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I ntroduction

electrical energy sothat small power stations

were built to supply lighting and heating
loads. However, the widespread use of electrical
energy by modern civilisation has necessitated
to produce bulk electrical energy economically
and efficiently. Theincreased demand of el ectri-
cal energy can be met by building big power sta-
tionsat favourable placeswherefuel (coal or gas)
or water energy is available in abundance. This
has shifted the site of power stations to places
quite away from the consumers. The electrical
energy produced at the power stations has to be
supplied to the consumers. Thereisalarge net-
work of conductors between the power station
and the consumers. Thisnetwork can be broadly
divided into two partsviz., transmission and dis-
tribution. The purpose of this chapter isto focus
attention on the various aspects of transmission
of electric power.

I n early days, there was a little demand for

7.1 Electric Supply System

The conveyance of electric power from a power
station to consumers' premisesisknown aselec-
tric supply system.
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Principles of Power System

An electric supply system consists of three principal components viz., the power station, the
transmission lines and the distribution system. Electric power is produced at the power stations
which arelocated at favourable places, generally quite away from the consumers. It isthen transmit-
ted over large distances to load centres with the help of conductors known as transmission lines.
Finally, it isdistributed to alarge number of small and big consumersthrough adistribution network.

G.S. @11 KV

Theelectric supply system can be broadly classifiedinto (i)
d.c. or a.c. system (ii) overhead or underground system. Now-a-
days, 3-phase, 3-wirea.c. systemisuniversally adopted for gen-
eration and transmission of electric power as an economical
proposition. However, distribution of electric power is done by
3-phase, 4-wire a.c. system. The underground system is more
expensive than the overhead system. Therefore, in our country,
overhead system is*mostly adopted for transmission and distri-
bution of electric power.

7.2 Typical a.c. Power Supply Scheme

Thelarge network of conductors between the power station
and the consumers can be broadly divided into two parts viz.,
transmission system and distribution system. Each part can be
further sub-divided into two—yprimary transmission and second-
ary transmission and primary distribution and secondary distri-
bution. Fig. 7.1. shows the layout of atypical a.c. power supply
scheme by a single line diagram. It may be noted that it is not
necessary that all power schemesincludeall the stagesshownin
the figure. For example, in a certain power scheme, there may
be no secondary transmission and in another case, the scheme
may be so small that there is only distribution and no transmis-
sion.

(i) Generating station : In Fig 7.1, G.S. represents the
generating station where electric power is produced by 3-phase
aternatorsoperating in parallel. Theusual generation voltageis
11 kV. For economy in the transmission of electric power, the
generation voltage (i.e., 11 kV) is stepped upto 132 kV (or
**more) at the generating station with the help of 3-phasetrans-
formers. The transmission of electric power at high voltageshas
several advantages including the saving of conductor material
and high transmission efficiency. It may appear advisableto use
the highest possible voltage for transmission of electric power to
save conductor material and have other advantages. But thereis
alimit to which this voltage can be increased. It is becausein-
creasein transmission voltage introducesinsulation problems as
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* Incertain densely populated cities, the underground system is being employed for distribution. Thisisto
eliminate the danger to human life which would be present with overhead system and to avoid ugly appear-
ance and inconvenience of pole lines running down the main thorough fares.

T It may be6-6 kV or even 33kV in certain cases.
*%

Depending upon the length of transmission line and the amount of power to be transmitted.
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well as the cost of switchgear and transformer equipment is increased. Therefore, the choice of
proper transmission voltageis essentially aquestion of econom-

ics. Generally the primary transmissioniscarried at 66 kV, 132 Service Mains
kV, 220 kV or 400 kV. T T

(if) Primary transmission. The electric power at 132 kV A
is transmitted by 3-phase, 3-wire overhead system to the out- )
skirts of the city. Thisformsthe primary transmission. D E— 2 S —

'(|||) Secondarytr.ar'wsmssgn. Theprlmaytrmml$onllne DS) foq
terminates at the receiving station (RS) which usually liesat the 9%,
outskirts of the city. At the receiving station, thevoltageisre- «——
duced to 33kV by step-down transformers. From this station,
electric power istransmitted at 33kV by 3-phase, 3-wire over- D
head system to various sub-stations (SS) located at the strategic
pointsinthecity. Thisformsthe secondary transmission. Fig. 7.2

(iv) Primary distribution. The secondary transmission line terminates at the sub-station (S
where voltage is reduced from 33 kV to 11kV, 3-phase, 3-wire. The 11 kV lines run aong the
important road sides of the city. Thisforms the primary distribution. 1t may be noted that big con-
sumers (having demand more than 50 kW) are generally supplied power at 11 kV for further handling
with their own sub-stations.

(V) Secondary distribution. The electric power from primary distribution line (11 kV) isdeliv-
ered to distribution sub-stations (DS). These sub-stations are located near the consumers’ localities
and step down the voltage to 400 V, 3-phase, 4-wire for secondary distribution. The voltage between
any two phases is 400 V and between any phase and neutral is230 V. The single-phase residential
lighting load is connected between any one phase and neutral, wheress 3-phase, 400 V motor load is
connected across 3-phase lines directly.

It may be worthwhileto mention here
that secondary distribution system consists
of feeders, distributorsand service mains.
Fig. 7.2 showsthe elementsof low voltage
distribution system. Feeders (SC or SA)
radiating from the distribution sub-station
(DS supply power to the distributors (AB,
BC, CD and AD). No consumer is given
direct connection from the feeders.
Instead, the consumers are connected to the
distributors through their service mains.

Note. A practical power systemhasalarge
number of auxiliary equipments(e.g., fuses, cir-
cuit breakers, voltage control devices etc.).
However, such equipments are not shown in
Fig. 7.1. It is because the amount of informa-
tion included in the diagram depends on the
purpose for which the diagram is intended.
Here our purpose is to display general lay out
of the power system. Therefore, the location
of circuit breakers, relays etc., is unimportant. Power Transformer

e C
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Further, the structure of power system is shown by a single line diagram. The complete 3-phase circuit is
seldom necessary to convey even the most detailed information about the system. In fact, the complete diagram
ismore likely to hide than to clarify the information we are seeking from the system viewpoint.

7.3 Comparison of D.C. and A.C. Transmission

The electric power can be transmitted either by means of d.c. or a.c. Each system hasits own merits
and demerits. Itis, therefore, desirable to discuss the technical advantages and disadvantages of the
two systemsfor transmission of electric power.

1. D.C.transmission. For someyears past, the transmission of electric power by d.c. hasbeen
receiving the active consideration of engineers due to its numerous advantages.

Advantages. Thehigh voltaged.c. transmission hasthefollowing advantages over high voltage
a.c. transmission:
(i) Itrequiresonly two conductors as compared to three for a.c. transmission.
(if) Thereisno inductance, capacitance, phase displacement and surge problemsin d.c. trans-
mission.

(iif) Dueto the absence of inductance, thevoltagedropin ad.c. transmission lineislessthan the
a.c. linefor the sameload and sending end voltage. For thisreason, ad.c. transmission line
has better voltage regulation.

(iv) Thereisnoskineffectinad.c. system. Therefore, entire cross-section of theline conductor
isutilised.

(v) For the same working voltage, the potential stress on the insulation islessin case of d.c.
system than that in a.c. system. Therefore, ad.c. line requireslessinsulation.

(vi) A d.c.line hasless coronaloss and reduced interference with communication circuits.

(vii) Thehighvoltaged.c. transmission isfree from the dielectric losses, particularly in the case
of cables.

(viii) Ind.c. transmission, there are no stability problems and synchronising difficulties.
Disadvantages
(i) Electric power cannot be generated at high d.c. voltage due to commutation problems.
(if) Thed.c. voltage cannot be stepped up for transmission of power at high voltages.
(iif) Thed.c. switchesand circuit breakers have their own limitations.

2. A.C.transmission. Now-a-days, electrical energy isamost exclusively generated, trans-
mitted and distributed in the form of a.c.

Advantages
(i) The power can be generated at high voltages.
(if) The maintenance of a.c. sub-stationsis easy and cheaper.

(iif) The a.c. voltage can be stepped up or stepped down by transformers with ease and effi-
ciency. Thispermitsto transmit power at high voltages and distribute it at safe potentials.

Disadvantages
(i) Anac. linerequires more copper than ad.c. line.
(if) Theconstruction of a.c. transmission lineismore complicated than ad.c. transmission line.
(iii) Dueto skin effect in the a.c. system, the effective resistance of thelineisincreased.

(iv) Ana.c.linehascapacitance. Therefore, thereisa continuousloss of power dueto charging
current even when thelineis open.
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Conclusion. From the above comparison, it is clear that high voltage d.c. transmission is supe-
rior to high voltage a.c. transmission. Although at present, transmission of electric power iscarried
by a.c., thereisanincreasing interest in d.c. transmission. Theintroduction of mercury arc rectifiers
and thyratrons have made it possible to convert a.c. into d.c. and vice-versa easily and efficiently.
Such devices can operate upto 30 MW at 400kV insingle units. The present day trend istowardsa.c.
for generation and distribution and high voltage d.c. for transmission.

