent i, is produced by the voltage combination of (V, +V.)

1+ kO O

Now, V,+V, = V4 @ =V,
At junction B, we have
3= 1,+i,= ooCV{ 1+k
@+ 3k +k?)
k

weV,

However, 1;= wkCVj;; O V,;=

1+2K] . . 1+ 2k
LR DiFe Oup 235G

a+ 2k)]
k

V(1+3k+k2)_ 3 10
P B el

Thecurrent i is produced by the voltage combination of (V, +V, + V)
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Now, V,;+V, +V .
g 1, ]
-\, g+ @1+Kk) (1+3k2+k )D .
5 K kK B M
kC -
O + 4k +3k?0 | g
0 i, = WCV,
i T
At junction C, we have C v,
I, = I +is= 0CV, o T
%{1+3k+k)+(1+4k+3k)g |
T R o
Now, = WKCV,, C v,
E{1+3k +k%)  (L+4k +3K3)0 kCo T
= + g I .
4
=V, §+g + 2 c v,
ep kC i T
For thefifthinsulator from thetop, we have 3 l

10,15 , 7 10
V=B e e
and so on.
If the string has n units, the total voltageis
given by
V=V +Vyo+Va+V,+ +V,)

O—

Line

Conductor

Fig. 41.59

Example 41.48. For a string insulator with four discs, the capacitance of the disc is ten times
the capacitance between the pin and earth. Calculate the voltage across each disc when used on a

66-kV line. Also, calculate the string efficiency.

(Power Systems-|, AMIE Sec. B, 1994)

Solution. Let C be the self-capacitance of each disc and kC the capacitance between each link

pin and earth. We are given that k = 10
Asseen from Art. 41.38,

Vv, = S2v=y
_ 3,10_131
V, = + 2 4 ==
3 Vl% k T 207100
6,5, 10_1561,,
= + =+ +
Va Vl% k k2 3H 100
131,, , 1561,, _ 4971
V= Vi#VaRVorVEVos oV e+ 1o =00
_, 1000 _ 66 1000
0 Vi = Voen= 3 em 7.66 kV
_ o1, 11, _
V, = v =1lx766 8.426 kV
v, = 18y =18,766 = 1003kv

100 100
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v, = 156l _1561, ;46 = 11.96kV

1000 1 1000

V 66 x100
——%x100=———= 7965 %
4%V, J3x4x11.96 ’

Example41.49. Explain what is meant by string efficiency and how it can beimproved. Each
line of a 3-phase, 33-kV systemis suspended by a string of 3 identical insulator discs. The capaci-
tance of each disc is 9 times the capacitance to ground. Find voltage distribution across each
insulator and the string efficiency. Suggest a method for improving the string efficiency.

(Power Systems-l, AMIE, Sec. B, 1993)

Solution. Let C be the self-capacitance of each disc and kC the mutual capacitance between the
units. Wearegiventhatk =9.

String n

V, =V, (1+kk) =DV
Total voltage, V = V1+V2+V3:V1+%V1+%V1:% A
0 % = %vl; 0 \e \/3;:‘20:5.51kv

V, = (10/9) V,=6.12KkV ; V, = (L09/8L)V, = 741KV
String efficiency = 3>\</v3 x100 = gi/7f1 x100 = 8%

The string efficiency can beimproved by providing aguard ring surrounding thelower-most unit
which is connected to the metal work at the bottom. Thisring increases the capacitance between the
metal work and theline and hel psin equalising the voltage distribution along the different units. The
efficiency can also be improved by grading the insulators and by making the ratio (capacitance to
earth/capacitance per insulator) as small as possible.

41.39. Interconnectors

An interconnector is atieline which enables two generating stations to operate in paralel. It
facilitates the flow of electric power in either direction between the two stations.

41.40. Voltage Drop Over the Interconnector

Let station 1 supply acurrent of 1 to station 2 along an interconnector having aresistance of RW
and reactance of XTW per phaseasshowninFig. 41.60(a). If thereceiving end p.f. iscos@lagging,
then the vector diagram will be as shown in Fig. 41.60 (b).

Voltage drop over the interconnector

| (cos@ —jsin@) (R+jX)

I (Rcos@+ X sin@) +jl (Xcos@—Rsing)

Ol (Rcos@ +X sin ¢ +jl (X cos @ Rsin ;%

[t

0 E 0

Letl cosp=Il and I sing=1 " where | and | qarethein-phase and quadrature components.

+ + =

_ %(IdR X))+ (1gX IqR)%><

B E

x100

% voltage drop =

O voltage drop 100
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) (I4R+14X)
O in-phase voltage drop = ————x100
2
(14X*=1R)
and quadraturevoltagedrop = ——————x100
2
I lequ
d IR
R X
@ yy—, ., @
Gen. Gen.
Load Load
@ (b)
Fig. 41.60

Example 41.50. The bus-bar voltages of two stations A and B are 33 kV and are in phase. If
station A sends 8.5 MW power at u.p.f. to station B through an interconnector having an impedance
of (3 + j4)Q, determine the bus-bar voltage of station A and the phase angle shift between the bus-
bar voltages.

Solution. With reference to Fig. 41.61,

Voltage of station B, Vg = 33,000/v3 = 19,050 V/phase

Since power transferred to station B is8.5 M W, current in the interconnector is

| = 85x10°V3=148.7 A
Taking Vg asthe reference vector, I 3 Ja
Vi = Vgtl(cosg-jsng R+X)  (a) i (8)
19,050 + 148.7 (1 —j0) (3+j4)
19,496 + j595 = 19,502 J1.75°

The line-to-line bus-bar voltage of station ]
Ais Fig. 41.61

= 19,502 x /3 =33.78kV

The phase-shift angle between bus-bar voltagesis 1.75°

Stn Stn

41.41. Sag and Stress Analysis

The conductors of a transmission line are attached to suitable insulators carried on supports of
wood, iron, steel or reinforced concrete. Obviously, the supports must be strong enough to withstand
not only the dead weight of the conductors themselves but also theloads duetoice and sleet that may
adhere to them and to wind pressure. Moreover, the minimum factor of safety for the conductors
should be 2.0 based on ultimate strength.

Sag and stresses vary with temperature on account of thermal expansion and contraction of the

line conductors. The value of sag aswell as tension of a conductor would now be calculated when
(i) supports are at equal levels and (ii) supports are at unequal levels.

41.42. Sag and Tension with Supports at Equal Levels

Fig. 41.62 shows aspan of awire with the two supports at the same elevation and separated by a
horizontal distance 2. It can be proved that the conductor AB formsacatenary with the lowest point
O forming the mid-point (where the curve is straight).



Let W betheweight of the
wire per unit length and let
point O be chosen as the
reference point for measuring
the co-ordinates of different
pointson the wire. Consider a
point P having co-ordinates of
xandy. ThetensionT at point
P can be resolved into two
rectangular components. T,

2 2
and T, sothat T = JT +T,.

If Sisthelength of thearc OP,
thenitsweight isWSwhich acts
vertically downward through
the centre of gravity of OP.
Therearefour forces acting on
OP—two vertical and two
horizontal. Since OP is in
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;l

N

Fig. 41.62

equilibrium, the net force is zero. Equating the horizontal and vertical components, we have,

To = T,andT,=Wg

It may be noted that the horizontal component of tension is constant throughout the length of the

wire:

Since line PT istangential

-
to the curve OB at point P, tan 6 = %
X

It is also seen from the elementary piece PP’ of the line that tan 6 = dy/dx

T
O dy/dx = tanf= T—yor dy/dx=WS/T, (i)
If PP' = dS thendS= ,/(dx)? +(dy )2 =dx /1 + (dy/dX)?

or

Integrating both sides, we

as ,,1+ [Idy /
dx DW SZEI

[T, 0

have x = EWHsi nh™ [WSD+ C

DTo 0

where C isthe constant of integration.

Now, when

O

x = 0,S=0. Puttingthesevaluesabove we find that C = 0.

