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Introduction

lectric power can be transmitted or dis

tributed either by overhead system or by

underground cables. The underground
cableshave serveral advantagessuch aslessliable
to damage through storms or lightning, low
maintenance cost, less chances of faults, smaller
voltage drop and better general appearance.
However, their major drawback isthat they have
greater installation cost and introduce insulation
problems at high voltages compared with the
equivalent overhead system. For this reason,
underground cables are employed where it is
impracticable to use overhead lines. Such
locations may be thickly populated areas where
municipal authorities prohibit overhead linesfor
reasons of safety, or around plants and substations
or where maintenance conditions do not permit
the use of overhead construction.

Thechief use of underground cablesfor many
years has been for distribution of electric power
in congested urban areas at comparatively low or
moderate voltages. However, recent improve-
ments in the design and manufacture have led to
the devel opment of cablessuitablefor useat high
voltages. This has made it possible to employ
underground cables for transmission of electric

264



Underground Cables 265

N N - __________________ & — == s N
power for short or moderate distances. In this chapter, we shall focus our attention on the various
aspects of underground cables and their increasing use in power system.

11.1 Underground Cables

An under ground cable essentially consists of one or more conductors covered with suitable insula-
tion and surrounded by a protecting cover.

Although several types of cablesare available, the type of cableto be used will depend upon the
working voltage and service requirements. In general, a cable must fulfil the following necessary
requirements:

(i) The conductor used in cables should be tinned stranded copper or auminium of high con-

ductivity. Stranding is done so that conductor may become flexible and carry more current.

(if) The conductor size should be such that the cable carries the desired load current without

overheating and causes voltage drop within permissible limits.

(iif) Thecable must have proper thickness of insulation in order to give high degree of safety and
reliability at the voltage for whichiit is designed.
(iv) Thecable must be provided with suitable mechanical protection so that it may withstand the
rough usein laying it.
(v) Thematerialsused inthe manufacture of cables should be such that thereiscomplete chemical
and physical stability throughout.

11.2 Construction of Cables

Fig. 11.1 shows the general construction of a 3-conductor cable. The various parts are:

(i) Coresor Conductors. A cable may have one or more than one core (conductor) depending
upon the type of service for which it isintended. For instance, the 3-conductor cable shown
inFig. 11.1 is used for 3-phase service. The conductors are made of tinned copper or alu-
minium and are usually stranded in order to provide flexibility to the cable.

(if) Insulatian. Each core or conductor is provided with a suitable thickness of insulation, the
thickness of layer depending upon the voltage to be withstood by the cable. The commonly
used materials for insulation are impregnated paper, varnished cambric or rubber mineral
compound. Lead —— Armouring

(iif) Metallic sheath. In order to pro- sheath
tect the cable from moisture, Conductor |
gases or other damaging liquids v
(acids or alkalies) inthe soil and
atmosphere, ametallic sheath of
lead or aluminium is provided
over the insulation as shown in
Fig. 11.1

(iv) Bedding. Over the metallic
sheath isapplied alayer of bedding which consists of afibrous material like jute or hessian
tape. The purpose of bedding is to protect the metallic sheath against corrosion and from
mechanical injury dueto armouring.

(v) Armouring. Over the bedding, armouring is provided which consists of one or two layers of
galvanised steel wireor steel tape. Its purposeisto protect the cablefrom mechanical injury
whilelaying it and during the course of handling. Armouring may not be donein the case of
some cables.

(vi) Serving. In order to protect armouring from atmospheric conditions, a layer of fibrous

Paper .
Insulation Bedding Serving

Fig. 11.1 Construction of a Cable
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material (like jute) similar to bedding is provided over the armouring.

Thisisknown as serving.

It may not be out of place to mention here that bedding, armouring and
serving are only applied to the cables for the protection of conductor insulation
and to protect the metallic sheath from mechanical injury.

11.3 Insulating Materials for Cables

The satisfactory operation of a cable depends to a great extent upon the charac-
teristics of insulation used. Therefore, the proper choice of insulating material
for cables is of considerable importance. In general, the insulating materials
used in cables should have the following properties:

(i) Highinsulation resistanceto avoid leakage current.

(if) High dielectric strength to avoid electrical breakdown of the cable.

(iif) Highmechanical strength to withstand the mechanical handling of cables.

(iv) Non-hygroscopic i.e., it should not absorb moisture from air or soil.
The moisturetendsto decrease theinsul ation resistance and hastensthe
breakdown of the cable. In casetheinsulating material ishygroscopic,
it must be enclosed in awaterproof covering like lead shesth.

(v) Non-inflammable.

(vi) Low cost so asto make the underground system aviable proposition.
(vii) Unaffected by acids and akalies to avoid any chemical action.

No one insulating material possesses all the above mentioned properties.
Therefore, the type of insulating material to be used depends upon the purpose
for which the cable is required and the quality of insulation to be aimed at. The U”dsgggund
principal insulating materials used in cables are rubber, vulcanised I ndiarubber,
impregnated paper, varnished cambric and polyvinyl chloride.

1. Rubbe. Rubber may be obtained from milky sap of tropical trees or it may be produced
from oil products. It hasrelative permittivit}/ varying between 2 and 3, dielectric strength is about
30 kV/mm and resistivity of insulationis 10*Q cm. Although pure rubber has reasonably high insu-
lating properties, it suffersform some major drawbacksviz., readily absorbs moisture, maximum safe
temperature is low (about 38°C), soft and liable to damage due to rough handling and ages when
exposed to light. Therefore, pure rubber cannot be used as an insulating material .

2. Vulcanised India Rubber (V.I.R.). It is prepared by mixing pure rubber with mineral mat-
ter such as zine oxide, red lead etc., and 3 to 5% of sulphur. The compound so formed isrolled into
thin sheetsand cut into strips. The rubber compound isthen applied to the conductor and is heated to
atemperature of about 150°C. Thewhole processis called vulcanisation and the product obtained is
known as vulcanised Indiarubber.

Vulcanised Indiarubber has greater mechanical strength, durability and wear resistant property
than pure rubber. Its main drawback is that sulphur reacts very quickly with copper and for this
reason, cables using VIR insulation have tinned copper conductor. The VIR insulation is generally
used for low and moderate voltage cables.

3. Impregnated paper. It consists of chemically pulped paper made from wood chippings
and impregnated with some compound such as paraffinic or napthenic material. Thistype of insula-
tion has almost superseded the rubber insulation. It is because it has the advantages of low cost, low
capacitance, high dielectric strength and high insulation resistance. The only disadvantage is that
paper is hygroscopic and even if it isimpregnated with suitable compound, it absorbs moisture and
thus lowers the insulation resistance of the cable. For this reason, paper insulated cables are always
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provided with some protective covering and are never left unsealed. If itisrequired to beleft unused
on the site during laying, its ends are temporarily covered with wax or tar.

Since the paper insulated cables have the tendency to absorb moisture, they are used where the
cableroute hasa*few joints. For instance, they can be profitably used for distribution at low voltages
in congested areas where the joints are generally provided only at the terminal apparatus. However,
for smaller installations, where the lenghts are small and joints are required at a number of places,
VIR cableswill be cheaper and durabl e than paper insulated cables.

4. Varnished cambric. Itisacotton cloth impregnated and coated with varnish. Thistype of
insulation is also known as empire tape. The cambricislapped on to the conductor in the form of a
tape and its surfaces are coated with petroleum jelly compound to allow for the sliding of one turn
over another asthe cableisbent. Asthevarnished cambricishygroscopic, therefore, such cablesare
aways provided with metallic sheath. Itsdielectric strength isabout 4 kV/mm and permittivity is2.5
to 3.8.

5. Polyvinyl chloride (PVC). Thisinsulating material isa synthetic compound. It is obtained
from the polymerisation of acetylene and isin the form of white powder. For obtaining this material
asacableinsulation, it iscompounded with certain materialsknown as plasticizerswhich areliquids
with high boiling point. The plasticizer formsagell and rendersthe material plastic over the desired
range of temperature.

Polyvinyl chloride has high insul ation resistance, good diel ectric strength and mechanical tough-
ness over awide range of temperatures. It isinert to oxygen and almost inert to many akalies and
acids. Therefore, thistype of insulation is preferred over VIR in extreme enviormental conditions
such as in cement factory or chemical factory. Asthe mechanical properties (i.e., elasticity etc.) of
PVC are not so good as those of rubber, therefore, PVC insulated cables are generally used for low
and medium domestic lights and power installations.

11.4 Classification of Cables

Cablesfor underground service may be classified in two ways according to (i) the type of insulating
material used in their manufacture (ii) the voltage for which they are manufactured. However, the
latter method of classification is generally preferred, according to which cables can be divided into
thefollowing groups:
(i) Low-tension (L.T.) cables— upto 1000 V
(i) High-tension (H.T.) cables— upto 11,000 V
(iif) Super-tension (S.T.) cables— from 22 kV to 33 kV
(iv) Extrahigh-tension (E.H.T.) cables— from 33 kV to 66 kV
(v) Extrasuper voltage cables— beyond 132 kV
A cable may have one or more than one core depending
upon the type of servicefor which it isintended. It may be (i)
single-core (ii) two-core (iii) three-core (iv) four-core etc. For
a3-phase service, either 3-single-core cablesor three-core cable
can be used depending upon the operating voltage and load
demand.

Fig. 11.2 showsthe constructional details of asingle-core
low tension cable. The cable has ordinary construction be- - Imoveanated
cause the stresses devel oped in the cable for low voltages (Upto ;e pag erg
6600 V) are generaly small. It consists of onecircular core of conductor
tinned stranded copper (or aluminium) insulated by layers of Fig. 11.2

Serving

Lead
Sheath

*  Specia precautions have to be taken to preclude moisture at joints. If the number of joints is more, the
installation cost increases rapidly and prohibits the use of paper insulated cables.
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impregnated paper. Theinsulation is surrounded by alead sheath which prevents the entry of mois-
ture into the inner parts. In order to protect the lead sheath from corrosion, an overall serving of
compounded fibrous materia (jute etc.) is provided. Single-core cablesare not usually armoured in
order to avoid excessive sheath losses. The principal advantages of single-core cables are simple
construction and availability of larger copper section.

