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Introduction

The conductor system by means of which electrical energy is conveyed from bulk power source o
sources (generating stations or major substations supplied over transmission lines) to the consumers is known
as “distribution system”. Distribution system is an integral part of any electric power system. Like transmission
system, distribution system based on voltage levels can be further classified as

M
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Distribution system has mainly two components which are as follows:
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Primary distribution system:
From generating stations, the electrical power is usually transmitted to various substations through
extra high tension transmission lines at voltage from 33 kV to 400 kV. At these substations this
voltage is stepped down to 11 or 6.6 or 3.3 kV and power at this voltage is conveyed to different
substations for distribution and to the bulk supply consumers. Such a system is known as “high
voltage” or “primary distribution system”.

Secondary distribution system:

At distribution substations, the voltage is stepped down to 400 volts. From these substations various
low voltage (400 volts between phases and 230 volts between phase and neutral) distributors radiate
out and feed the consumers. This system of distribution is known as “low voltage” or “secondaly
distribution system”. |
Tertiary distribution system:

A 400 V, 3-phase system is an example of a tertiary distribution system.

*

Feeder: A feeder in a distribution system is a circuit carrying power from a main substation tod
secondary substation such that the current loading is the same all along its length. Therefore, the
main criterion for the design of a feeder is its current carrying capacity rather than voltage drops:

Distributor: A distributor has a variable loading along its length due to the service conditions:
tapping off at intervals by the individual consumers. The permissible voltage variation at consumer
terminals must be within £5%. Excessing voltage variations at consumer terminals lead to equipmef‘l‘

failure. Hence, the main criterion for the design of a distributor is the limit on percentage voltag®
variations.

[Remmhf: Feeders are not tapped in b_etwee'h'__t_he sub-transmission substation __ah'd__th‘et-_d'_ig{r
wbstations, while distributors are tapped throughout at several points to serve the consumers. _';
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petermination of Size of Conductor for Feeders and Distributors

Practically, ACSR conductors are universally employed for distribution systems (feeders and
distributors). However, in case of distributors all aluminium conductors (AAC) can also be used
provided the span are same.

The conductor size for feeder is mainly governed by the current carrying capacity and overall economy.
The current carrying capacity is usually determined for a maximum operating temperature of 75°C.
After determining the size of the conductor on the basic of current carrying capacity it should be
checked that voltage drop in the feeder is not out of the range of the regulating equipment.

The main consideration for the determination of size of conductor for a distributor is the permissible
voltage drop in the line. If the calculated voltage drop is found more than permissible, the conductor
size of the distributor is then increased to the next higher standard value and voltage drop calculation
is made again. This process is continued till the voltage drop in the distributor is within limits.

Classification of Distribution Systems

Distribution systems may be ciassified in various ways.

e According to current, the distribution systems can be classified as

() AC distribution
(ii) DC distribution
AC system is universally employed for distribution of electrical power.

According to the construction, the distribution system may be classified as

(i) Overhead distribution system and

(i) Underground distribution system

Due to low cost, overhead type system is usually employed. Underground distribution system is
used where overhead system becomes impractical.

According to number of wires, the distribution system is classified as

(i) two-wire

(i) three-wire

(iii) four-wire distribution systems

In case of dc supply, 3-wire distribution system is usually used due to its advantage over two-wire
distribution system. 3-phase, 3-wire system is used for balanced loads such as power loads, 3-phase,
4-wire system is used for unbalanced loads such as light and power loads combined and single-
phase two-wire system is employed for lighting and small power applications.

According to the scheme of connections the distribution system may be classified as

(i) radial I |
(ii) parallel i i

(iii) rin gan d (a) Radial distribution system

m—-il: :l!—b

(b) Paraliel distribution system

S mwAnt

{d) Inter-connected distribution system

(#v) interconnected distribution -

system as shown in Figure 3.1.
(c) Ring distribution system

Figure-3.1 : Various arrangements of feeders and distributors




Since, R = %l therefore, equation (3) can be written as

a
&=7

As number of conductor remains same in case (i) and (ii) therefore, the ratio of volume of conductors is
vi _ a2 _1

.(4)

Comparison of Various Distribution Systems

Although DC distribution system has been phased out in almost every country, séme applications of DC
power are still there. But, in transmission both DC and AC exist. The various possible distribution systems are
1. DC 2-wire system (Monopolar) ' . A A 7
DC 2-wire system with mid-point earthed (Bipolar) 3. ACsingle-phase 2-wire System

2.
3. AC 1-phase, 2-wire system , Figure 3.4 shows a single-phase 2-wire system with Vmiddle point earthed.
4. AC 3-phase, 3-wire system B Here, maximum voltage between one of the outer wires and the earth is Vvolts.
5. AC 3-phase, 4-wire system vV
Following assumption are made for comparison: ‘ Vims = ﬁ
(a) Inall cases, power transmitted remains same.
(b) Inall cases, distance and power loss are same. ‘ i Voltage between the two outer conductor is —= \/— =2V,
(c) The line should have the same insulation level. . . o

Let, V= Maximum potential difference between any conductor and the earth .I - Currentin outer wire is,

I=Line current I= P (0=load pfangle) ~ Figure-3.4: Single-phase,

2V cos 2-wire ac system
1. DC2-wireSystem V2 ¢

Figure 3.2 shows the 2-wire DC system where mid-point is earthed. —0 - . . pP?
18 f each wire, the copper loss = 2| ————|-R
Here, power transmitted, P=VI : If A, be the resistance of each W PP 2V2cos? ¢ 2
2 _ 2
and Power loss = 2I°R =@ (1) I o __PFP ) ..(5)
Vv » i V2cos? o
2, DC 2-wire System with Mid-point Earthed = Figure-3.2 : wired syste ECODW ]oss in AC s., qle-phase 2-wi

Figure 3.3 shows the DC 2-wire system with mid-point earthed.

As no load is fed, therefore, I, = I,

Also, load voItage = 2 \'

Let cross-sectional area of each conductor be a and resistance be R, each.
Power transmittedis, P=2W

o 4. ACthree-phase 4-wire System
Figure 3.5 shows a 3-phase 4-wire AC system

PZR "4

and Powerloss, P, = 212R;=— (2

werloss, Py = 21iRy =5 ) L 1
If power loss is same in case (i) and (i) then, power loss given by~ F ig“"e'sfa;ﬂ% %i}";’;fmm"d'p .
equations (1) and (2) will be equal.
. 2P?R _ P°R, R
ie. or R=— (3

vE 2?2 4 ) —=I°

Figure-3.5 : 3-phase 4-wire AC system




Maximum value of voltage between one phase and ground neutral is Vvolts.
4
V = —
™2
So, current per phase under balanced condition = vV .
3X—=C0s¢
V2
(Here, ¢ = load pfangle)
Let R, be the resistance per conductor then, copper loss is given by

2P? 2 P
Copperloss = 3+ ———— A3 = ————- ...(6
PP 9V2cos?e ° 3 VZcostg (
Equating equations (2) and (6) copper loss due to 3-phase 3-wire as calculated with DC 2-wire system
we have !
P2R, 2P?
2 T Q2 ~n2 Ay
2V 3Vecos® ¢
R, 4 1
or, — = =
Ry ~ 3 cos?¢ (
or, % . ¢, 12 I {
8 3 cos*¢

Types of Distributors

Following are the different types of distributors:
1. Distributors fed at one end

2. Distributors fed at both ends

3. Distributors fed at the center

4. Ring main distributor

1. Distributor Fed at One End
In this type of feeding, the distributor is connected to supply mains at one end and loads are tapered
different points along the length of the distributor as shown in Figure 3.6.

l L —
D
b

}
B A
A
Figure-3.6; Distributor fed at one end
Let 1,, I, I, be the load currents and resistance per unit length of the distributor be r.
Then, Total voltage drop = (Voltage drop in section AB) + (Voltage drop in section BC)
+ (Voltage drop in section CD)
= (I, + L+ L) 1, + (I + L)lor + I lyr
= LIr+ LI+ L)r+ I (1 + L+ Iy)r

h h

-0

I Feeding point

~ Figure 3.8.

2. Distributor Fed at Both Ends o
In this type of feeding, the distributor is connected to supply mains at both ends as showniin Figure 3.7.

The voltage at both feeding points may be different or equal. If such a distributor is fed at only one end, the
voltage drop at the far end may be unacceptable.

i VI P .
L L

Figure-3.7 : Distributor fed at both ends

Here, the total voltage drop across the distributor = (V,,— V).
The current la and I can be calculated using Kirchhoff's laws.