EWHsmh - [ngor S= m snhDT\A—b% (i)
U lold

Substituting thisvalue of Sin Eq. (i),we get

dy = sinh %&E or dy:sinh%_l_\/\—b%dx

dx 0T O 0 Tol
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O
O = [sinh D—Ddx coshD—D +D
| OTo O EW H
where D isalso the constant of integration. At theoriginpoint O, x=0 and y =0. Hence, the above

equation becomes
T

0r,0 D\IA% 0
= + + - 0
0 ENHCOSh 0+D +H D O D= W

Substituting this value of D in the above equation, we get

MO, OGwd T, T, 0 Owd [
= COSh =—[— =, == [Coshg—+] -1 (il
YT BWHT L W W ST HTH S w

Thisis the equation of the curve known as catenary. Hence, when awire is hung between two
supports, it forms a catenary
(a) Thetension at point P (X, y) isgiven by

.o O
T = Tx2+Ty2=T02+W282: Toz * Toz SiNN aﬁa —from Eq. (iii)
2> O 20 _
= 02 d.+5|"lh Hﬁ% T —2cosh H_OH OT= T COSIE ?E ...(IV)
(b) Tension at points A and Bwherex =+ lisgivenby T =T, cosh (W, /T,) (V)

(c) The maximum sag is represented by the value of y at either of the two points A and B for
which x =+1 and x = — | respectively. Writingy =d, ., and putting x = | in Eq. (iii), we get,

T, 0 , OGO O

d. . = 2 m@osh=—1-1O ..(vi)
m T Wi HLH B
(d) Thelength of thewire or conductor in ahalf span isas seen from Eq. (ii) above,
S = O sinh DT—D

Approximate Formulae
The hyperbolic sine and cosine functions can be expanded into the following series

3 5 _7 2 A b
. z .72,z zZ .z
snhz= Z+37+ 57437+ and cosh z 1+§ *ate Y
Using the above, the approximate values of T d and Spointsat A and B may befound asfollows:
_ GMO_ 1 5 +w | -
(@) T = T,cosh DT_E_ oﬁl E—neglectmg higher powers
W~ ik WEE
= Ty+ aT,
o¥ 2TO 2T

0 T=T,—i.e tensionat the supportsis very approximately equal to the horlzontal tension
acting at any point on the wire.

T,0 omo O 1,8 wy2z 0 O
i d = -2 eosh =[-17=-2 +.0-10
" Wgr oo o W 12 ﬁ g
W _W? W2
= =" O =
It should be noted that W and T should be in the same unitsi.e. kg-wt or newton.
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T, . o T, wid O WEE N

(iii) S= 2sinh + DT—D:—O +—+..0d=l + —neglecting higher terms.
W 'o [ 0 6Tos E 6Toz

w32

31-2

Thetotal length of thewireaongthecurveisL =2S= 2| +

Thislength consists of the unstertched length L, and the stretch or extension.
O unstretchedlength L , = L —extension A L

_ TIA _2AT
Now, = A or Al EA
Substituting the value of T from therelationd = WIZ/2T, we have
_o2 WP _we Y
A=t 2dead - ¥ F Ead
O GOwd O T8 way O U
. - 2 mosh =0-10=2 + +..0-10
) Y= wg  oho DW% Pirs ﬁ g
2
or y = i —the equation of a parabola

It shows that the catenary curve formed by the sagging is very approximately like aparabolain
shape.

The above formulae are sufficiently accurate for al practical purposes provided sag islessthan
10% of the span.

Overhead cables are economical and easy to maintain, which are usually made of bare copper or aluminum
wires

41.43. Sag and Tension with Supports at Unequal Levels

Fig. 41.63 shows a span between two supports A and B whose elevations differ by n, their
horizontal spacing being 2| as before. Such spans are generally met with in a hilly country. Let O
be the lowest point of the catenary AOB. Obviously, OA is a catenary of half-span x, and OB of
half-span x,.
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B
T 4
T, h
A L
T _____________________ d,
d i
Moo~ |
(0]
«— X #I: Xy P>
Fig. 41.63
The equations derived in Art. 41.42 also apply to this case.
(i) Asseenfrom Eq. (vi) of Art. 41.42.
Ty [lem 0 .
= —= g: =010 —putting | = x
towg o0 0O '
T, O EWXZD 0 .
d, = 2 gosh =20-1 —putting | = x
> wWg H%hOf ’
; DWW, O DWW, O
(i) T, = T,cosh G—pand T, =T,cosh
1 0 T, o 2= 1o DD_TO E

It is obvious that maximum tension occurs at the higher support B.

- . DN, O
0 max. permissibletension = T, cosh DT—ZD
o

Approximate Formulae

Isisobvious that
To O DA, O
d,-d, = 2 gosh G=2[- coshDV\—b(%D hand x +x, =
> P WgE T g o o Ton 2
Using approximations similar to thosein Art. 41.42, we get

g, = Wa oW anddz\’\’—x2
0

21, 2T
(it has been assumed, as before, that T =T)

N
_|‘NN

W W W
O dy-d; = h:E (X22_X12): T (X2+X1)(X2_X1):? (% =%y)
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X,=Xy = CVI_T; Now, x, = x; = hT/Wl and x, + x, = 2|

= 1-T and x, =1+

hT ,
X; W

M

Having found x, and x,, values of d, and d, can be easily calculated. It isworth noting that in
some cases, X, may be negative which means that there may be no horizontal point (like point O) in
the span. Such athingisvery likely to happen when the line runs up a steep mountain side.

41.44. Effect of Wind and Ice

Intheformulae derived
sofar, effect of iceand wind
loading has not been taken
into account. Itisfound that
under favourable atmo-
spheric conditions, quite an
appreciable thickness of ice
is formed on transmission
lines. Theweight of iceacts
vertically downwardsi.e. in
the same direction as the
weight of the conductor it-
self as shown in Fig. 41.64.
In addition, there may be
high wind which exerts con-
siderable force on the con-
ductor. This force is sup-
posed to act in a horizontal
direction. If W; istheweight
of ice per unit length of the

:
N —
TN

[ | i
L

-r.

i
i
L]

Effects of wind, ice and snow are important considerations while
designing electric cables

conductor and W, the force per unit Iength exerted by thewind, then total weight of the conductor per

Ice Covering

N

(a)

unitlengthis

Conduct W,
onductor Wt = (W+W,)2+W‘,5

Itisobviousthat inall equa-
tions derived in Art. 41.42 and
41.43, W should bereplaced by
Wt. AsseenfromFig. 41.64 (b),
the conductor sets itself in a
plane at an angle of B = tan™*

wew) T [W/W + W)] to the vertical
' but keeps the shape of a cat-
(b) .
enary (or a parabola approxi-
Fig. 41.64 mately).

Note. (i) If Pisthe wind pressure per unit projected area of the conductor, then wind load or
force per unit length of the ice-covered conductor is

W, = Px(D+2R)xI=PxD —if conductor is without ice

*  If weput h=0i.e. assume supports at the same level, then as expected x, = x, =|
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(i) Iceisintheform of ahollow cylinder of inner diameter = D and outer diameter = (D + 2R).
Hence, volume per unit length of such acylinder is

= %[(D+2R)2—D2] x1= %‘ (4DR+4R%) =TR(D + R)

If pistheice density, then weight of ice per unit length of the conductor is
W =pxvolume=TipR(D + R)
When ice and wind |oads are taken into account, then the approximate formulae derived in Art.
41.42 become

r’ 2T
Here ‘d’ represents the slant sag in a direction making an angle of 6 with the vertical. The
vertical sag would be = d cos 6.
Similarly, formulae givenin Art. 41.43 become

2
W.x . WX hT

- = 0 =1-—— andx, =1+

ar 2T AT T T T T

Example41.51. Atransmission line conductor at ariver crossing is supported from two towers
at heights of 70 mabove water level. The horizontal distance between towersis300 m. If thetension
in conductor is 1,500 kg, find the clearance at a point mi dwasy between the towers. The size of
conductor is0.9 cn’. Density of conductor material is8.9 g/cm” and suspension length of the string
iS2 metres.