11.5 Cables for 3-Phase Service

In practice, underground cables are generally required to deliver 3-phase power. For the purpose,
either three-core cable or *three single core cables may be used. For voltages upto 66 kV, 3-core
cable (i.e., multi-core construction) is preferred due to economic reasons. However, for voltages
beyond 66 kV, 3-core-cables become too large and unwieldy and, therefore, single-core cables are
used. The following types of cables are generally used for 3-phase service :

1. Belted cables— upto 11 kV

2. Screened cables— from 22 kV to 66 kV

3. Pressure cables— beyond 66 kV.

1. Belted cables. These cables are used for voltages upto 11kV but in extraordinary cases,
their use may be extended upto 22kV. Fig. 11.3 shows the constructional details of a 3-core belted
cable. The coresareinsulated from each other by lay-
ers of impregnated paper. Another layer of impreg-
nated paper tape, called paper belt iswound round the

¢— Lead sheath

Thickness of

insulation
grouped insulated cores. The gap between the insu- between
lated coresisfilled with fibrousinsulating material (jute conductor and

sheath

etc.) so asto give circular cross-section to the cable.
The cores are generally stranded and may be of non-
circular shape to make better use of available space.
Thebeltiscovered with lead sheath to protect the cable
against ingress of moisture and mechanical injury. The
lead sheath is covered with one or more layers of
armouring with an outer serving (not shown inthefig-
ure).

The belted type construction is suitable only for low and medium voltages as the electrostatic
stresses devel oped in the cables for these voltages are more or lessradial i.e., across the insulation.
However, for high voltages (beyond 22 kV), the tangential stresses also become important. These
stresses act along the layers of paper insulation. Asthe insulation resistance of paper is quite small
aong the layers, therefore, tangential stresses set up **leakage current along the layers of paper
insulation. Theleakage current causes|ocal heating, resulting in therisk of breakdown of insulation
at any moment. In order to overcomethisdifficulty, screened cablesare used whereleakage currents
are conducted to earth through metallic screens.

2. Screened cables. These cables are meant for use upto 33 kV, but in particular cases their
use may be extended to operating voltages upto 66 kV. Two principal types of screened cablesare H-
type cablesand S.L. type cables.

(i) H-typecables. Thistype of cablewasfirst designed by H. Hochstadter and hence the name.
Fig. 11.4 showsthe constructional detailsof atypical 3-core, H-type cable. Each coreisinsulated by
layers of impregnated paper. The insulation on each core is covered with a metallic screen which
usually consists of aperforated aluminiumfoil. Thecoresarelaidin such away that metallic screens

Paper belt

Thickness of insulation
between conductors

*  Separate single-core cable for each phase.
** |tisinfact aleakage current but should not be confused with the capacitance current.
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make contact with one another. An additional Lead sheath
conducting belt (copper woven fabric tape) is

wrapped round thethree cores. The cablehasno i \ Conducting
insulating belt but lead sheath, bedding,

armouring and serving follow asusual. Itiseasy ::asz‘f;ﬁon
to see that each core screen isin electrical con- Motallic

tact with the conducting belt and thelead sheath.
As all the four screens (3 core screens and one
conducting belt) and the lead sheath are at Tearth
potential, therefore, the electrical stresses are
purely radial and consequently dielectric losses
are reduced.

Two principal advantages are claimed for H-type cables. Firstly, the perforationsin the metallic
screensassist in the completeimpregnation of the cablewith the compound and thus the possibility of
air pockets or voids (vacuous spaces) in the dielectric is eliminated. The voids if present tend to
reduce the breakdown strength of the cable and may cause considerable damage to the paper insula-
tion. Secondly, the metallic screensincrease the heat dissipating power of the cable.

screen

§o===sy nmrmiyid

H-Type Cables

(if) SL.typecables. Fig. 11.5 showsthe constructional detailsof a3-core*S.L. (separatelead)
typecable. Itisbasicaly H-type cable but the screen round
each coreinsulation iscovered by itsown lead sheath. There
is no overall lead sheath but only armouring and serving
are provided. The S.L. type cables have two main advan-
tages over H-type cables. Firstly, the separate sheaths
minimise the possibility of core-to-core breakdown. Sec-
ondly, bending of cables becomes easy due to the elimina-
tion of overal lead sheath. However, the disadvantage is
that the three lead sheaths of S.L. cable are much thinner
than the single sheath of H-cable and, therefore, call for
greater care in manufacture. Fig. 11.5

Limitations of solid type cables. All the cables of
above construction are referred to as solid type cables because solid insulation is used and no gas or
oil circulatesin the cable sheath. Thevoltagelimit for solid type cablesis66 kV dueto thefollowing
reasons:

(a) Asasolid cable carries the load, its conductor temperature increases and the cable com-

Lead covering

Armouring

T Thefour screens and lead sheath are in electrical contact and lead sheath is at earth potential.
*  Inthisarrangement, each coreis separately lead sheathed and hence the name S.L. cable.

- N EE N ]
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pound (i.e., insulating compound over paper) expands. This action stretches the |ead sheath which
may be damaged.

(b) When the load on the cable decreases, the conductor cools and a partial vacuum is formed
within the cable sheath. If the pinholesare present in the lead sheath, moist air may be drawn into the
cable. Themoisture reducesthe dielectric strength of insulation and may eventually cause the break-
down of the cable.

(c) In practice, tvoids are always present in the insulation of a cable. Modern techniques of
manufacturing have resulted in void free cables. However, under operating conditions, the voids are
formed as aresult of the differential expansion and contraction of the sheath and impregnated com-
pound. The breakdown strength of voidsis considerably less than that of the insulation. If the void
issmall enough, the electrostatic stress acrossit may cause its breakdown. The voids nearest to the
conductor arethefirst to break down, the chemical and thermal effects of ionisation causing perma-
nent damage to the paper insulation.

3. Pressurecables For voltages beyond 66 kV, solid type cables are unreliable because there
isadanger of breakdown of insulation dueto the presence of voids. When the operating voltagesare
greater than 66 KV, pressure cables are used. In such cables, voids are eliminated by increasing the
pressure of compound and for this reason they are called pressure cables. Two types of pressure
cablesvizoil-filled cables and gas pressure cables are commonly used.

(i) Qil-filled cables. Insuch types of cables, channels or ducts are provided in the cablefor oil
circulation. The oil under pressure (it is the same oil used for impregnation) is kept constantly
supplied to the channel by means of external reservoirs placed at suitable distances (say 500 m) along
theroute of the cable. Oil under pressure compressesthe layers of paper insulation and isforced into
any voidsthat may have formed between the layers. Dueto the elimination of voids, oil-filled cables
can be used for higher voltages, the range being from 66 kV upto 230 kV. Qil-filled cables are of
threetypesviz., single-core conductor channel, single-core sheath channel and three-corefiller-space
channels.

Fig. 11.6 shows the constructional details of a single-core conductor channel, oil filled cable.
The oil channel isformed at the centre by stranding the conductor wire around a hollow cylindrical
steel spiral tape. Theoil under pressureis supplied to the channel by means of external reservoir. As
the channel is made of spiral steel tape, it allows the oil to percolate between copper strands to the
wrapped insulation. The oil pressure compresses the layers of paper insulation and prevents the
possibility of void formation. The system is so designed Conductors
that when the oil gets expanded due to increase in cable
temperature, the extra oil collects in the reservoir. How-
ever, when the cabletemperaturefallsduring light load con-
ditions, the oil from the reservoir flowsto the channel. The

Serving
Bedding

Qil duct

disadvantage of thistype of cableisthat the channel isat the Lead
middle of the cable and is at full voltage wr.t. earth, so that S
avery complicated system of jointsis necessary. Fosey

Fig. 11.7 showsthe constructional details of asingle- Insulation

core sheath channel ail-filled cable. In this type of cable,
the conductor is solid similar to that of solid cable and is Fig. 11.6 Single-core conductor
paper insulated. However, oil ducts are provided in the chapnel il fillcdicable
metallic sheath asshown. Inthe 3-coreoil-filler cable shown

inFig. 11.8, the 0l ductsare located inthefiller spaces. These channels are composed of perforated
metal-ribbon tubing and are at earth potential.

T Voidsare unintentional spaces in the insulation of cable filled with air or gas, usually at low pressure.
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Qil channels

Paper

insulation Lead sheath

Conductor

Conductor
Paper
Insulation
Grooved
Sheath
Fig. 11.7 Oil-filled cables Fig. 11.8

The oil-filled cables have three principal advantages. Firstly, formation of voids and ionisation
areavoided. Secondly, allowabletemperature range and dielectric strength areincreased. Thirdly, if
thereisleakage, the defect in the lead sheath is at once indicated and the possibility of earth faultsis
decreased. However, their mgjor disadvantages are the high initial cost and complicated system of
laying.

(if) Gaspressurecables. Thevoltage required to set up ionisation inside avoid increases asthe
pressure is increased. Therefore, if ordinary cable is subjected to a sufficiently high pressure, the
ionisation can be altogether eliminated. At the same time, the increased pressure produces radial
compression which tendsto close any voids. Thisisthe underlying principle of gas pressure cables.

Fig. 11.9 showsthe section of external pressure cable designed by Hochstadter, Vogal and Bowden.
The construction of the cableis similar to that of an ordinary solid type
except that it is of triangular shape and thickness of lead sheath is 75%
that of solid cable. Thetriangular section reducesthe weight and gives
low thermal resistance but the main reason for triangular shape is that
the lead sheath acts asapressure membrane. The sheath is protected by
athin metal tape. The cableislaidin agas-tight steel pipe. Thepipeis
filled with dry nitrogen gas at 12 to 15 atmospheres. The gas pressure
producesradial compression and closesthe voidsthat may have formed
between thelayers of paper insulation. Such cablescan carry moreload
current and operate at higher voltages than anormal cable. Moreover,
maintenance cost is small and the nitrogen gas helps in quenching any
flame. However, it has the disadvantage that the overall cost isvery high.

11.6 Laying of Underground Cables

Thereliability of underground cable network dependsto aconsiderable extent upon the proper laying
and attachment of fittingsi.e., cable end boxes, joints, branch con-
nectorsetc. There arethree main methods of laying underground
cablesviz., direct laying, draw-in system and the solid system.