3. Distributors Fed at The Center . '
In this type of feeding, the center of the distributor is connected to the supply mains as shown in

A C D E F G H I B

Figure-3.8: Adistributor fed at the center
This type of distributor is equivalent to two-singly-fed distributors, each distributors being of one half of
its length and having common feeding point.

4. Ring main Distributor
When the two ends of a distributor are fed at equal voltages and are brought together then, such a

distributor is called a “ring main distributor”. A ring main distributor is shown in Figure 3.9.

Figure-3.9 : Ring main distributorfed atone end




A single-phase ac distributor supplies two single-phase loads as shown in |
the given figure. The voitage drop from Ato Cis

A__jp2se B p3sa C
230V T T

30A 40A
0.8 iag u.p.f.
(a) 45 +/30 v (b) 30+45V
(c)45-30V (d) BovV
Solution: (a)
Here, Ig = 30£-36.86°Aand I = 40£0° A
so, voltage drop from Ato Cis
Ve = Tg+Ip)(j025)+I;(j0.35) o RBR g fpka, ¢
o ‘ ) . fB + 1 15}' Ic T
= 1 (j0.25+ j0.35)+(j0.25) I 0A 20A
= (40£0°) (j0.60) + (0.25) (30£-36.86°) 08y wpt
or, Ve = (45+30)V

Why is a ring main distribution system preferred to a radial system?
1. Voltage drop in the feeder is less. .

2. Power factor is higher.

3. Supply is more reliable.

Select the correct answer using the code given below:

(a) 1and 2 (b) 2and 3
(c)1and 3 (d) 1,2and 3
Solution: (c)

Two is wrong because a ring main system is preferred only due to its reliability and less voltage drop

in the feeder.

For a given power delivered, if the working voltage of a distributor iine is
increased to m times, the cross-sectional area 'a’ of distributor line would be reduced to

(8) = (b) —a

’
(€) 558 (d) —a

Solution : (d)

Let the cross-sectional area and the voltage corresponding to power P, of a conductor be A, and V|
respectively. Also, let the cross-sectional area and the voltage corresponding to power P, of a conductor
be A, and V, respectively such that V, = mV,.

Since power delivered is same therefore, P,=PF,

or, V,1,cosp = V,I,cos¢ or ViI;=mV,l,
or, L = I—n; (1)
Now, a distributor is designed based on voltage drop. Therefore, % voltage drop for conductors remain
same
i.e. IiR—UdOO) = (Iﬂwa)
Y Vo
I
IR, — Ry :
r, ——x100] =M __ %100 : ion (1

o] ( v, mv, [(Using equation (1)]
or, R, = Ll

My
or, R, = m?R, (2)

Now, we know that resistance R o %

R Ay Al 2 . ,
So, 2 =--1 o —=m [Using equation (2)]

R, A, A,

1
or, =S
m? A
If, A=
then A, = ——1—a
s m2

In the ring main distribution system, the distributor is fed
(a) by two feeders (b) by one feeder
(c) by four feeders (d) at different points
Solution: (b)
In ring main distribution system, the distributor is fed by two feeders both at equal voltages and ara
brought together.

Figure given below shows a uniformly loaded distributor fed at one end. The
total length of the distributor is taken  and i is the current tapped off per unit length. The voltage drop
upto a distance x from the feeding point is (r = resistance per unlt length of both wires of the distributor
(i.e. go and return):

1
[}
[}
e
[}
1

TV

1 1
(c) Elrl (d) §1fl i, Alm

&---Y__

(a) %m (b) Irl




Solution:(c)

Feeding

= TTTTTTTT

i, Am

I

Voltage drop upto distance x from the feeding point = J'r -xidx+i(l—x)dx = irlx ——;— irx?
0

Total voltage drop over the length is

1

]
V=3 iri? = 211 (Putting x =7in above equation)

(Here, I = il = total current supplied by the distributor)

Single line diagram of a 4-bus single source distribution system is shown
below. Branches e, ,, e, and e, have equal impedance. The load current values indicated in the
figure are in pu.edances. The load current values indicated in the figure are in pu.

-2} 8,

1+j0 © € 5+jo

2+0 .

Distribution company’s policy requires radial system operating with minimum losses. This can
be achieved by opening of the branch.

(a) e, (b) e,
(c) & (d) e,
Solution:(d)

Letthe resistance of each branch be r.
When branch e, is opened as shown below, losses in the system is

P, = 82r+ 3%+ 1?r @: 4 & ——
~ 8A 3A 1A
= 64r+ 9r + r=74rWatt 1 l l

When branch e, is opened, total losses in the system is 5+j0 2+j0 1+0

@‘ r r r
8A l 7A l 5A 1
140 2+j0 5+j0

P, = 82r+ 7r + 5%r = 138r Watt

When branch e; is opened, total losses in the system is

240

Py = 12r+ 7%r + 22r = 54r Watt
When branch e, is opened, total losses in the system is

1+j0 5+j0

2+0

P, = 3%r + 22r + 5%r = 38r Watt
Thus, when e, is opened losses will be minimum.
Hence, option (d) is correct.

In a dc ring main shown in figure, a voitage of 500 volts is maintained at A.
At B a load of 150 A is taken and at C a load of 200 A is taken. Find the voltages at B and C. The
resistance of each conductor of the main is 0.03 Q per kilometer.

Example-3.7

o

160 A

w 00L

500V




Solution:
Resistance of both conductors of section AB of the ring main is
2x0.03
= 500=0.03Q
4= 000 <00 =0
Similarly, R = 2X003x30 _4 5180
1000
2x0.03x700
= ————=0.042Q
and Fac 1000

Let 1, be the current flowing in section ABthen, current in section
BC will be (I, - 150) Aand in section CA will be (I, - 350) A.
Using Kirchhoff's voltage law, we have

IngRag+ Ipc Asc + IcaFlca = 0
or, 0.03I, +0.018 (I, - 150) + 0.042(1; - 350) = 0

o, L= 1%:193.“

Current in section AB s,
I

Current in section BC'is,
I,=193.3- 150 = 43.3 A
Vg=Vy-LRz= 500 -193.3 x 0.03 = 494.2V
Vo= Vg—IgcHge

= 494.2-43.3 x0.018 =493.42V

Voltage at Bis,
and voltage at C'is,

193.3A (flowing from A to B)

(flowing from Bto C)

A single-phase distributor has loop resistance of 0.3 Q and a reactance of
0.4 Q. The far end of the distributor has a load current of 80 A and power factor of 0.8 lagging at 220 V.
The mid-point M of the distributor has a load current of 50 A at power factor of 0.707 lagging with

reference to voltage M. Calculate the sending end voltage and power factor.

Solution: -

The situation is shown in figure. prame M 8

Impedance of section ABis, Z,; = (0.3 +j0.4) Q Iy+Ig TiM T I

Since Mis the mid-point of the distributor therefore, 0._,587A|‘ag 0*.3:'2‘9
Zam = Zus ~288 _(0.15+/0.2)Q

Let voltage at the far end be the reference voltage.

i.e. V; = 220£0° volt

Then, Iy = 80£-36.86°A

So, Uy = Vi + T3 2yp =220£0° + (80£-36.86°) (0.15 + 0.2)

or, VM = 239.26.£1.34° volts or 2.39.203£1.334 volts

Now, at M, Current = 50 A at 0.707 lag w.rt V},

or, ¢ = cos™'(0.707) = 45°
80, Iy = 502-43.66°A
Now, V, = g + ) Z am + Vi
= (80£-36.86° + 50£-43.66°) (0.15 + 0.2) + (239.26.£1.34°)
or, V, = 271£2.8°volts
Also, sending end current will be T = Ig + Iy
or, T, = (80£-36.86° + 50£-43.66°) A
o, Ty = 129.78£-39.47° A

Hence, sending end power factor = cos[2.8°—(-39.47°)] = 0.7399 = 0.74 lag
Hence, sending end voltage,  V,, = 271 voltand '

sending end power factor = 0.74 lagging

Boosters

A booster is a series wound dc generator which is inserted into a circuit to add or inject a certain voltage
for compensating the excessive voltage drop in the feeder. The series wound generator is coupled to a dc shunt
motor. The shunt wound motor draws current from the supply mains and drives the generator coupled to it at
constant speed.

Series
Feeder Field
Booster
Shunt
+ Motor
Shunt
Field
—_— L—a

Figure-3.10 : Booster

The booster must be a low voltage and high current generator working on the straight line portion of its
voltage current characteristic.