Solution. Sag, d = WI%2T
| =150m, W=1Ap=2x (0.9 x 10%) x (8.9 x 10%) = 0.8 kg wt; T = 1500 kg wt
d=WI%2T = 0.8 x 150%/2 x 1500 = 6 m
Clearance between conductor and water at mid-way between the towers
= 70-6-2=62m
Example 41.52. The effective diameter of a lineis 1.96 cm and it weighs 90 kg per 100 metre
length. What would be the additional loading dueto ice of radial thickness 1.25 cmand a horizontal

wind pressure of 30 kg/n” of projected area? Also, find the total weight per metre run of the line.
Density of iceis 920 kg/m”.

2 23 2
g = M s:1+\’\4?'2 and y="0C

hT

d

Solution. It should be noted that weights of the conductor and ice act vertically downwards
whereas wind pressure is supposed to act horizontally. Hence, the total force on one metre length of
the conductor is found by adding the horizontal and vertical forces vectorially.

0 total weight w, = 4/(\N+v\4)2 +W2, W, =mpR(D+R)

Here p = 920kg/m®, R=0.0125m; D =0.0196m
W,,=P(D + 2R) = 30(0.0196 + 2 x 0.0125) = 1.34 kg wt/m; W = 90/100 = 0.9 kg wt/m

O W = 71 x920 x 0.0125(0.0196 + 0.0125) = 1.16 kg wt/m

O W = Jw +W)? +WE =09 +1.16)° +1.34° = 2.46kgwi/m

Example 41.53. A transmission line has a span of 150 metres between supports, the supports
being at the same level. The conductor has a cross-sectional area of 2 cn. The ultimate strength is
5,000 kg/cmz. The specific gravity of the material is8.9. If thewind pressureis 1.5 kg/mlength of
the conductor, calculate the sag at the centre of the conductor if factor of safety is 5.

(Electrical Technology-I, Bombay Univ.)
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breaking or ultimate stress
working stress
0  working stress = 5,000/5 10° kg/cmz; Working tension, T = 10% x 2 = 2,000 kg wt.
Vol. of one metre length of conductor = 2 x 100 = 200 cm?®
Wt. of 1 mof material = 8.9 x 200 g or W = 8.9 x 200/1,000 = 1.98 kg-wt.

Solution. Safety factor

Total Wt. per metre \/Wz +WV§ = \/1.982 +15% =2.48kg-wt
Now d = WIZ2T = 2.48 x (150/2)%/2 x 2,000 = 35 metre

Example 41.54. A transmission line has a span of 200 metres between level supports. The
conductor has a cross-sectional area of 1.29 cn?, weighs 1,170 kg/km and has a breaking stress of
4,218 kg/cm’. Calculate the sag for a factor of safety of 5 allowing awind pressure of 122 kg per m?
of projected area. What is the vertical sag?

(Transmission and Distribution-I1, Kerala Univ.)

breaking or ultimate stress

working stress
4,218/5 = 843.6 kg/cm?
Working tension T = 843.6 x 1.29 = 1,088 kg.wt
O W = 1,170 kg/lkm = 1.17 kg.wt/metre
Let us now find diameter of the conductor from the equation

w4 = 129 o d=128cm

0 Projected areaof the conductor per metre lengthis=1.28 x 102 x 1 = 1.28 x 102 m*

Solution. Safety factor =

working stress

W, = 122 x 1.28x 10 = 1.56 kg-wt/m
0 W, = W2 +w? =117% +156> =195 kg-wt/m
Slant sag d = W/J%/2T = 1.95 x 100°/2 x 1088 = 8.96 m
Now, tan® = W, /W=156/1.17=1333;6=53.2°

O vertical sag = d cos53.2° =8.96 x 0.599 =53 m

Example 41.55. A transmission line has a span of 214 metres. The line conductor has a cross-
section of 3.225 cn” and has an ultimate breaking strengh of 2,540 kg/cn®. Assuming that the line
is covered with ice and provides a combined copper and ice load of 1.125 kg/m while the wind
pressure is 1.5 kg/m run (i) calculate the maximum sag produced. Take a factor of safety of 3

(i) also determine the vertical sag. (Electrical Power Systems, Gujarat Univ.)
Solution. (i) Maximum sag in adirection making an angle of 6 (Fig. 41.64) isd = WtI2/2T
Here, W+Wi = 1.125kg-wt/m; Ww =1.5kg-wt/m

W, = \[1.125° +15° = 1.874 kg-wt/m; | = 214/2 = 107 m

_ultimate breaking stress
- working stress

2,540/3 = 847 kg-wt/cm?

Safety factor

O working stress

Permissibletension T = 847 x 3.225 = 2,720 kg-wt
O d = 1.874x 10742 % 2,720=3.95m
(i) Now tan® = W, /(W +W)=15/1.125=0.126;6=53.2° ; cos® =0.599

dcosB® =3.95x0599=235m

O vertical sag
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Example 41.56. Two towers of height 30 and 90 m respectively support a transmission line
conductor at water crossing. The horizontal distance between the towersis 500 m. If thetensionin
the conductor is 1,600 kg, find the minimum clearance of the conductor and the clearance of the
conductor mid-way between the supports. Weight of the conductor is 1.5 kg/m. Bases of the towers

2T " 2x1600 '™ ToToToToToToToToIoToToToToToToToToToTonos

As seen from Fig. 41.65, clearance of the Fig. 41.65
lowest point O from the water level
=30-7=23m
The horizontal distance of mid-point P from the reference point O isx = (250 — 122) = 128m*.
The height of the point P above Ois

4. = W _15x128% o
mid 2T 2x1600

Hence, clearance of mid-point above water level is23 + 7.68 = 30.68 m

can be considered to be at the water level. (Electrical Power-1, Bombay Univ.)
. hT
Solution. X, = | ———
1 I ZIVI
Here, | = 500/2=250m
h =90-30=60m
T = 1,600 kg-wt ;
W = 1.5kg-wt/m
_ _ 60x1,600
O x = 20 5% 250
= 250-128=122m
X, = 250+128=378m
Wj _15x122° _

d, =

Example41.57. Anoverheadtransmission lineat ariver crossing is supported fromtwo towers
at heights of 50 mand 100 m above the water level, the horizontal distance between the towersbeing
400 m. If the maximum allowable tension is 1,800 kg and the conductor weighs 1 kg/m, find the
clearance between the conductor and water at a point mid-way between the towers.

(Power System-I, AMIE, Sec. B, 1994)

Solution. Here,h= 100-50=50m;

| =400/2 =200 m 2
T = 1800 kg-wt T
W = 1kg-wt/m p d,
hT
Xl = =5 A dmid L
e o__-—--4  _ _ v _____ |
_ _ 50x1800
= 200 %200 S
— —25m —>x; =25 m¢—
X, =425 m——p
_ hT
X = |+m 200 + 225
- 425m e

1 . 1
5 (x,—x)). Inthiscase, x = 5 (378 -122) =128 m
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Since x, turns out to be negative, point A lies on the same side of O as B (Fig. 41.66). Distance
of mid-point Pfrom Oisx = (425 + 25) = 225 m. Hence, height of P above Ois

Wi 1x 2252
o W 1x225° g,
dva = T T2x1800
WS 1x 4257
_ W _1X4% 5o
Now, d = 57 T2x1800

Hence, P is (50.2-14) = 36.2 m below point B. It means that mid-point P is (100 — 36.2)
= 63.8 m above water level.

Example41.58. A conductor isstrung acrossariver, being supported at the two ends at heights
of 20 mand 16 mrespectively, fromthe bed of theriver. The distance between the supportsis375m
and the weight of the conductor = 1.2 kg/m.

If the clearance of the conductor from the river bed be 9 m, find the horizontal tension in the
conductor. Assume a parabolic configuration and that there is no wind or ice loading.

(Electrical Power-I, Bombay Univ.)