—

cm thickness) and the cableislaid over this sand bed. The sand
prevents the entry of moisture from the ground and thus protects /1. :s;
the cable from decay. After the cable has been laid in the trench, SENRES I
itis covered with another layer of sand of about 10 cm thickness. Fig. 11.10

—
Z
; ; ; ; é Trench
1. Directlaying. Thismethod of laying underground cables 7/
issimple and cheap and is much favoured in modern practice. In - Concrete
this method, atrench of about 1-5 metres deep and 45 cm wideis 7 , cover
dug. Thetrenchiscovered with alayer of fine sand (of about 10 f
Z ~— Cable
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Thetrenchisthen covered with bricksand other materialsin order to protect the cable from mechani-
cal injury. When more than one cable isto belaid in the same trench, a horizontal or vertical inter-
axial spacing of atleast 30 cm is provided in order to reduce the effect of mutual heating and also to
ensure that a fault occurring on one cable does not damage the adjacent cable. Cablesto belaid in
thisway must have serving of bituminised paper and hessian tape so asto provide protection against
corrosion and electorlysis.
Advantages
(i) Itisasimpleand less costly method.

(i) It givesthe best conditions for dissipating the heat generated in the cables.

(iii) Itisaclean and safe method as the cableisinvisible and free from external disturbances.
Disadvantages

(i) The extension of load is possible only by a completely new excavation which may cost as
much asthe origina work.

(if) Thealterationsin the cable netwok cannot be made easily.
(iif)  The maintenance cost isvery high.

(iv) Localisation of fault isdifficult.

(v) It cannot be used in congested areas where excavation is expensive and inconvenient.

This method of laying cablesis used in open areas where excavation can be done conveniently
and at low cost.

2. Draw-insystem. Inthismethod, conduit or duct of glazed stone or cast iron or concrete are
laid in the ground with manholes at suitable positionsaong
the cable route. The cables are then pulled into position
from manholes. Fig. 11.11 shows section through four-way
underground duct line. Three of the ducts carry transmis-
sion cables and the fourth duct carriesrelay protection con-
nection, pilot wires. Care must betaken that wherethe duct
line changes direction ; depths, dips and offsets be made
with avery long radius or it will be difficult to pull alarge
cable between the manholes. The distance between the
manholes should not be too long so as to simplify the pull-
inginof thecables. The cablesto belaidin thisway need not be armoured but must be provided with
serving of hessian and jutein order to protect them when being pulled into the ducts.

Advantages

(i) Repairs, dterations or additions to the cable network can be made without opening the
ground.

(if) Asthe cables are not armoured, therefore, joints become simpler and maintenance cost is
reduced considerably.

(iif) There are very less chances of fault occurrence due to strong mechanical protection pro-
vided by the system.

Disadvantages
(i) Theinitial costisvery high.
(if) The current carrying capacity of the cablesis reduced due to the close grouping of cables
and unfavourable conditions for dissipation of heat.

This method of cable laying is suitable for congested areas where excavation is expensive and
inconvenient, for once the conduits have been laid, repairs or alterations can be made without open-

—— Ducts

<+— Concrete
covering

Fig. 11.11
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ing the ground. This method is generally used for short length cable routes such as in workshops,
road crossings where frequent digging is costlier or impossible.

3. Salid system. Inthis method of laying, the cableislaid in open pipes or troughs dug out in
earth along the cableroute. The troughing is of cast iron, stoneware, asphalt or treated wood. After
the cable is laid in position, the troughing is filled with a bituminous or asphaltic compound and
covered over. Cableslaid in this manner are usually plain lead covered because troughing affords
good mechanical protection.

Disadvantages

(i) Itismore expensive than direct laid system.

(i) Itrequiresskilled labour and favourable weather conditions.

(iif) Dueto poor heat dissipation facilities, the current carrying capacity of the cableisreduced.

In view of these disadvantages, this method of laying underground cablesisrarely used now-a-
days.

11.7 Insulation Resistance of a Single-Core Cable

The cable conductor is provided with a suitable thickness of insulating material in order to prevent
leakage current. The path for leakage current isradial through theinsula-
tion. The opposition offered by insulation to leakage current isknown as
insulation resistance of the cable. For satisfactory operation, the insula-
tion resistance of the cable should be very high.

Consider asingle-core cable of conductor radiusr, and internal sheath
radiusr,asshowninFig. 11.12. Let| bethelength of the cable and p be
theresistivity of theinsulation.

Consider avery small layer of insulation of thicknessdx at aradiusx. Fig. 11.12
The length through which leakage current tendsto flow isdx and the area
of X-section offered to thisflow is2mx I.

00 Insulation resistance of considered layer

_ dx
2mnx|
Insul ation resistance of the whole cableis
7] dX p 7] 1
_ = — [ —dx
R = J'p 2 x| ZTﬂIx
n n
r
OJ R = L 2
2ml 108 n

This shows that insulation resistance of a cableisinversely proportional to its length. In other
words, if the cable length increases, itsinsulation resistance decreases and vice-versa.

Example11.1. A single-core cable has a conductor diameter of 1cm and insulation thickness
of 0-4 cm. If the specific resistance of insulationis5 x 10" Q-cm, calculatetheinsulation resistance
for a 2 kmlength of the cable.

Solution
Conductor radius, r, = 1/2=05cm
Length of cable, | = 2km=2000m

5x 10 Q-cm = 5 x 10% Q-m
05+ 04=09cm

Resistivity of insulation,
Internal sheath radius, r,

o
1
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O Insulation resistance of cableis
12

R:Ll r_2:—5X10 |og@
2 €, 2mx2000 ¢ 005
0234x10°Q=234M Q
Example 11.2. Theinsulation resistance of a single-core cable is 495 MQ per km. If the core
diameter is 2:5 cmand resistivity of insulation is 4-5 x 10™* Q-cm, find the insulation thickness.
Solution.

Length of cable, | = 1km=1000m
Cableinsulationresistance, R = 495 MQ =495 x 10°Q
Conductor radius, r, = 25/2=125cm

Resistivity of insulation, p = 4-5x 10" Q-cm = 4.5 x 10Qm
Let r,cm bethe internal sheath radius.

- _b I
Now, R = Py ogea
or |Oger_2 _ 2niR_ 2nx1000><491523><1o6 - 069
n p 45x10
or 2:3log,, r,/r; = 0-69
or r,/r; = Antilog 0-69/2-3=2
or r, =2r=2x125=25cm
0 Insulationthickness = r,—r, =25-125=125cm

Example11.3. Asingle core cable5kmlong hasan insulation resistance of 0-4 MQ. The core

diameter is 20 mm and the diameter of the cable over theinsulationis50 mm. Calculate theresistiv-
ity of the insulating material.

Solution.

Length of cable, | = 5km=5000m
Cableinsulationresistance, R = 0-4 MQ = 0-4 x 10°Q
Conductor radius, r, = 202=10mm
Internal sheath radius, r, = 50/2 =25mm

O Insulation resistance of the cablesis

_ b P
R = —log, =
oml e n
6 _ p 25
o 04x10" = Frxs000 %% 10
O p = 1372x10°Qm

TUTORIAL PROBLEMS

1. A single-corecablehasaconductor diameter of 2.5 cm and insulation thicknessof 1.2 cm. If the specific
resistance of insulationis4-5 x 10* Q cm, calculate the insul ation resistance per kilometre length of the
cable. [305:5 MQ]

2. A single core cable 3 km long has an insulation resistance of 1820 MQ. If the conductor diameter is1.5
cm and sheath diameter is 5 cm, calculate the resistivity of the dielectric in the cable.

[28.57 x 10'? Qm]

3. Determine the insulation resistance of a single-core cable of length 3 km and having conductor radius
12-5 mm, insulation thickness 10 mm and specific resistance of insulation of 5 x 10%2Qm. [156 M Q]
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11.8 Capacitance of a Single-Core Cable

A single-core cable can be considered to be equival ent to two long co-axial
cylinders. The conductor (or core) of the cableistheinner cylinder while
the outer cylinder isrepresented by lead sheath which is at earth potential.
Consider a single core cable with conductor diameter d and inner sheath
diameter D (Fig. 11.13). Let the charge per metre axial length of the cable
be Q coulombs and € be the permittivity of theinsulation material between
core and lead sheath. Obviously *& = ¢, €, where g, isthe relative permit-
tivity of theinsulation.

Consider acylinder of radius x metres and axial length 1 metre. The
surface area of thiscylinder is= 2 tx x 1= 2 txm?

[0 Electric flux density at any point P on the considered cylinder is

__Q 2
D, = PTIx C/m
D,__Q Q

e  2Mxe 2MXg g

Fig. 11.13

Electricintensity at point P, E,

volts/m

Thework donein moving aunit positive charge from point P through a distance dx in the direc-
tion of electricfield is E, dx. Hence, the work done in moving a unit positive charge from conductor
to sheath, which isthe potential difference V between conductor and sheath, is given by :

DJ(2 DJ/‘2 Q Q D
vV = |Edx= dx = log, =
dr2 d/22nxsoar 21 & d
Capacitance of the cableis

_ Q_ Q

2 gy cd
_ 2T g
" log,(D/ d)

_ 21 x8[@54x107 x g,
= F/m
2303 log,,(D/ d)
— sr x -9
= — T _x10"F
A logyDid) 0 Fm
If the cable has alength of | metres, then capacitance of the cableis
_ g |
413 log,, O

Example 11.4. A single core cable has a conductor diameter of 1 cm and internal sheath
diameter of 1-8 cm. If impregnated paper of relative permittivity 4 isused astheinsulation, calcul ate
the capacitance for 1 km length of the cable.

Solution.

x10° F

g |

r -9
A iog,o/d 0 F

Capacitance of cable, C =

* It may berecaled €, = /e, where g, isthe permittivity of free space. Inthe Sl units, €,=8.854 x 102 F/m.
ay r 0 0 0
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Here g = 4; | =1000 m
D = 18cm; d=1cm
Substituting these values in the above expression, we get,
C = 4x1000 x107° F =0:378 x 10 * F = 0378 uF

4104 log,,(18/1)

Example 11.5. Calculate the capacitance and charging current of a single core cable used on
a 3-phase, 66 kV system. The cableis 1 kmlong having a core diameter of 10 cm and an impreg-
nated paper insulation of thickness 7 cm. The relative permittivity of the insulation may be taken as

4 and the supply at 50 Hz.
Solution.
. _ g | 9
Capacitance of cable, C = T Tloa (D7 d log,,(D/ ) x10 " F
Here, g = 4; | =1000 m
d = 10cm; D=10+2x7=24cm
Substituting these valuesin the above expression,
4x1000

x10° F=0-254 x 10° F = 0-254 pF

414 x log,,(24/10)
Voltage between core and sheath is

Von

Charging current

66/+/3 =38.1kV =381 x 10°V
V! Xe=2nf CV,,
21 50 x 0254 x 10° x 38:1 x 10°A =3.04 A

Example 11.6. A 33 kV, 50 Hz, 3-phase underground cable, 4 km long uses three single core
cables. Each of the conductor has a diameter of 2-5 cm and the radial thickness of insulation is 0-5
cm. Determine (i) capacitance of the cable/phase (ii) charging current/phase (iii) total charging
kVAR. Therelative permittivity of insulationis 3.