3-Phase

a.c
Mercury
Arc |- - -—-—— Thyratron
GS Rectifier

Ts Tr

Fig. 7.3

Fig. 7.3 shows the single line diagram of high voltage d.c. transmission. The electric power is
generated asa.c. and is stepped up to high voltage by the sending end transformer To. Thea.c. power
at high voltage is fed to the mercury arc rectifiers which convert a.c. into d.c. The transmission of
electric power iscarried at high d.c. voltage. At thereceiving end, d.c. isconverted into a.c. with the
help of thyratrons. The a.c. supply is stepped down to low voltage by receiving end transformer T,
for distribution.

7.4 Advantages of High Transmission Voltage

The transmission of electric power is carried at high voltages due to the following reasons :

(i) Reducesvolumeof conductor material. Consider the transmission of electric power by a
three-phaseline.

Let P = power transmitted in watts
V = linevoltageinvolts
cos@ = power factor of the load
| = length of thelinein metres
R = resistance per conductor in chms
p = resistivity of conductor material
a = areaof X-section of conductor

Load current, | = B
V3V cosp
Resistance/conductor, R = pl/a
2
Total power loss, W = 3I°R=3 (W} x %I
Pl
VZ cos’ @a
2

O Areaof X-section,a = Z—pl
WV? cos’ @

Total volume of conductor material required

2
= 3aI:3(F;—p|2]I
WV* cos” @
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_ 3P’ :
~ WV2cog @ -0
Itisclear from exp. (i) that for given values of P, I, p and W, the volume of conductor material
required isinversely proportional to the square of transmission voltage and power factor. In other
words, the greater the transmission voltage, the lesser is the conductor material required.
(if) Increasestransmission efficiency

Input power = P + Total losses

Ppl
=P+ —-—
V% cos’ pa
Assuming J to be the current density of the conductor, then,
a =113
P13 P11
0 Inputpower = P+ ————=P+———— X+
V< cos @l Vicos g |
2 *
b IZ plJ  *3Vcose
V? cos® @ P
_pa3PIpI_ [ V3 Ipl
V cos @ V cos ¢

Output power _

P _ 1
Input -
nput power P{“\/é Jpl} {1“/5 Jpl}
V cos @ V cos @

Transmission efficiency

— **|:1_\/§ Jpl

Vcosq)} approx. (1)

AsJ, p and | are constants, therefore, transmission efficiency increases when the line voltageis
increased.

(iii) Decreases percentagelinedrop

Linedrop = I R=1x %I

= IxplxJdi=pld [ a=1/]]
Jpl
%agelinedrop = \F/) x 100 ..(iii)

As J, p and | are constants, therefore, percentage line drop decreases when the transmission
voltageincreases.

Limitations of high transmission voltage. From the above discussion, it might appear advis-
ableto use the highest possible voltage for transmission of power in abid to save conductor material.
However, it must be realised that high transmission voltage resultsin

(i) theincreased cost of insulating the conductors
(i) theincreased cost of transformers, switchgear and other terminal apparatus.

Therefore, there is a limit to the higher transmission voltage which can be economically em-
ployedinaparticular case. Thislimitisreached when the saving in cost of conductor material dueto

* | = P
V3V cos @
**  Binomial theorem.
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higher voltage is offset by the increased cost of insulation, transformer, switchgear etc. Hence, the
choice of proper transmission voltage is essentially a question of economics. The reader may find
further discussion on thistopic later in this chapter.
7.5 Various Systems of Power Transmission
It has already been pointed out that for transmission of electric power, 3-phase, 3-wirea.c. systemis
universally adopted. However, other systems can al so be used for transmission under specia circum-
stances. The different possible systems of transmission are:
1. D.C.system
(i) D.C.two-wire.

(if) D.C.two-wirewith mid-point earthed.

(iii) D.C.three-wire.

2. Single-phaseA.C. system
(i) Single-phasetwo-wire.

(if) Single-phase two-wire with mid-point earthed.
(iif) Single-phasethree-wire.

3. Two-phaseA.C. system

(i) Two-phasefour-wire.
(if) Two-phasethreewire.

4. Three-phaseA.C. system

(i) Three-phasethree-wire.
(if) Three-phasefour-wire.

From the above possible systems of power transmission, it is difficult to say which is the best
system unless and until some method of comparison isadopted. Now, the cost of conductor material
is one of the most important charges in a system. Obviously, the best system for transmission of
power isthat for which the volume of conductor material required is minimum. Therefore, the vol-
ume of conductor material required formsthe basis of comparison between different systems.

While comparing the amount of conductor material required in various systems, the proper com-
parison shall be on the basis of equal maximum stress on the *dielectric. There are two cases:

(i) When transmission isby overhead system. Inthe overhead system, the maximum disruptive
stress** exists between the conductor and the earth. Therefore, the comparison of the sys-
tem in this case has to be made on the basis of maximum voltage between conductor and
earth.

(if) When transmission is by underground system. In the underground system, the chief stress

on the insulation is between conductors. Therefore, the comparison of the systemsin this
case should be made on the basis of maximum potential difference between conductors.

7.6 Comparison of Conductor Material in Overhead System

In comparing the relative amounts of conductor material necessary for different systemsof transmis-
sion, similar conditions will be assumed in each caseviz.,

* Inlong transmission lines, the voltage is only limited by the problem of insulating the conductors against
disruptive discharge. Therefore, comparison should be on the basis of equality of maximum potential
differencei.e., equal maximum stress on the dielectric.

** In overhead system, insulation between conductors whether at the supports or intermediate points is al-
ways provided by suitably spacing the conductors. Therefore, electric dischrage cannot occur between
conductors. However, the insulation has to be provided between the conductor and supporting structure.
Therefore, maximum stress is between conductor and earth.
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(i) same power (P watts) transmitted by each system.

(i) thedistance (I metres) over which power istransmitted remains the same.

(iii) thelinelosses (W watts) are the samein each case.

(iv) the maximum voltage between any conductor and earth (V,,)) isthe same in each case.
1. Two-wired.c. system with one conductor earthed

In the 2-wire d.c. system, one is the outgoing or positive wire and the other is the return or
negative wire as shownin Fig. 7.4. Theload is connected between the two wires.
Max. voltage between conductors = V,,
Power to be transmitted = P

O Load current, 1, = P/V,
If R, isthe resistance of each line conductor, then,
R, = plla

where a, isthe area of X-section of the conductor.

2
2 P |
. Rl'z(vm) *a
2 Pzpl
WV
Volume of conductor material required

2P| 4 P%p|?
:2a1|:2[vazj|: W\F/)Z
m

m

Linelosses, W

0 Areaof X-section, a;

Itisausual practiceto makethis system asthe basis for comparison with other systems. There-
fore, volume of conductor material required in this system shall be taken as the basic quantity i.e.

4P%I? .
W\F/)nf = K(sa) T 8
2. Two-wired.c. system with mid-point earthed. Fig. 7.5 shows v
the two-wire d.c. system with mid-point earthed. The maximum voltage "
between any conductor and earthisV, so that maximum voltage between
conductorsis 2V, . 2V
Load current, |, = P/2V,,
Let a, be the area of X-section of the conductor. v,
2
Linelosses W = 212 R,=2 (ﬁ) X% l Lz I
, [ Ry=pla)] Fig. 7.5
0 W = Pp I2
2a, V,
2
O Areaof X-section, a, = Pp!
2T 2w V2

0 Volume of conductor material required

2 2 12
= 2a,1=2| PPl 1 - PPl
WV WV
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_K .k = 4P%pI”
T4 WV
Hence, the volume of conductor material requiredin thissystemis
one-fourth of that required in atwo-wire d.c. system with one conduc- F |>
tor earthed. v 3 T
3. Threewired.c. system. In a3-wire d.c. system, there are |m
two outers and amiddle or neutral wirewhich is earthed at the genera- ¥ 2V
tor end asshown in Fig. 7.6. If theload is balanced, the current in the Vv
neutral wireiszero. Assuming balanced loads, = l’“ I
Load current, I; = P/2V,, <
Let a, be the area of X-section of each outer wire. L 1D
2 2
. P I Ppl
Linelosses, W = 2A°2R,=2| | xp— =
2 R (ZWJ pa3 2W§%
2
a Areaof X-section, a; = P™p |2
2W V>

Assuming the area of X-section of neutral wireto be half that of the outer wire,
Volume of conductor material required

Pl 205 P?pl?
= 2. | =2. | =&2=
> % S{ZWVmZJ 2 | w2
4pP%pl?
— é K K= p2
16 WV
Hence the volume of conductor material requiredin thissystemis5,”16th of what isrequired for
a2-wire d.c. system with one conductor earthed. >
4. Single phase 2-wire a.c. system with one conductor Iy T
earthed. Fig. 7.7 shows a single phase 2-wire a.c. system with one
conductor earthed. The maximum voltage between conductorsisV,, Vi
sothat r.m.s. value of voltage between themisV,_ / 2. Assuming the | l
load power factor to be cos @, J_ & <
Load current, |, = P = V2P =
(Vin/V2) cos@ Vi COS® Fig. 7.7

Let a, be the area of X-section of the conductor.

