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Introduction

uring the operation of power system, itis

often desirable and necessary to switch

on or off the various circuits (e.g., trans-
mission lines, distributors, generating plantsetc.)
under both normal and abnormal conditions. In
earlier days, this function used to be performed
by a switch and a fuse placed in series with the
circuit. However, such a means of control pre-
sents two disadvantages. Firstly, when a fuse
blows out, it takes quite sometime to replace it
and restore supply to the customers. Secondly, a
fuse cannot successfully interrupt heavy fault cur-
rentsthat result from faults on modern high-volt-
age and large capacity circuits. Dueto thesedis-
advantages, the use of switches and fusesislim-
ited to low-voltage and small capacity circuits
where frequent operations are not expected e.g.,
for switching and protection of distribution trans-
formers, lighting circuits, branch circuits of dis-
tribution lines etc.

With the advancement of power system, the
lines and other equipment operate at very high
voltages and carry large currents. The arrange-
ment of switches along with fuses cannot serve

460



Circuit Breakers 461

e e e -] = - ——
the desired function of swithgear in such high capacity circuits. This necessitatesto employ amore
dependable means of control such asisobtained by the use of circuit breakers. A circuit breaker can
make or break acircuit either manually or automatically under all conditions viz., no-load, full-load
and short-circuit conditions. This characteristic of the circuit breaker has made it a very useful
equipment for switching and protection of various parts of the power system. In thischapter, we shall
deal with the various types of circuit breakers and their increasing applications as control devices.

19.1 Circuit Breakers
A circuit breaker is a piece of equipment which can
(i) make or break acircuit either manually or by remote control under normal conditions
(i) break acircuit automatically under fault conditions
(iif) makeacircuit either manually or by remote control under fault conditions

Thus acircuit breaker incorporates manual (or remote control) as well as automatic control for
switching functions. Thelatter control employsrelaysand operatesonly under fault conditions. The
mechanism of opening of the circuit breaker under fault conditions has already been briefed in chap-
ter 16.

Operating principle. A circuit breaker essentially consists of fixed and moving contacts, called
electrodes. Under normal operating conditions, these contacts remain closed and will not open auto-
matically until and unlessthe system becomesfaulty. Of course, the contacts can be opened manually
or by remote control whenever desired. When afault occurson any part of the system, thetrip coils of
the circuit breaker get energised and the moving contacts are pulled apart by some mechanism, thus
opening the circuit.

When the contacts of a circuit breaker are separated under fault conditions, an arc is struck
between them. The current isthusableto continue until the discharge ceases. The production of arc
not only delaysthe current interruption process but it al so generates enormous heat which may cause
damageto the system or to thecircuit breaker itself. Therefore, the main probleminacircuit breaker
isto extinguish the arc within the shortest possible time so that heat generated by it may not reach a
dangerousvalue.

19.2 Arc Phenomenon

When ashort-circuit occurs, aheavy current flowsthrough the contacts of the * circuit breaker before
they are opened by the protective system. At the instant when the contacts begin to separate, the
contact areadecreases rapidly and large fault current causesincreased current density and hencerise
intemperature. The heat produced in the medium between contacts (usually the mediumisail or air)
issufficient to ionisetheair or vapourise and ionisetheoil. Theionised air or vapour acts as conduc-
tor and an arc is struck between the contacts. The p.d. between the contactsis quite small and isjust
sufficient to maintain thearc. Thearc providesalow resistance path and consequently the current in
the circuit remains uninterrupted so long as the arc persists.

During the arcing period, the current flowing between the contacts depends upon the arc resis-
tance. Thegreater thearc resistance, the smaller the current that flows between the contacts. Thearc
resistance depends upon the following factors:

(i) Degreeofionisation— thearc resistanceincreaseswith the decrease in the number of ionised

particles between the contacts.

(if) Length of the arc— the arc resistance increases with the length of the arci.e., separation of

contacts.

*  Important note. In single phase circuits (e.g., lighting circuits etc.), a switch islocated in only one of the
two conductorsto lamps. However, in power circuits, acircuit interrupting device (e.g., acircuit breaker) is put
in each phase or conductor. These are sometimes called three-pole circuit breakers. In the discussion that
follows, we shall confine ourselves to a single-pole device, it is being understood that three such units will be
provided in three-phase installation.
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(i) Cross—sectlon of arc— the arcres stance increases W|th the decrease in area of X- %ctlon of
thearc.

19.3 Principles of Arc Extinction
Before discussing the methods of arc extinction, it is necessary to examinethe factorsresponsiblefor
the maintenance of arc between the contacts. These are:

(i) p.d. between the contacts

(if) ionised particles between contacts

Taking thesein turn,

(i) When the contacts have a small separation, the p.d. between them is sufficient to maintain
thearc. Oneway to extinguish the arc isto separate the contacts to such adistance that p.d.
becomes inadequate to maintain the arc. However, this method is impracticable in high
voltage system where a separation of many metres may be required.

(if) Theionised particles between the contactstend to maintainthearc. If thearc pathisdeionised,
the arc extinction will be facilitated. Thismay be achieved by cooling the arc or by bodily
removing theionised particles from the space between the contacts.

19.4 Methods of Arc Extinction
There are two methods of extinguishing the arc in circuit breakersviz.
1. High resistance method. 2. Low resistance or current zero method

1. High resistance method. In this method, arc resistance is made to increase with time so
that current is reduced to avalue insufficient to maintain the arc. Consequently, the current isinter-
rupted or thearc isextinguished. The principal disadvantage of this method isthat enormous energy
isdissipated inthe arc. Therefore, itisemployed only ind.c. circuit breakers and low-capacity a.c.
circuit breakers.

The resistance of the arc may be increased by :

(i) Lengthening the arc. The resistance of the arc is directly proportiona to its length. The
length of the arc can be increased by increasing the gap between contacts.

(if) Cooling the arc. Cooling helps in the deionisation of the medium between the contacts.
Thisincreasesthe arc resistance. Efficient cooling may be obtained by agas blast directed
aongthearc.

(iif) Reducing X-section of the arc. If the area of X-section of the arc is reduced, the voltage
necessary to maintain the arcisincreased. In other words, the resistance of the arc path is
increased. The cross-section of the arc can be reduced by letting the arc pass through a
narrow opening or by having smaller area of contacts.

(iv) Splitting the arc. The resistance of the arc can be increased by splitting the arc into a
number of smaller arcsin series. Each one of these arcs experiences the effect of lengthen-
ing and cooling. The arc may be split by introducing some conducting plates between the
contacts.