Solution.
. : g | -9
= _x10°F
(i) Capacitance of cable/phase, C 41 Tog,o(D/ d) x10
Here e =3 ; | =4km=4000m
d = 25cm ; D =25+2x05=35cm
Putting these values in the above expression, we get,
—9
c = __3x4000x10 =1984x 10°F
4104 x log,,(35/215)
) 33x10°
(ii) Voltagelphase, V, = === =19.05 x 10°V

V
Charging current/phase, | . = zph =2nfCV,,

= 2mx 50 x 1984 x 107 x 19-05 x 10° = 11.87 A
(i) Total chargingkVAR = 3V, I =3 x 19:05 x 10°x 11.87 = 6785 x 10° kVAR

TUTORIAL PROBLEMS

1. A single core cable has a conductor diameter of 1 cm and internal sheath diameter of 1.8 cm. If the
impregnated paper of relative permittivity 3 is used as insulation, calculate the capacitance for 1 km
length of the cable. [0.282 pF]




Underground Cables 277

2. Calculate the capacitance and charging current of a single core cable used on 3-phase, 66 kV system.
The cableis 1 km long having a core diameter of 15 cm and impregnated paper insulation of thickness
22.5cm. Therelative permittivity of the insulation may be taken as 3.5 and supply at 50 Hz.

[0.144 pF ; 1.74 A]

3. An11kV, 50 Hz, single phase cable 2.5 km long, has a diameter of 20 mm and internal sheath radius of
15 mm. If the dielectric has arelative permittivity of 2.4, determine (i) capacitance (ii) charging current
(iii) total charging kVAR. [(i) 0.822 pF (ii) 2.84 A (iii) 31.24 kVAR]

11.9 Dielectric Stress in a Single-Core Cable

Under operating conditions, theinsulation of acableissubjectedtoelec-
trostatic forces. Thisisknown asdielectric stress. The dielectric stress /
at any point in acableisinfact the potential gradient (or *electric inten- |;
sity) at that point.

Consider asingle core cablewith corediameter d and internal sheath
diameter D. As proved in Art 11.8, the electric intensity at a point x
metres from the centre of the cableis

- Q
E = o, £ X volts/m

By definition, electricintensity isequal to potential gradient. There-

fore, potential gradient g at a point x metres from the centre of cableis

Imin

g =E
or g=_92 votgm (i)
2T g, § X
As proved in Art. 11.8, potential difference V between conductor — o
and sheathis Fig. 11.14
=_Q 4D
\ e € log, q volts
21 \%
or = L‘E (i)
Iogea
Substituting the value of Q from exp. (ii) in exp. (i), we get,
S2M&EV V. oiigm (i)
log,D/d  yjog D
2 °d
TE & X

It is clear from exp. (iii) that potential gradient varies inversely as the distance x. Therefore,
potential gradient will be maximum when x is minimum i.e., when x = d/2 or at the surface of the
conductor. On the other hand, potential gradient will be minimum at x = D/2 or at sheath surface.

0O Maximum potential gradient is

2V

Yex =D voltsm [Puttingx=d/2inexp. (iii)]
d IogeH
Minimum potential gradientis
Opin = — 225 volts/m [Putting x=D/2inexp. (i)}
D IogeH

* It may berecalled that potential gradient at any point is equal to the electric intensity at that point.
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2V
0 Omex  _ dlog.D/d _D
Omin A d
Dlog.D/d

Thevariation of stressin the dielectricisshownin Fig. 11.14. Itisclear that dielectric stressis
maximum at the conductor surface and its value goes on decreasing as we move away from the
conductor. It may be noted that maximum stress is an important consideration in the design of a
cable. Forinstance, if acableisto be operated at such avoltagethat * maximum stressis5 kV/mm,
then theinsulation used must have a dielectric strength of atleast 5 kV/mm, otherwise breakdown of
the cable will become inevitable.

Example 11.7. A 33 kV single core cable has a conductor diameter of 1 cm and a sheath of
inside diameter 4 cm.  Find the maximum and minimum stress in the insulation.

Solution.

The maximum stress occurs at the conductor surface and its value is given by;

9. = 2V
max
d Ioge%
Here, V = 33kV (rm.s); d=1cm; D=4cm
Substituting the values in the above expression, we get,
Omax = % kV t/em = 4761 kV/cm r.ms.
e
The minimum stress occurs at the sheath and itsvalueis give by ;
- 2V _ 2x383 _
Omin = Dloge% = Jxlog, 4 kVicm=11-9kV/cmr.ms
Alternatively ;
Omin = Omax ¥ % =4761 x Y4=11.9kV/cmrms.

Example 11.8. The maximum and minimum stressesin the dielectric of a single core cable are
40 kV/em (r.m.s.) and 10 kV/cm (r.m.s.) respectively. |If the conductor diameter is 2 cm, find :

(i) thickness of insulation (ii) operating voltage
Solution.
Here, Orex = 40KkV/icm; Oyn=10kV/em; d=2cm; D =7?
(i) AsprovedinArt. 11.9,
9ex _ D
gm‘n d
or D = mxq=40 x5 _gem
Orin 10
O Insulation thickness = DT_d = 8;22 =3cm
. 2V
(i) Iex = O
dl ed

*  Of course, it will occur at the conductor surface.
T Notethat unit will be kV/cm. It isbecause V in the numerator isin kV and d in the denominator isin cm.
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dl D
. v - Omax Oged _ 40x2log, 4
2 2

Example 11.9. A single core cable for use on 11 kV, 50 Hz system has conductor area of 0-645
cm’ and internal diameter of sheathis2-18 cm. The permittivity of the dielectric used in the cableis
3:5. Find (i) the maximum electrostatic stress in the cable (ii) minimum electrostatic stress in the
cable (iii) capacitance of the cable per kmlength (iv) charging current.

Solution.

Areaof cross-section of conductor, a = 0.645 cm”

Diameter of the conductor, d = ,/4—1‘;’1 = /% =0-906 cm
T

Internal diameter of sheath, D =2:18cm
(i) Maximum electrostatic stressin the cableis

= N = 2L kvjem =27.65kViemrms
L log 4246
dlog, d 0906 e 51906

kV = 55.45kV r.m.s.

Gmax

(if) Minimum electrostatic stressin the cableis

Oun = 2V = 2x11 kV/cm =115kV/cm r.ms.
Dlog, D 2m8log, 248
© dl ¢ 0906
£ -
(iii) Capacitanceof cable, C = ————4 x10 °F
4104 logy, -
Here €=35; =1km=1000m
0 c =310 109 0oox10°F
4174 | 218
910 0 906
(iv) Charging current, lc = % =2mfC V= 2mx 50 x 0-22 x 10" ° x 11000 = 0-76 A

11.10 Most Economical Conductor Size in a Cable

It has already been shown that maximum stressin a cable occurs at the surface of the conductor. For
safe working of the cable, dielectric strength of the insulation should be more than the maximum
stress. Rewriting the expression for maximum stress, we get,

A" .
= B) volts/m ()

dlog, d

The values of working voltage V and internal sheath diameter D have to be kept fixed at certain

valuesdueto design considerations. Thisleaves conductor diameter d to be the only variablein exp.

(i). For givenvaluesof Vand D, the most economical conductor diameter will be onefor which g,
has aminimum value. The value of g, will be minimum when dlog, D/d is maximumi.e.

d D| _
dalon 5] = 0

Omax

or Ioge%+d.%.d—|23 =0
or log,(D/d)-1 =0
or log,(D/d) = 1
or (D/d) = e=2-718
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0 Most economical conductor diameter is

_ D
d = 2718
and the value of g, under this condition is

Oy = ZFV volts/m [Putting log, D/d = 1in exp. (i)]

For low and medium voltage cables, the value of conductor diameter arrived at by this method
(i.e., d=2V/g,,,,) isoftentoo small from the point of view of current density. Therefore, the conduc-
tor diameter of such cables is determined from the consideration of safe current density. For high
voltage cables, designs based on thistheory give avery high value of d, muchtoo large from the point
of view of current carrying capacity and it is, therefore, advantageous to increase the conductor
diameter to thisvalue. There are three ways of doing this without using excessive copper :

(i) Using aluminium instead of copper because for the same current, diameter of aluminium

will be more than that of copper.

(if) Using copper wires stranded round a central core of hemp.

(iif) Using acentral lead tube instead of hemp.

Example 11.10. Find the most economical value of diameter of a single-core cable to be used
on 50 kV, single-phase system. The maximum permissible stressin the dielectric is not to exceed 40
kv/cm,

Solution.

Peak value of cablevoltage, V=50x+2 =70.7kV
Maximum permissible stress, g, ,, = 40kV/cm  (assumed peak)
0 Most economical conductor diameter is
d = _2V = 2x70007 =3.53cm
Orax 40

Example 11.11 Find the most economical size of a single-core cable working on a 132 kV, 3-
phase system, if a dielectric stress of 60 kV/cm can be allowed.

Solution
Phase voltage of cable = 132/./3=76-21 kV

Peak value of phase voltage, V = 76-21 x /2 = 107-78 kV
Max. permissiblestress, g, = 60kV/cm
0 Most economical conductor diameter is

d = 2V _2x107078 ~ 36cm
Omax 60
Internal diameter of sheath, D =2-718d =2-718 x 3.6 = 9-78 cm
Therefore, the cable should have a conductor diameter of 3.6 cm and internal sheath diameter of
9-78 cm.

11.11 Grading of Cables

The process of achieving uniform electrostatic stressin the dielectric of cablesis known as grading
of cables.

It has already been shown that electrostatic stress in a single core cable has a maximum value
(9, & the conductor surface and goes on decreasing as we move towards the sheath. The maxi-
mum voltage that can be safely applied to a cable depends upon g, i.€., electrostatic stress at the
conductor surface. For safe working of a cable having homogeneous dielectric, the strength of di-




Underground Cables 281

electric must be more than g, . If adielectric of high strength is used for acable, it is useful only
near the conductor where stressis maximum. But as we move away from the conductor, the el ectro-
static stress decreases, so the dielectric will be unnecessarily overstrong.