2 V2P Y _pl _ 4Pl
O Linelosses W = 21,2R,=2| Y£— | xB1-_2F P
VnCOs®) 3, cos’V,a,
2
a Areaof X-section, a, = 42P—pI2
cos" WV

Volume of conductor material required

2
V. Wcos” ¢
_ 2 4apPpl®
cos@ WV
2K K:4P2pI2
T oo W V2
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Hence, the volume of conductor material required in this systemis2,/cos” gtimesthat of 2-wire
d.c. system with the one conductor earthed.

5. Single phase 2-wire system with mid-point earthed. Fig. 7.8 shows a single phase a.c.
system with mid-point earthed. Thetwo wires possess equal and oppositevoltagesto earth (i.e., V,,).
Therefore, the maximum voltage between the two wiresis2V,,. Ther.m.s. value of voltage between

conductorsis= 2V_/ J2 = ﬁvm. Assuming the power factor of the load to be cos ¢,
P
Load current, |y = —=——
5 J2V,cose
Let a. be the area of X-section of the conductor.

2
- P
Linelosses, W = 21 2@:2(—] Rs
° V2 V. cos @

__Pol
a; V> cos” @
Pl
W V2 cos” @
Volume of conductor material required
Pl JI _ 2P%?

2a:1=2 =

% [ WVZcos® @) WVZ2cos” o
2 y P2p| 2

cos”@ WV2

2.2
_ K {,K:4Pp2|}
Zcosz(p WYV,

Hence the volume of conductor material required in this systemis
1/2 cos? (ptimesthat of 2-wired.c. system with one conductor earthed.

6. Singlephase, 3-wiresystem. Thesingle phase 3-wiresystem
isidentical in principlewith 3-wired.c. system. The system consists of
two outersand neutral wire taken from the mid-point of the phase wind-
ing asshowninFig. 7.9. If theload isbalanced, the current through the
neutral wireiszero. Assuming balanced load, '

Max. voltage between conductors = 2V,

R.M.S.valueof voltage between conductors= 2V, / V2 =2V
If the p.f of the load is cos @, then,

O W

0 Areaof X-section, ag

2V,
Max. value

P
" J2V, cos@
Let a5 be the area of X-section of each outer conductor.

ZIBZ&:Z(;J x P!

Load current, |

Linelosses, W

\/§Vmcos<p g5
___ Pl
- g\, 2oos
P?pl

O Areaof X-section, —_—
% W V2 cos” @
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Assuming the area of X-section of neutral wireto be half that of the outer wire,
Volume of conductor material required

5o | =05 PZpl |_2[5P2pI2
P8 =0 WvZ cos? g

_erfcosch
2 P22
T cos’p WV
- [..K:4Pzplz}
~ 8cos’ @ ' WV,

Hence, the volume of conductor material required in this system is5/8 cos” ptimesthat required
ina2-wire d.c. system with one conductor earthed.

7. Two phase, 4-wire a.c. system. Asshown in Fig. 7.10, the l7_oA
four wires are taken from the ends of the two-phase windings and the
mid-points of the two windings are connected together. This system
can be considered astwo independent single phase systems, each trans- Iz
mitting one half of the total power.

Max. voltage between outers Aand B = 2V,

RM.S. valueof voltage = 2V, /2 =42V,
Power supplied per phase (i.e., by outers Aand B) =P,/2
Assuming p.f. of the load to be cos o,

- | /2 b Fig. 7.10
oad current, |, = =
" J2V,cos¢ 242V, coso

Let a, be the area of X-section of one conductor.

2
4I72R7:4(;] 2L

Linelosses, W

2J2\, cosp) &
2
0 W = Pz—plz
2a, V, cos” @
2
0 Areaof X-section, a, = Ppl

2W VZ cos” @
0 Volume of conductor material required
= 4a,l

2 2 2
4[ P pl JI_ 4Pp |

2WVr§ cos’ @ - 2WVn21 cos’ @
1 4PPpl?
2c0 @ WV

K L =4P7pl?

= 2 RN VYRV

2cos” @ m
Hence, the volume of conductor material required for thissystemis 1,2 cos” (ptimesthat of 2-

wire d.c. system with one conductor earthed.

8. Two-phase, 3-wire system. Fig. 7.11 shows two-phase, 3-wire a.c. system. The third or
neutral wireistaken from the junction of two-phase windings whose voltages are in quadrature with
each other. Obviously, each phase transmits one half of thetotal power. TheR.M.S. voltage between
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outgoing conductor and neutral

o

=V, /42 \i
0  Currentineachouter, I = VP/Z = P VREE
Yo oo V2 Vi COSQ i
V2

. . 5 :
Current in neutral* wire = /12 + 122 =2, Fig. 7.1

Assuming the current density to be constant, the area of X-section of the neutral wire will be
{2 ** timesthat of either of the outers.

. . R pl
0 Resistance of neutral wire = A 2 5,
Linelosses, W = 2'82R8+(‘/§|8)2%:|82R8(2+‘/§)
2
= P x—I 2+.2
[ﬁVmCOS(pJ 68( \/_)
PPl
- — P (2+2
. W= 2a8Vm2c052<p( )
P?pl
ot - —— " (2+2
O Areaof X-section, a; = 2WV£ cosch( )

Volume of conductor material required
= 2a8| +\/§agl :aSI (2+\/§)

=Pl (2+J§)2

2W V2 cos” @
10457 L _4P%pl?
" cos’ @ Wz
Hence, the volume of conductor material required for this sys- I
temis 1-457,/cos’ ptimesthat of 2-wire d.c. system with one con- b

ductor earthed.

9. 3-Phase, 3-wire system. This system is almost univer-
sally adopted for transmission of electric power. The 3-phase, 3-
wire system may be star connected or delta connected. Fig. 7.12 =

shows 3-phase, 3-wire start connected system. The neutral point N
isearthed.

R.M.S. voltage per phase = V, /+/2
Power transmitted per phase = P/3

Fig. 7.12

Current in the neutral wireisthe phasor sum of currents in the outer wires. Now, the currentsin the outers
arein quadrature (i.e., 90° apart) with each other.

**  Sincethe neutral wirecarries \E timesthe current in each of the outers, its X-section must beincreased in

the same ratio to maintain the same current density.
T Thesameresult will be obtained if A-connected system is considered.
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P/3 V2P
Load current per phase, lg = =
Perp ° (V2 cosg) 3V Cose

L et ay be the area of X-section of each conductor.
2 2
Linelosses W = 312Ry=3(-Y2P | Pl ___2P"pl
3V,cosQ) a, 3a, Vi cos” @
2P%pl
3WVn21 cos® @
Volume of conductor material required

a Areaof X-section, a,

2 2 2
= 3a,1=3 2|32pl _ 2|32pl
3WV2cos @) WV2cos” @
05K {.K:4P2p|2:|
" cos’ @ WV,
Hence, the volume of conductor material required for this sys- =I1o
temis0-5,/cos’ (ptimesthat required for 2-wired.c. systemwith one T
conductor earthed. Vi,
10. 3-phase, 4-wiresystem. Inthiscase, 4th or neutral wireis l
taken from the neutral point as shown in Fig. 7.13. The area of N
X-section of the neutral wire is generally one-half that of the line Lo
conductor. |If the loads are balanced, then current through the neu-
tral wire is zero. Assuming balanced loads and p.f. of the load as Tio
cos @, . E
Linelosses, W = Sameasin 3 phase, 3-wire Fig. 7.13
__ 2Ppl
3a, V2 cos” @
. 2P?pl
O Areaof X-section, a,, = %
3WYV, cos” @
Asthe area of X-section of neutral wireis one-half that of any line conductor,
0 Volume of conductor material required
2P%pl
= 35a,1=35|—— P |x]
3W V2 cos’ @
_ _7Pp1? _ 7 PpI’
3W\VZ2cos’ @ 3cos” @ WV
7K [_,K:4P2p|2}
12 cos® @ WV,

Hence, the volume of conductor material required for this system is 7,712 cos® @ times that
required for 2-wire d.c. system with one conductor earthed.
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7.7 Comparison of Conductor Material in Underground System

I'n an underground transmission using multi-core* belted type cables, the chief stresson theinsulation
isusually between conductors. Under such situations, comparison is made on the basis of maximum
voltage between conductors. Again assumptions made are :

(i) The same power (P watts) istransmitted by each system.