3.2 Underground Cables

Underground cables are used for the transmission and distribution of power where it is impracticable to
make use of overhead construction. Such location may be congested urban area where right of way cost would
be excessive or local ordinances prohibit overhead lines for reason of safety, or around plants and substations.

The initial heavy cost is the only factor which has discouraged the use of underground cable for the
Purpose of transmission and distribution of power inspite of it's numerous advantages. Cable installations are
Useful for submarines, crossings, railway yard, inside power station and in density populated areas.

An electric cable may be defined as a single conductor insulated through its full length; or two or more
Conductors each provided with it's own insulation and laid up together under one outer protective covering.




Comparison between Overhead and Underground System o
Comparison between transmission and distribution of electric power through an overhead transmissio .

line and through an underground cable can be done as follow:

k. .~ Aluminium conductor

Paper insulation

- Lead sheath.
Bedding

==Armouring

Serving

Figure-3.11: Anunderground cable and it's components
The above components are explained as follows:
. Aluminium Condictor 5

j An underground cable consists of one central core or a number of cores (two, three or four) of tinned
‘stranded copper or aluminium conductors which provides path for power tranggnission.

e ey

: Insulation or Dieleéctric

. Insulation or dielectric in an underground cable withstands the operating voltage. The aluminium conductor
sinsulated from each other by paper or varnished cambric or vulcanized bitumen or impregnated paper. For upto
1 kV HV system, paper insulation is used. When oil is used as an insulating material then, it is called oil-filled
cables which is used to avoid the formation of voids. Oil -filled cables require small amount of insulation and are
sed for voltages from 66-400 kV. Sometimes SF; gasis used asa dielectric medium in a “gas-filled cable”. One
\yadvantage of the gas-filled cable is its better heat dissipation by natural convection in the gas. Qil filled and gas

filled cables are used in the range of 132 kV to 500 kV.

il

Classification of Cables ' . .
The type of cable to be used at a particular location is determined by the mechanical consideration and

the voltage at which it is required to operate. According to voltage, the cables are classified as shown by the
below table.

3. Sheath

Ametallic “sheath” of lead or alloy or of aluminium is provided around the insulation to protect it against
ingress of moisture, gases or other damaging liquids (acid or alkalies) in the soil and atmosphere. The main
advantages of lead sheaths are the comparative ease with which they are made in lead presses, their flexibility

and high i i i w ifi ity, low i ,
1. | Low voltage cable (LT cable) ~ Upto 1 kV d high corrosion regstance wh|le they have got drawbacks of large specific gravity, low mechanical strength
: fluidity and small resistance to vibrations.
2. | High voltage cable (HT cable) |  Upto 11kV
: ST cabl Upto 33 kV 4. Bedding
_ 3.144| Suwer tenslonjcabls (FLcARCE) e - A layer of “bedding”which consists of paper tape compounded with a fibrous material (i.e. jute, cotton
4. | Extra high tension cables (EHT cables) Upto 66 kV etc.) is provided over the metallic sheath for the protection of metallic sheath against corrosion and from mechanical
: iy inj
5. | Extra super voltage cables Upto 132 kV jury.

S. Armouring
Over the layer of bedding “armouring” consisting of one or two layers of galvanized steel wire or steel
tape is provided to save the cable from mechanical injury.

6. Serving
Over the armouring, a layer of fibrous material similar to that of bedding called “serving”is provided in
order to protect the armouring.

3.3 General Construction of a Cable
An underground cable shown in Figure 3.11 consists of following components.
Aluminium conductor
Insulation or dielectric
Sheath
Bedding
Armouring
Serving

oA W=



Capacitance of Single-core Cable

In a single-core cable, the conductor is surrounded by the dielectric material with an outer metallic '

sheath. A single core cable is shown in Figure 3.12.In this type of construction, the electric field is confined to the
space between the conductor and the sheath, and has circular symmetry.

Sheath
Dielectric

Ymin

Radlus

X —
Figure-3.12 : Electric stress in asingle core cable
Let, r = radius of the conductor
R = inner radius of the sheath
g = permittivity of the dielectric
g = chargein C/m
V = potential of the conductor w.r.t. sheath
g = electric field intensity at a distance x from the center of the conductor with
the dielectric material

Then, g= 9 _vm A1)
2nex
R R _
Now, v=[g-dr=] 52 dx=i1n(5) {2
g . 2nex 2ne r
Hence, the capacitance between the core and the sheath is
c= 2ot pm A

(7

From equations (1) and (2), we have
v

g=—""75
xln(ﬂ)
r

Maximum dielectric stress:
It will occur at the surface of the conductor

i.e. Xpin = T

= potential gradient at a distance x

4
max = ;@ ..(4)

Minimum dielectric stress:
It will occur at the surface of sheath i.e. at x,, = R

4

SO,

S0, Gin= —— 7B\ ..(8)
R ln[ﬁ)
r
Dividing equation (4) by equation (5), we have
Gmax _ R ...(important resulit)
Gmin r

condition for Minimizing Maximum Dielectric Stress (Minimizing g_.)

For g ax = R
fIn(T)

to be minimum, denominator should be maximum.

i.e. rln(g) should be maximum.

SO d rln(ﬁ) =0 for minimum g
' ar r}| max’
or, B e or B—= 2.71882
r r
ey
NOTE et :
s : . . R s > . ~—ar e
Dielectric stress at the surface of conductor is minimum if 7 =e=271882. :
Grading of Cables

Since the dielectric stress in a single core cable has a maximum value g, at the conductor surface and
decreases towards as we move towards sheath or away from the conductor, it is advantageous to try to have
more uniform stress distribution across the dielectric. This will minimize the quantity of insulation (dielectric)
needed for a given rand operating cable voltage. This technique of making the uniform dielectric stress is called
‘grading of cables”.

It must be noted that there is little application of methods of grading because of eonstructional reasons.

There are two methods for grading of cables:

1. Capacitive grading

2. Inter sheath grading

1. Capacitive Grading

In capacitive grading, two or more insulating materials are used and one having larger primitivities is
Nearer to the conductor.




We know that gradient at a distance x from the center of the conductor is g, = S

2REHE, X €€ x

Dielectric stress can be made uniform if the product of €, and the distance from the center of the conductor

to the inner surface of the dielectric is same.
Let there be threelayers of dielectric of outer radii r,, r, and Rand of dielectric strength ¢,, €, and ¢, as

shown in Figure 3.13.

.So, g, @

Figure-3.13 :Capacitance grading of cables

Now for dielectric stress to be uniform, €, should be equal
i.e., E§r=¢,r=¢40,

This clearly shows that the material with the highest dielectric strength.should be placed near to thé
conductor and other layers should be in the descending order of the dielectric strength.

Using Figure 3.12, the total operating voltage of the cable for the working stress of g, is given by

V= gmaxfln([l)'i-gmaxﬁln(2)+gmaxf21n(ﬂ]
r n Iy

or, V = Omax I:rln(ri)+ qln(ri]+ rzln(ﬂ):l
r h I2

Also, capacitance of cable is

As r<r, <r,therefore,

c=3- 9
SV 1. (Y 1.(nY 1. (R
9 [—1 1)+—1n(£)+—1n(—)]
2negley \r) & \n) e \np
or, C= 2m;o
1 In(ri)+ 1 In ri)+ 1 ln(ﬂ)
&4 €& \h) & I

pisadvantage of Capacitance Grading

The disadvantage of capacitance grading is that when a dielectric is damaged it must be replaced by a
similar dielectric thereby increasing the initial investment.

2. Intersheath Grading
In this method of cable grading a homogenous dielectric is used, which is divided into various layers, by
suitably placing the metallic intersheaths. These metallic intersheaths are maintained at the appropriate potential

by being connected to tappings on the winding of an auxiliary transformer supplying the cable as shown in
Figure 3.14.