The unequal stress distribution in a cable is undesirable for two reasons. Firstly, insulation of
greater thicknessis required which increases the cable size. Secondly, it may lead to the breakdown
of insulation. In order to overcome above disadvantages, it is necessary to have a uniform stress
distribution in cables. This can be achieved by distributing the stressin such away that itsvalueis
increased in the outer layers of dielectric. Thisisknown asgrading of cables. Thefollowing arethe
two main methods of grading of cables:

(i) Capacitancegrading (ii) Intersheathgrading
11.12 Capacitance Grading

The process of achieving uniformity in the dielectric stress by using layers of different dielectricsis
known as capacitance grading.

In capacitance grading, the homogeneous dielectricisreplaced
by a composite dielectric. The composite dielectric consists of
variouslayersof different dielectricsin such amanner that relative
permittivity € of any layer isinversely proportiona toits distance
fromthe centre. Under such conditions, the value of potential gra-
dient at any pointinthedieletricis * constant and isindependent of
itsdistance from the centre. In other words, the dielectric stressin
the cable is same everywhere and the grading is ideal one. How
ever, ideal grading requiresthe use of an infinite number of dielec-
tricswhich isanimpossibletask. In practice, two or three dielec-
tricsare used in the decreasing order of permittivity ; thedielectric
of highest permittivity being used near the core.

The capacitance grading can be explained beautifully by re-
ferring to Fig. 11.15. There are three dielectrics of outer diameter
d,, d, and D and of relative permittivity €,, €, and €, respectively.
If the permittivities are such that €, > €, > £, and the three dielec-

tricsare worked at the same maximum stress, then, Flg_I; lxs
1 11
a - €,0, - &0
or g, d = gd =¢0d,

Potential difference acrosstheinner layer is

*  Aseg O L oe . = k/x wherek is a constant.
X

Potential gradient at a distance x from the centre

-_9Q _ Q - Q _
T 2megye x 2mg(k/x)x  2Tgk = Constant

This shows that if the condition €, [0 1/x is fulfilled, potential gradient will be constant throughout the
dielectric of the cable.

-_Q . -_Q . __ 9
T G e A ™ g g O™ g gd,
IfglmaX:QZmax:QSmax:gmax(say)!thenl
1 1 _ 1

g,d &0, €30,




282 Principles of Power System

d/2 d/2
Vv, = Jg = [ — 9 ax
i 2 g, g X

Q dl Omax dl D' L—*gﬂ O
= log, — =" d|og, — [} = dg
21Teosloged o %y H g e 2 g
Similarly, potential across second layer (V,) and third layer (V) isgiven by ;

g d
vV, = medll()geaz

D
Vi = gTm(dzmged_2

Tota p.d. between core and earthed sheath is
V =V, +V,+V;

_ 9 d D
- TW{dloge%wllogeE“dzloged—J

If the cable had homogeneous dielectric, then, for the same values of d, D and g, ., the permis-
sible potential difference between core and earthed sheath would have been

:_gmax 2
\ == dloged

Obviously, V > V' i.e,, for given dimensions of the cable, a graded cable can be worked at a
greater potential than non-graded cable. Alternatively, for the same safe potential, the size of graded
cable will be less than that of non-graded cable. The following points may be noted :

(i) Asthe permissible values of g, are peak values, therefore, all the voltages in above ex-

pressions should be taken as peak values and not the r.m.s. values.

(i) If the maximum stressin the three dielectricsis not the same, then,

Gimax di . Yomax da | Y3mex D

= dlog, — + =™ ¢, log, —= + =" d, log, —

V= 2 ge d 2 1 Oge d1 2 2 ge d2

The principal disadvantage of thismethod isthat there are afew high grade diel ectrics of reason-
able cost whose permittivities vary over the required range.

Example 11.12. A single-core lead sheathed cableis graded by using three dielectrics of rela-
tive permittivity 5, 4 and 3 respectively. The conductor diameter is2 cm and overall diameter is8
cm. If thethreedielectrics are worked at the same maximum stress of 40 kV/cm, find the safe working
voltage of the cable.

What will be the value of safe working voltage for an ungraded cable, assuming the same con-
ductor and overall diameter and the maximum dielectric stress ?

Solution.
Here, d = 2cm; d, =7, d, =7, D = 8cm
g =5; g =4, & = 3, Orex = 40kV/icm
Graded cable. Asthe maximum stressin the three dielectricsisthe same,
O € ,d = &,d,=¢d,
or 5x2 = 4xd;=3xd,
O d, = 25cm and d,=3-34cm
* Q d= Q or gﬂd— Q

Imax = T[EOSld U Omax gy g 2 _21'[8081
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Permissible peak voltage for the cable
— Ymex d
= {dloge(jjl+dllogedl+d Ioged}

_ 40 334, 8
- 2[2|oge +2(5l0g, 334 3[34Ioges[$4]
= 20[0-4462 + 07242 + 2.92] kV

= 20 x 40904 = 81.808 KV

0 Safeworking voltage (r.m.s.) for cable
= B1BO8 _ 57,54 kv

J2
Ungraded cable. Permissible peak voltage for the cable
= ngax dlog, 5 420 x2log, 8kv = 5544 kV
0O Safeworking voltage (r.m.s.) for the cable
55[44 _
= ==—=7 =392kV
V2

This example shows the utility of grading the cable. Thus for the same conductor diameter (d)
and the same overall dimension (D), the graded cable can be operated at avoltage (57-84 — 39:20) =
18:64 kV (r.m.s.) higher than the homogeneous cable — an increase of about 47%.

Example 11.13. A single core lead sheathed cable has a conductor diameter of 3 cm; the
diameter of the cable being 9 cm. The cableisgraded by using two diel ectrics of relative permittivity
5 and 4 respectively with corresponding safe working stresses of 30 kvV/cmand 20 kvV/cm. Calculate
the radial thickness of each insulation and the safe working voltage of the cable.

Solution.

Here, d=3cm ; d =7 ; D =9cm
€ =5; & =4
Orex = 30kV/em; Oomex = 20kV/em
1
oLl ; 0 —-
G1max £d Gomax &,0;
0 glmax = s2d1
meax s1d
or d, = Oimex  £19 30 , 5x3 =5625cm
Bomax €2 20 4

0 Radia thickness of inner dielectric
_ &-d_5625-3
2 2
Radial thickness of outer dielectric

_ D-dy _9-5®25 _
= 5 = > = 1.68cm

Permissible peak voltage for the cable

=1.312cm

= glmax dloge%+ e dlloge%

5[625 20 9

- 30
x5[62510g, —— 5625

= ><3Ioge
= 2828+2643—5471kv
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O Safeworking voltage (r.m.s.) for the cable

= 54.71/yJ2 = 3868 kV
Example 11.14. A 66-kV single-core lead sheathed cable is graded by using two dielectrics of
relative permittivity 5 and 3 respectively; thickness of each being 1 cm. The core diameter is2 cm.
Determine the maximum stress in the two dielectrics.
Solution. Fig. 11.16 shows the composite dielectric of a capacitance graded cable. The poten-
tial difference V between conductor and earthed sheath is given by ;

d,/2 D/2

VvV = J.gldx+ J.gzdx
d/2 d,/2
d,/2 D/2

L dx + L dx
2 2
c;!; T X d1J;2 o 2%

= Q1% 1 D} ol
{ oo g+ 108 g

| |
| |
|
| |
| |
4| |
4 | | |
ng gy T d iy
N Q (ii) R
ow, = D
e T i g 2T
Putting the value of Q =g, ., Tt & €, d fromexp. (i) in exp. (i), we get, Fig. 11.16
- Gmm®di1, 4 1, D
V = 2 |:£1|09ed+€2|09ed1
1471 Y
d{loge q +52 log, dj
Here, d=2cm, d,=4cm, D:6cm;V:%Xﬁ =539kV,,=5, £,=3
Substituting the values, we get,
_ 2x53[9
Gimex = Sfiog, 42+ 53log, 64] < O™
= 2% 539 =39:38kV/cm
2[0[6931+ 06757
Similarly, it can be * proved that :
v
G2max = . 2d1 5 ..(iii)
L2 1 L
diLl loge +Iogedj
2x539
- kV
4[3510g, 42 +log, 6/4] /M
= 2% 5309 =32.81kV/cm
4[0[2158 + 0 [4054]

11.13 Intersheath Grading

Inthismethod of cable grading, ahomogeneousdielectricisused, butitisdividedinto variouslayers
by placing metallic intersheaths between the core and lead sheath. The intersheaths are held at suit-
able potentials which are inbetween the core potential and earth potential. This arrangement im-

*

Dorrax = — 82d1- Putting the value of Q = g, Tt & &,d; in exp. (i), we get the exp. (iii).
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proves voltage distribution in the dielectric of the cable and consequently more uniform potential
gradient is obtained.
Consider a cable of core diameter d and outer lead  gheath

sheath of diameter D. Suppose that two intersheaths of
diametersd, and d, are inserted into the homogeneous di-
electric and maintained at some fixed potentials. Let V.,
V, and V; respectively be the voltage between core and
intersheath 1, between intersheath 1 and 2 and between
intersheath 2 and outer lead sheath. Asthereisadefinite
potential difference between the inner and outer layers of Inter
each intersheath, therefore, each sheath can be treated likesheath 2

|
|
ahomogeneoussingle corecable. AsprovedinArt. 11.9, _’:%i‘_i i
Maximum stress between core and intersheath 1 is - :ﬂ%’:d !
- L [ |2_2’: 1
i T g, O 2
2 7¢d [ T T T
V gmax ;
Similarly, Dorex = ——>—— \I\N
ﬁk_) d72 g|!
Oe [T T T
2 4 o
\/3 [ T
O3max = d D oo
—Zlog, —»x
2 7ed, .
Since the di€lectric is homogeneous, the maximum Fig. 11.17

stressin each layer isthe samei.e.,
glmax = meax = gSmax = gmax (Say)
v v, A

g —_— = =
dioy &~ d d, d D
i|og 1 71|og 2 72|og el
2 7¢d 2 “°d, 2 7¢d,

Asthe cable behaves like three capacitorsin series, therefore, al the potentialsarein phasei.e.
Voltage between conductor and earthed lead sheath is
V =V, +V,+V;

Intersheath grading hasthree principal disadvantages. Firstly, there are complicationsin fixing
the sheath potentials. Secondly, the intersheaths are likely to be damaged during transportation and
installation which might result in local concentrations of potential gradient. Thirdly, there are con-
siderablelossesin theintersheaths dueto charging currents. For these reasons, intersheath gradingis
rarely used.