(if) Thedistance (I metres) over which power istransmitted remains the same.
(iif) Thelinelosses (W wetts) are the same in each case.
(iv) The maximum voltage between conductors (V,,) isthe same in each case.

1. Two-wired.c. system. If V,, denotes the maximum potential difference between the con-
ductors, it will also be the working voI tagein this case.

Load current, |, = P/V,

2
. 2 _ o P Pl
Linelosses, W = 2I; Rl—z(v—m] a I T
2
0 w = 2P p2I o V.
a Vi
2

O Areaof X-section, a,

2Ppl I l
W V2 I
0 Volume of conductor material required
2P% pll 4P? pl?
=2a,l=2 | = =K (sa
% [ W2 J W V2 (=)

Thisvolume will be taken as the basic quantity and comparison shall be made for other systems
ie,

4P pl?
w2
2. Two-wired.c. system with mid point earthed

=K

Load current, |, = P/V,, IZ I
Linelosses, W = R2 2 P I—
d a2 Vm
2
0 W = 2P pl I<2 l
Vin & Fig. 7.15
2
O Areaof X-section, a, = 2P p2|
AV

Volume of conductor material required

2 2 2
= 2a=2| 2Rl AP Py
W2 W2

When the underground transmission is by single-core or multi-core cables of S.L. type, the stressis from
conductor to earth. Under such conditions, maximum voltage between conductor and earth forms basis of
comparison of various systems.
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Hence, the volume of conductor material required in this system is the same as that for 2-wire

d.c. system.
3. Threewired.c. system. The maximum voltage between the outersis V. Assuming bal-
anced load, the current through the neutral wire will be zero.
Load current, I; = P/V,

m

2
2I32R3:2(V£) pi

I3

Neutral

Linelosses, W

2
0 W = 2P2 pl
Vmas Fig. 7.16
2 ig. 7.
a Areaof X-section, a; = 2P p2|
Wv2

Assuming the area of X-section of neutral wire to be half of that of either outers,
Volume of conductor material required

2P? pll | = 5P? p|?
wVvz | w2
. _4P?pl?
125K [-K— W2 }
Hence, the volume of conductor material requiredin the systemis1.25 timesthat required for 2-
wired.c. system.
4. Single phase, 2-wire a.c. system. As the maximum voltage between conductors is V,,

258 =25 [

therefore, r.m.s. value of voltageis V,,/+/2. Assuming the p.f. of the load to be cos @,

P _ 2P e
V,/N2cosg V,cos
21,°R, Vin
o 2P ) o1 4ol

V,cos@) " a,  a,V2cos @
4P2 p | Fig. 717
W V2 cos” @
Volume of conductor material required

Load current, |, =

Linelosses, W

a Areaof X-section, a,

oo | =2 4P°pl | __8P’pl’
AT WVl o) WV oos g
2 4P?pl?
cos’ @ WV
2K [,,K:4P2p|2}
. 2
cos @ WV,
Hence, the volume of conductor material required for thissystemis 2,/ cos’ gtimesthat required
ina2-wired.c. system.
5. Single phase, 2-wire system with mid-point earthed. The maximum value of voltage

between the outersis V.. Therefore, ther.m.s. vaueof voltageis V,,/~/2 . If thep f.of theload iscos @
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Load current, |5 = Vm\/gopsm ,
L
Linelosses, W = 2'52R5:2(Vm\/302(p)2p]¥ 5 T
O W = —422 p|2 i
ag V, cos” @ I l
, 4P p )
g Areaof X-section, a; = Wczsch Fig. 7.18

Volume of conductor material required

4P?pl 8P’ pl?
2a:1=2 | =
% {vaz cos” <pJ

WV cos® @
_ 2 4P?pl?
cos @  WV2
. 2K L= 4Pl
" cos’ @ WV

Hence, the volume of conductor material required in this systemis 2,/ cos” gtimesthat required
in2-wired.c. system.

6. Single phase, 3-wire system. If the load is considered balanced, the system reduces to a
single phase 2-wire except that aneutral wireisprovided in addition. Assuming the areaof X-section
of the neutral wire to be half of either of the outers,

Volume of conductor material required

= 25*g,l

4P%pl
25| ot ||
W V2 cos” @
10 P? pl?
W V2 cos® @
25 4P°pl?
cos” @  WV2

205K [...K:4P29|2}
cos” @

Hence, the volume of conductor material requiredin thissystemis
2.5,/ cos” @timesthat required in 2-wire d.c. system.

7. Two-phase, 4-wire system. This system can be considered D
astwo independent single phase systems, each transmitting one-half of
thetotal power. Itisclear form Fig. 7.20 that voltage across outers (AB
or CD) is twice that of single phase 2-wire (refer back to Fig. 7.17).
Therefore, current (1) in each conductor will be half that in single-
phase 2-wire system. Consequently, areaof X-section of each conduc-
tor is also half but as there are four wires, so volume of conductor

*  Areaof X-section of conductor for single phase 2-wire system.
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material used isthe same asin asingle phase, 2-wire systemi.e.
Volume of conductor material required.
2K
~ cos’ @

Hence, volume of conductor material required inthissystemis2,/cos? gptimesthat required in 2-
wired.c. system.

8. Two-phase, 3-wiresystem. Fig. 7.21 showstwo phase, 3-wirea.c. system. Let ussuppose
that maximum voltage between the outersis V, . Then maximum voltage between either outer and

neutral wireis \, /v/2 *.

R.M.S. voltage between outer and neutral wire ,]EIBI T
— Vm/‘/E _Vin i Vin
T2 2 l
Current ineach outer, I = P2 = P
V,/2cos@ V, cos Ig
Current in neutral wire = i 82 + |§ =2 Iy Fig. 7.21

Assuming the current density to be constant, the area of X-section of neutral wire will be /2
timesthat of either of the outers.

0 Resistance of neutral wire= % = J_—ag

21" Rg+ (2 19)°

2
P | wpl
V,,, cos @ EN

2
|
. W= Vet
2+J§)

Linelosses, W

5 =ls' Ry (2+2)
2+ﬁ)

S =

pr—

P2 p| (
W V2 cos® @
Volume of conductor material required

2agl +2agl=agl (2+ 2)

_ P’pl? (2+\/§)2

a Areaof X-section, ag

W V2 cos” @
294K Lk=4PP)
T et Wz

Hence, the volume of conductor material required in this system is 2:914,/ cos® @ times that
required in 2-wire d.c. system.

9. 3-Phase, 3-wiresystem. Supposethat the maximum value of voltage between the conduc-
torsisV,. Then maximum voltage between each phase and neutral isV, /,/3. Therefore, rm.s.
value of voltage per phase

*  Thevoltagesin two phase windings are 90° out of phase.
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S

i<
=8

1
S
w

Power transmitted per phase
P/3 _ 6P
V. /J6cosp 3V, cos@
315" Ry
2
= 3( \/EP ) xpl_

3V, cos @ 3 Fig. 7.22

0 Load current per phase, Iy =

Linelosses, W

2P%pll
= B
agVy, cos” @
2P pl
W V2 cos® @
Volume of conductor material required
2P%p | )I _ 6P pl?

3a51=3 =
% [W V2cos” @) WVZcos” @
15 4P°pl’
cos” @  WV2
2 2
_ 1K { K = M}
cos” @ WV5
Hence, the volume of conductor material required in this system is 1-5,/cos’ @ times that re-

quired in 2-wire d.c. system.

10. 3-phase, 4-wire system. Fig. 7.23 shows the 3-phase, 4-wire
system. If the loads are balanced, then neutral wire carries no current.

O W =

a Areaof X-section, ay

there is additional neutral wire. Assuming the area of X-section of the
neutral wire to be half that of line conductor,

Volume of conductor material required

T = 354,

2P%p |
=35/ 5P|
N Vi WV cos” ¢
2 2 2> .2 Underground transmission

_ _ Pl __7 Ppl system.

WVZicos® @ cos” @ WV2

175K ,_,K:4P2p|2

Fig. 7.23 = cof ¢ W V2

Hence the volume of conductor material required in this system is 175,/ cos” @times that re-
quired in 2-wire d.c. system.