Solution. Here, | = 375/2=1875m; h=20-16=4m; W =1.2kg-wt/m; T=7?
_hT _ _ 4xT _ _ T
x = 1~ TS o waers 80 Tiizs
or X, = (187.5-m) where m=T/1125
2
Also, d,+9 =16 or d1:7:\/\?b(1

_1.2(1875-m)? o _
O 7 = e m (v 2T =2mx 112.5 = 225 m)
or 12m’- 2,025m +42,180= 0 or m = 1,677 or 10.83
Rejecting the bigger value which is absurd, we have

m = 10.83 or T/1125=10.83 or T =1,215kg-wt/m

Tutorial Problem No. 41.3

1.  Show diagrammatically thedistribution of electrostatic capacitancein a3-core, 3-phase |ead-shesthed
cable.
The capacitance of such a cable measured between any two of the conductors, the sheathing being
earthed, is 0.3 pF per km. Find the equivalent star-connected capacitance and the kVA required to
keep 10 km of the cable charged when connected to 20,000-V, 50 Hz bus-bars. [0-6 p F; 754 kVA]
2. The 3-phase output from a hydro-electric station is transmitted to a distributing centre by two over-
head lines connected in parallel but following different routes. Find how atotal load of 5,000 kKW at
ap.f. of 0.8lagging would divide between the two routesif the respectivelineresistancesare 1.5 and
1.0 Q and their reactances at 25 Hz are 1.25 and 1.2 Q.
[2,612 kW ; 2,388 kW](City & Guilds, London)
3. Two 3-phase cables connected in parallel supply a6,600-V, 1,000-kW load at alagging power factor
of 0.8. The current in one of the cablesis 70 A and it delivers 600 kW. Calculate its reactance and
resistance, given that the other cable has reactance of 2.6 Q and aresistance of 2 Q.
[R=.795Q; X = 1.7 Q] (London Univ.)
4. A concentric cable has aconductor diameter of 1 cm and an insulation thickness of 1.5 cm. Find the
maximum field strength when the cableis subjected to atest pressure of 33 kV.
[47.6 kV/ecm (r.m.s) or 67.2 kV/cm (peak)] (London Univ.)
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A single-phasering distributor XYZ isfedat X. Theloadsat Y and Z are20 A at 0.8 p.f. lagging and
15 A at 0.6 pf. lagging respectively, both expressed with reference to voltage at X. The total
impedances of thethree sections X Y, YZand ZX are(1+j1), (1 +j2) and (1 +j3) ohmsrespectively.
Find thetotal current fed at X and the current in each section with respect to suply voltage at X.
(Allahabad Univ.)
[34.6 0 438°A; AXY=2313 32°A,AXZ=131EF 60.8°. YZ=301EF 305°A]
A single-phase distributor has a resistance of 0.2 ohm and reactance 0.3 ohm. At the far end, the
voltage Vg = 240 volts, the current is 100 A and the power factor is0.8. At the mid point A, current
of 100 A is supplied at a power factor 0.6 with reference to voltage V, at point A. Find supply
voltage V g and the phase angle between Vg and Vg. [292 'V, 2.69
Estimate the corona loss for a 3-phase 110-kV, 50-Hz, 150-km long transmission line consisting of
three conductors, each of 10 mm diameter and spaced 2.5 metre apart in an equilateral triangle
formation. Thetemperature of air is 30°C and the atmospheric pressureis 750 mm of mercury. Take
theirregularity factor as 0.85. [385 kW](AMIE)
A transmission line conductor at ariver crossing is supported from two towers at heights of 20 m and
60 m above water level. The horizontal distance between the towersis 300 m. If thetension in the
conductor is 1800 kg and the conductor weighs 1.0 kg per metre, find the clearance between the
conductor and the water level at a point mid-way between the towers. Use approximate method.
(18.75 m) (AMIE)
Show that the positive and negative sequence impedances of transmission lines are same where
as its zero sequence impedance is higher than positive sequence impedance.
(Nagpur University, Summer 2004)
A 132 kV, 3 phase, 50 Hz overhead line of 100 km length has a capacitance to earth of each line
of 0.01 pF/km. Determine inductance and kVA rating of the arc suppression coil suitable for this
system. (Nagpur University, Summer 2004)

OBJECTIVE TESTS —41

. With same maximum voltage between conduc-
tors, the ratio of copper volumesin 3-phase, 3-
wire system and 1-phase, 2-wire systemis
(a) 4/3 (b) 3/4
(c) 5/3 (d) 35

. Thevolumeof copper required for anac. trans-
mission lineisinversely proportional to
(a) current (b) voltage
(c) power factor (d) both (b) and (c)
(e) both (a) and (c).

. For ac. transmission lines lessthan 80 kmin
length, it is usual to lump the line capacitance
at

(a) thereceiving end
(b) the sending end
(c) the mid-point
(d) any convenient point.
. Coronaoccurs between two transmission wires
when they
(a) areclosely-spaced
(b) arewidely-spaced
(c) havehigh potential difference

(d) carry d.c. power.

. Theonly advantage of coronaisthat it

(a) makesline current non-sinusoidal

(b) works as a safety-valve for surges
(c) betraysits presence by hissing sound
(d) produces a pleasing luminous glow.

. The sag produced in the conductor of atrans-

mission wire depends on

(a) weight of the conductor per unit length
(b) tension in the conductor

(c) length of the conductor

(d) al of the above

(e) none of the above.

. Suspension insulators are used when transmis-

sion voltageis
(@) high (b) low
(c) fluctuating (d) steady

. The string efficiency of suspension insulators

can be increased by
(a) providing aguard ring
(b) grading the insulators
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(c) using identical insulator disc

(d) both (a) & (b).

Aninterconnector between two generating sta-
tionsfacilitates to

(a) keep their voltage constant

(b) runthemin paralel

(c) transfer power in either direction

(d) both (b) & (c)

The effective disruptive critical voltage of a
transmission line does NOT depend on

(@) irregularity factor

(b) conductor radius

(c) distance between conductors
(d) material of the conductors.

By which of the following systems electric

power may be transmitted?

(a) Overhead system

(b) Underground system

(c) Both (&) and (b)

(d) None of the above

....... are the conductors, which cannect the
consumer's terminals to the distribution

(a) Distributors

(b) Service mains

(c) Feeders

(d) None of the above

The underground system cannot be operated

above

(a) 440V (b) 11 kv

() 33kV (d) 66 kv

Overhead system can be designed for

operation upto

(@) 11 kv (b) 33 kv

(c) 66 kV (d) 400 kv

If variable part of annual cost on account of

interest and depreciation on the capital outlay

isequal to the annual cost of electrical energy

wasted in the conductors, the total annual cost

will be minimum and the corresponding size

of conductor will be most economical. This

statement is known as

(a) Kelvin's law (b) Ohm's law

(c) Kirchhoff'slaw (d) Faraday's law

(e) none of the above

The wooden poles well impregnated with

creositeoil or any preservative compound have

life

(a) from 2 to 5 years

(b) 10 to 15 years

() 25to 30 years

(d) 60 to 70 years

Which of the following materials is not used

18.
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for transmission and distribution of electrical
power?

(a) Copper

(b) Aluminium

(c) Sted

(d) Tungsten

Galvanised steel wire is generaly used as
(a) stay wire

(b) earth wire

(c) structura components

(d) dl of the above

The usua spans with R.C.C. poles are

(a) 40-50 metres

(b) 60-100 metres

(c) 80-100 metres

(d) 300-500 metres

The coronais considerably affected by which
of the following?

(a) Size of the conductor

(b) Shape of the conductor

(c) Surface condition of the conductor

(d) All of the above

Which of thefollowing are the constants of the
transmission lines?

(a) Resistance

(b) Inductance

(c) Capacitance

(d) All of the above

%age regulation of atransmission lineisgiven

by

Vg = Vs

(a) x 100

VR2
VASIVA
VR

(b) x 100

Ve - Vi
Vs

(© x 100

Vs —Vr

(d) x 100

VR2

where Vg and Vi are the voltages at the
sending end and receiving and respectively.
The phenomenon of rise in voltage at the
receiving end of the open-circuited or lightly
loaded line is called the

(a) Seeback effect

(b) Ferranti effect

() Raman effect

(d) none of the above
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The square root of the ratio of line impedance

and shunt admittance is called the

(a) surge impedance of the line

(b) conductance of the line

(c) regulation of the line

(d) none of the above

Which of the following is the demerit of a

‘constant voltage transmission system’?