Example 11.15. A single core cable of conductor diameter 2 cm and lead sheath of diameter
5.3 cmisto be used on a 66 kV, 3-phase system. Two intersheaths of diameter 3-1 cmand 4-2 cmare
introduced between the core and lead sheath. If the maximum stressin the layersisthe same, find the
voltages on the inter sheaths.

Solution.
Here, d=2cm; d=31cm;d,=42cm
D =53cm;V= 66\75\/5 =53.9kV
\Y/ V,
Gimax = d = d 1 30 = 228V,

“log.—* 1xlog.=——
5 ged Je >
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Vs \Z

omex = G "d, ~ a7 =212V,
“Llog,—2 1®5log, ——
2 e d e 31
Oamex = Vs = Vs =204V,
Gy D opieg, 22
2 “°d, 42
Asthe maximum stressin the layersis the same,
O 91max = Yomax = Y3max
or 228V, = 2:12V,=2.04V,

O V, = (2-28/212) V, = 1.075 V,

and V, = (2-28/2:04) V, = 1117V,

Now V,+V,+V; =V

or V,+1075V,+ 1117V, = 539

or V, = 53:9/3:192 = 16:88 kV

and V, = 1075V, =1.075 x 16:88 = 18-14 kV

0 Voltage on first intersheath (i.e., near to the core)
= V-V, =539 -16-88 = 37-02kV
Voltage on second intersheath =V -V, -V, =53-9 —16-88 —18-14 = 18-88 kV
Example 11.16. A single-core 66 kV cable working on 3-phase system has a conductor diam-

eter of 2 cmand a sheath of inside diameter 5.3 cm. I two intersheaths areintroduced in such a way
that the stress varies between the same maximum and minimum in the three layers, find :

(i) positions of intersheaths
(if) voltage on the intersheaths
(iif) maximum and minimum stress
Solution.

Here, d=2cm; D:5.3cm;v:% = 539KV

(i) Positionsof intersheaths. Supposethat diameters of intersheaths are d, and d, cm respec-
tively. LetV,, V,and V, respectively be the voltage between conductor and intersheath 1, between
intersheath 1 and 2 and between intersheath 2 and outer lead shesth.

g = v g = Vs g = Vs
max~ d  d omex — d, . d, 3max ~ d, D
e 9|ogeﬂ i ﬁlogeﬁ i ﬁlogeE
2 7°d 2 2 d,
Asthe maximum stressin the three layersis the same,
M Vo, oV

O

= = ..(i)
dggd %% %, D
2Ioge q 5 Iogeoll 5 Iogeo12

In order that stress may vary between the same maximum and minimum in the three layers, we

have,
d,/d = dyd, =D/d, (i)
VoY%V .
O 4 - d, = d, (1)

*  Thisequation is obtained if we put the values of eq. (ii) in eg. (i).
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From exp. (ii), we get,

d® = dxd,=2d, [~ d=2cm]
or d, = d, 2
and dd, = Dxd=53x2=10.6cm
or d,xd,¥2 = 106
or d, = (21-2*=276cm
0 d, = d,2=(2-76)°/2=38cm

Hence intersheaths of diameters 2.76 cm and 3.8 cm are required to be used.
(if) Voltage on intersheaths

V =V, +V,+V,
_ydy S
or 539 = V1+EV1+ Fvl [From eq. (iii)]
- 276 L 38) _
= v, (1+ C +T)_4-28v1
O V, = 53.9/4-28 =126 kV
_ g _ 276 _
and Vv, = q xV, = > x 12.6 = 17-39 kV

Voltage on first intersheath =V -V, =53.9 - 12.6 = 41-3 kV max
Voltage on second intersheath =V -V, -V, =539 - 12:6 - 17-39 = 23:91 kV max
(iif) Stressesin dielectrics

) _ \ _ 12[6 _
Maximumstress = d q = 5176 KV/cm=39kV/ecm
Slog,—* 1><Ioge—2
2 d
\Y/
Minimumstress = —— 4= 12 [62 g kV/em = 28-35kV/em
71IogeH 1038log, =5

TUTORIAL PROBLEMS

1. A 33kV, single-core cable has a conductor diameter of 1 cm and insulation of 1.5 cm. Find the maxi-
mum and minimum stress in the insulation. [47-62 kV/cm (r.m.s), 11-9 kV/cm (r.m.s.)]

2. Find the economic size of a single-core cable working on 220 kV, 3-phase system. The maximum
permissible stress in the dielectric is not to exceed 250 kV/cm. [d=1.43cm, D=3-88cm]

3. Theinner conductor of a concentric cable has a diameter of 3 cm with insulation of diameter 8-5 cm.
The cableis insulated with two materials having relative permittivities of 5 and 3 with corresponding
safeworking stresses of 38 kV/cm and 26 kV/cm. Calculate theradial thickness of insulating layersand
the safe working voltage of the cable. [2:15cm, 0.6 cm, 46-1 kV (r.m.s)]

4. A single-corelead covered cableisto be designed for 66 kV to earth. Itsconductor diameter is2 cm and
itsthreeinsulating materials have permittivities of 5, 4 and 3 respectively with the corresponding maxi-
mum safe working stress of 38 kV/cm (r.m.s.), 26 kV/cm. (r.m.s.) and 20 kV/cm (r.m.s.) respectively.
Find the minimum diameter of lead sheath. [8-3cm]

5. A single-core 66 kV cable hasaconductor diameter of 2 cm and asheath of inside diameter 5-3 cm. The
cablehasaninner layer of 1 cm thick of rubber of dielectric constant 4-5 and the rest impregnated paper
of dielectric constant 3-6. Find the maximum stress in the rubber and in the paper.

[63kV/cm, 39-5kV/cm]

6. A single-core cableworking on 66 kV on 3-phase system has a conductor diameter of 2 cm and a sheath
of inside diameter 5-3 cm. If two intersheaths are used, find the best positions, maximum stress and the
voltage on the intersheaths. [d,=277cm; d,=3-84cm; 38-7kV/em ; V= 411KV, V,= 23-9kV]
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11.14 Capacitance of 3-Core Cables

The capacitance of a cable system is much more important than that of overhead line because in
cables (i) conductors are nearer to each other and to the earthed sheath (ii) they are separated by a
dielectric of permittivity much greater than that of air. Fig. 11.18 shows a system of capacitancesin
a 3-core belted cable used for 3-phase system. Since potentia difference exists between pairs of
conductors and between each conductor and the sheath, electrostatic fields are set up in the cable as
showninFig. 11.18 (i). Theseelectrostatic fields giveriseto core-core capacitances C_ and conduc-
tor-earth capacitances C, as shown in Fig. 11.18 (ii). Thethree C_ are delta connected whereas the
three C, are star connected, the sheath forming the star point [See Fig. 11.18 (iii)].

(i) (iii)
Fig. 11.18

They lay of abelted cable makes it reason-
able to assume equality of each C_ and each C.. .
© C

The three delta connected capacitances C_ [See

©
C eq ©
Fig. 11.19 (i)] can be converted into equivalent C.=3C
star connected capacitancesasshownin Fig. 11.19 ) Nl

(ii). It can be easily *shown that equivalent star- i /\ Ceq=§§o
capacitance C, is equal to three times the delta- Co .
capacitance C 1.e. Co, = 3C,. (@ Fig. 11.19 (i)

The system of capacitances shown in Fig.
11.18 (iii) reduces to the equivalent circuit shown in Fig. 11.20 (i). Therefore, the whole cable is
equivalent to three star-connected capacitors each of capacitance [See Fig. 11.20 (ii)],

A 1

Ceq Ce Cn=C¢ +3C,
N
Ce C, Cy=C, +3C,
})\Ce Ceé& '/N\: C, +3C, /\
B C B Cc
(@) (it)
Fig. 11.20
*  RefertoFig. 11.19. The capacitance between any two conductors of star and delta connected system must

be the same. 1 1

D CC + = CC = E Ceq

or C, = 3C

eq C
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Cy = Cot Cy
= C,+ 3C,
If Von is the phase voltage, then charging current | . isgiven by ;
e = Von
Capacitive reactance per phase
= 27f Vph Cy

21V, (C,+3C)
11.15 Measurements of C_, and C_

Although core-core capacitance C_ and core-earth capacitance C, can be obtai ned from the empirical
formulas for belted cables, their values can also be determined by measurements. For this purpose,
the following two measurements are required :

(i) In the first measurement, the three cores are bunched together (i.e. commoned) and the
capacitance is measured between the bunched cores and the sheath. The bunching elimi-
nates all the three capacitors C, leaving the three capacitors C, in parallel. Therefore, if C;
isthe measured capacitance, thistest yields:

C, = 3C,
or C. = S
3

Knowing the value of C,, the value of C, can be determined.

(i) Inthe second measurement, two cores are bunched with the sheath and capacitanceis mea-
sured between them and the third core. Thistest yields 2C_ + C. If C, is the measured
capacitance, then,

C, = 2C,+C,
Asthevalueof C_isknown fromfirst test and C, isfound experminentally, therefore, value
of C, can be determined.

It may be noted herethat if value of C,, (= C,+ 3C,) isdesired, it can befound directly by another
test. In thistest, the capacitance between two cores or lines is measured with the third core free or
connected to the sheath. This eliminates one of the capacitors C, so thet if C; isthe measured capaci-
tance, then,

Cc + & + &
2 2

1
E (Ce + 3Cc)

Cs

1
= =-C
2N

Example11.17. The capacitance per kilometre of a 3-phase belted cableis 0-3 pu F between the
two cores with the third core connected to the lead sheath. Calculate the charging current taken by
five kilometres of this cable when connected to a 3-phase, 50 Hz, 11 kV supply.

Solution. The capacitance between apair of coreswith third core earthed for alength of 5kmis
C, = 03x5=15pF
11x10°
=" =6351V; f=50Hz
Asproved in Art 11.15, core to neutral capacitance C,, of this cableis given by :
Cy = 2C;=2x15=3pF




290 Principles of Power System

O  Charging current, le = 2mfV,, Cy
2Tx 50 x 6351 x 3x 10 ° A =5.98 A

Example 11.18. The capacitances of a 3-phase belted cable are 12-6 pF between the three
cores bunched together and the lead sheath and 7-4 puF between one core and the other two con-
nected to sheath. Find the charging current drawn by the cable when connected to 66 kV, 50 Hz
supply.