7.8 Comparison of Various Systems of Transmission

Below is given the table which shows the ratio of conductor-material in any system compared with
that in the corresponding 2-wire d.c. system. Cos @isthe power factor in an a.c. system.
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System Same maximum Samemaximum voltage
voltage to earth between conductors
1. D.C.system
(i) Two-wire 1 1
(if) Two-wire mid-point earthed 0-25 1
(iii) 3-wire 0-3125 1.25
2. Singlephase system
(i) 2wire 2/cos” @ 2/cos” @
; o 0% 2
(if) 2-wirewith mid-point earthed 2 0 - 0
] 0625 205
(iii) 3-wire COS2 0 = 0
3. Two-phasesystem
005 2
(i) 2-phase, 4-wire cos—z(p o2 0
) . 1357 20914
(if) 2-phase, 3-wire G20 o2 0
4. Three-phasesystem
i ) 005 105
(i) 3-phase, 3-wire Jr2 0 e 0
. ) 00583 1075
(if) 3-phase, 4-wire cos—z(p o2 0

The following points may be noted from the above table:

(i) Thereisagreat saving in conductor material if d.c. system is adopted for transmission of
electric power. However, due to technical difficulties, d.c. system is not used for transmis-
sion.

(if) Considering thea.c. system, the 3-phase a.c. system ismost suitable for transmission dueto
two reasons. Firstly, there is considerable saving in conductor material. Secondly, this
systemis convenient and efficient.

Example 7.1 What is the percentage saving in feeder copper if the line voltagein a 2-wire d.c.
systemis raised from 200 volts to 400 volts for the same power transmitted over the same distance
and having the same power loss ?

Solution. Fig. 7.24 (i) shows 200 volts system, whereas Fig. 7.24 (ii) shows 400 volts system.
Let P bethe power delivered and W be power lossin both cases. Let v, and a, bethevolumeand area
of X-section for 200 V system and v, and a, for that of 400 V system.

Fig. 7.24
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Now, P =VI,=2001, (i)
And P =V,I,=4001, (i)
As same power is delivered in both cases,

O 2001, = 4001, or I,=(200,400) I, = 0-5,

Power lossin 200 Vsystem, W, = 21,°R,
Power lossin 400V system, W, = 21,7 R,=2(051,)*R,=05l,°R
As power lossin the two casesis the same,

0 W, = W,

or 212R, = 0515R,

or R,/R = 2/05=4

or a/a, =4

or v/'v, =4

or v/ v, = 1/4=025

0 % agesaving in feeder copper = Vi™V2 x100 = (ﬁ —ﬁ) x 100
Vi i Vp

(1-0:25) x 100 = 75%

Example 7.2 A d.c. 2-wire system is to be converted into a.c. 3-phase, 3-wire system by the
addition of a third conductor of the same cross-section as the two existing conductors. Calculatethe
percentage additional load which can now be supplied if the voltage between wires and the percent-
agelossin the line remain unchanged. Assume a balanced load of unity power factor.

Solution. Fig. 7.25 (i) showsthe 2-wired.c. system, whereasFig. 7.25 (ii) showsthe 3-phase, 3-
wire system. SupposeV isthe voltage between conductorsfor the two cases. Let Rbetheresistance
per conductor in each case.

Lt

_<—+_ _,—*_
o0
I2
O] (it)
Fig. 7.25
Two-wired.c. system. Referring to Fig. 7.25 (i),
Power supplied, P, = VI,
215R

Power loss, W,

217R :
Percentage power 10ss Vi % 100 ()

3-phase, 3-wirea.c. system. Referring to Fig. 7.25 (ii),
Power supplied, P, = 3V 1,

Power loss, W, = 315R
315 R
V3V,

Percentage power 10ss % 100 .(ii)




Supply Systems 147

Asthe percentage power loss in the two casesisthe same,

O exp. (i) = exp. (ii)
217R 3I7R
or ——— x100 = x 100
Vi J3Vvi,
or 21, = /31,
or l, = 2|
2 = \/é 1
2
o B v, BV Eh
’ R~ v, vy -
0 P, = 2P,

i.e. additional power which can be supplied at unity p.f. by 3-phase, 3-wirea.c. system=100%.

Example7.3. Ad.c. 3-wire systemisto be converted into a 3-phase, 4-wire system by adding a
fourth wire equal in X-section to each outer of the d.c. system. If the percentage power loss and
voltage at the consumer’sterminals are to be the same in the two cases, find the extra power at unity
power factor that can be supplied by the a.c. system. Assume loads to be balanced.

Solution. Fig. 7.26 (i) shows the 3-wire d.c. system, whereas Fig. 7.26 (ii) shows 3-phase, 4-
wire system. Supposethat V isconsumer’sterminal voltage (i.e., between conductor and neutral) in
thetwo cases. Let R bethe resistance per conductor in each case.

L —r—T

v —
W\*/_ E v oV
PR 2 I V]F l

L Neutral v v
(@) ()
Fig. 7.26
3-wired.c. system. Refer to Fig. 7.26 (i). Asthe loads are balanced, therefore, neutral wire
carries no current. Consequently, there is no power lossin the neutral wire.
Power supplied, P, = 2V,
Power loss, W, = 21,°R
217R
2V 1,

3-phase, 4-wire a.c. system. Refer to Fig. 7.26 (ii). Since the loads are balanced, the neutral
wire carries no current and hence there is no power lossinit.

Percentage power loss = % 100 ()

Power supplied, P, = *3VI, [ cosp=1]
Power loss, W, = 31,°R
317 R

Percentage power 10ss %100 (i)

3V1,

Asthe percentage power lossin the two casesisthe same, therefore, exp. (i) isequal to exp. (ii)
i.e,

*  Power per phase=V|I,
0 Powerin3-phases=3V1,
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2 31IZ2R
211 Ry 100 = 22 x 100
2V 1, 3V,
or I, =1
R 3VI, 3VI
Now = =—-2="_"1-15
R ~ 2vl 2Vl
0 P, = 15P,

i.e., extrapower that can be supplied at unity power factor by 3-phase, 4-wirea.c. system=50%.

Example 7.4. A single phase a.c. system supplies a load of 200 kW and if this systemis con-
verted to 3-phase, 3-wire a.c. system by running a third similar conductor, calculate the 3-phase
load that can now be supplied if the voltage between the conductorsisthe same. Assume the power
factor and transmission efficiency to be the samein the two cases.

Solution. Fig. 7.27 (i) showsthe single phase 2-wirea.c. system, whereasFig. 7.27 (ii) shows 3-
phase, 3-wire system. Supposethat V isthe voltage between the conductorsin thetwo cases. Let R
be the resistance per conductor and cos ¢ the power factor in each case.

Single phase 2-wire system. Referring to Fig. 7.27 (i),

Power supplied, P, = V1, cos @

Power loss, W, = 21,°R
212R
% age power loss = ——~—— x100 (i
aep V1, cos@ ®

3-phase, 3-wirea.c. system. Referring to Fig. 7.27 (ii),
Power supplied, P, = ,/3V 1, cos®

Power loss, W, = 31,”R
2
% age power loss = %{) x 100 (i)

2

h v oy T

—44 —b%— V

I I, v l

—A
I2
(@) (it)
Fig. 7.27

Asthe transmission efficiency in thetwo casesisthe same, therefore, percentage power losswill
also bethe samei.e,

exp. (i) = exp. (ii)
2 2
or 2IZR 100 = 3R
V1, cos@ V3V 1, cos@
or 21, = /31,
or I, = % 1,
\/§VLI cos
Now, B _ «/§Vlzcosq): 31 (pzz
R V1, cos@ VI, cos@
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Asthe power supplied by single phase, 2-wire (i.e., P;) is 200 kW,
0 Power supplied by 3-phase, 3-wirea.c. systemis
P, = 2P, =2x200= 400 kW

It may be seen that 3-phase, 3-wire system can supply 100% additional load.

Example 7.5. A50 kmlong transmission line suppliesaload of 5 MVA at 0-8 p.f. lagging at 33
kV. The efficiency of transmission is 90%. Calculate the volume of aluminium conductor required
for the line when (i) single phase, 2-wire system is used (ii) 3-phase, 3-wire systemisused. The
specific resistance of aluminiumis 2:85 x 10° Qm.

Solution.

Power transmitted = MVA x cos =5 x 0-8=4 MW =4 x 10° W
Lineloss, W = 10% of power transmitted = (10/100) x 4 x 10° = 4 x 10° W

Length of line,| = 50 km =50 x 10°m
(i) Singlephase, 2-wire system

Apparent power = VI,

0 l, = Apparent power _ 5 x 1063 =151.5A
\% 33x10

Suppose &, isthe area of cross-section of aluminium conductor.

215R, = 2lf(pj€)

212p1 _2x(151)° x (2185 x10°°) 50 x10°
W 4x10°

1635x 107" m’

2a,1=2x (1635 x 10 x 50 x 10° = 16:35 m*

Lineloss, W

a Areaof X-section, a,

Volume of conductor required
(ii) 3-phase, 3-wire system
6
Apparent power _ 5% 10 .= 875A
J3V J3x33x10
Suppose &, is the area of cross-section of the conductor in this case.

Linecurrent, |, =

Lineloss, W = 315R, =313 (pé)
312p| 3% (8708) x (2185 x10°°) x50 x10°
W 4x10°
0-818 x 10 m?
Volume of conductor required = 3a, | =3x (0-818 x 10~ x 50 x 10> = 12:27 m®
Note that volume of conductor (and hence weight) required is less in case of 3-phase, 3-wire
system.