Metal Sheaths

r

Figure-3.14 :intersheath grading of cable
Due to a definite potential difference between the inner and outer radii of each sheath, it can be considered
as a homogenous single core cable.
From Figure 3.14, we can write

Y Ve

Omaxy = —— Omax, =~
fs) T anl?)
r h

with a single intersheath in the dielectric as shown in Figure 3.15,
Va

and  Y9max, =——R——
e
h

__Y

Omax, =
rln(ri)
r

&y

Figure-3.15:Singleintersheath cable




Now, for uniform dielectric stress, we have

v v

Omax; = Ymaxp = YGmax Or
t

Potential difference between the conductor and sheath is

¢ R
V=V1+V2=rgmax1 1 + A Gmax, | =
r ]

r R
V= Gmax {rln(T‘)Hﬂn(r

1

or

)

Now, for most economical size of the cable, we have

7 h

ZONG

I ”(7) =1 o —=eor To find radius of conductor or core:
For uniform dielectric stress, r= Y = v ...(6)
V V gmax egmax
Omax; = —— O Gmax, [Using equation (1)]
n 1 eV v
rln(—) Now, r,=er= = {7
r €0max  Gmax
7 i Si v
= —— — ince = = v
or, r e orr O ( gmax1 gmax2 gmax) R = AV16V/8V1 = A.%_eeV/e = A~%~e = AV
Equating equation (1) and (2), we get
eV, or, R = o1 % ...(8)
n=er= Gmax
gmax
Also, Imax; = Gmax, = Imax or, R = 1.881- v (9)
e Gmax
or, Vo =-\{l or ln(ﬂ)=i.ﬁ=l(\/_\/‘)=l(-\—/——1) (Since V=V, + ¥
r In(ﬂ) T n)onVroel W e\, For the cable with one intersheath shown in figure below, obtain the condition
h under which the maximum values of the electric fields in the two regions are equal.
.
1 1(V :
2(V/Ivy-1 Sl M
or, —_ = ee( el or A= ﬁee[% ] 1

IZ‘
Putting the value of r, from equation (3) into equation (4), we get

(v W {
H=e—v1e‘*(v1 1)=Le""1~<=)_6’-<=)1 ‘
gmax gmax
v ;va [1—;) gli-ve) % Solution:
T % T g Ve The electric field at a distance x is given by
max max
v gli-17e) _ Q
! Grmax

|
’

<.

In region 1, electric field is maximum at x = ri.e. at the surface of the conductor.




In region 2, E is maximum at the surface of intersheath.
For field to be equal in both regions,

Q _ Q
2nes  2mEyN

or gr=gyn

Since r < r, therefore, for same value of electric fields in the two regions, &, > &, i.e. the dielectric |
constant of insulation closer to the conductor should be higher than the dielectric constant of the outer |
insulation. |

Three insulating materials with breakdown strengths of 250 kV/cm, 200 kV/cm, |
150 kV/cm and primitivities of 2.5, 3.0 and 3.5 are used in a single core cable. If the factor of safety for ’
the material is 5, the location of the materials w.r.t the core of the cable will be

(a) 2.5, 3.0, 3.5 (b) 3.0,2.5,3.5
(c) 3.5, 3.0, 25 (d) 3.5, 2.5, 3.0
Solution:(a)

Since dielectric stress it always maximum at the surface of the conductor therefore, the material having
breakdown strength of 250 kV/cm should be nearest to the core of the cable and that having 150 kV/cm
should be fartest from the cable.

Example-3.11 A single core cable, consisting of 1 cm diameter cable inside a 2.8 cm |
diameter sheath, is 20 km long and operates at 13 kV and 50 Hz. The relative permittivity of the dielectric -
is 5, and the open circuit power factor of the cable is 0.08. The capacitance of the cable and its
charging current are respectively

(a) 5.4uF, 9 A (b) 3.8puF, 10.56A
(c) 5.4 uF, 22.05 A (d) 3.8uF, 7.68A
Solution:(c)

Capacitance per kilometer of the cable is given by

.

-12
2MEE, _ 2nx8.854x107“ x5 = 0.27 pF/km

o

Since length of the cable = 20 km therefore, total capacitance of the cable =0.27 x 20 = 5.4 uF

I, = YVC-=V-0)C
=2 x50x54x%x108x13x 108

=22.05A

WThe electrostatic stress in a single core belted cable is

(a) same throughout the insulation layer

(b) minimum at conductor surface and maximum at sheath
(c) maximum at conductor surface and minimum at sheath
(d) none of the above

Solution:(c)

C=

Also, charging current,

A 66 kV, single core metal sheathed cabile is to be graded by means ofa
metallic intersheath. Calculated the diameter of the intersheath and the voltage at which it must be
maintained in order to obtain minimum overall cable diameter. The maximum voltage gradient at which
the insulating material can be worked is 60 kv/cm.

Solution:

Rms value of the cable voltage is V., = 66 kV

and maximum value is V., = 66v2 kV

Given, Gimax = 60 kV/m
Let, rbe the conductor diameter, r, be the outer diameter of the inner insulating layer and R be the outer
diameter of the outer insulating layer.

Also, let V, = p.d between core and sheath
V, = p.d. between intersheath and the outersheath
then, v L

g = =

mxer r r R
—In —1) a o
2 (r 21”[’1]

For minimum overall diameter of the cable,

Conductor diameter, re= Ve 2x66V2

= oxOi. ~271828x60 1 Hem

and diameter of intersheath,
r,=er= 271828 x 1.144=3.1cm
Voltage between conductor and intersheath is

Vv 66
V.= L=———=2428
17 ¢ 271828 v

Voltage between the intersheath and sheath overall = V-V, = 66 —24.28 = 41.72 kV

Capacitance of Three-core Belted Type Cables

The capacitance of a cable is much greater than that of an overhead line of the same length due to the
narrow spacing between the conductors themselves as well as between the conductors and earthed sheath.
Moreover, the permittivity of the dielectric medium used in cable has a higher dielectric strength compared to that
of air due to which capacitance of a cable becomes very large compared to overhead line.
_ Due to the potential difference between pairs of conductors and between each conductor and sheath
there is g system of electrostatic fields in the cross-section of the cable as shown in Figure 3.16.

Figure-3.16 : A3-core belted cable with an electrostatic field




Let, C, = Capacitance between cores

and C, = Capacitance between core and sheath

Then, the delta-connected capacitance of the cable shown in Figure 3.17 can be converted into equivalent
star-connected capacitances as shown in Figure 3.18.

N
]

oq

CB

Figure-3.17 Figure-3.18
Adelta-connected 3-core belted cable Equivalent star-connected capacitances
Then, Cog=3C, (1)

If the star point and the sheath are at zero potential, then the capacitance per phase or capacitance of
each core to neutral will be

Cv=0Cp=Ceq+C=BC,+C) (2
Let, V,n be the phase voltage then, charging current is given by
Ic=2rfV,Cy (8)

The values of C_and C, can be determined by various measurements which are explained by different
cases as follows:

Case-1

Capacitance between the three core bunched together and the earthed sheath.

The situation is shown by Figure 3.19 where three capacitances C, are eliminated leaving the three
capacitances C,in parallel.

C, .
__l(_
C!

¢ 1 9

e

] c, |

Figure-3.19
Let, the equivalent capacitance be C,, then

C,=3C, or C,= % ...(Important result) -{4)

Case-ll

Capacitance between the two cores or lines with the third core either insulated or connected 1
sheath.

The situation is shown in Figure 3.20 which eliminates one of the capacitances C,. Let the equivalent
capacitance be C,,.

l—r
o
Y .
1
O
+
5

C. :‘f Cu C.—~ 2 Cu
c,:l: C, Tl
__________________ J |
Figure-3.20
C,+C, 1 1
Hence, Cp=C.+ (s—zc-) = 5(3 C,+C)= 3 Cn [Using equation (2)]
Cn
or, Cp= > ....(|Important result) ..(B)
Case-lll
Capacitance between the two cores shorted with the sheath and the third core.
The situation is shown in Figure 3.21. Let the equivalent capacitance be C,,.
o. _________________________
Cc:'lz :F C. =¢, Cur
P .
Figure-3.21
The equivalent capacitance becomes,
Cu=(@C,+C)=Cy-C, (Since, C;=3C,+C,) ..(Important result) ...(6)

Case-lv

Capacitance between two joined cores and the third core.

4 The situation is shown in Figure 3.22 where the capacitance C, between the two conductors which are
I%ined together is eliminated.

Letthe equivalent capacitance be C,,.