Solution.

_ 66x10°
Here, Von = 5
L et core-core and core-earth capacitances of the cable be C_ and C, respectively. As provedin

Art. 11.15,

=38105V ; f=50Hz; C, =126 uF; C,=7-4uF

C, = 3C,

0 C. = C/3=126/3=42F

and C, = 2C,+C,

0 c,= S =C 742 15,
2 2

0 Coreto neutral capacitanceis
Cy = C,+3C.,=42+3%x16=9uF
Charging current, lc = 2mfV, G
2T% 50 x 38105 x 9 x 107° A= 107-74 A
Example 11.19. The capacitance per kilometre of a 3-phase belted cable is 0-18 puF between

two coreswith thethird core connected to sheath. Calculate the kVA taken by 20 kmlong cable when
connected to 3-phase, 50 Hz, 3300 V supply.

Solution. The capacitance between apair of coreswith third core earthed for alength of 20 kmis
C, = 0:18x20=36 pF, V, =3300/y/3 =1905V; f=50Hz
Coreto neutral capacitance,Cy = 2C;=2%x3-6=7-2 uF

Charging current, lc = 2mfV, G
= 2mx50x1905x 72x 10°A =43 A
kVA taken by the cable = 3Vl =3 %1905 x 4-3 x 1072 KVA = 24-57 kVA

TUTORIAL PROBLEMS

1. The capacitances per kilometre of a 3-phase cable are 0-63 pF between the three cores bunched together
and the sheath and 0-37 pF between one core and the other two connected to the sheath. Calculate the
charging current taken by eight kilometres of this cable when connected to a 3-phase, 50 Hz, 6600 V
supply. [4-31 A]

2. The capacitances of a 3-core belted type cable are measured as detailed below :

(i) Between three cores bunched together and sheath is 8 puF
(if) Between a conductor and the other two connected to the sheath together is 6 pF.
Calculate the capacitance per phase. [23/3 pF]

3. A 3-core, 3-phase belted cable tested for capacitance between a pair of cores on single phase, with the
third core earthed, gave a capacitance of 0-4 uF per km. Calculate the charging current for 15 km length
of this cable when connected to 22 kV, 3-phase, 50 Hz supply. [48 A]

11.16 Current-Carrying Capacity of Underground Cables

The safe current-carrying capacity of an underground cable is determined by the maximum permis-
sibletemperaturerise. The cause of temperatureriseisthelossesthat occur in acable which appear
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asheat. Theselossesare:
(i) Copper losses in the conductors
(if) Hysteresislossesin the dielectric
(iif) Eddy current lossesin the sheath

The safeworking conductor temperature is65°C for armoured cables and 50°C for |ead-sheathed
cableslaidinducts. The maximum steady temperature conditions prevail when the heat generatedin
the cableisequal to the heat dissipated. The heat dissipation of the conductor lossesisby conduction
through theinsulation to the sheath from which thetotal 1osses (including diel ectric and sheath |0sses)
may be conducted to the earth. Therefore, in order to find permissible current loading, the thermal
resistivities of the insulation, the protective covering and the soil must be known.

11.17 Thermal Resistance

The thermal resistance between two points in a medium (e.g. insulation) is equal to temperature
difference between these points divided by the heat flowing between them in a unit timei.e.
Temperature difference

Heat flowing in a unit time
In Sl units, heat flowing in aunit time is measured in wetts.

Thermal resistance, S =

| Temperature rise (t)

O Thermalresistance, S = \y o icsipated (P)
-t

or SEp

Clearly, the Sl unit of thermal resistanceis°C per watt. Thisisalso called thermal ohm.

Like electrical resistance, thermal resistanceisdirectly proportional to length | in the direction
of transmission of heat and inversely proportional to the cross-section area a at right angles to that
direction.

O s O
a
or S = kl—
a
where k isthe constant of proportionality and is known asthermal resistivity.
Sa
K=
2
O Unitof k = Thermal ohm x m = thermal ohm-metre

m
11.18 Thermal Resistance of Dielectric of a Single-Core Cable
Let us now find the thermal resistance of the dielectric of asingle-core cable.
Let r = radius of the corein metre
r, = insideradius of the sheath in metre
k = thermal resistivity of theinsulation (i.e. dielectric) ‘)

Considerlm length of the cable. The thermal resistance of small ele-
ment of thickness dx at radius x is (See Fig. 11.21)

dx

271X
O Thermal resistance of the dielectricis Fig. 11.21

ds = kx
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n dx
= k x
S Jr 271X
n
= L 1 dx
2 Jdr X
O S = ZL log, h thermal ohms per metre length of the cable
m r

The thermal resistance of lead sheath is small and is generally neglected in calculations.

11.19 Permissible Current Loading

When considering heat dissipation in underground cables, the various thermal resistances providing
a heat dissipation path are in series. Therefore, they add up like electrical resistances in series.
Consider acablelaid in soil.

Let I = permissible current per conductor
n = number of conductors
R = electrical resistance per metre length of the conductor at the working temperature
S = total thermal resistance (i.e. sum of thermal resistances of dielectric and soil) per
metrelength
t = temperature difference (rise) between the conductor and the soil
Neglecting the dielectric and sheath |osses, we have,
Power dissipated = nl1°R
Temperature rise
Thermal resistance
t

ni’rR = —
or S

O Permissible current per conductor in given by;

t
nRS

It should be noted that when cables arelaid in proximity to each other, the permissible current is
reduced further on account of mutual heating.

Example 11.20. A single-core cableislaid in the ground, the core diameter being 30 mm and
the dielectric thickness 40 mm. The thermal resistivity of the dielectric is 5 thermal ohm-metres and
the thermal resistance between the sheath and the ground surface is 0-45 thermal ohm per metre
length of the cable. Neglecting dielectric and sheath losses, estimate the maximum permissible
current loading if the temperature difference between the conductor and the ground surfaceis not to
exceed 55°C. The electrical resistance of the cableis 110 uQ per metre length.

Solution. Thermal resistance of the dielectric of the cableis

Now Power dissipated

S = %{ log, rr—l thermal-ohms per metre length of cable
Here k = 5 thermal ohm-metres; r = 30/2 = 15 mm; r; = 15+ 40 = 55 mm
5 55
O = —log, — =1-03 thermal ohms per metre length
S = 5100 p g

Thermal resistance of soil, S, = 0-45 thermal ohm per metre length (given)
O Total thermal resistance, S =S, + S, = 1-03 + 0-45 = 1-48 thermal ohm per metre length
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t

Now | =
nRS

Heret=55°C;n=1,R=110x10°Q ; S=148

0 | = % =581 A
1x110x107° x148

11.20 Types of Cable Faults

Cables are generally laid directly in the ground or in ducts in the underground distribution system.
For this reason, there are little chances of faults in underground cables. However, if afault does
occur, itisdifficult tolocate and repair the fault because conductorsare not visible. Nevertheless, the
following are the faults most likely to occur in underground cables:

(i) Open-circuit fault

(i) Short-circuit fault

(i) Earthfault.

(i) Open-circuit fault. When there is a break in the conductor of a cable, it is called open-
circuit fault. The open-circuit fault can be checked by amegger. For this purpose, thethree
conductors of the 3-core cable at the far end are shorted and earthed. Then resistance be-
tween each conductor and earth is measured by a megger. The megger will indicate zero
resistance in the circuit of the conductor that is not broken. However, if the conductor is
broken, the megger will indicate infinite resistancein its circuit.

(if) Short-circuit fault. When two conductors of a multi-core cable come in electrical contact
with each other duetoinsulation failure, it iscalled ashort-circuit fault. Again, we can seek
the help of amegger to check thisfault. For this purpose, the two terminals of the megger
are connected to any two conductors. |If the megger gives zero reading, it indicates short-
circuit fault between these conductors. The same step is repeated for other conductors
taking two at atime.

(i) Earth fault. When the conductor of a cable comes in contact with earth, it is called earth
fault or ground fault. To identify thisfault, oneterminal of the megger is connected to the
conductor and the other terminal connected to earth. If the megger indicateszeroreading, it
meansthe conductor isearthed. The same procedure isrepeated for other conductors of the
cable.

11.21 Loop Tests For Location of Faults in Underground Cables
There are several methods for locating the faults in underground cables. However, two popular
methods known asloop tests are :

(i) Murray loop test

(if) Verley loop test

These simple tests can be used to locate the earth fault or short-circuit fault in underground

cables provided that asound cable runs along the faulty cable. Both these tests employ the principle
of Wheatstone bridge for fault location.

11.22 Murray Loop Test

The Murray loop test isthe most common and accurate method of locating earth fault or short-circuit
fault in underground cables.

(i) Earthfault : Fig. 11.22 shows the circuit diagram for locating the earth fault by Murray
loop test. Here AB isthe sound cable and CD isthe faulty cable; the earth fault occuring at point F.
Thefar end D of thefaulty cableisjoined to thefar end B of the sound cable through alow resistance
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link. Two variable resistances P and Q arejoined to ends A and C (See Fig. 11.22) respectively and
serve asthe ratio arms of the Wheatstone bridge.

Let R = resistance of the conductor loop upto the fault from thetest end
X = resistance of the other length of the loop

Test End Far End
R
Sound Cable BY
Z
Z
Z
Z Low
é Resistance
Faulty Cable DA Connection
% Earth Fault
|
|
Earth path
Fig. 11.22

Notethat P, Q, Rand X arethe four arms of the Wheatstone bridge. TheresistancesP and Q are
varied till the galvanometer indicates zero deflection.

In the balanced position of the bridge, we have,

E _ R
Q X
or E+1 = —R+1
Q X
P+
or Q = R+ X
Q X
If r istheresistance of each cable, then R+ X = 2r.
P+Q _ 2r
a T =X
__Q
or X = P+Q><2r

r

If | isthe length of each cablein metres, then resistance per metre length of cable = I

[0 Distance of fault point from test end is

d:i: Q X2r><|_: Q
r/l P+Q r P+Q

x 2l

Q

= loop length) *
or d 0 x (loop length) *metres

Thusthe position of the fault islocated. Note that resistance of the fault isin the battery circuit
and not in the bridge circuit. Therefore, fault resistance does not affect the balancing of the bridge.
However, if the fault resistance is high, the sensitivity of the bridge is reduced.