Example 7.6. A sub-station supplies power at 11 kV, 0-8 p.f. lagging to a consumer through a
single phase transmission line having total resistance (both go and return) of 0.15 Q. The voltage
drop in thelineis 15%. If the same power isto be supplied to the same consumer by two wire d.c.
system by a new line having a total resistance of 0-05 Q and if the allowable voltage drop is 25%,
calculate the d.c. supply voltage.

a Areaof X-section, a,
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Solution :
Single phase system
Let 1, betheload current. Then,

Voltagedrop = IR, =1, x0-15 volts ()
Also voltagedrop = % x 11000 = 1650 volts D)
From egs. (i) and (i), I, x 0-15= 1650
1650
O I, = =2 = 11000 A
1 oms

Power received by consumer = Apparent power x cos @

(11,000 x 11,000) x 0 [8 4
= kw = 9. 10" kw
1000 96810
D.C. two-wire system. The power to be supplied by d.c. 2-wire system is 9:68 x 10" kW =

9:68 x 10" W. Let V volts be the supply voltage.

O Load current, 1, = M
Voltagedrop = I, R, = (M) % 0-05 (i)
Allowablevoltagedrop = % xV =025V (V)
. 9[68x137x0[05 _ 025V
7
or Ve = B8O XOMS = 106 x 10°
0 V = [1936 x 10* =4400V

TUTORIAL PROBLEMS

1. What isthe percentage saving in copper feeder if the line voltage in a2-wire d.c. system is raised from
220V to 500 V for the same power transmitted over the same distance and having the same power 10ss?
[80-64%]
2. A single phaseload of 5 MW istransmitted by apair of overhead conductors. If athird conductor of the
same cross-section and material be added and 3-phase supply be thus substituted for the original single
phase, calculate the 3-phase load which can now be transmitted if the voltage between the conductors
and the percentage loss in the lines remains unchanged. [10 MW]
3. Electric power of 50 MW is to be transmitted over a 132 KV, 3-phase, 3-wire transmission line. The
length of thelineis 300 km and the efficiency of transmission is85%. Aluminium isused for conductor
material which has resistivity of 3 x 10~ Qm. Calculate the volume of conductor material required for a
power factor of 0-8 lagging. [242 m°]
4. A 3-phase, 4-wire system is used for lighting. Compare the amount of copper required with that needed
for a2-wire d.c. system with the same lamp voltage. Assume the same losses and balanced load. The
neutral is one-half the cross-section of one of the respective outers.

[Copper for 3, 4 wire: Copper for 2-wired.c. = 0-292 : 1]

5. 30,000 kW at power factor 0-8 lagging is being transmitted over a220 kV, three-phase transmission line.
Thelength of the lineis 275 km and the efficiency of transmission is 90%. Calculate the weight of copper
required. Also calculate the weight of copper had the power been transmitted over asingle-phase transmis-
sion linefor the same line voltage and losses. Assume that the resistance of 1 km long conductor and 1 sqg.
cmis 0173 Q and specific gravity of copper is 8-9. [338 x 10° kg : 450-67 x 10° kg]
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7.9 Elements of a Transmission Line

For reasons associated with economy, transmission of electric power is done at high voltage by 3-
phase, 3-wire overhead system. The principal elements of ahigh-voltage transmission line are:
(i) Conductors, usualy three for a single-circuit line and six for a double-circuit line. The
usual material isauminium reinforced with steel.
(if) Step-up and step-down transformers, at the sending and receiving ends respectively. The
use of transformers permits power to be transmitted at high efficiency.
(i) Lineinsulators, which mechanically support the line conductors and isolate them electri-
cally from the ground.
(iv) Support, which are generaly steel towers and provide support to the conductors.
(v) Protective devices, such as ground wires, lightning arrestors, circuit breakers, relays etc.
They ensure the satisfactory service of the transmission line.
(vi) Voltage regulating devices, which maintain the voltage at the receiving end within permis-
siblelimits.

All these elements will be discussed in detail in the subsequent chapters.

7.10 Economics of Power Transmission

While designing any scheme of power transmission, the engineer must have before him the commer-
cial aspect of thework entrusted to him. He must design the various parts of transmission schemein
away that maximum economy is achieved. The economic design and layout of a complete power
transmission scheme is outside the scope of this book. However, the following two fundamental
economic principles which closely influence the electrical design of atransmission line will be dis-
cussed

(i) Economic choice of conductor size

(if) Economic choice of transmission voltage

7.11 Economic Choice of Conductor Size

The cost of conductor material isgenerally avery considerable part of thetotal cost of atransmission
line. Therefore, the determination of proper size of conductor for thelineisof vital importance. The
most economical area of conductor is that for which the total annual cost of transmission line is
minimum*. Thisis known as Kelvin's Law after Lord Kelvin who first stated it in 1881. The total
annual cost of transmission line can be divided broadly into two parts viz., annual charge on capital
outlay and annual cost of energy wasted in the conductor.

(i) Annual charge on capital outlay. Thisis on account of interest and depreciation on the
capital cost of complete installation of transmission line. In case of overhead system, it will be the
annual interest and depreciation on the capital cost of conductors, supports and insulators and the
cost of their erection. Now, for an overhead line, insulator cost is constant, the conductor cost is
proportional to the area of X-section and the cost of supportsand their erectionis partly constant and
partly proportional to area of X-section of the conductor. Therefore, annual charge on an overheadt
transmission line can be expressed as:

Annual charge = P, +P,a ()]

*  Thequestion of voltage regulation isunimportant in atransmission line. Generally, the X-sectional area of
the conductor is decided on the basis of minimum annual cost.

T Underground system. A similar relationship exists for underground system. In this system, the annual
chargeison account of interest and depreciation on the cost of conductors, insulation and the cost of laying
the cables. Now, the cost of insulation is constant and the cost of conductor is proportional to area of X-
section of conductor.
O Annua charge = P, +P,a
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where P, and P, are constants and a is the area of X-section of the conductor.

(if) Annual cost of energy wasted. Thisis on account of energy lost mainlys in the conductor
dueto I°Rlosses. Assumi ng a constant current in the conductor throughout the year, the energy lost
inthe conductor isproportional to resistance. Asresistanceisinversely proportional to the areaof X-
section of the conductor, therefore, the energy lost in the conductor isinversely proportional to area
of X-section. Thus, the annual cost of energy wasted in an overhead transmission line can be ex-
pressed as:

Annual cost of energy wasted
where P, is a constant.

Total annual cost, C = exp. (i) + exp. (ii)
(PL+Pya) +Py/a

0 C =P +P,atP,/a (1))

Inexp. (i), only areaof X-sectionaisvariable. Therefore, thetotal annual cost of transmission
linewill be minimum if differentiation of Cw.r.t. aiszeroi.e.

P,/a ..(ii)

d
@ © =0
or %(P1+P2a+P3/a) =0
P.
or P,-—= =0
a
or P, = P3/a2
R
or P,a = 2

i.e. Variable part of annual charge = Annual cost of energy wasted

Therefore Kelvin's Law can also be stated in an another way i.e. the most economical area of
conductor isthat for which the variable part* of annual chargeisequal to the cost of energy losses
per year.

Graphical illustration of Kelvin's law. Kelvin's law can aso be T
illustrated graphically by plotting annual cost against X-sectional area’a’ .
of the conductor as shown in Fig. 7.28. In the diagram, the straight line
(1) shows the relation between the annual charge (i.e., P, + P,a) and the
areaof X-section a of the conductor. Similarly, therectangular hyperbola
(2) gives the relation between annual cost of energy wasted and X-sec-
tional areaa. By adding the ordinates of curves (1) and (2), the curve (3)
isobtained. Thislatter curve showstherelation between total annual cost
(P, + P,a + P;/a) of transmission line and area of X-section a. The Fig. 7.28
lowest point on the curve (i.e., point P) represents the most economical
areaof X-section.

Limitations of Kelvin'slaw. Although theoretically Kelvin's law holds good, there is often
considerable difficulty in applying it to a proposed scheme of power transmission. In practice, the
limitations of thislaw are:

(i) Itisnot easy to estimatethe energy lossin thelinewithout actual 1oad curves, which are not

available at the time of estimation.

(if) Theassumption that annual cost on account of interest and depreciation on the capital outlay

isintheform P, + P,aisstrictly speaking not true. For instance, in cables neither the cost
of cable dielectric and sheath nor the cost of laying vary in this manner.

¥ Theremay be somelossesin theinsulating material but these are quite small and may be neglected.
*  That part of annual charge (i.e., P, @) which is proportional to the area of X-section of conductor.

——Annual co
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(iif) This law does not take into account several physical factors like safe current density, me-
chanical strength, coronaloss etc.