2c, c,
Cc
B¢———}——24

C

(-]

ol I

Figure-3.22




2 2(C,+3C,) 2
Now, Cy= ZCc+§Cs =——S—3——°=§Co
2 2
So, Cy= g(Cs +3C,)= §Co ...(Important resuit) .(7)

insulation Resistance of a Single-core Cable
The cable conductor is provided with an insulation of suitable thickness so as to avoid leakage current
and the opposition offered by the insulation to this leakage current is called the sinsulation resistance” of the

cable.
Leakage current flows through the dielectric from the surface of the conductor to the surface of the

sheath.
Let us consider a single core cable of conductor radius ry, internal

sheath radius r,, length / and insulation material resistivity p as shown in Figure 3.23.
The resistance of the element in the radial direction is

par
dR. = —
! 2nrl
%pdr _ p p ("
= [P P yne=—-in|2 Figure-3.23
A ;[ 2nrl  2nl nrlg 2nl [ﬁ) ®
Hence, insulation resistance of cable, | F; o f ...(Important result) ..(9)
Dielectric Loss in a Cable
The power loss occuring in the cable due to the insulation resistance is known as “dielectric power

loss”. Dielectric loss is caused by dielectric absorption or polarization.
The charging current of a cable I has two components:
One being true capacitance current which is equal to ®CVand leads the applied voltage by 90° and the
other being the energy component which is in phase with the applied voltage represents the dielectric loss
component of current.
Hence, the equivalent circuit consists of parallel combination of leakage resistance R, (represents dielectric
power loss) and capacitance C as shown in Figure 3.24 (a) with it's phasor diagram shown in Figure 3.24 (b).

[

-

e e U

VIR,
C) (b)

Figure-3.24: (a) Equivalent circuit of acable (b) Phasor diagram of figure (a)

Let, V = applied voltage
C = capacitance of cable
¢ = phase angle between V and | (p.f. angle of cable)

& = loss angle of the dielectric
v v

= —EC—-:(—ij oCV
oC

Now, charging current, I =

Dielectric loss/phase, P, = VIcos$ = VIsind [ 6=(90°-8)]
1
o, P,= V.—£_.sin§ =V oCV tand
cosd
or, P, = @CV?tand ...(Important result) ..(10)

Since 8 is very small, therefore tand = & (radian) and hence, dielectric power loss per phase becomes,
P, = (VPoC 8) Watts ...(Important resuit)

(1)

Dielectric power loss in cableis, F,a VownaC

P,is small upto a voltage of 33 kV, but increases as the voltage is Increased.
The dielectric loss leads to the heating of cable.

Thg dielectric loss in cable is due to the loss in the equivalent resistance R.
For a 3-core cable, dielectric loss = 3 V2 oC & Watts.

The insulation resistance of a single core cable is 160 MQ/km. The insulation

resistance for 4 km length is

(a) 80 MQ (b) 40 MQ
(c) 120 MQ (d) 320 MQ
Solution: (b)

We know that insulation resistance of a cable is inversely proportional to the length of the line.

i.e.,

|
|

1 |
R 1
S0, 2 = _ lp -1
Ri1 2 or Hiz—zRﬁ—zx160=4OMQ
The loss angle of a cable is 8. The power factor is
(a) cos 8 (b) tan?
(c) 8 (d) sind
Solution :(d)

The phasor diagram for the equivalent circuit of a cable is shown below.

1

v

I
¢ = power factor angle = (90 - 8)
Power factor = cos¢ = cos(90-38) =sin &

Here,




Gonsider & three-core, three-phase, . A 3-core, 3-phase metal sheated cable had (#) capacitance of 1 pF between !
Exampicas: inth Outer sheath shorted conductors and sheath and (ii) capacitance between two conductors shorted with the sheath
50 Hz. 11 kV cable whose conductors are denoted as R, Y, Bin the d the third ductor 0.6 wF. Find th it ,'
figurel The inter-phase capacitance (C,) between pair of conductors an e(,.) Irbe(:;:e:ca?‘; &ou:;n:‘uctoresc:nzam ance
) i r and
is 0.2 uF and the capacitance between e.ach line c:)f\sducto (i) between any two shorted conductors and the third conductor.
the sheath is 0.4 uF. The per phase charging current | Solution:
4 A )
(a) 20A 22; g g A Capacitance between shorted conductor and sheath is
(c) 2.7A ' G =8C,=1yuF (Refer to Figure 1.39 of previous article)
Solution:(a) 1
= —=0.333 uF
Given, C, = C,=0.2yFand C;= C,=0.4 uF or, C, 3 M
Vo< ﬂ KV Now, capacitance between two conductors shorted with sheath and the third conductor (refer to Figure |
LI 3.21 of previous article) is |
Per phase capacitance, C —04+3x02=14F Cy=2C,+C,=06yF
C,=C,+3C,=04+3x02= 06-C, 0.6-0.333
. or, C, .= £ = =0.1333 uF
Per phase charging current is ¢ 2 2 .
o Vo Vi oC (1) Capacitance between any two cores
Iy = —— = = Vpn @Cp
ph
Xe (1 -1 (3C,+C,) = S _1 [3 x 0.1333 + 0.333] = 0.36645 pF
s (if) Capacitance between any two shorted conductors and the third conductor (refer to Figure 3.22 of I .
_ ] 1310 x2nx50x1x107° =2 A previous article) is
3
2 2
Cp=12C,+=C, |=2x0.1333+<=x0.333 =0.488 uF
The capacitance of the 3-core cable belted are measured and found to be w ( c’g S) 3 H
as follows: hed together and the sheath 10 F. - A single core cable 1.0 km long has a core diameter of 0.5 cm and diameter |
(') between a'czzztg:’x deotherg two connected together to the sheath 6 pF. under sheath 2.0 cm. The relative permittivity of the insulating material is 3.5. The power factor on open |
g'a)I:j:ee ::ec::pacitance to neutral and the total charging KVA when the cable is connected circuit is 0.05 and the supply voltage is 11 kV, 50 Hz. Determine ‘
11 kV, 50 Hz 3-phase supply. . (¥) the capacitance of the cable. I-
toa ! (i) the charging current per conductor,
SQIution: C - 3C.= 104F (Case-1of previous article of cable) (i) the dielectric loss and ‘
Given, c 17 2Cs 4 C.— 6 yF (Case-II of previous article) (iv) the equivalent insulation resistance.
m c s Solution:
_ G _10 S () Capacitance of the cable is
Now, s 3 3 .
0.024¢
6-Cs _ 6—10/3) C= r
and Cp=2C,+Cy=6uFor C = 2 _( 2 |og(g)
: c-84F Here, R=2cm=0.02m, |
or, © 6 3 r=0.05cm = 0.005m,
10,3x2.19,4-22 F or g =7.33yF e =235
Capacitance to neutralis, G, = C;+3C;= ?+3x§——3—+4— g it o " ’ 0.024%3.5
024 x3.
The total charging KVA = @C, V2 , So, C= =055\ ¥ 107 =0.1395 yF
= 2n x50 x 7.33 x 108 x (11 x 10°9) log(o 605)
= 278.637 KVA U '
e _———




=0.278 A

3
(i) Charging current, I,=oCV= 21 x50%0.1395x 1 0% x ! 13%0

(iii) Power factor onopen circuitis: cos$ = 0.05
y ' ¢ = cos™(0.05) = 87.134° '

Dielectric loss angle, 8= (90°- 87.134°) = 2.866°
SO, Dielectric loss = oCV? tand

3 2
= 21tx50x0.1395x10'6x(11:</%0 ] tan2.866° = 88.5 Watts

(iv) The equivalent insulation resistance of the cable is

V2 _(11x103 /3
i Dielectric loss 88.5 = 0456 Ma2

3.4 Insulator for Overhead Lines
chin turn are supported by towers or poles. The line conductors are

Overhead lines are suspended, whi
fixtures, called the “insulators® so that there is no

secured to the supported structures by means of insulating

current leakage to the earth through the supports.
insulators are mounted on the cross arms and the line conductors are attached to the insulators so asto

provide the conductors proper insulation and also provide necessary clearances between conductors and metal
work. Insulators are the most important and vulnerable links in transmission and distribution practice. insulators
are designed and manufactured for a certain voltage range. The maximum voltage per insulator is about 33 kV.

Properties of an Overhead Line insulators

The import properties which an overhead line insulator must posses are as follows:

1. High relative permittivity: A high value of relative permittivity provide high dielectric strength.

2. High mechanical strength: Mechanical strength should be high so that the insulator bears the loaf!
due to the weight of line conductors, wind force and ice loading. -

3. High insulation resistance: It prevents leakage of current to earth.

4. High ratio of flash-over voltage.

5. Abilitytowithstandlarge temperature variations: insulators should not crack due to high temperafur®
during summer and low temperature during winter.

Insulating Materlals
The various materials used for overhead line insulators are:
1. Porcelain: It is produced by firing at a controlied te

feldspar. Porcelainin mechanically stronger than glass.
leakage current effect on it is very less and is not affected by dirt deposits. The di

of a sound porcelain insulator is above 6.5 kV/mm of its's thickness.