(a) Increase of short-circuit current of the
system

(b) Availahility of steady voltage at al loads
a the line terminals

(c) Possihility of better protection for theline
due to possible use of higher terminal
reactances

(d) Improvement of power factor at times of
moderate and heavy loads

(e) Possibility of carrying increased power
for agiven conductor sizein case of long-
distance heavy power transmission

Low voltage cables are meant for use up to

(@ 11kVv

(b) 3.3 kV

(c) 6.6 kv

(d) 11 kv

The operating voltage of high voltage cables

is upto

(@ 11kVv

(b) 3.3 kV

(c) 6.6 kv

(d) 11 kv

The operating voltage of supertension cables

is upto

(a) 3.3 kV

(b) 6.6 kV

(o 11 kv

(d) 33 kV

The operating voltage of extra high tension

cables is upto

(a) 6.6 kv

(b) 11 kV

(c) 33kV

(d) 66 kv

(e) 132 kV

Which of the following methods is used for

laying of underground cables?

(a) Direct laying

(b) Draw-in-system

(c) Solid system

(d) All of the above

Which of the following is the source of heat

generation in the cables?

(a) Dielectric losses in cable insulation

(b) 12R losses in the conductor

(c) Losses in the metallic sheathings and
armourings

32.

33.

35.

36.

37.

38.

39.

(d) All of the above

Due to which of the following reasons the

cables should not be operated too hot?

(@) Theoil may looseits viscosity and it may
start drawing off from higher levels

(b) Expansion of the il may cause the sheath
to burst

() Unequal expansion may create voids in
theinsulation which will lead toionization

(d) The thermal instability may rise due to
the rapid increase of dielectric losses with
temperature

Which of the following D.C. distribution

system isthe simplest and lowest in first cost?

(a) Radial system

(b) Ring system

(c) Inter-connected system

(d) Non of the above

A booster is a

(a) series wound generator

(b) shunt wound generator

(c) synchronous generator

(d) none of the above

Besides a method of trial and error, which of

the following methods is employed for

solution of network problemsin interconnected

system?

(a) Circulating current method

(b) Thevenin's theorem

(c) Superposition of currents

(d) direct application of Kirchhoff's laws

(e) All of the above

Which of the following faultsis most likely to

occur in cables?

(a) Cross or short-circuit fault

(b) Open circuit fault

(c) Breakdown of cable insulation

(d) dl of the above

The cause of damage to the lead sheath of a

cable is

(a) crystallisation of the lead through
vibration

(b) chemical action on the lead when

() mechanica damage

(d) dl of the above

The voltage of the single phase supply to

residential consumers is

(a) 110 V

(b) 210 V

(c) 230V

(d) 400 Vv

Most of the high voltage transmission linesin

India are

(a) underground

(b) overhead
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(c) either of the above

(d) none of the above

The distributors for residential areas are
(a) single phase

(b) three-phase three wire

(c) three-phase four wire

(d) non of the above

The conductors of the overhead lines are
(a) solid

(b) stranded

(¢) both solid and stranded

(d) none of the above

High voltage transmission lines use

(a) suspension insulators

(b) pin insulators

(c) both (a) and (b)

(d) none of the above

Multicore cables generally use

(a) sguare conductors

(b) circular conductors

(c) rectangular conductors

(d) sector-shaped conductors

(e) none of the above

Distributio lines in India generaly use
(a) wooden poles

(b) R.C.C. poles

(c) steel towers

(d) none of the above

The material commonly used for insulation in
high voltage cables is

(a) lead

(b) paper

(c) rubber

(d) none of the above

Theloadson distributors systems are generally
(a) balanced

(b) unbalanced

(c) either of the above

(d) none of the above

The power factor of industrial loads is
generdly

() unity

(b) lagging

(c) leading

(d) zero

Overhead lines generaly use

(a) copper conductors

(b) al aluminium conductors

(¢) A.C.SR. conductors

(d) none of these

In transmission lines the cross-arms are made
of

(a) copper

(b) wood

(o0 R.C.C.

50.
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(d) sted

Thematerial generally used for armour of high

voltage cables is

(a) auminium

(b) sted

(c) brass

(d) copper

Transmission line insulators are made of

(a) glass

(b) porcelain

(¢) iron

(d) PV.C.

The material commonly used for sheaths of

underground cables is

(a) lead

(b) rubber

(c) copper

(d) iron

The minimum clearance between the ground

and a 220 kV line is about

(@) 43 m

(b) 55 m

(0 7.0m

(d) 105 m

The spacing between phase conductors of a

220 kV line is approximately equal to

(@ 2m

(b) 35 m

(c) 6m

(d 85m

Large industrial consumers are supplied

electrical energy at

(a) 400 VvV

(b) 11 kv

(c) 66 kV

(d) 400 kv

InaD.C. 3-wire distribution system, balancer

fields are cross-connected in order to

(a) boost the generated voltage

(b) balance loads on both sides of the neutral

() make both machines run as unloaded
motors

(d) equalize voltages on the positive and
negative outers

In a D.C. 3-wire distributor using balancers

and having unequal loads on the two sides

(a) both balancers run as generators

(b) both balancers run as motors

(c) balancer connected to lightly-loaded side
runs as a motor

(d) balancer connected to heavily-loaded side
runs as a motor

Transmitted power remaining the same, if

supply voltae of a D.C. 2-wire feeder is

increased 100 percent, saving in copper is
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(a) 25 percent

(b) 50 percent

(c) 75 percent

(d) 100 percent

A uniformly-loaded D.C. distributor is fed at
both ends with equa voltages. As compared
to asimilar distributor fed at one end only, the
drop at a middle point is

(a) one-fourth

(b) one-third

(c) one-half

(d) twice

(e) none of the above

As compared to a 2-wire D.C. distributor, a
3-wire distributor with same maximum
voltage to earth uses only

(a) 31.25 percent of copper

(b) 33.3 percent of copper

(c) 66.7 percent of copper

(d) 125 percent of copper

Which of the following is usually not the
generating voltage?

(a) 6.6 kV

(b) 8.8 kV

(o 11 kv

(d) 13.2 kV

For an overhead line, the surge impedance is
teken as

(a) 2040 ohms

(b) 70-80 ohms

() 100-200 ohms

(d) 500-1000 ohms

(e) none of the above

The presence of ozone due to corona is
harmful because it

(a) reduces power factor

(b) corrodes the material

(c) gives odour

(d) transfer energy to the ground

(e) none of the above

A feeder, in atransmission system, feeds power
to

(a) distributors

(b) generating stations

(c) service mains

(d) dl of the above

The power transmitted will be maximum when
(a) corona losses are minimum

(b) reactance is high

(c) sending end voltage is more

(d) receiving end voltage is more

A 3-phase 4 wire system is commonly used on
(a) primary transmission

(b) secondary transmission

(c) primary distribution

67.
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(d) secondary distribution

Which of the following materials is used for
overhead transmission lines?

(a) Steel cored auminium

(b) Galvanised steel

(c) Cadmium copper

(d) Any of the above

Which of the following is not a constituent for
making porcelain insulators?

(a) Quartz

(b) Kaolin

(c) Felspar

(d) Silica

There is a greater possibility of occurence of
corona during

(a) dry weather

(b) winter

() summer heat

(d) humid weather

(e) none of the above

Which of the following relaysis used on long
transmission lines?

(a) Impedance reay

(b) Mho's relay

(c) Reactance relay

(d) None of the above

The steel used in steel cored conductors is
usually

(a) dloy sted

(b) stainless steel

(c) mild steel

(d) high speed steel

(e) dl of the above

Which of the following distribution system is
more reliable?