2. Low redgtance or Current zero method. This method is employed for arc extinction in
a.c. circuitsonly. Inthis method, arc resistance iskept low until current is zero where the arc extin-
guishesnaturally and is prevented from restriking inspite of therising voltage acrossthe contacts. All
modern high power a.c. circuit breakers employ this method for arc extinction.

In an a.c. system, current drops to zero after every half-cycle. At every current zero, the arc
extinguishesfor abrief moment. Now the medium between the contacts contains ions and electrons
so that it has small dielectric strength and can be easily broken down by the rising contact voltage
known as restriking voltage. If such a breakdown does occur, the arc will persist for another half-
cycle. If immediately after current zero, the dielectric strength of the medium between contacts is
built up more rapidly than the voltage across the contacts, the arc failsto restrike and the current will
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be interrupted. The rapid increase of dielectric strength of the medium near current zero can be
achieved by :

(a) causing the ionised particles in the space between contacts to recombine into neutral
molecules.

(b) sweeping theionised particles away and replacing them by un-ionised particles

Therefore, the real problem in a.c. arc interruption is to rapidly deionise the medium between

contacts as soon as the current becomes zero so that the rising contact voltage or restriking voltage
cannot breakdown the space between contacts. The de-ionisation of the medium can be achieved by:
(i) lengthening of the gap. The dielectric strength of the medium is proportional to the length
of the gap between contacts. Therefore, by opening the contacts rapidly, higher dielectric

strength of the medium can be achieved.

(if) high pressure. If the pressure in the vicinity of the arc is increased, the density of the
particles constituting the discharge also increases. Theincreased density of particles causes
higher rate of de-ionisation and consequently the diel ectric strength of the medium between
contactsisincreased.

(i) cooling. Natural combination of ionised particles takes place more rapidly if they are a-
lowed to cool. Therefore, dielectric strength of the medium between the contacts can be
increased by cooling the arc.

(iv) blast effect. If theionised particles between the contacts are swept away and replaced by un-
ionised particles, the diel ectric strength of the medium can beincreased considerably. This
may be achieved by agasblast directed along the discharge or by forcing oil into the contact
space.

19.5 Important Terms
Thefollowing are the important terms much used in the circuit breaker analysis:
(i) ArcVoltage. It isthe voltage that appears across the contacts of the circuit breaker during
the arcing period.

Assoon asthe contacts of thecircuit breaker separate, an arcisformed. Thevoltagethat appears
across the contacts during arcing period is caled the arc voltage. Its value is low except for the
*period thefault current isat or near zero current point. At current zero, the arc voltagerisesrapidly
to peak value and this peak voltage tends to maintain the current flow in the form of arc.

(if) Restriking voltage. It is the transient voltage that appears across the contacts at or near

current zero during arcing period.

At current zero, a high-frequency transient voltage ap- Restriking
pears across the contacts and is caused by the rapid distribu- . vl
tion of energy between the magnetic and el ectric fiel ds associ- Fault /! \ Rf;f;” eéy
ated with the plant and transmission lines of the system. This current 7 // \ °

Current zero

The current interruption in the circuit depends upon thisvolt- instant

age. If the restriking voltage rises more rapidly than the di-

electric strength of the medium between the contacts, thearc  Voltage
will persist for another half-cycle. On the other hand, if the Fig. 19.1
dielectric strength of the medium builds up more rapidly than

therestriking voltage, the arc fails to restrike and the current will be interrupted.

(iif) Recovery voltage. Itisthe normal frequency (50 Hz) r.m.s. voltage that appears acrossthe
contacts of the circuit breaker after final arc extinction. It is approximately equal to the
systemvoltage.

*  The power system contains an appreciable amount of inductance. At the instant of current zero point, the

fault currrent lags behind the arc voltage by 90°. Obviously, the arc voltge must have a peak value at this
instant.

transient voltage is known as restriking voltage (Fig. 19.1). /\ /
/
/
System™--

-
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some current zero, the contacts are separated sufficiently apart and dielectric strength of the medium
between the contacts attains a high value due to the removal of ionised particles. At such aninstant,
the medium between the contactsis strong enough to prevent the breakdown by the restriking voltage.
Consequently, thefinal arc extinction takes place and circuit current isinterrupted. Immediately after
final current interruption, the voltage that appears across the contacts has a transient part (See Fig.
19.1). However, these transient oscillations subside rapidly due to the damping effect of system
resistance and normal circuit voltage appears across the contacts. The voltage acrossthe contactsis
of normal frequency and is known as recovery voltage.

19.6 Classification of Circuit Breakers
There are several ways of classifying the circuit breakers. However, the most general way of classi-
fication is on the basis of medium used for arc extinction. The medium used for arc extinction is
usually oil, air, sulphur hexafluoride (SF,) or vacuum. Accordingly, circuit breakers may be classi-
fiedinto:
(i) OQil circuit breakerswhich employ someinsulating oil (e.g., transformer oil) for arc extinction.
(if) Air-blast circuit breakersin which high pressure air-blast is used for extinguishing the arc.
(iii) Sulphur hexafluroide circuit breakers in which sulphur hexafluoride (SFy) gasis used for
arc extinction.
(iv) Vacuumcircuit breakersinwhich vacuum is used for arc extinction.
Eachtypeof circuit breaker hasits own advantages and disadvantages. Inthefollowing sections,
we shall discuss the construction and working of these circuit breakers with special emphasis on the
way the arc extinction isfacilitated.

19.7 Oil Circuit Breakers
In such circuit breakers, some insulating oil (e.g., trans- Parting
former oil) isused as an arc quenching medium. The con- contacts
tacts are opened under oil and an arc is struck between :

them. The heat of the arc evaporates the surrounding oil
and dissociatesit into asubstantial volume of gaseous* hy-
drogen at high pressure. The hydrogen gas occupies a

volume about one thousand times that of the oil decom- A" Sifsgfoﬁfr
posed. Theoil is, therefore, pushed away from thearc and .
. Qil
an expanding hydrogen gas bubble surrounds the arc re-
gion and adjacent portions of the contacts (See Fig. 19.2).
The arc extinction is facilitated mainly by two processes. <
Firstly, the hydrogen gas has high heat conductivity and Fig. 19.2

cools the arc, thus aiding the de-ionisation of the medium between the contacts. Secondly, the gas

setsup turbulencein the oil and forcesit into the space between contacts, thus eliminating the arcing

products from the arc path. Theresult isthat arc is extinguished and circuit current tinterrupted.
Advantages. The advantages of oil as an arc quenching medium are :

(i) It absorbs the arc energy to decompose the oil into gases which have excellent cooling
properties.