2. Glass: Glass insulators can be used only upto 25 kV under ordinary atmospheric conditions and well
upto 50 kV in dry atmosphere. It can withstand higher compressive stresses as compared to porcelaif
it has lower coefficient of thermal expansion which minimizes the strain. lthas a dielectric strength

of 14 kV/mm of the material.

mperature a mixture of Kaolin, quartz and
Itis less susceptible to temperature variation;
electric strength

3. Steatite:lti i i ili
e: It is a naturally occuring magnesium silicate combined with oxides in various proportions

It has higher tensile and bendi
ing stress than porcelain an i
transmission line takes a sharp turn. ° et et

Types of insulators

Various types of in i
typ sulators used for overhead transmission and distribution lines are described as follows:

1. Pin- i :

o at;:: |:::lranto.r. TZese are used upto 50 kV only because they become uneconomical for higher

. ain advantage of a pin-type insulator i iti

ot bovom S p risthatitis cheaper. The modern practice is not
2 s ion- : ion i

thl;srz:::on ;ytpe in;ulator. Suspension insulators are made in the form of discs, and a number of

used together in a flexible string for the volta [ :
ge range desired, the conductor bei
to the lower end. The entire unit of s ion i , ot of sckersion
. . uspension insulator is called string. Each uni i
type insulator is designed for low volt G for commectine o
: age (about 11 kV) and can be used f i i
series, the number depending on the worki oo
in ioni

- g voltage. The suspension insulators are held in horizontal
3. Strain- : i

" ;a" :etype irlsul.ators. When thgre is a dead end of the line, or there is a corner or a sharp curve, or

o :;:'sses gver etc;., a strain-type insulator is used. For low-voltage line (upto 11 kV) "shac,kle

can be used, but for higher voltage transmission i “strain i l
ion lines “strain insulators” isti
an assembly of “suspension type insulators” ooy
rs i i
i are used. The strain-type insulators are employed in

Strain-insulator
b consisting of three
I suspension insulators

-— Metal link

E Conductor

(b)

(a)

Line
conductor

(c)
Fi : i i
gure-3.25 : (a) A pin-type insulator (b) A suspension-type insulator and (c) A strain type insulator

P . e Lo .
Otential Distribution Over A String of Suspension Insulators




Figure 3.26 shows an equivalent circuitof a string of four identical insulator units.

-
I

Lo
I1
c
\ X
v la
12
v,
c
c 2
——

v e .
3
V3
F C CS
i 3v la X&
c, Vu

Figure-3.26: Potential distribution overastring of fourinsulators

2o,y xn e e suth

Let the capacitance between the metal part of two insulator disc and transmission tower be C.
Capacitance per insulator _ mC

Also, M= Capacitance toground ~ C
where, C,=C,=C3=C,=mC s
Let Vbe the operating line-to-ground voltage and V,, V,, V;and V, be the voltage drops across the units.
where, V=V, + Vo + Va+ Y, (1)
Using Figure 3.26, we have

L =1 +1g
or, @m CV, = em CV, + © CV, (where @ = angular frequency)

! 2
or, V, = \/1(1+—r—n—) @
Also, L=5L+Iy
or, @m CV,= @m CV, + oC(V; + V,)

Substituting V,, for equation (2) in above equation and simplifying, we get
3
m’>+3m+1)_ §_ _1_ .0
R
similarly, I, =I3+ 1
or, emCV, = o, CV; + oC(V; + V,+ V3)
Substituting V; from equation (3) in above equation, we get
2 2
m? +3m+1 3m°+4m+1
V= ‘/1[ me + m )

6 5 1 )

or, V4= \/1(1+-r;7—+7n—2+7n—3)

Let, m = 5 (for string of 5 insulators) then,

V,=12V, V;=164V,V,=2408Y,
Hence, V,<V,<Vy<V,and [,>;>1,>1

' NOTE: Potential distribution is maximum near the power conductor and goes on decreasing as one moves
near the cross-arm. Hence, as ‘m’ increases, the division of voltage becomes more equalized.

string Efficiency

String efficiency is a measure of the utilization of material in the string. There is a capacitance between

metal fitting of each insulator unit and the earthed pole or tower. The capacitance so formed is called “shunt
capacitance” or “stray capacitance”. Due to this shunt capacitance, charging current is not the same through
all the discs of the string. So, voltage across individual units, being directly proportional to the current flowing

through them, will be different. This unequal potential distribution is undesirable and is usually expressed in
terms of string efficiency.

Percentage string efficiency is defined as

%1 = [ Voltage across the string )x100 ...(Important result)

nx voltage across the unit adjacent to line

where, n = total number of insulators in a string.
String efficiency is also defined as,

% = [ Flash-over voltage of the string )x 100

n x flash-over voltage of one unit --{Important result)

Example:
if V = 60 kV, m=5, then
V= V,(1+1.2+1.64+2408)=6.248 V,
and V, = 9.6KV, V,= 11.5kV
V, = 15.8kV, V, =23.1kV
O —_ 60 —_— [+
%= xoad oo8%

F‘il_ellun‘ll.)er: The string efficiency indicates the extent of wastage. Although' the string eﬁiciency_ can't be
~made 100% but it's value should be as high as possible.

Methods of Improving String Efficlency

Some of the methods which can be used to improve the string efficiency are as follows:

1. Selection of m: As mis increased by increasing the length of cross arm, Cis reduced and hence,

the division of voltage becomes more equalized as a result of which string efficiency improves. The
value of mlies between 0 to 10. ' ‘

2. By capacitance grading: The non-uniform distribution of voltage across an insulator string is due to

leakage current from the insulator pin to the supporting structure and since the voltage for a given
current is inversely proportional to the capacitance the unit nearest to the cross arm should have the
maximum capacitance in order to reduce the voltage across it. Also, as we move towards the power
conductor the unit capacitance should decrease. By correct grading of the capacitances, complete
equality of voltage can be achieved. This is called “capacitance grading” shown in Figure 3.27.
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Figure-3.27 : Capacitance grading over astring offourinsulators

Let the capacitance between the metal work and the power conductor be negligible.
Let the mutual capacitance be C, to C, and the ground capacitance be C.
Using Figure 3.27 and applying KCL, we get
L=lW+ly= oUC + C,) = ovC,
or, oC, +C,) = wvC,orC, + C= C, ...(5)
Voltage producing I, is 2v

.o IC2 = 2 (DCV
Now, L=L+I1
or, wC,v = 20Cv+ o(C + Cy) v
or, C,=3C+C= C,+(1+2)C . ...(6)
Hence, the capacity for the r'" unit is
G, = C+(1+243+..+n-0C A7)
If C,=5Cthen,wehave C,=6C, C;=8 C. C,=11Candsoon.
ST =
NOTE The disadvantage of capacitance grading is that it require a large number of different-
sized insulator units which is uneconomical-and impractical. In order to avoid thes
limitations, static shielding is used which emplﬂ identical insulator discs. '

3. Static shielding: In this method, the voltage distribution is equalized by providing grading, of
guard ring, in the form of a large metal ring surrounding the bottom unit and connected to the mete!
work at the bottom of this unit, and therefore to the line. This helps to cancel exactly the pin to tower
charging currents so that the same current flows through the units of identical capacities to produceé
equal voltage drops across each unit as shown in Figure 3.28.

Figure-3.28 : Static shielding

From Figure 3.28 using KCL, we can write,
L=I+I-1,
Iy=I,+1y-1,and soon

For a voltage of v across each identical units, the currents 1, = I, = I.

Hence, I, = Iy, I, =1y, I, = I;gand so on

. vCo = (n-1) vao

and 2vCw=(n-2)vyw and 3vCw=(n-3)vzw

C 2C 3C
F i i - — =" = ==
rom above equations, we obtain x =7 y - and z 3

In general, the capacitance from the shield to the Kt link from the top is

Cx = (—ni(—E}Z) ...(Important result)

..(8)

(a) 256% (b) 50%
(c) 80% (d) 75%
Solution:(c)

Voltage across the string

String effici is gi %M =
ing efficiency is given by %n (n x voltage across the unit adjacent to line

v x100=%x100=80%
5x

<<

)x100

A string insulator has 5 units. The voltage across the bottom most unit is
25% of the total voltage. The string efficiency is




’ ' Solution:
Grading ring is used to neutralize the potential distribution across the units Given: n=3

of the suspension insulator because it
(a) forms capacitances which help to cancel the charging current from link pins.

Here, self capacitance = mC = Cfarad |
pin to ground capacitance = 0.1 C farad

(b) form capacitances with link pins to cancel the charging current from link pins. C ' i
(c) increases the capacitances of lower insulator units. so, m=o36=10 \ A
(d) decrease the capacitances of upper insulator units.