(a) Radial system

(b) Tree system

() Ring main system

(d) All are equally reliable

Which of the followin characteristics should
theline supportsfor transmission lines possess?
(a) Low cost

(b) High mechanical strength

(¢) Longer life

(d) All of the above

Transmission voltage of 11 kV is normally
used for distance upto

(@) 2025 km

(b) 40-50 km

(c) 60-70 km

(d) 80-100 km

which of the following regulations is
considered best?

(a) 50%

(b) 20%
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(o) 10%

(d) 2%

Skin effect is proportiona to

(a) (conductor diameter)®

(b) (conductor diameter)3

(c) (conductor diameter)?

(d) (conductor diameter)Y2

(e) none of the above

A conductor, due to sag between two supports,

takes the form of

(a) semi-circle

(b) triangle

(c) elipse

(d) catenary

InA.C.S.R. conductors, theinsulation between

auminium and steel conductors is

(a) insulin

(b) bitumen

(¢) varnish

(d) no insulation is required

Which of the following bus-bar schemes has

the lowest cost?

(a) Ring bus-bar scheme

(b) Single bus-bar scheme

(c) Breaker and a hlaf scheme

(d) Main and transfer scheme

Owing to skin effect

(a) current flows through the half cross-
section of the conductor

(b) portion of the conductor near the surface
carries more current and core of the
conductor carries less current

(c) portion of the conductor near the surface
carries less current and core of the
conductor carries more current

(d) none of the above

By which of the following methods string

efficiency can be improved?

(a) Using a guard ring

(b) Grading the insulator

(c) Using long cross arm

(d) Any of the above

() None of the above

In aluminium conductors, steel core is

provided to

(a) compensate for skin effect

(b) neutralise proximity effect

(c) reduce line inductance

(d) increase the tensile strength

By which of the following a bus-bar is rated?

(@) Current only

(b) Current and voltage

(c) Current, voltage and frequency

(d) Current, voltage, frequency and short time

current
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A circuit is disconnected by isolators when
(@) line is energize

(b) there is no current in the line

(c) lineison full load

(d) circuit breaker is not open

For which of the following equipment current
rating is not necessary?

(a) Circuit breakers

(b) Isolators

(c) Load break switch

(d) Circuit breakers and load break switches
In a substation the following equipment is not
installed

(a) exciters

(b) series capacitors

(c) shunt reactors

(d) voltage transformers

Corona usuall occurs when the electrostatic
stress in air around the conductor exceeds
(a) 6.6 kV (r.m.s. value)/cm

(b) 11 kV (r.m.s. value)lcm

() 22 kV (maximum value)/cm

(d) 30 kV (maximum value)/cm

The voltage drop, for constant voltage
transmission is compensated by installing
(a) inductors

(b) capacitors

(c) synchronous motors

(d) al of above

(e) none of the above

The use of strain typeinsulatorsis made where
the conductors are

(a) dead ended

(b) at intermediate anchor towers

(c) any of the above

(d) none of the above

The current drawn by the line due to corona
losses is

(@) non-sinusoidal

(b) sinusoidal

(c) triangular

(d) square

Pin type insulators are generally not used for
voltages beyond

(@ 1kv

(b) 11 kv

(0 22 kv

(d) 33 kV

Aluminium has a specific gravity of

(8 15

(b) 2.7

(o 4.2

(d) 7.8

For transmission of power over a distance of
200 km, the transmission voltage should be
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(a) 132 kv

(b) 66 kV

() 33kV

(d) 11 kv

For aluminium, as compared to copper, all the

following factors have higher values except

(a) specific volume

(b) electrical conductivity

(c) co-efficient of linear expansion

(d) resistance per unit length for same cross-
section

Which of the following equipment, for

regulating the voltage in distribution feeder,

will be most economical?

(a) Static condenser

(b) Synchronous condenser

(c) The changing transformer

(d) Booster transformer

In atap changing transformer, the tappings are

provided on

(&) primary winding

(b) secondary winding

(¢) high voltage winding

(d) any of the above

Constant voltage transmission entails the

following disadvantage

(a) large conductor areais required for same
power transmission

(b) short-circuit current of the system is
increased

(c) either of the above

(d) none of the above

On which of the following factors skin effect

depends?

(a) Frequency of the current

(b) Size of the conductor

(c) Resistivity of the conductor material

(d) All of the above

The effect of corona can be detected by

(a) presence of zone detected by odour

(b) hissing sound

(c) faint luminous glow of bluish colour

(d) dl of the above

for transmission of power over a distance of

500 km, the transmission voltage should bein

the range

(a) 150 to 220 kV

(b) 100 to 120 kV

(c) 60 to 100 kV

(d) 20 to 50 kv

In the analysis of which of the following lines

shunt capacitance is neglected?

(@) Short transmission lines

(b) Medium transmission lines

(c) Long transmission lines

102.
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(d) Modium aswell aslong transmission lines

When the interconnector between two stations

has large reactance

(a) thetransfer of power will take place with

voltage fluctuation and noise

(b) thetransfer of power will take place with
least loss

(c) the stations will fall out of step because
of large angular displacement between the
stations

(d) none of the above

Thefrequency of voltage generated, in case of

generators, can be increased by

(a) using reactors

(b) increasing the load

(c) adjusting the governor

(d) reducing the terminal voltage

(e) none of the above

When an aternator connected to the bus-bar

is shut down the bus-bar voltage will

(a) fall

(b) rise

(c) remain uncharged

(d) none of the above

The angular displacement between two

interconnected stations is mainly due to

(a) armature reactance of both alternators

(b) reactance of the interconnector

(c) synchronous reactance of both the
dternators

(d) dl of the above

Electro-mechanical voltage regulators are

generaly used in

(a) reactors

(b) generators

(c) transformers

(d) dl of the above

Series capacitors on transmission lines are of

little use when the load VAR requirement is

(a) large

(b) small

(c) fluctuating

(d) any of the above

The voltage regulation in magnetic amplifier

type voltage regulator is effected by

(a) electromagnetic induction

(b) varying the resistance

(c) varying the reactance

(d) variable transformer

when a conductor carries more current on the

surface as compared to core, it is due to

(a) permeability variation

(b) corona

(c) skin effect

(d) unsymmetrical fault
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() none of the above

The following system is not generally used

(a) 1-phase 3 wire

(b) 1-phase 4 wire

(c) 3-phase 3 wire

(d) 3-phase 4 wire

The skin effect of a conductor will reduce as

the

(a) resigtivity of conductor material increases

(b) permeability of conductor material
incresses

(c) diameter increases

(d) frequency increases

When alive conductor of public electric wupply

breaks down and touches the earth which of

the following will happen?

(@) Current will flow to earth

(b) Supply voltage will drop

(c) Supply voltage will increase

(d) No current will flow in the conductor

310 km line is considered as

(a) along line

(b) a medium line

(¢) ashort line

(d) any of the above

The conductors are bundled primarily to

(a) increase reactance

(b) reduce reactance

(c) reduce ratio interference

(d) none of the above

The surge impedance in a transmission line

having negligible resistance is given as

@ Jic
0 Juc
© JuLc
@ JL+c

(e) none of the above

The top most conductor in a high transmission
line is

(a) earth conductor

(b) R-phase conductor

(¢) Y-phase conductor

(d) B-phase conductor

In A.C.S.R. conductor the function of steel is
to

(a) provide additional mechanical strength
(b) prevent corona

(c) take care of surges

(d) reduce inductance and subsequently
improve power factor

In transmission and distribution system the
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permissible voltage variation is

(a) 1 percent

(b) + 10 percent

(c) * 20 percent

(d) + 30 percent

(e) none of the above

By which of the following methods voltage of

transmission can be regulated?

(a) use of series capacitors to neutralies
the effect of series reactance

(b) Switching in shunt capacitors at the
receiving end during have loads

(c) Use of tap changing transformers

(d) Any of the above methods

Which of the following distribution systemsis

the most economical?

(@) A.C. 1-phase system

(b) A.C. 3-phase 3 wire system

() A.C. 3-phase 4 wire system

(d) Direct current system

Which of the following is the main advantage

of A.C. transmission system over D.C.

transmission system?