*  Mainly hydrogen gasis produced as aresult of oil decomposition. However, asmall percentage of meth-
ane, ethylene and acetylene is also generated.

T Important. The reader may note that arc itself is employed for its extinction. Therefore, it should not be
regarded as an unfortunate manifestation. 1t must also berealised that in the absence of the arc, the current
flowing in the circuit would be interrupted instantaneously, and due to the rapid collapse of associated
magnetic field, very high voltages would be induced which would severely stress the insulation on the
system. On the other hand, the arc permits the circuit interruption to take place at some current zero and
thus without inducing potentials of dangerous values.
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(i) It acts as an insulator and permits smaller clearance between live conductors and earthed
components.

(iif) Thesurrounding oil presents cooling surface in close proximity to the arc.
Disadvantages. The disadvantages of oil as an arc quenching medium are :
(i) Itisinflammable and thereisarisk of afire.

(if) 1t may form an explosive mixture with air

(iif) Thearcing products (e.g., carbon) remain in the oil and its quality deteriorates with succes-
sive operations. This necessitates periodic checking and replacement of oil.

19.8 Types of Oil Circuit Breakers

The ail circuit breakers find extensive use in the power system. These can be classified into the
following types:

(i) Bulkoil circuit breakerswhich usealarge quantity of oil. Theoil hasto servetwo purposes.
Firstly, it extinguishesthe arc during opening of contacts and secondly, it insulates the cur-
rent conducting parts from one another and from the earthed tank. Such circuit breakers
may be classifiedinto:

(a) Plain break oil circuit breakers (b) Arc control oil circuit breakers.

In the former type, no special means is available for controlling the arc and the contacts are
directly exposed to the whole of the oil inthetank. However, in the latter type, special arc control
devices are employed to get the beneficial action of the arc as efficiently as possible.

(if) Low oil circuit breakerswhich use minimum amount of oil. In such circuit breskers, ail is

used only for arc extinction; the current conducting parts are insulated by air or porcelain or
organicinsulating material.

19.9 Plain Break Oil Circuit Breakers
A plain-break oil circuit breaker involves the simple process of separating the contacts under the
wholeof theoil inthetank. Thereisno specia systemfor arc control other than theincreasein length
caused by the separation of contacts. The arc extinction occurs when a certain critical gap between
the contactsis reached.

The plain-break ail circuit breaker isthe earliest type from
which all other circuit breakers have developed. It has a very Air cushion
simple construction. It consists of fixed and moving contacts /
enclosed in astrong weather-tight earthed tank containing oil upto _
acertain level and an air cushion above the oil level. The air Oil level
cushion provides sufficient roomto alow for the reception of the )/
arc gases without the generation of unsafe pressure in the dome -]
of the circuit breaker. It aso absorbs the mechanical shock of |
the upward oil movement. Fig. 19.3 showsa*doublebreak plain
oil circuit breaker. Itiscalled adouble break becauseit provides |

two breaksin series. 1 Fixed

Under normal operating conditions, the fixed and moving [== -] Gy
contacts remain closed and the bresker carriesthe normal circuit [-===-———-a--------->_ Moving
current. When a fault occurs, the moving contacts are pulled |_ C‘_’”tac‘s
down by the protective system and an arc is struck which WETSEITES Cl

vapourises the oil mainly into hydrogen gas. Thearc extinction Fig. 19.3
isfacilitated by the following processes :

*  Thistype of construction increases the effective speed of arc lengthening and permits to divide the tran-
sient re-striking voltage over two breaks so that only half appears across each.



ionisation of the medium between the contacts.

(if) The gas sets up turbulence in the oil and helpsin eliminating the arcing products from the
arc path.
(iif) Asthearclengthens due to the separating contacts, the diel ectric strength of the mediumiis
increased.
The result of these actions is that at some critical gap length, the arc is extinguished and the
circuit current isinterrupted.
Disadvantages
(i) Thereisno special control over the arc other than the increase in length by separating the
moving contacts. Therefore, for successful interruption, long arc length is necessary.
(if) These breakers have long and inconsistent arcing times.
(iif) These breakers do not permit high speed interruption.
Dueto these disadvantages, plain-break oil circuit breakers are used only for low-voltage appli-
cations where high breaking-capacities are not important. Itisausual practice to use such breakers
for low capacity installations for voltages not exceeding 111 kV.

19.10 Arc Control Oil Circuit Breakers

In case of plain-break oil circuit breaker discussed above, thereisvery littleartificial control over the
arc. Therefore, comparatively long arc lengthisessential in order that turbulencein the oil caused by
the gas may assist in quenching it. However, it is necessary and desirable that final arc extinction
should occur while the contact gap is still short. For this purpose, some arc control is incorporated
and the breakers are then called arc control circuit breakers. There are two types of such breakers,
namely :

(i) Sef-blast ail circuit breakers— in which arc control is provided by internal meansi.e. the

arcitself isemployed for its own extinction efficiently.

(if) Forced-blast oil circuit breakers— in which arc control is provided by mechanical means

external to the circuit breaker.

(i) Sdf-blast ail circuit breakers. In this type of circuit breaker, the gases produced during
arcing are confined to a small volume by the use of an insulating rigid pressure chamber or pot
surrounding the contacts. Since the space available for the arc gases is restricted by the chamber, a
very high pressureisdeveloped to force the oil and gasthrough or around the arc to extinguishit. The
magnitude of pressure developed depends upon the value of fault current to be interrupted. Asthe
pressureis generated by the arc itself, therefore, such breakers are some- Fixed contact
times called self-generated pressure oil circuit breakers. r's

The pressure chamber isrelatively cheap to make and gives reduced /m:m_
final arc extinction gap length and arcing time as against the plain-break
oil circuit bresker. Several designsof pressure chambers (sometimescalled
explosion pots) have been developed and a few of them are described Pot
below :

(a) Plain explosion pot. Itisarigid cylinder of insulating material
and encloses the fixed and moving contacts (See Fig. 19.4). Themoving Zi17
contact is a cylindrical rod passing through a restricted opening (called 4)
throat) at the bottom. When afault occurs, the contacts get separated and Moving
an arcisstruck between them. The heat of the arc decomposes oil into a SO
gasat very high pressurein the pot. Thishigh pressure forcesthe oil and Fig. 19.4

— Throat

NNANNNNNNN

T Atrelatively high voltages, the size of such abreaker assumesunduly large proportions dueto the necessity
of very long gap between the contacts for successful arc extinction.
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gasthrough and round the arc to extinguishiit. If thefinal arc extinction does not take place while the
moving contact isstill within the pot, it occursimmediately after the moving contact leavesthe pot. It
is because emergence of the moving contact from the pot isfollowed by aviolent rush of gas and il

through the throat producing rapid extinction.