Now, voltage across the bottom most unit is '|
V, = safe working voltage of the unit = 20 kV

|
Consider a three-phase, 50 Hz, 11 kV distribution system. Each of the Also, v, = \/1(1+_§+L2) :
conductor is suspended by an insulator string having two identical porcelain insulators. The self m m |
capacitance of the insulator is 5 times the shunt capacitance between the link and the ground, as

Solution:(a)

Example-3.22

Vs 20 |

shown in the Figure. The voltage across the two insulators are or, v, = == . — |- 15.267 kV
I — 1+ —+ — 1+ 1—0 1—66 !
5C 8, Voltage across the middle unit is |
1 T V, = \/1(1+l)=15.267(1+l)=16.794 KV
¢ _]_ m 10
5C
™ and maximum safe working voltage of the string is |
_l_ V=V, +V,+V, |
Conductor = 15.267 + 16.794 + 20 = 52 kV
|
(a) 8, =3.74KkV, 6, = 2.61kV (b) e, =3.46KkV, 6, = 2.89 kV Also, string efficiency is, %N = —V—x100 = 52 x100 = 86.667% '
(c) e, =6.0kV, e, = 4.23kV (d) e,=5.5kV,e,=55kV nVs 3x20

Solution:

5C A string of five suspension insulators is to be fitted with a grading ring. If the ‘
Given, m= == 5andn=2 pin to earth capacitances are equal to C, find the values of line to pin capacitances that would give a
From given figure . uniform voltage distribution along the string.

(Here, in figure e, and e, have opposite positions as original) Solution: \
Given, n=5 1
pin-to-earth capacitance = C

V1 = Vy +%=V2 +V€2=12 Vo
Using equation (8) of the previous article, the capacitance of the K metal link to the line is given by

Here, v,=6andv,=e
SO, ef = v12 =12 192 1 (1] C. = K x pin-to-earth capacitance _ KC
K - - —
Also e, +e,= ﬂkV (Given) (=10 P |
! 1 2~
V3 Hence, C, = XC_C_oa2sc |
or, e, +e,=6.351kV {2l 5-1 4
solving equations (1) and (2), we get _2xC_2,._
e, = 3.46kVand e, = 2.89 kV G=5773°" 0667C

In a string of three identical insulator units supporting a transmission line | G = 35)(2 =1.5C
conductor, if the self capacitance of each unit is denoted by C farads, the capacitance of each H -
connector pin to ground can be taken as 0.1C farads. Determine the voltage distribution across the : and Cy= zxi =4C
string if the maximum permissible voltage per unit is given as 20 kV. Also determine the string efficiency: =




Calculate the string efficiency of a 3-unit suspension insulator of given figure

if the capacitance of the link pins to earth and the line are respectively 25% and 10% of self capacitance
C of each unit. What should be the values of link pins to the line capacitance for 100% string efficiency?

Solution:
Applying KCL at the node of the given figure, we have

L=I+I,-1,
or, wCV, = aCV, +%mCV1 —1—10—0)C(V2 +V3)
or, 25V, -22V,-2V; =0 (1)
Again, L=L+1,-1
o, wCV, = 6CV; +;1—(oC(V1+V2)—1—16mCV3
or, 5V, +25V,-22V, =0 .(2)
Therefore, V=V, + V,+V, . «(3)
Solving equations (1), (2) and (3), we get

466 520 735

Vi= ——V, Vo=20 Vs Ya= 750
1809 1809 1809
Hence, string efficiency is given by

=82.1% or 82.04%

1809
For 100% string efficiency, Vi=V,=V;
and L =1,=1I
Therefore, IL=1 or %(,)C\/1 =wxC-2V, Or x= %
1 1
Also, L =1, or -A:mC-Z\/1 =ayCV, or y=75

Hence, for 100% string efficiency, link-pin-to line capacitance willbe xCand yCi.e. %C and —;:C :

em—

e ——

Important Expressions .

1.  Power loss in AC single-phase 2-wire system is o 1 .
(V cos¢)?
[ ]
2. Themaximum dielectric stress occurs at the surface of conductor and is given by | Omax = 1 \E H)
rin| —
! rj]
[ |
3. The minimum dielectric stress ocurrs at the surface of sheath and is given by | 9min = I—?T\_/(—Iﬁ
n —
L _

Omax _ ﬁ]
4. [ Omin T

R
5.  For minimum dielectric stress at the surface of conductor, the condition is [T = 2-7188]

6. Using capacitance grading, the cable capacitance is given by

2neg
lln(—rl)+-1—1n(rl)+lIn(ﬂ)
£ r) & \n) & I

7. The cable capacitance of each core to neutral is, Cy = (3C¢+ Ca=0GC,

C=

The charging currentis, I = 2rf V,, énr
8. Capacitance between the three cores bunched together and the earthed sheath is given by

9. Capacitance between the two cores or lines with the third core either insulated or connected to

1 1
sheath is given by | Cr =75 Cnv=5 (3C¢c +Cs)

10. Capacitance between the two cores shorted with the sheath and the third core is given by
[Cp=(2Cc+ Cg) =(Co— Col

11. Capacitance between two jointed cores and the third core is given by [CW = %(Cs +3C¢) = ?23- Co]

y
12. insulation resistance of a cable, f; o 7 [where, I = length of cable]

P o e —




Q.1

Q.2

Q.3

13. Dielectric power loss in a cable is given by

P, = (@CV?tand)watts
= (VP wC d)watts

14. Percentage string efficiency is given by

(for small value of d)

Voltage across the string

ofm = x100
7l (n x voltage across the unit adjacent to line)

_ ( Flash-over voltage of the string | .4
n x flash over voltage of one unit

15. For static shielding, the capacitance from the shield to the k,, link from the top is given by

o5
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In a dc ring main a voltage of 400 V is
maintained at A. At B 500 meters away from A,
a load of 150 A is taken; at C 300 meters from
B, a load of 200 Ais taken. The distance between
Aarid Cis 700 meters. The resistance of each
conductor of the mains is 0.03 Q per 1000
meters. Find the voltage at B and C and also
find the current in section BC.

A single-phase ring distributor ABC'is fed at A.
The loads at B and C are 20 A 0.8 pf lagging
and 15 A at 0.6 pf lagging respectively, both
expressed with reference to voltage at A. The
impedance of the sections AB, BC and CAare
(1 + 1), (1 +j2)and (1 + 3) ohms respectively.
Find the total current fed at A and the currentin
each section.

A kilometer of a 3-core, metal-sheathed cable

gave the following results on a test for

capacitance.

(i) Capacitance between bunched conductors
and sheath is 1.0 pF.

Q.4

Q.5

(i) Capacitance between two conductors
bunched with the sheath and third conductor
0.6 uF.

With the sheath insulated find the capacitance

(a) between any two cores.

(b) between any two bunched conductors and
the third conductor.

A 110kV single core metal sheathed cable is 10
be graded by means of a metallic inter-sheath.
Find the diameter of the inter-sheath and the
voltage at which it must be maintained in order
to obtain the minimum overail diameter D. The
insulating material can be worked upto
55 kV/cm.

Each of the three insulating forming a string has
a self capacitance of ‘C Farads. The shunting
capacitance of the connecting metal work of each
insulator is 0.2 C to earth and 0.1 C to the line. A
guard ring increases the capacitance to the fline
of the metal work of the lowest insulator to 0.3C:
Calculate the string efficiency of this arrangement
with the guard ring.

(2

Student's 1
Assignments Explanations

1. Vp=394.2V, V=393.42V,Ig.= 13.3 Aflowing

Q.1

Q.2

Q3

Q.4

Q.5

from Band C.