*  Notethat theterm Q/ P+ Q is dimensionless ; being the ratio of resistances.
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(if) Short-circuit fault : Fig. 11.23 shows the circuit diagram for locating the short-circuit
fault by Murray loop test. Again P, Q, R and X are the four arms of the bridge. Note that fault
resistanceisin the battery circuit and not in the bridge circuit. The bridge in balanced by adjusting
theresistances P and Q. In the balanced position of the bridge :

P R
Q X
or P+Q _ R+X_2r
Q X X
O X = Q X 2r
P+Q
or X = Q (loop length) metres
P+Q
Test End Far End
R
B A
Sound Cable g
Z
Z
Z
Z Low
g Resistance
Faulty Cable DA Connection
Short Circuit
Fault
\.
S Fig. 11.23

Thus the position of the fault is located.

11.23 Varley Loop Test

The Varley loop test is also used to locate earth fault or short-circuit fault in underground cables.
Thistest also employs Wheatstone bridge principle. It differsfrom Murray loop test in that here the
ratio arms P and Q are fixed resistances. Balance is obtained by adjusting the variable resistance S

Test End : Far End
[« R
Sound Cable é
2
z
Z
g Low
z Resistance
7| Connecti
Faulty Cable 2‘ onnection
+«—X <

|

4

Fig. 11.24 Varley Loop Test (Earth Fault)
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connected to thetest end of thefaulty cable. The connection diagramsfor locating the earth fault and
short-circuit fault by Varley loop test are shown in Figs. 11.24 and 11.25 respectively.

Test End Far End
le R
|«
%
Sound Cable g
2
2
Z
Z Low
g Resistanpe
Z Connection
— X T e
) Short Circuit
C Fault
K2
fo
Faulty Cables

Fig. 11.25 Varley Loop Test (Short Circuit Test)
For earth fault or short-circuit fault, the key K, is first thrown to position 1. The variable
resistance Sis varied till the bridge is balanced for resistance value of S,. Then,

P _ R
Q  X+§
P+Q _ R+X+§
or Q X+5
_ QR+ X)-P§ :
or X = P+Q (D)

Now key K, isthrown to position 2 (for earth fault or short-circuit fault) and bridge is balanced
with new value of resistance S,. Then,

P _ R+X
Q 5
or (R+X)Q = PS, (i)
From egs. (i) and (ii), we get,
x = P(S-9)
P+Q

Sincethevaluesof P, Q, S, and S, are known, the value of X can be determined.
Loopresistance = R+X = g S

If risthe resistance of the cable per metre length, then,
Distance of fault from thetest endis

X
d = — metres

r

Example 11.21. Murray loop test is performed on a faulty cable 300 mlong. At balance, the
resistance connected to the faulty corewas set at 15 Q and the resistance of theresistor connected to
the sound core was 45 Q. Calculate the distance of the fault point from the test end.
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Solution.
Distance of the fault point from test end is

Q
d -—
0 % |loop length

HereQ=15Q; P=45Q; looplength=2 x 300=600 m
15
45+15

Example 11.22. In a test by Murray loop for ground fault on 500 m of cable having a resis-
tance of 1-6 Q/km, the faulty cableislooped with a sound cabl e of the same length and area of cross-
section. Iftheratio of the other two arms of the testing network at balanceis 3 : 1, find the distance
of the fault from the testing end of cables.

Solution.

O d = x 600 =150 m

P+Q

=3 or =4

OlTo

Distance of fault fromtestend is

d = P?Q XIoopIength:% x (2% 500) =250 m

Example 11.23. In a test for a fault to earth on a 500 m length of cable having a resistance of
1 Q per 1000 m, the faulty cable is looped with a sound cable of the same length but having a
resistance of 2-:25 Q per 1000 m. The resistance of the other two arms of the testing network at
balanceareintheratio 2-75: 1. Calculate the distance of the fault from the testing end of the cable.

Solution. P oo o PXRoosmi1=375
Q Q
Resistance of loop = L 500 + 2025 x 500 = 1625 Q
1000 1000
Resistance of faulty cable from test end upto fault point is
= Q x (loop resistance) = ! x1[625 = 0-433 Q
P+Q 75
Distance of fault point from thetesting end is
= X -0433x1000=433m
1/1000

Example 11.24. Varley loop test is performed to locate an earth fault on a 20 km long cable.
Theresistance per km of the single conductor is20 Q. Theloop is completed with a similar healthy
conductor. At balance, the variable resistance connected to the faulty conductor is200 Q. Thefixed
resistors have equal values. Calcualte the distance of the fault from the test end.

Solution.
Resistance of faulty cable from test end to fault point is
X = Q(R+X)-PS
P+Q

HereP=Q; S=200Q; R+ X =20(20+20) =800 Q
_ Q(800) - Q =200

Q+Q
Theresistanceper km = 20Q

O X =300 Q
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O Distance of fault from test end is

d = l:@: 15 km
20 20

TUTORIAL PROBLEMS

. The Murray loop test is used to locate an earth fault on one core of atwo-core cable. The other coreis
used to completetheloop. When the network is bal anced, the resi stance connected to the faulty core has
avalueof 3:2Q. Theother resistance arm hasavalue of 11-8 Q. Thefaultis42-7 m from thetest end.
Find the length of the cable. [200 m]

. Murray loop test is performed to locate an earth fault on one core of a 2-core cable 100 m long. The
other coreis healthy and used to form the loop. At balance, the resistance connected to the faulty core
was4 Q. The other resistance arm hasavaue of 16 Q. Calculate the distance of the fault from the test
end. [40 m]

. The Varley loop test is used to find the position of an earth fault on a line of length 40 km. The
resistance/lkm of asinglelineis 28 Q. The fixed resistors have resistances of 250 Q each. Thefaultis
calculated to be 7 km from the test end. To what value of resistance was the variable resistor set?

[1848 Q]

SELF - TEST

. Fill in the blanks by inserting appropriate words/figures.
(i) Theunderground systemis................ costly than the equivalent overhead line system.

(if) Voltage drop in cable system is less than that of equivalent overhead line because of ................ of
conductorsin acable.

(i) A metallic sheath is provided over the insulation to protect the cable from .................... .
(iv) Insingle-core cables, armouring is not done in order to avoid ...................

(v) Themost commonly used insulation in high-voltage cablesis.............

(vi) Belted cables are generally used Upto ........cccceeveeeee kV.

(vii) Theworking voltagelevel of belted cableislimited to 22 kV because of the.................. set upinthe
dielectric.

(viii) For voltages beyond 66 kV, solid type cables are unreliable because there is a danger of breakdown
of insulation dueto the ..........coeueee.

(ix) If thelength of a cable increases, itsinsulation resistance ................ .
(x) Under operating conditions, the maximum stressin acableisat .................
2. Fill in the blanks by picking up correct words/figures from brackets.
(i) For voltages less than 66 kV, a 3-phase cable usually consists of ...............
[3-core cable, 3 single-core cables]
(i) If thelength of a cableis doubled, its capacitance is................... [doubled, halved, quadrupled]

(iii) A certain cable has an insulation of relative permittivity 2. If the insulation is replaced by one of
relative permittivity 4, then capacitance of cableis.................. [doubled, halved]

(iv) Theminimum dielectric stressin acableisat .................. [conductor surface, lead sheath]

(v) If acable of homogeneous insulation has maximum stress of 5 kV/mm, then the dielectric strength
of insulation should be.................. [5-kV/mm, 2-5 kV/mm, 3 kV/mm]

(vi) Incapacitance grading of cables, weusea............... dielectric. [homogeneous, composite]
(vii) For the same safe potential, the size of agraded cable will be.......... [less, more]
(viii) For operating voltages beyond 66 KV, ............ccc.... cablesare used. [Belted, SL. type, oil-filled]
(ix) Voidsin the layers of impregnated paper insualtion ................. the breakdown voltage of the cable.
[increase, decrease]

(x) For voltages beyond 66 kV, 3-phase system usualy employs..................
[3-core cable, 3 single core cables)
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ANSWERS TO SELF-TEST
1. (i) more (ii) closer spacing (iii) moisture (iv) excessive sheathlosses (v) impregnated paper (vi) 11
(vii) tangential stresses (viii) presence of voids (ix) decreases (x) conductor surface

2. (i) 3-corecable (ii) doubled (iii) doubled (iv) lead sheath (v) 5kV/mm (vi) composite (vii) less
(viii) oil-filled (ix) decrease (x) 3 single-core cables

CHAPTER REVIEW TOPICS

Compare the merits and demerits of underground system versus overhead system.
With aneat diagram, show the various parts of a high voltage single-core cable.
What should be the desirable characteristics of insulating materials used in cables ?
Describe briefly some commonly used insulating materials for cables.
What isthe most general criterion for the classification of cables? Draw the sketch of a single-core low
tension cable and label the various parts.
6. Draw aneat sketch of the cross-section of the following :
(i) 3-corebelted cable
(if) H-typecable
(iii) S.L.typecable
What are the limitations of solid type cables ? How are these overcomein pressure cables ?
Write a brief note on oil-filled cables.
9. Describe the various methods of laying underground cables. What are the relative advantages and
disadvantages of each method ?
10. Derive an expression for the insulation resistance of a single-core cable.
11. Deduce an expression for the capacitance of a single-core cable.
12. Show that maximum stress in asingle-core cableis
2V
dlog, D/d
where V isthe operating voltage and d and D are the conductor and sheath diameter.
13. Provethat g,,,,,/0,,, in @single-core cableis equal to D/d.
14. Find an expression for the most economical conductor size of a single core cable.
15. Explain the following methods of cable grading :
(i) Capacitance grading
(if) Intersheath grading
16. Write short notes on the following :
(i) Laying of 11 kV underground power cable
(if) Capacitance grading in cables
(iii) Capacitance of 3-core belted cables
17. Derive an expression for the thermal resistance of dielectric of asingle-core cable.
18. What do you mean by permissible current loading of an underground cable ?
19. With aneat diagram, describe Murray loop test for the location of (i) earth fault (ii) short-circuit fault in
an underground cable.
20. Describe Varley loop test for the location of earth fault and short-circuit fault in an underground cable.
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DISCUSSION QUESTIONS

1. Overhead system can be operated at 400 kV or above but underground system offers problems at such
voltages. Why ?

Why are VIR cables preferred to paper insulated cables for smaller installations ?

Why do we use 3 single-core cables and not 3-core cables for voltages beyond 66 kV ?

What is the mechanism of breakdown of an underground cable ?

How do voids in the insulation cause breakdown of the cable ?
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