The principal limitation of thistype of pot isthat it cannot be used for very low or for very high
fault currents. With low fault currents, the pressure devel oped issmall, thereby increasing the arcing
time. On the other hand, with high fault currents, the gasis produced so rapidly that explosion pot is
liable to burst due to high pressure. For this reason, plain explosion pot operates well on moderate
short-circuit currents only where the rate of gas evolution is moderate.

(b) Crossjet explosion pot. Thistype of pot isjust amodification of plain explosion pot and
isillustrated in Fig. 19.5. It ismade of insulating material and has channels on one side which act as
arc splitters. Thearc splittershelpinincreasing the arc length, thusfacilitating arc extinction. When
afault occurs, the moving contact of the circuit breaker beginsto separate. Asthe moving contact is
withdrawn, thearcisinitially struck inthetop of the pot. The gasgenerated by the arc exerts pressure
on the ail in the back passage. When the moving contact uncoversthe arc splitter ducts, fresh oil is
forced *across the arc path. The arc is, therefore, driven sideways into the “arc splitters’ which
increase the arc length, causing arc extinction.

Gas bubble

— Fixed

Back— contact

passage

Fixed contact
Cross jet explosion pot

|:|> Arc splitters

—P1lain explosion pot

Path of —
cool oil

_______ Qil forced
> out

Arc splitters

'\Moving contact Throat Moving contact

Fig. 19.5 Fig. 19.6

The cross-jet explosion pot is quite efficient for interrupting heavy fault currents. However, for
low fault currents, the gas pressure is Tsmall and consequently the pot does not give a satisfactory
operation.

(c) Self-compensated explosion pot. This type of pot is essentially a combination of plain
explosion pot and cross jet explosion pot. Therefore, it can interrupt low as well as heavy short
circuit currents with reasonable accuracy.

Fig. 19.6 shows the schematic diagram of self-compensated explosion pot. It consists of two
chambers, the upper chamber isthe cross-jet explosion pot with two arc splitter ductswhilethelower
oneistheplain explosion pot. When the short-circuit current isheavy, therate of generation of gasis
very high and the device behaves asacross-jet explosion pot. Thearc extinction takes placewhen the
moving contact uncoversthefirst or second arc splitter duct. However, on low short-circuit currents,
the rate of gas generation is small and the tip of the moving contact has the time to reach the lower
chamber. During thistime, the gas builds up sufficient pressure asthereisvery little leakage through

*  Since the jet of ail is forced at right angles to the arc path, this type of pot is referred to as cross-jet
explosion pot.

T Therate at which oil movesinto the path of arc is afunction of gas pressure. The gas pressure depends
upon the value of fault current. Lower the fault current, lesser the gas pressure generated and vice-versa.
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arc splitter ducts due to the obstruction offered by the arc path and right angle bends. When the
moving contact comes out of the throat, the arc is extinguished by plain pot action.

It may be noted that asthe severity of the short-circuit current increases, the device operates|ess
and less asaplain explosion pot and more and more as a cross-jet explosion pot. Thusthe tendency
isto make the control self-compensating over the full range of fault currentsto be interrupted.

(if) Forced-blast ail circuit breakers. In the self-blast il circuit breakers discussed above, the
arcitself generatesthe necessary pressureto forcethe oil acrossthe arc path. The mgjor limitation of
such breakersis that arcing times tend to be long and inconsistent when operating against currents
considerably less than the rated currents. It is becasue the gas generated is much reduced at low
values of fault currents. Thisdifficulty is overcomein forced-blast oil circuit breakersin which the
necessary pressureisgenerated by external mechanical meansindependent of the fault currentsto be
broken.

In aforced -blast ail circuit breaker, oil pressure is created by the piston-cylinder arrangement.
The movement of the piston is mechanically coupled to the moving contact. When afault occurs, the
contacts get separated by the protective system and an arc is struck between the contacts. The piston
forces ajet of oil towards the contact gap to extinguish the arc. 1t may be noted that necessary ail
pressure produced does not in any way depend upon the fault current to be broken.

Advantages

(a) Sinceail pressuredeveloped isindependent of the fault current to beinterrupted, the perfor-
mance at low currentsis more consistent than with self-blast oil circuit breakers.

(b) The quantity of oil required is reduced considerably.

19.11 Low OIl Circuit Breakers

Inthebulk oil circuit breakers discussed so far, the oil hasto perform two functions. Firstly, it actsas
an arc quenching medium and secondly, it insulates the live parts from earth. 1t has been found that
only asmall percentage of oil is actually used for arc extinction while the major part is utilised for
insulation purposes. For thisreason, the quantity of oil in bulk oil circuit breakersreachesavery high
figure asthe system voltageincreases. Thisnot only increasesthe expenses, tank size and weight of
the breaker but it also increases the fire risk and maintenance problems.

Thefact that only asmall percentage of oil (about 10% of total) in the bulk oil circuit breaker is
actually used for arc extinction leads to the question as to why the remainder of the oil, that is not
immediately surrounding the device, should not be omitted with consequent saving in bulk, weight
and fire risk. This led to the development of low-oil circuit breaker. A low oil circuit breaker
employssolid materialsfor insulation purposes and usesasmall quantity of oil whichisjust sufficient
for arc extinction. Asregards quenching the arc, the oil behavesidentically in bulk aswell aslow ail
circuit breaker. By using suitable arc control devices, the arc extinction can be further facilitated in a
low ail circuit breaker.

Congruction. Fig 19.7 shows the cross section of a single phase low oil circuit breaker. There
are two compartments separated from each other but both filled with oil. The upper chamber isthe
circuit breaking chamber while the lower one is the supporting chamber. The two chambers are
separated by a partition and oil from one chamber is prevented from mixing with the other chamber.
This arrangement permits two advantages. Firstly, the circuit breaking chamber requires a small
volume of oil which isjust enough for arc extinction. Secondly, the amount of oil to be replaced is
reduced as the ail in the supporting chamber does not get contaminated by the arc.