. 23.1£-32° A, 3.01£30.1° A, 13.1£-60.8° A,

34.6£-34.8°A

. () 0.367uF (b) 0.489uF
. 5.66 cm; 69.5 kV
. 95.24%

4
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100 per cent string efficiency means

(a) one of the insulator discs shorted

(b) zero potential across each disc

(c) equal potential across each insulator disc
(d) none of these

Which of the following materials is not a
constituent of material used in making porcelain
insulators?
(a) Kaolin
(c) Silica

(b) Quartz
(d) Feldspar

Pin type insulators are generally not used for
voltage exceeding
(a) 66 kV
(c) 25 kV

(b) 33kV
(d) 11kV

If the frequency of a transmission system is

changed from 50 Hz to 100 Hz, the string

efficiency

(a) willincrease

(b) will decrease

(c) remains unchanged

(d) may increase or decrease depending on the
line parameters

The purpose of guard ring in transmission lines

is to

(a) reduce the earth capacitance of the lowest
unit

Q.6

Q.7

Q.8

Q.9

(b) increase the eartn capacnance o1 e lowest
unit

(c) reduce the transmission line losses

(d) none of the above

The material commonly used for sheaths of
underground cable is
(a) copper

(c) steel

(b) lead
(d) rubber

The insulation resistance of the cable decreases
with the

(a) increase in length of cable

(b) decrease in length of cable

(c) electric stresses

(d) none of these

The charging current drawn by the cable
(a) lags behind the voltage by 90°

(b) leads the voltage by 90°

(c) leads the voltage by 180°

(d) none of these

To obtain the minimum value of stress in cables,

the ratio (A/r) should be
(@) 2.13 (b) 2.718
(c) 1.96 (d) 1.5

Q.10 In a cable of conductor diameter ‘d’ and overall

diameter with dielectric material ‘0, the maximum

dielectric stress

(a) occurs at the conductor surface and is
proportional to d.

(b) occurs at the conductor surface and is
proportional to 1/d.

(c) occurs at the middle of the dielectric and is
proportional to 1/D.

(a) occurs at the outer surface of the dielectric
and is proportional to D.

Q.11 The surge impedance of a 50 miles long

underground cable is 50 Q. For a 25 miles length
it will be
(@) 25 Q
(c) 100 Q

(b) 50 Q
(d) none of these

Q.12 In a 3-core cable, the capacitance between two

conductors (with sheath earthed) is 3 uF. The
capacitance per phase will be




(@) 1.5uF
(c) 6uF

Q.13 Consider the following statements:

1. Theinsulation resistance of cable will increase
if the length of cable is increased.

2 For the same overall diameter of cable, the
grading of cable will increase the safe
working voltage.

3. The normal operating temperature of PVC
cable is 70°C.

4. The thermal resistance of soil increases as
the moisture content of soil increases.

Of these statements:

(@) 1and 2are correct

(b) 2and 3 are correct

(c) 3and 4 are correct

(d) 1and 4 are correct

(b) 3puF
(d) 12pF

Q.14 The booster

(a) is a series wound dc generator driven by dc
shunt motor.

(b) is a low voltage and high current generator
operating on straight or linear portion of its
voltage current characteristic.

(c) is a high voltage and low circuit machine.

(d) both (a) and (b)

Q.15 The distributors in residential areas are
(a) single-phase, two-wire
(b) three-phase, three-wire
(c) three-phase, four-wire
(d) two-phase, four-wire

Q.16 The distribution system which is most reliable is
(a) minimize the stress
(b) provide protective against moisture and
voltage surges
(c) use inferior insulation
(d) provide property stress distribution

Q.17 Capacitance grading of cable means

(a) use of dielectrics in different concentrations.

(b) introduction of capacitances at various
lengths of cable to counter the effect of
inductance.

(c) use of dielectrics of different primitivities.

(d) grading according to capacitance per km
length of the cable.

Q.18 Which of the following distribution system is not
normally used?
(a) 3-phase, 3-wire
(b) 3-phase, 4-wire
(c) single-phase, 3-wire
(d) single-phase, 2-wire

Q.19 The main drawback (s) of overhead system over
underground system is/are
(a) underground system is more flexible than
overhead system
(b) higher charging current
(c) surge problem
(d) high initial cost

Q.20 Standard domestic ac supply voltage in Indiais
(@) 220V (b) 250V
(c) 240V (d) 230V

Q.21 In a transmission system the feeder supplies
power to
(a) transformer substations (step-up)
(b) service mains
(c) distributors
(d) all of these

Q.22 For the same voltage drop, increasing the

voltage of a distributor n-times

(a) reduces the X-section of the conductor by
1/ntimes .

(b) increase the X-section of the conductor by
1/ntimes

(c) reduces the X-section of the conductor by
1/r? times

(d) increase the X-section of the conductor by
1/r? times

Q.23 The conductor connecting consumer's terminals
to the distributor is called
(a) feeder (b) distributor
(c) service main (d) none of these

Q.24 HV transmission line uses
(a) pin type insulators
(b) suspension insulators
(c) both (a) and (b)
(d) none of these

Q.25 Dielectric hysteresic loss in a cable varies as
(a) impressed voltage
(b) (impressed voltage)?
(c) (impressed voltage)'?
(d) (impressed voltage)3?

Direction of Questions (26 to 29):
Each of the following question consists of two
statements, one labelled the ‘Assertion (A)' and the
other labelled the ‘Reason (R)'. Examine the two
statements carefully and decide if the Assertion (A)
and Reason (R) are individually true and if so whether
the Reason (R) is correct explanation of the Assertion
(A). Select your answers to these questions using the
codes given below:
Codes:
(a) Both A and R are true and R is the correct
explanation of A.
(b) Both A and R are true but R is not a correct
explanation of A.
(c) Ais true butR is false.
(d) Ais false but R is true.

Q.26 Assertion (A): Feeders are designed mainly from
the point of view of the voltage drop in them.
Reason (R): Current loading of the feeder
remains the same along its length.

Q.27 Assertion (A): The modern trend is to avoid

grading of cables as for as possible and use
gas pressure or oil-filled cables.
Reason (R): With intersheath grading, the main
objection is the possibility of damage of the
intersheath during transportation and installation
and with capacitance grading the chief handicap
is non-availability of high grade insulating
materials whose permittivities can be made to
vary over the required range.

Q.28 Assertion (A): The string efficiency can be
improved by using long X-arms.
Reason (R): Use of long X-arms reduces the
ratio of capacity of earth to capacity per insulator
thereby increasing the string efficiency.

Q.29 Assertion (A): Solid system of cable laying is
most suitable for short length cable routes such
as in work shops, railway bridge crossings
where frequent digging is costlier orimpossible.
Reason (R): In solid system of cable laying the
cables remain protected mechanically and from
chemical reaction due to impurities present in
the soil.

Q.30 Match List-1 (Type of insulators) with List-Il
(Use) and select the correct answer using the
code given below the lists:

List-

Pin

Shackle

Disc

Egg

List-I1

Lines of voltage upto 33 kV

Lines of voltage exceeding 33 kV and at

dead ends, corners, sharp turns etc.

3. Lowvoltagelines

oo w>

N =

4. Guycables
Codes:
A B C D
@1 2 3 4
)2 3 4 1
03 4 1 2
d1 3 2 4
Answer Key :
1. (©) 2 (c) 3. (b) 4. (c) 5. (a)
6. (b) 7. (a) 8. (b) 9. (b) 10. (b)
1. (b) 12. (¢) 13. (b} 14. (d) 15. (¢}
16. (a) 17. (c) 18. (c) 19. (c) 20. (b)
21. () 22 (o) 23. (c) . 24. (¢) 25. (b)
26. (d) 27. (@) 28, (a) 29. (d) 30. (d)
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(c)

Due to the formation of stray capacitance, voltage
across individual units is different (undesirable).
This unequal potential distribution is usually
expressed in terms of string efficiency.
Hence, if the string efficiency is 100% then, it
means that equal potential difference occurs
across each insulator disc.

(c)
Porcelain is a mixture of kaolin, quartz and
feldspar.

. (c)

String efficiency remains same with the change
in frequency of operation of transmission line.

. (a)

Insulation resistance of a cable is inversely
proportional to the length of the cable.

1

Here, I and V by 90°

. (b)

Dielectric stress at the surface of conductor is

R
minimum if " =e=2.718,

10.

11.

12.

15.

19.

21.

(b)

Maximum dielectric stress always occurs at the

surface of the conductor.
And, Gmax = v
R
ri n(—)
r
d D
= — H = —
Here, r 2 and >
Gmax & l
Hence, max & 5
(b)

Surge impedance of a cable or a transmission
line is always independent of the length of the
cable or line.

(c)
Capacitance between two conductors with sheath
earthed is given by
C 1
Cp= —ZN‘ = “2'(3Cc +Cs)
Given, C,=3uF
SO, Cy=6uF= capacitance per phase

(c)

For residential areas, a neutral is required for
mixed loading. Hence, three-phase, four wire
distributors are used for distribution of power.

(c)

Compared to overhead system, underground
system are least prone to surge because they
lie underground.

(c)
Transmission lines are feeders which suppl)
power to distributors.

(d)

Feeders are designed mainly from the point 0
view of the current carrying capacity. Hence, /
is false.

oMol