(iv) The conductor size determined by this law may not aways be practicable one because it
may be too small for the safe carrying of necessary current.

(V) Interest and depreciation on the capital outlay cannot be determined accurately.

Example 7.7. A 2-conductor cable 1 kmlong isrequired to supply a constant current of 200 A
throughout the year. The cost of cableincluding installationis Rs. (20 a + 20) per metre where ‘@’
is the area of X-section of the conductor in cm?. The cost of energy is 5P per kwh and interest and
depreciation charges amount to 10%. Calculate the most economical conductor size. Assumeresis-
tivity of conductor material to be 1-73 p Q cm.

Solution.
-6 5
Resistance of one conductor = pl _ 103x10 " x10° _ 01173 Q
a a a
21% Rt
Energy lost per annum = =———kWh
ISP 1000
_ 2x(200)* x 0[173 x8760 _ 1212382 KWh
1000 x a a
Annual cost of energy lost = Cost per kWh x Annual energy loss
_ R 5 1212383
100 a
= Rs6062/a (1)

The capital cost (variable) of the cable is given to be Rs 20 a per metre. Therefore, for 1 km
length of the cable, the capital cost (variable) is Rs. 20 a x 1000 = Rs. 20,000 a.

Variable annual charge

Annual interest and depreciation on capital cost (variable) of
cable

Rs0-1 x 20,000 a

Rs 2000 a (i)
According to Kelvin's law, for most economical X-section of the conductor,

Variable annual charge = Annual cost of energy lost

or 2000 a = 6062/a
_ (6062 _ . 2
O a = 2000 174 cm

Example 7.8 The cost of a 3-phase overhead transmission line is Rs (25000 a + 2500) per km
where‘a’ isthe area of X-section of each conductor in cn’. Thelineis supplying a load of 5 MW at
33kV and 0-8 p.f. lagging assumed to be constant throughout the year. Energy costs 4P per kWh and
interest and depreciation total 10% per annum. Find the most economical size of the conductor.
Given that specific resistance of conductor material is 10°Q cm.

Solution.
5
Resistance of each conductor, R = pl - 10 x10° _on Q
a a a
P 5x10°

Linecurrent,| = =109-35 A

J3Vcosg 3x33x10° x0[8

3°Rt KWh = 3x(109 [35) x 0 x8760 31424 KWh
1000 1000 x a

Energy lost per annum
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Annual cost of energy lost = Rs0-04 x 31,424/a=Rs

The capital cost (variable) of the cableis given to be Rs 25000 a per km length of the line.
O Variable annual charge = 10% of capital cost (variable) of line
= Rs0-1 x 25,000a = Rs 2,500 a
According to Kelvin's law, for most economical X-section of the conductor,
Variable annual charge = Annual cost of energy lost
a
125696
2500
Example 7.9. A 2-wire feeder carries a constant current of 250 A throughout the year. The
portion of capital cost which is proportional to area of X-section isRs5 per kg of copper conductor.
Theinterest and depreciation total 10% per annum and the cost of energy is 5P per kWh. Find the
most economical area of X-section of the conductor. Given that the density of copper is8-93gm.cm®
and its specific resistanceis 1.73 x 10 2 Q m.
Solution. Consider 1 metrelength of thefeeder. Let a bethe most economical areaof X-section
of each conductor in m”.

1256 (96
a

or a = =0-71 cm?

-8 -8
Resistance of each conductor, R = pl - 108x10 "x1_10¥3x10 Q
a a a
_ 2I°Rt _ 2x(250)? x1[73 x10"® x8760
Energy lost per annum = 2000 kWh = 1000 X a
_ 18,9?’;,350 x 108 KWh
-8
Annual cost of energy lost = Rs% x w = Rs@ x 1078

2 (Volume x density) = 2 x a x 1 x 8:93 x 10° kg
= 17-86 x 10°a kg
Rs5 x 17-86 x 10° a = Rs 89-3 x 10°a
10% of capital cost (variable)
= 01x89-3x 10°a=Rs8930a
For most economical areaof X-section,

Mass of 1 metre feeder

Capital cost (variable)
Variable Annual charge

Variable annual charge
or Rs8930a =

-8
0 a = % =3.25x 10 *m? = 325 cm?

Example 7.10. Determine the most economical cross-section for a 3-phase transmission line, 1
km long to supply at a constant voltage of 110 kV for the following daily load cycle:

Annual cost of energy lost
94,717(5 , 108
a

6 hours 20 MW at p.f. 0-8 lagging
12 hours 5MW at p.f. 0-8 lagging
6 hours 6 MW at p.f. 0-8 lagging

Thelineis used for 365 days yearly. The cost per km of line including erection is Rs (9000 +
6000 a) where ‘a’ is the area of X-section of conductor in cn®. The annual rate of interest and
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depreciation is 10% and the energy costs 6P per kWh. The resistance per km of each conductor is
0-176/a.
Solution.

Resistance per km of each conductor is
R = 0076 o

a
Linevoltage, V = 110kV = 110 x 10° V
The load currents at various loads are :

6
At20MW, I, = 20610 -1312A
J3x110x10° x0 8
6
At5SMW, 1, = 5x10 =328A
J3x110x10° x0 8
6
At6MW, I, = 6x10 = 3936 A

J3x110x10° x0 8
Energy loss per day in 3-phaseline

=3x 076 . 1 [(131:2)°x 6+ (32:8)°x 12+ (39:36)* x 6]
a 1000

_ 00528 [1,03,280:64 + 12,910-08 + 9,295-26] kWh
1000 a

_ 66026 L
a

Energy lost per annum = S6[26 x 3g5= 2418409 \\yp,
a a

Rs_6 , 24184[9 _ 145109
100 a a
10% of capital cost (variable) of line
Rs0-1 x 6000 a= Rs 600 a
According to Kelvin's law, for most economical X-section of the conductor,
Variable annual charge = Annual cost of energy

or 600a = M
a

O a = /1451[@9 =1.56 cm?
600

TUTORIAL PROBLEMS

1. Determine the best current density in A/mm? for a 3-¢ overhead line if the lineis in use for 2000 hours
per year and if the conductor costing Rs 3-0 per kg has a specific resistance of 1-73 Q m and weighs 6200
kg/m®. Cost of energy is 10 P/unit. Interest and depreciation is 12% of conductor cost.[0-705 A/mm?]

2. Determine the most economical size of a 3-phase line which supplies the following loads at 10 kV :

(i) 100 kW at 0-8 p.f. (lag) for 10 hours
(if) 500 kW at 09 p.f. (lag) for 8 hours
(iii) 100 kW at unity p.f. for 6 hours.
The above gives the daily load cycle. The cost per km of the completely erected lineis Rs (8000 a +
1500) where a isthe area of cross-section of each conductor. The combined interest and depreciation is

10% per annum of capital cost. Cost of energy losses is 5 paise per kWh. Resistivity of conductor
material = 1.72 x 10°Q cm. [0-844 cm?]

Annual cost of energy

Variable annual charge
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3. If the cost of an overhead lineis Rs 2000 A (where A is the cross-section in cm®) and if the interest and
depreciation charges of the line are 8%, estimate the most economical current density to use for atrans-
mission requiring full load current for 60% of theyear. The cost of generating el ectrical energy is5 paise/
kWh. The resistance of the conductor one km long and 1 cm? X-section is 0-18 Q. [41-12 Alcm?]

7.12 Economic Choice of Transmission Voltage

It has been shown earlier in the chapter that if transmission voltage is increased, the volume of con-
ductor material required is reduced. This decreases the expenditure on the conductor material. It
may appear advisableto usethe highest possible transmission voltagein order to reduce the expendi-
ture on conductors to aminimum. However, it may be remembered that as the transmission voltage
isincreased, the cost of insulating the conductors, cost of transformers, switchgear and other terminal
apparatusalsoincreases. Therefore, for every transmission line, there is optimum transmission volt-
age, beyond which thereis nothing to be gained in the matter of economy. The transmission voltage
for which the cost of conductors, cost of insulators, transformers, switchgear and other terminal appa-
ratusis minimum is called economical transmission voltage.

The method of finding the economical transmission voltageisasfollows. Power to be transmit-
ted, generation voltage and length of transmission line are assumed to be known. We choose some
standard transmission voltage and work out the following costs :

(i) Transformers, at the generating and receiving ends of transmission line. For agiven power,
this cost increases slowly with the increase in transmission voltage.

(if) Switchgear. This cost also increases with the increase in transmission voltage.
(i) Lightning arrestor. This cost increases rapidly with the increase in transmission voltage.
(iv) Insulation and supports. Thiscost increases sharply with theincrease in transmission volt-
age.
(v) Conductor. Thiscost decreases with the increase in transmission voltage.