(i) Supporting chamber. Itisaporcelain chamber mounted on ametal chamber. Itisfilled with
oil whichisphysically separated from the oil in the circuit breaking compartment. The oil
inside the supporting chamber and the annular space formed between the porcelain insula-
tion and bakelised paper is employed for insulation purposes only.
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(if) Circuit-breaking chamber. It isaporcelain enclosure mounted on the top of the supporting
compartment. Itisfilled with oil and hasthe following parts:
(@) upper and lower fixed contacts
(b) moving contact
(c) turbulator
The moving contact is hollow and includes a cylinder which moves down over afixed piston.
Theturbulator isan arc control device and has both axial and radial vents. Theaxial venting ensures
the interruption of low currents whereasradial venting helpsin the interruption of heavy currents.

j—Top chamber
Gas vent \ Sl =
___oreve -'l Breather

1
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i‘-‘l“‘ SOANANANY NNNNANN

Circuit
breaking
chamber
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contact

Arc extinction
device

Moving
contact
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ANNNNNNN
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Supporting
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Operating
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4~ Drain valve

Fig. 19.7 Low-oil Circuit Breaker
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(iif) Top chamber. It is a metal chamber and is mouted on the circuit-breaking chamber. It
provides expansion space for the oil in the circuit breaking compartment. The top chamber
isalso provided with aseparator which prevents any loss of oil by centrifugal action caused
by circuit breaker operation during fault conditions.

Operation. Under normal operating conditions, the moving contact remains engaged with the
upper fixed contact. When afault occurs, the moving contact is pulled down by the tripping springs
and an arcisstruck. The arc energy vaporises the oil and produces gases under high pressure. This
action constrains the oil to pass through a central hole in the moving contact and results in forcing
series of oil through the respective passages of the turbulator. The process of turbulation is orderly
one, inwhich the sections of the arc are successively quenched by the effect of separate streams of ail
moving across each section in turn and bearing away its gases.

Advantages. A low ail circuit breaker hasthefollowing advantages over abulk oil circuit breaker:

(i) Itrequireslesser quantity of oil.

(i) It requires smaller space.

(iif) Thereisreduced risk of fire.
(iv) Maintenance problems are reduced.

Disadvantages. A low oil circuit breaker has the following disadvantages as compared to a bulk
oil circuit breaker :

(i) Dueto smaller quantity of oil, the degree of carbonisation isincreased.

(if) Thereisadifficulty of removing the gases from the contact spacein time.

(iii) The dielectric strength of the oil deteriorates rapidly due to high degree of carbonisation.

= o -L__J

19.12 Maintenance of Oil Circuit Breakers

The maintenance of oil circuit breaker is generally concerned with the checking of contacts and
dielectric strength of oil. After acircuit breaker has interrupted fault currents a few times or load
currents several times, its contacts may get burnt by arcing and the oil may lose some of itsdielectric
strength due to carbonisation. Thisresultsin the reduced rupturing capacity of the breaker. There-
fore, it isagood practice to inspect the circuit breaker at regular intervals of 3 or 6 months. During
inspection of the breaker, the following points should be kept in view :

(i) Check the current carrying parts and arcing contacts. If the burning is severe, the contacts

should be replaced.

(if) Check the dielectric strength of the ail. If the oil isbadly discoloured, it should be changed
or reconditioned. The oil in good condition should withstand 30 kV for one minute in a
standard oil testing cup with 4 mm gap between electrodes.
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(iif) Check the insulation for possible damage. Clean the surface and remove carbon deposits
with astrong and dry fabric.
(iv) Check theail level.
(v) Check closing and tripping mechanism.

19.13 Air-Blast Circuit Breakers
These breakers employ a high pressure *air-blast as an arc quenching medium. The contacts are
openedin aflow of air-blast established by the opening of blast valve. Theair-blast coolsthearc and
sweeps away the arcing products to the atomsphere. Thisrapidly increases the dielectric strength of
the medium between contacts and prevents from re-establishing the arc. Consequently, the arc is
extinguished and flow of current isinterrupted.
Advantages. Anair-blast circuit breaker hasthe following advantages over an oil circuit breaker:
(i) Therisk of fireis eliminated.

(if) Thearcing products are completely removed by the blast whereas the oil deteriorates with
successive operations; the expense of regular oil replacement is avoided.

(iif) Thegrowth of dielectric strength is so rapid that final contact gap needed for arc extinction
isvery small. Thisreducesthe size of the device.

(iv) Thearcing timeisvery small due to the rapid build up of dielectric strength between con-
tacts. Therefore, thearc energy isonly afraction of that in oil circuit breakers, thusresulting
in less burning of contacts.

(v) Dueto lesser arc energy, air-blast circuit breakers are very suitable for conditions where
frequent operation is required.

(vi) Theenergy supplied for arc extinction isobtained from high pressure air and isindependent
of the current to beinterrupted.

Disadvantages. The use of air as the arc quenching medium offers the following disadvantges:
(i) Theair hasrelatively inferior arc extinguishing properties.

(if) Theair-blast circuit breakersare very sensitive to the variationsin the rate of rise of restrik-
ing voltage.

(iif) Considerable maintenanceisrequired for the compressor plant which suppliestheair-blast.

Theair blast circuit breakers are finding wide applicationsin high voltage installations. Major-
ity of the circuit breakers for voltages beyond 110 kV are of thistype.

19.14 Types of Air-Blast Circuit Breakers

Depending upon the direction of air-blast in relation to the arc, air-blast circuit breskers are
classifiedinto:

(i) Axial-blast typeinwhichtheair-blastisdirected along the arc path asshownin Fig. 19.8(i).
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contact—»| ¢—contact
1 {
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> : <Blast E—Blast ¢ *W r—* ;

7 /

_ ) Fixed Moving
Moving Moving ¥ contact contact
contact [ | contact

(i) (ii) (i)

Fig. 19.8

*  Other gases such as nitrogen, carbon dioxide and hyrdogen can also be used. The circuit breaking proper-
ties of nitrogen are about similar to air and there is no added advantage of using it. Carbon dioxide tends
to freeze and hydrogen gasis very costly. Therefore, air is used as the circuit breaking medium.
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(i) Cross-blast type in WhICh thealr blast is d| rected at rlght anglesto thearc path asshown
Fig. 19.8 (ii).
(iff) Radial-blast type in which the air-blast is directed radially as shown in Fig. 19.8 (iii).

(i) Axial-blasgt air circuit breaker. Fig 19.9 shows the essential components of atypical axial-
blast air circuit breaker. The fixed and moving contacts are held in the closed position by
spring pressure under normal conditions. Theair reservoir isconnected to the arcing cham-
ber through an air valve. This valve remains closed under normal conditions but opens
automatically by the tripping impul se when afault occurs on the system.