(a) Less instability problem

(b) Less insulation problems

(c) Easy transformation

(d) Less losses in transmission over long
distances

A tap changing transformer is used to

(a) supply low voltage current for instruments

(b) step up the voltage

(c) step down the voltage

(d) step up as well as step down the voltage

Which of the following bar schemes is the

most expensive?

(a) Double bus-bar double breaker

(b) Ringbus-bar scheme

(c) Single bus-bar scheme

(d) Main and transfer scheme

By which of the following methods the

protection agains direct lightning strokes and

high voltage sweep waves is provided?

(a) Lightening arresters

(b) Ground wire

(c) Lightening arresters and ground wires

(d) Earthing of neutral

(d) None of the above

In which of the following voltage regulators

the effect of dead zero is found?

(a) Electromagnetic type

(b) Magnetic amplifier

(c) Electronic type using integrated circuits

(e) dl of the above

Corona results in
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(a) radio interference

(b) power factor improvement

(c) better regulation

(d) none of the above

Which of the following has least effect on

corona?

(a) Atmospheric temperature

(b) Number of ions

(c) Size and charge per ion

(d) Mean free path

In context of corona, if the conductors are

polished and smooth, which of the following

statements is correct?

(a) Hissing sound will be more intense

(b) Power loss will be least

(c) Corona glow will be uniform along the
length of the conductor

(d) Corona glow will not occur

Power loss due to corona is not directly

proportional to

(a) spacing between conductors

(b) supply voltage frequency

(c) phase-neutral voltage

(d) dl of the above

Poles which carry transformers are usually

(a) circular

(b) I-type

(c) A-type

(d) H-type

(e) none of the above

Out of the following which type of poles are

bulky?

(a) Transmission towers

(b) Concrete poles

(c) Tubular steel poles

(d) Wooden poles

The effect of ice on transmission line

conductors is to increase the

(a) transmission losses

(b) weight of the conductor

(c) tendency for corona

(d) resistance to flow of current

If the height of transmission tower isincreased

(a) theline capacitance will decrease but line
inductance will remain uncharged

(b) the line capacitance and inductance will
not change

(c) theline capacitance will increase but line
inductance will decrease

(d) theline capacitance will decrease and line
inductance will increase

If staring efficiency is 100 percent it means

that

(a) potentia across each disc is zero

(b) potentia across each disc is same

135.
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(c) one of the insulator discs is shorted

(d) none of the above

In a 70/6 A.C.S.R. conductor there are

(@) 35 auminium conductors and 3 steel
conductors

(b) 70 a@uminium conductors and 6 steel
conductors

(c) 70 steel conductors and 6 aluminium
conductors

(d) none of the above

On which of the following does the size of a

feeder depend?

(a) Voltage drop

(b) Voltage

(c) Frequency

(d) Current carrying capacity

Which of the following are connected by the

service mains?

(@) Transformer and earth

(b) Distributor and relay system

(c) Distributor and consumer terminals

(d) Distributor and transformer

In the design of a distributor which of the

following is the major consideration?

(a) Voltage drop

(b) Current carrying capacity

(c) Frequency

(d) kVA of system

(e) None of the above

In a distribution system major cost is that of

(a) earthing system

(b) distribution transformer

(c) conductors

(d) meters

A booster is connected in

(@) paralel with earth connection

(b) paralel with the feeder

(c) series with the feeder

(d) series with earth connection

With which of the following are step-up

substations associated?

(@) Concentrated load

(b) Consumer location

(c) Distributors

(d) Generating stations

(e) None of the above

Which of the following equipment should be

installed by the consumers having low power

factor?

(@) Synchronous condensers

(b) Capacitor bank

(c) Tap changing transformer

(d) Any of the above

(e) None of the above

Which of the following equipment is used to
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limit short-circuit current level in asubstation?
(a) Isolator

(b) Lightning switch

(c) Coupling capacitor

(d) Series reactor

Steepness of the travelling waves is alternated
by .......... of the line

(a) capacitance

(b) inductance

(c) resistance

(d) dl of the above

The limit of distance of transmission line may
be increased by the use of

(a) series resistances

(b) shunt capacitors and series reactors

(c) series capacitors and shunt reactors

(d) synchronous condensers

(e) none of the above

By which of the following feactors is the sag
of atransmission line least affected?

(a) Current through the conductor

(b) Ice deposited on the conductor

(c) Sef weight of conductor

(d) Temperature of surrounding air

() None of the above

Which of the following cause transient
disturbances?

(a) Faults

(b) Load variations

(c) Switching operations

(d) Any of the above

A gay wire

(a) protectsconductorsagainst shortcircuiting
(b) provides emergency earth route

(c) provides protection against surges

(d) supports the pole

Which of the following is neglected in the
analysis of short transmission lines?

(a) Series impedance

(b) Shunt admittance

(©) I°R loss

(d) None of the above

(e) All of the above

Basically the boosters are

(a) synchronous motors

(b) capacitors

(c) inductors

(d) transformers

Which of the following is a static exciter?
(a) Rectifier

(b) Rotorol

() Amplidyne

(d) D.C. separately excited generator

For exact compensation of voltage drop in the

153.
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159.

160.

1679

feeder the booster

(@) must be earthed

(b) must work on line voltage

(c) must work on linear portion of its
V-I characteristics

(d) must work on non-linear portion of its
V-I characteristics

The purpose of using a booster is to

(a) increase current

(b) reduce current

(c) reduce voltage drop

(d) compensate for voltage drop

(e) none of the above

Induction regulators are used for voltage

control in

(a) dternators

(b) primary distribution

(c) secondary distribution

(d) none of the above

A synchronous condenser isgenerally installed

a the ........ of the transmission line

(a) receiving end

(b) sending end

(c) middle

(d) none of the above

The area of cross-section of the neutral in a

3-wire D.C. system is generdly ........ the area

of cross-section of main conductor

(a) same as

(b) one-fourth

(c) one haf

(d) double

For which of the following, the excitation

control method is satisfactory?

(@) Low voltage lines

(b) High voltage lines

(c) Short lines

(d) Long lines

In which of the following cases shunt

capacitance is negligible?

(a) Short transmission lines

(b) Medium transmission lines

(c) Long transmission lines

(d) All transmission lines

A lightning arrester is usually located nearer

to

(a) transformer

(b) isolator

(c) bushar

(d) circuit breaker

(e) none of the above

The material used for the manufacture of

grounding wires is

(a) cast iron

(b) @uminium
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(c) stainlesssteel

(d) galvanised steel

Surge absorbers protect against

oscillations

(a) high voltage high frequency

(b) high voltage low frequency

(¢) low voltage high frequency

(d) low voltage low frequency

Skin effect is noticeable only at

frequencies

() audio

(b) low

(c) high

(d) dl

Per system stability is least affected by

(a) reactance of generator

(b) input torque

(c) losses

(d) reactance of transmission line

When the load at the receiving end of along

transmission line is removed, the sending end

voltage is less than the receiving end voltage.

This effect is known as

(a) Ferranti effect

(b) Proximity effect

(c) Kelvin effect

(d) Faraday effect

(e) Skin effect

In medium transmission lines the shunt

capacitance is taken into account in

(@) T-method

(b) TEmMethod

(c) steinmetz method

(d) dl of the above

System grounding is done so that

(a) inductive interference between power and
communication circuits can be controlled

(b) thefloating potentia on the lower voltage
winding for atransformer isbrought down
to an insignificant value

(c) thearcing faultsto earth would not set up
dangerously high voltage on healthy phases

(d) for al above reasons

Which of the following can be used for

bus-bars?

(@) Tubes

(b) Rods

(c) Bars

(d) Any of the above

If the height of transmission tower isincreased,

which of the following parametersis likely to

change?