The sum of all above costs givesthetotal cost of transmission for the
voltage considered. Similar calculations are made for other transmission
voltages. Then, a curve is drawn for total cost of transmission against
voltageasshowninFig. 7.29. Thelowest point (P) onthe curvegivesthe
economical transmission voltage. Thus, in the present case, OA is the
optimum transmission voltage. This method of finding the economical
transmission voltageisrarely used in practice as different costs cannot be
determined with afair degree of accuracy.

Thepresent day trend isto follow certain empirical formulaefor find- © —Transn'ﬁission —
ing the economical transmission voltage. Thus, according to American voltage
practice, the economic voltage between linesin a 3-phase a.c. system is Fig. 7.29

3P
55,/0621 + 150

line voltagein kV
maximum KW per phase to be delivered to single circuit
distance of transmission linein km

It may be noted herethat in the above formula, power to be transmitted and distance of transmis-
sion line have been taken into account. It is because both these factors influence the economic
voltage of atransmission line. This can be easily explained. If the distance of transmission lineis
increased, the cost of terminal apparatus is decreased, resulting in higher economic transmission
voltage. Also if power to be transmitted is large, large generating and transforming units can be
employed. Thisreducesthe cost per kW of the terminal station equipment.

——Capital cost—p
w

Vv

where \
P
|
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7.13 Requirements of Satisfactory Electric Supply

The electric power system in Indiais 3-phase a.c. operating at a frequency of 50 Hz. The power
station delivers power to consumers through its transmission and distribution systems. The power
delivered must be characterised by constant or nearly constant voltage, dependability of service,
balanced voltage, efficiency so as to give minimum annual cost, sinusoidal waveform and freedom
from inductive interference with telephone lines.

(i) Voltageregulation. A voltage variation hasalarge effect upon the operation of both power
machinery and lights. A motor is designed to have its best characteristics at the rated voltage and
consequently a voltage that is too high or too low will result in a decrease in efficiency. If the
fluctuations in the voltage are sudden, these may cause the tripping of circuit breakers and conse-
quent interruptionsto service. Usually the voltage at the generator terminals, where thisisdone, in
some casesthe voltage variations at theload may be made sufficiently small by keeping theresistance
and reactance of the lines and feederslow.

(if) Dependability. One important requirement of electric supply is to furnish uninterrupted
service. Thelosseswhich anindustrial consumer sustains dueto the failure of electric power supply
areusually vastly greater than the actual value of the power that he would use during thisperiod. Itis
on account of the expense of idle workmen and machines and other overhead charges. Interruptions
to service causeirritation and are sometimes positively dangerousto life and property. For example,
failure of power in hospitals, in crowded theatres and stores may lead to very grave consequences.
Therefore, it is the duty of electric supply company to keep the power system going and to furnish
uninterrupted service.

(iif) Balanced voltage. Itisvery important that the polyphase voltage should be balanced. If an
unbalanced polyphase voltageis supplied to aconsumer operating synchronous or induction motors,
itwill resultin adecreasein the efficiency of hismachinery and also adecreasein its maximum power
output. Motorscalled upon to deliver full load when their terminal voltagesare unbalanced areliable
to considerable damage due to overheating. One method of maintaining balance of voltage is by
having balanced loads connected to the circuit.

(iv) Efficiency. Theefficiency of atransmission systemisnot of muchimportanceinitself. The
important economic feature of the design being the layout of the system asawhole so asto perform
the requisite function of generating and delivering power with aminimum overall annual cost. The
annual cost can be minimised to aconsiderabl e extent by taking care of power factor of the system. It
is because lossesin the lines and machinery are largely determined by power factor. Therefore, itis
important that consumers having loads of low power factor should be penalised by being charged at
ahigher rate per kWh than those who take power at high power factors. Loads of low power factor
also require greater generator capacity than those of high power factor (for the same amount of
power) and produce larger voltage dropsin the lines and transformers.

(V) Frequency. Thefrequency of the supply system must be maintained constant. It isbecause
achangein frequency would change the motor speed, thusinterfering with the manufacturing opera-
tions.

(vi) Sinusoidal waveform. The alternating voltage supplied to the consumers should have a
sine waveform. It is because any harmonics which might be present would have detrimental effect
upon the efficiency and maximum power output of the connected machinery. Harmonics may be
avoided by using generators of good design and by avoidance of high flux densitiesin transformers.

(vii) Freedom from inductive interference. Power lines running paralel to telephone lines
produce electrostatic and el ectromagnetic field disturbances. These fields tend to cause objection-
able noises and hums in the apparatus connected to communication circuits. Inductive interference
with telephone linesmay be avoided by limiting as much as possible the amount of zero-sequence and
harmonic current and by the proper transposition of both power lines and telephone lines.
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SELF - TEST
1. Fill intheblanksby inserting appropriate words/figures.

(i) Inindia............... system is adopted for transmission of electric power.

(1) I voltage is used for power transmission as a matter of economy.
(i)  The distribution system comprises of three elementsviz, ............... and ......c......

(iv) D.C.transmissionis.............. to a.c. transmission.

(V) The higher the transmission voltage, the ............... is the conductor material required.

(vi) The choice of proper transmission voltage is essentially a question of ...............
(vii)  In overhead system, the comparison of various systems is made on the basis of maximum voltage

between ...............

(viii)  The economic size of conductor is determined by .................

(ix) Inatransmission system, the cost of conductor is proportiond to ............... of conductor.
(x) The economic transmission voltage is one for which the transmission cost is................

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

(i) Primary transmission isdone by 3-phase ............... wirea.c. system. (3,9
(i) The ... distribution is done by 3-phase, 4-wire a.c. system. (primary, secondary)

(iii)  The greater the power to be transmitted, the................ is the economic transmission voltage.
(smaller, larger)
(iv) Theannual charge of atransmission line can be expressed asP; + P, ............... (a, Va)

(V) The economic transmission voltage................ the distance of transmission.
(depends upon, does not depend upon)
ANSWERS TO SELF-TEST

1. (i) 3-phase, 3-wire(ii) high (iii) feeders, distributors, service mains (iv) superior (V) lesser (vi) econom

ics (vii) conductor and earth (viii) Kelvin's law (ix) area (x) minimum.

2. (i) 3(ii) secondary (iii) larger (iv) a (v) depends upon.

CHAPTER REVIEW TOPICS

1. What is electric power supply system ? Draw a single line diagram of a typical a.c power supply
scheme.

2. What are the advantages and disadvantages of d.c. transmission over a.c. transmission ?

3. Discuss the advantages of high transmission voltage.

4. Compare the volume of conductor material required for a d.c. 3-wire system and 3-phase, 3-wire
system on the basis of equal maximum potential difference between one conductor and earth. Make
suitable assumptions.

5. Compare the volume of conductor materiel required in d.c. single phase and three-phase a.c. system.

6. State and prove Kelvin'slaw for size of conductor for transmission. Discussits limitations.

7. How will you determine the economic transmission voltage ?

DISCUSSION QUESTIONS

1.  What isthe need of primary distribution in an electric supply scheme ?

2. Thepresent trend istowards a.c for generation and distribution and d.c. for transmission. Discussthe
reasons for it.

3. In an overhead system, the basis of comparison is the maximum voltage between conductor and
ground. Why ?

4. Kelvin'slaw does not give the exact economical size of conductor. Give reasons in support of your
answer.

Q To FIRST



	Introduction
	7.1 Electric Supply System
	7.2 Typical a.c. Power Supply Scheme
	Fig 7.1
	Fig 7.2

	7.3 Comparison of D.C. and A.C. Transmission
	Fig 7.3

	7.4 Advantages of High Transmission Voltage
	7.5 Various Systems of Power  Transmission
	7.6 Comparison of Conductor Material in Overhead System
	Fig 7.4
	Fig 7.5
	Fig 7.6
	Fig 7.7
	Fig 7.8
	Fig 7.9
	Fig 7.10
	Fig 7.11
	Fig 7.12
	Fig 7.13

	7.7 Comparison of Conductor Material in Underground System
	Fig 7.14
	Fig 7.15
	Fig 7.16
	Fig 7.17
	Fig 7.18
	Fig 7.19
	Fig 7.20
	Fig 7.21
	Fig 7.22
	Fig 7.23

	7.8 Comparison of  Various Systems of  Transmission
	Fig 7.24
	Fig 7.25
	Fig 7.26
	Fig 7.27

	TUTORIAL PROBLEMS
	7.9 Elements of a Transmission Line
	7.10 Economics of Power Transmission
	7.11 Economic Choice of Conductor Size
	Fig 7.28

	TUTORIAL PROBLEMS
	7.12 Economic Choice of  Transmission Voltage
	Fig 7.29

	7.13 Requirements of Satisfactory Electric Supply
	SELF - TEST
	ANSWERS TO SELF-TEST
	CHAPTER REVIEW TOPICS
	DISCUSSION QUESTIONS

	next: 
	prev: 
	first: 
	cont: 