Arcing chamber

Piston

Moving
contact

Closing
spring

Normal air
clearance for
working voltage

Air Reservoir Series

isolator

Fig. 19.9

When a fault occurs, the tripping impulse causes opening of the air valve which connects the
circuit breaker reservoir to the arcing chamber. The high pressure air entering the arcing chamber
pushes away the moving contact against spring pressure. The moving contact is separated and an arc
isstruck. At the same time, high pressure air blast flows along the arc and takes away the ionised
gasesalong with it. Conseguently, the arc is extinguished and current flow isinterrupted.

It may be noted that in such circuit breakers, the contact separation required for interruption is
generally small (1-75cmor so). Such asmall gap may constitute inadequate clearancefor the normal
servicevoltage. Therefore, anisolating switch isincorporated asapart of thistype of circuit breaker.
Thisswitch opensimmediately after fault interruption to provide the necessary clearancefor insulation.

(if) Crossblag air breaker. In this type of circuit breaker, an air-blast is directed at right

anglesto thearc. The cross-blast lengthens and forces the arc into a suitable chute for arc
extinction. Fig. 19.10 shows the essential parts

of atypical cross-blast air circuit breaker. When

the moving contact iswithdrawn, an arc is struck Moving
between thefixed and moving contacts. Thehigh  ontact
pressure cross-blast forcesthe arcinto achute con- .
sisting of arc splitters and baffles. The splitters ©OPening
serveto increase the length of the arc and baffles

give improved cooling. Theresult isthat arcis
extinguished and flow of current is interrupted.

Since blast pressure is same for all currents, the Fig. 19.10

inefficiency at low currentsiseliminated. The final gap for interruption is great enough to
give normal insulation clearance so that a seriesisolating switch is not necessary.

19.15 Sulphur Hexaflouride (SFg) Circuit Breakers

In such circuit breakers, sulphur hexaflouride (SF4) gas is used as the arc quenching medium. The
SF, isan electro-negative gas and has a strong tendency to absorb free electrons. The contacts of the
breaker are opened in a high pressure flow of SF, gas and an arc is struck between them. The
conducting free electrons in the arc are rapidly captured by the gas to form relatively immobile
negativeions. Thislossof conducting electronsinthearc quickly builds up enough insulation strength

Arc splitters

Fixed
contact
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to extinguish the arc. The SF; circuit breakers have been found to be very effective for high power
and high voltage service.

Congruction. Fig. 19.11 shows the parts of atypical Sk, circuit breaker. It consists of fixed
and moving contacts enclosed in a chamber (called arc interruption chamber) containing SF, gas.
This chamber is connected to SF, gas reservior. When the contacts of breaker are opened, the valve
mechanism permits a high pressure SF; gas from the reservoir to flow towards the arc interruption
chamber. The fixed contact isahollow cylindrical current carrying contact fitted with an arc horn.
Themoving contact is also ahollow cylinder with rectangular holesin the sidesto permit the SF; gas
tolet out through these holes after flowing along and acrossthe arc. Thetipsof fixed contact, moving
contact and arcing horn are coated with copper-tungsten arc resistant material. Since SF; gas is
costly, itisreconditioned and reclaimed by suitable auxiliary sytem after each operation of the breaker.

Working. Inthe closed position of the breaker, the contacts remain surrounded by SF, gas at a
pressure of about 2-8 kg/cmz. When the breaker operates, the moving contact is pulled apart and an
arc is struck between the contacts. The movement of the moving contact is synchronised with the
opening of avalvewhich permits Sk, gasat 14 kg/cm2 pressurefrom thereservoir to the arc interrup-
tion chamber. The high pressureflow of SF, rapidly absorbsthe free electronsin the arc path to form
immobile negative ions which are ineffective as charge carriers. The result is that the medium be-
tween the contacts quickly builds up high dielectric strength and causes the extinction of the arc.
After the breaker operation (i.e., after arc extinction), the valve is closed by the action of a set of

springs.
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Fig. 19.11
Advantages. Due to the superior arc quenching properties of SF; gas, the SF; circuit breakers
have many advantages over oil or air circuit breakers. Some of them are listed below :
(i) Due to the superior arc quenching property of Sk, such circuit breakers have very short
arcing time.
(ii) Sincethedielectric strength of SF; gasis2to 3 timesthat of air, such breakers can interrupt
much larger currents.
(iii) The SF;circuit breaker gives noiselss operation due to its closed gas circuit and no exhaust
to atmosphere unlike the air blast circuit breaker.



(v) Thereisnorisk of firein such breakers because SF; gasis non-inflammable.
(vi) There are no carbon deposits so that tracking and insulation problems are eliminated.
(vii) The SF breakers have low maintenance cost, light foundation requirements and minimum
auxiliary equipment.
(viii) Since SFg breakers are totally enclosed and sealed from atmosphere, they are particularly
suitable where explosion hazard exists e.g., coal mines.

Disadvantages

(i) SFgbreakersare costly dueto the high cost of SF,.

(i) Since SF4gashasto be reconditioned after every operation of the breaker, additional equip-

ment isrequried for this purpose.

Applications. A typical SF circuit breaker consists of interrupter units each capable of dealing
with currentsupto 60 kA and voltagesin therange of 50—80KkV. A number of unitsare connectedin
seriesaccording to the system voltage. SF circuit breakers have been developed for voltages 115 kV
to 230 kV, power ratings 10 MVA to 20 MVA and interrupting time less than 3 cycles.

19.16 Vacuum Circuit Breakers (VCB)

In such breakers, vacuum (degree of vacuum being in the range from 10 't0107° torr) isused asthe
arc quenching medium. Since vacuum offers the highest insulating strength, it has far superior arc
guenching propertiesthan any other medium. For example, when contacts of abreaker are openedin
vacuum, the interruption occurs at first current zero with dielectric strength between the contacts
building up at arate thousands of times higher than that obtained with other circuit breakers.

Principle. The production of arc in avacuum circuit breaker and its extinction can be explained
as follows : When the contacts of the breaker are opened in vacuum (10'7 to 107 torr), an arc is
produced between the contacts by the ionisation of metal vapours of contacts*. However, thearcis
quickly extinguished because the metallic vapours, electrons and ions produced during arc rapidly
condense on the surfaces of the circuit breaker contacts, resulting in quick recovery of dielectric
strength. Thereader may note the salient feature of vacuum asan arc quenching medium. Assoon as
the arc isproduced in vacuum, it is quickly extinguished due to the fast rate of recovery of dielectric
strength in vacuum.