(a) Capacitance

(b) Inductance

(c) Resistance

169.
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(d) All of the above

() None of the above

A.C.S.R. conductor having 7 steel stands

surrounded by 25 aluminium conductors will

be specified as

(a) 257

(b) 50/15

(c) 7/25

(d) 15/50

Impedance relay isused on ....... transmission

lines

(a) short

(b) medium

(¢) long

(d) dl

Corona is likely to occur maximum in

(a) transmission lines

(b) distribution lines

(c) domestic wiring

(d) dl of the above

The effect of wind pressure is more

predominant on

(a) supporting towers

(b) neutral wires

(c) transmission lines

(d) insulators

As compared to cables, the disadvantages of

transmission lines is

(a) inductive interference between power and
communication circuits

(b) exposure to lightning

(c) exposure to atmospheric hazards like
smoke, ice, etc.

(d) dl of the above

In overhead transmission lines the effect of

capacitance cand be neglected when the length

of line is less than

(a) 80 km

(b) 110km

(c) 150 km

(d) 210 km

The effective resistance of a conductor will be

the same as ‘ohmic resistance’ when

(a) power factor is unity

(b) current is uniformly distributed in the
conductor cross-section

(c) voltage is low

(d) current isin true sine wave from

Conductorsfor high voltage transmission lines

are suspended from towers to

(a) increase clearance from ground

(b) reduce clearance from ground

(c) take care of extension in length during
summer

(d) reduce wind and snow loads
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(e) none of the above

To increase the capacity of atransmission line
for transmitting power which of the following
must be decreased?

(a) Capacitance

(b) Line inductance

(c) Voltage

(d) All of the above

By using bundled conductors which of the
following is reduced?

(a) Power loss due to corona

(b) Capacitance of the circuit

(¢) Inductance of the circuit

(d) None of the above

(e) All of the above

Which of the following short-circuits is most
dangerous?

(a) Dead short-circuit

(b) Line to ground short-circuit

(c) Line to line short-circuit

(d) Line to line and ground short-circuit

(e) dl of the above

Due to which of the following reasons
aluminium is being favoured as busbar
material?

(a) Low density

(b) Low cost

(c) Ease of fabrication

(d) None of the above

In case of transmission line conductors with
the increase in atmospheric temperature

(a) length decreases but stress increases

(b) length increases but stress decreases

(c) both the length and stress increases

(d) both the length and stress decrease
Skin effect exists only in

(@) ac. transmission

(b) high voltage d.c. overhead transmission
(c) low voltage d.c. overhead transmission
(d) cables carrying d.c. current

Floating neutral, in 3-phase supply, is
undesirable because it causes

(a) low voltage across the load

(b) high voltage across the load

(c) unequal line voltages across the load
(d) none of the above

The surge resistance of cables is

(a) 20 ohms

(b) 50 ohms

(c) 200 ohms

(d) 300 ohms

The electrostatic stress in underground cables
is

(a) zero at the conductor as well as on the
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192.

193.
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sheath

(b) same at the conductor and sheath

() minimum at the conductor and minimum
at the sheath

(d) maximum at the conductor and minimum
at the sheath

The ground ring transmission lines are used to

(a) reduce the transmission losses

(b) reduce the earth capacitance of the lowest
unit

(c) increasetheearth capacitance of thelowest
unit

(d) none of the above

The string efficiency of an insulator can be

increased by

(a) correct grading of insulators of various
capacitances

(b) reducing the number of strings

(c) increasing the number of strings in the
insulator

(d) none of the above

High voltages for transmitting power is

economically available from

(a) d.c. currents

(b) ac. currents

(c) carrier currents

(d) none of the above

High voltage is primarily used, for long

distance power transmission, to

(a) reduce the time of transmission

(b) reduce the transmission losses

() make the system reliable

(d) none of the above

By using bundle conductors, the critical

voltage for the formation of corona will

(a) remain same

(b) decrease

(c) increase

(d) not occur

If the voltage is increased X times, the size of

the conductor would be

(a) reduced to 1/x? times

(b) reduced to 1/x times

(c) increased x times

(d) increased to x? times

() none of the above

The colour of the neutral of three-core flexible

cable is

(a) blue

(b) brown

(©) red

(d) black

In the cablessheaths are used to

(a) prevent the moisture from entering the
cable
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(b) provide strength to the cable
(c) provide proper insulation
(d) none of the above

198.

194. The charging current in the cables
(a) leads the voltage by 180°
(b) leads the voltageby 90°
(c) lags the voltage by 90°
(d) lags the voltage by 180° 199.
195. Ground wire is used to
(a) avoid overloading
(b) give the support to the tower
(c) give good regulation
(d) connect a circuit conductor or other  200.
device to an earth-plate
196. Earthingisnecessary to give protection against
(a) danger of electric shock
(b) voltage fluctuation
(c) overloading
(d) high temperature of the conductors
197. Resistance grounding isused for voltage
between
(a) 3.3kV to 11 kV
(b) 11 kV to 33 kV
ANSWERS
1L 2d 3@ 4@ 50 6@
11. (¢) 12. (b) 13.(d 14.(d) 15 (@) 16. (¢
21. (d) 22.(b) 23.(b) 24. (@) 25 (& 26.(c)
31.(d 32.(e) 33 (@ 34.(@ 35 (e 36.(
41. (b) 42. (@ 43.(d) 44. (b) 45. (b) 46. (b)
51. (b) 52. (@ 53.(c) 54.(c) 55 (c) 56.(d)
61. (b) 62.(c) 63.(b) 64 (@) 65 (c) 66.(d)
71.(c) 72.(c) 73.(d 74.(@ 75 (b) 76.(c
8l.(d 82 (d 83.(d 84 (b) 85 (b 86 (a
91. (d) 92.(b) 93. (@ 94.(b) 95 (d) 96. (b
101. (a) 102. () 103.(c) 104. (c) 105. (b) 106. (b)
111. (8) 112. (@) 113. () 114. (b) 115. (b) 116. (a)
121. (d) 122. (d) 123. (@ 124.(c) 125. (a) 126. (a)
131. (b) 132. (b) 133. (@ 134. (b) 135. (b) 136. (d)
141. (d) 142. (b) 143. (d) 144. (c) 145. (c) 146. (a)
151. (a) 152. () 153. (d) 154. (b) 155. (8 156. (c)
161. (c) 162. (c) 163. (c) 164. (a) 165. (d) 166. (d)
171. (8) 172. (@) 173.(d) 174. (@) 175. (b) 176. (a)
181. (b) 182. (&) 183.(c) 184. (b) 185. (d) 186. (b)
191. (a) 192. (@) 193. (@ 194. (b) 195. (d) 196. (a)

(c) 33kV to 66 kV

(d) none of the above

Solid grounding is adopted for voltages below

(a) 100 vV

(b) 200 V

(c) 400V

(d) 660 Vv

The size of the earth wire is determined by

(a) the atmospheric conditions

(b) the voltage of the service wires

(c) the ampere capacity of the service wires

(d) none of the above

Transmission lines link

(a) generating station to receiving and
station

(b) receiving and station to distribution
transformer

(c) distribution transformer to consumer
premises

(d) service points to consumer premises

(e) none of the above

7.(8)
17. (d)
27. (d)
37. (d)
47. (b)
57. (¢)
67. (d)
77. (d)
87. (d) 88. ()
97. (b) 98. (d)

107. (b) 108. (c)
117. (a) 118. (b)
127. (a) 128. (c)
137. (c) 138. (a)
147. (d) 148. (d)
157. (c) 158. (a)
167. (d) 168. (a)
177. (b) 178. ()
187. (a) 188. (b)
197. (a) 198. (d)

8. (d)
18. (d)
28. (d)
38. (0
48. (¢
58. (b)
68. (d)
78. (d)

9. (d)
19. (c)
29. (d)
39. (b)
49. (d)
59. (a)
69. (d)
79. (b)
89. (¢)
99. (d)
109. (c)
119. (d)

129. (a)
139. (b)
149. (b)
159. (a)
169. (a)
179. (a)
189. (b)
199. (c)

10. (d)

20. (d)
30. (d)
40. (¢)
50. (b)
60. (a)
70. (b)
80. (b)
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100. (a)
110. (b)
120. (d)
130. (d)
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