Congruction. Fig. 19.12 shows the parts of a typical vacuum circuit breaker. It consists of
fixed contact, moving contact and arc shield mounted inside avacuum chamber. The movable mem-
ber is connected to the control mechanism by stainless steel bellows. This enables the permanent
sealing of the vacuum chamber so asto eliminate the possibility of leak. A glass vessel or ceramic
vessel is used as the outer insulating body. The arc shield prevents the deterioration of the internal
dielectric strength by preventing metallic vapoursfalling on theinside surface of the outer insulating
cover.

Working. When the breaker operates, the moving contact separates from the fixed contact and
an arcisstruck between the contacts. The production of arc isdueto theionisation of metal ionsand
depends very much upon the material of contacts. Thearcisquickly extinguished because the metal-
lic vapours, electrons and ions produced during arc are diffused in a short time and seized by the
surfaces of moving and fixed members and shields. Since vacuum has very fast rate of recovery of
dielectric strength, the arc extinction in avacuum breaker occurs with a short contact separation (say
0:625 cm).

*  This can be explained by Field emission theory. The microscopic sharp projections on the surface of
contacts of the circuit breaker act as points of high intensity field, resulting in the emission of electrons.
Since the sectional area of each projection is very small, the current density becomes very large and the
heat produced causes melting of projections.
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Advantages. Vacuum circuit breakers have the following advantages :
(i) They are compact, reliable and have longer life.

(if) Thereareno fire hazards.

(iif) Thereisno generation of gas during and after operation.

(iv) They caninterrupt any fault current. The outstanding feature of aVVCB isthat it can break
any heavy fault current perfectly just before the contacts reach the definite open position.

(v) They require little maintenance and are quiet in operation.
(vi) They can successfully withstand lightning surges.
(vii) They havelow arc energy.
(viii) They have low inertia and hence require smaller power for control mechanism.

Applications. For a country like India, where distances are quite large and accessibility to
remote areas difficult, theinstallation of such outdoor, maintenancefree circuit breakers should prove
adefinite advantage. Vacuum circuit breakers are being employed for outdoor applications ranging
from 22kV to 66 kV. Evenwith limited rating of say 60to 100 MVA, they are suitable for amajority
of applicationsin rural areas.

19.17 Switchgear Components
Thefollowing are some important components common to most of the circuit breakers:
(i) Bushings (it) Circuit breaker contacts
(iii) Instrument transformers (iv) Bus-barsand conductors

(i) Bushings. When ahigh voltage conductor passesthrough ametal sheet or framewhichisat
earth potential, the necessary insulation is provided in the form of bushing. The primary function of
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the bushing isto prevent electrical breakdown between the enclosed conductor and the surrounding
earthed metal work. Fig. 19.13 (i) showsthe use of bushing for aplain-break oil circuit breaker. The
high voltage conductor passes through the bushing made of someinsulating material (e.g., porcelain,
steatite). Although there are several types of bushing (e.g., condenser type, oil filled etc.), they
perfom the same function of insulating the conductor from earthed tank.
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Dielectric
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bubble ] Conductor
lonised gas
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Fig. 19.13

The failure of the bushing can occur in two ways. Firstly, the breakdown may be caused by
puncturei.e., dielectric failure of the insulating material of the bushing. Secondly, the breakdown
may occur intheform of aflash-over between the exposed conductor at either end of the bushing and
the earthed metal. Fig. 19.13(ii) illustratesthesetwo possibilities. The bushingsare so designed that
flash-over takes place before they get punctured. It is because the puncture generally renders the
bushing insulation unserviceable and incapable of withstanding the normal voltage. On the other
hand, aflash-over may result in comparatively harmless burning of the surface of the bushing which
can then continue to give adequate service pending replacement.

(if) Circuit breaker contacts. The circuit breaker contacts are required to carry normal as well
asshort-circuit current. In carrying the normal current, it is desirable that the temperature should not
rise above the specified limits and that there should be low voltage drop at the point of contact. In
carrying breaking and making short-circuit currents, the chief effectsto be dealt with are melting and
vapourisation by the heat of the arc and those dueto el ectromagnetic forces. Therefore, the design of
contacts is of considerable importance for satisfactory operation of the circuit breakers. There are
three types of circuit breaker contactsviz.

(a) Tulip type contacts. Fig. 19.14 (i) shows the Tulip type contact. It consists of moving
contact which moves inside the fixed contacts. At contact separation, the arc is generally
established between thetips of the fixed contacts and thetip of the moving contact as shown
in Fig. 19.14 (ii). The advantage of this type of contact is that arcing is confined to the
regions which are not in contact in the fully engaged position.

]
Y
Moving Arc
Fixed contact
contact . .
@) (i)
Fig. 19.14

(b) Finger and wedge contacts. Fig. 19.15 (i) shows the finger and wedge type contact. This
type of contact is largely used for low-voltage oil circuit breakers owing to the general
unsuitability for use with arc control devices.
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(c) Butt contacts. Fig. 19.15 (ii) shows the butt type contact and is formed by the springs and
the moving contact. It possesses two advantages. Firstly, spring pressure is available to
assist contact separation. This is useful in single-break oil circuit breakers and air-blast
circuit breakerswhererelatively small “loop” forcesare availableto assist in opening. Sec-
ondly, thereisno grip force so that thistype of contact is especially suitablefor higher short-

circuit rating.
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device ™7 \\ springs pressure 11 _
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Fig. 19.15

(i) Ingrument transformers. In a modern power system, the circuits operate at very high
voltages and carry current of thousands of amperes. The measuring instruments and protective de-
vices cannot work satisfactorily if mounted directly on the power lines. Thisdifficulty isovercome
by installing instrument transformers on the power lines. The function of theseinstrument transform-
ersisto transform voltages or currents in the power lines to values which are convenient for the
operation of measuring instruments and relays. There are two types of instrument transformers viz.

(a) Current transformer (C.T.)

(b) Potential transformer (P.T.)
The primary of current transformer is connected in the power line. The secondary winding
providesfor theinstruments and relaysacurrent which isaconstant fraction of the currentin theline.
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Similarly, a potential transformer is connected with its primary in the power line. The secondary
providesfor the instruments and relays a voltage which is aknown fraction of the line voltage.

Fig. 19.16 shows the use of instrument transformers. The * potential transformer rated 66,000/
110V provides a voltage supply for the potentia coils of voltmeter and wattmeter. The current
transformer rated 1000/5 A supplies current to the current coils of wattmeter and ammeter. The use
of instrument transformers permits the following advantages:

(a) They isolate the measuring instruments and relays from high-voltage power circuits.

(b) Theleadsin the secondary circuits carry relatively small voltages and currents. This per-

mits to use wires of smaller size with minimum insulation.

(iv) Busbarsand conductors. The current carrying members in a circuit breaker consist of
fixed and moving contacts and the conductors connecting these to the points external to the breaker.
If the switchgear is of outdoor type, these connections are connected directly tothe overhead lines. In
case of indoor switchgear, the incoming conductors to the circuit breaker are connected to the bus-
bars.

19.18 Problems of Circuit Interruption

The power system contains an appreciable amount of inductance and some capacitance. When afault
occurs, the energy stored in the system can be considerable. Interruption of fault current by acircuit
breaker will result in most of the stored energy dissipated within the circuit breaker, the remainder
being dissipated during oscillatory surgesin the system. The oscillatory surges are undesirable and,
therefore, the circuit breaker must be designed to dissipate as much of the stored energy as possible.
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Fig. 19.17

Fig. 19.17 (i) shows a short-circuit occuring on the transmission line. Fig 19.17 (ii) showsits
equivalent circuit where L istheinductance per phase of the * * system upto the point of faultand C is
the capacitance per phase of the system. The resistance of the system is neglected asit is generally
small.

(i) Rateof rise of re-striking voltage. It is the rate of increase of re-striking voltage and is
abbreviated by R.R.R.V. Usudly, thevoltageisinkV andtimein  cyrrent i
microseconds so that R.R.R.V. isin kV/u sec.

Consider the opening of a circuit breaker under fault condi-
tionsshown in simplified formin Fig. 19.17 (ii) above. Before cur-
rent interruption, the capacitance C is short-circuited by the fault
and the short-circuit current through the breaker is limited by in-
ductance L of the system only. Consequently, the short-circuit cur- Syeb
rent will lag the voltage by 90° as shown in Fig. 19.18, where i  yoltage
represents the short-circuit current and e, represents the arc volt- Fig. 19.18

Time

Arc voltage e,

*  Notethat one side of each secondary circuitisgrounded. Thisisdoneto prevent it from becoming charged
at high potential should a breakdown of potential transformer (or current transformer) insulation occur.
**  Generator, transformer and transmission line in this case.
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age. It may be seen that in this condition, the * entire generator voltage appears across inductance L.
When the contacts are opened and the arc finally extinguishes at some current zero, the generator
voltage e is suddenly applied to the inductance and capacitance in series. This L—-C combination
forms an oscillatory circuit and produces atransient of frequency :
f=_ 1
" 2mJLC
which appears across the capacitor C and hence across the contacts of the circuit bresker. This
transient voltage, as aready noted, is known as re-striking voltage and may reach an instantaneous
peak value twicethe peak phase-neutral voltagei.e. 2 E,,. The system |osses cause the oscillationsto
decay fairly rapidly but theinitial overshoot increases the possibility of re-striking the arc.
Itistherate of rise of re-striking voltage (R.R.R.V.) which decides whether the arc will re-strike
or not. If R.R.R.V. isgreater than the rate of rise of dielectric strength between the contacts, the arc
will re-strike. However, the arc will fail to re-strike if R.R.R.V. isless than the rate of increase of
dielectric strength between the contacts of the breaker. The value of R.R.R.V. depends upon :
(a) recovery voltage
(b) natural frequency of oscillations
For ashort-circuit occuring near the power station bus-bars, C being small, the natural frequency
f, (=12 tJ/LC) will be high. Consequently, R.R.R.V. will attain a large value. Thus the worst

condition for acircuit breaker would be that when the fault takes place near the bus-bars.

(if) Current chopping. It isthe phenomenon of current interruption before the natural current
zerois reached.

Current chopping **mainly occurs in air-blast circuit breakers because they retain the same
extinguishing power irrespective of the magnitude of the current to be interrupted. When breaking
low currents (e.g., transformer magnetising current) with such breakers, the powerful de-ionising
effect of air-blast causes the current to fall abruptly to zero well before the natural current zero is
reached. Thisphenomenon isknown as current chopping and results in the production of high volt-
age transient across the contacts of the circuit breaker as discussed below :

Consider again Fig. 19.17 (ii) repeated as Fig. 19.19 (i). Supposethe arc currentisi whenitis
chopped down to zero value as shown by point ain Fig. 19.19 (ii). Asthe chop occursat currenti,
therefore, the energy stored ininductanceisL i%/2. This energy will betransferred to the capacitance
C, charging the latter to a prospective voltage e given by :

C 2
Lz = =&
2 2
or e = i\/E volts ()
C

The prospectve voltage eis very *** high as compared to the dielectric strength gained by the
gap so that the breaker restrikes. Asthe de-ionising force is till in action, therefore, chop occurs
again but the arc current thistimeis smaller than the previous case. Thisinducesalower prospective

*  Because capacitance is short-circuited by the fault.

**  Current chopping isnot commonin oil circuit breakers becausein most of them, arc control is proportional
to the fault current to be interrupted. In other words, the exinguishing power in such breakersis propor-
tional to the current to be interrupted.

*** For example, if L and C are 4mH and 0-001 pF respectively, a current chop of magnitude 50 A would

induce a voltage of
| \F 50 | 210 10 100 x 10° volts = 100 kV
= - = = X =
© C 0D01x10°° VoS

-




480 ] Principles of Power System

voltageto re-ignitethearc. Infact, s&erél chopsmay occur until alow enough current isinterrupted
which produces insufficient induced voltage to re-strike across the breaker gap. Consequently, the
final interruption of current takes place.

Current finally suppressed
L C.B. before natural current zero
Natural
current zero

t

First current

= chop
Qe c ‘[ Arc current a .

Are | \Recovery
voltage 1 voltage
J Restriking™™ =\ 1.7 T~ —I- =

Vo ' ! t_
voltage (g ! Voltage at which
arc restrikes

@ (i)

Fig. 19.19

Excessive voltage surges due to current chopping are prevented by shunting the contacts of the

breaker with a resistor (resistance switching) such that reignition is unlikely to occur. Thisis ex-
plained in Art 19.19.

(iif) Capacitive current breaking. Another cause of ex- I

iy
cessive voltage surges in the circuit breakersis the interruption A5
of capacitive currents. Examples of such instances are opening
of an unloaded long transmission line, disconnecting a capacitor
Vg Cq

bank used for power factor improvement etc. Consider thesimple @
equivalent circuit of an unloaded transmission line shownin Fig.
19.20. Such aline, athough unloaded in the normal sense, will
actually carry a capacitive current | on account of appreciable &
amount of capacitance C between the line and the earth. Fig. 19.20

L et us suppose that the line is opened by the circuit breaker
at theinstant when line capacitive currentiszero [point 1in Fig. 19.21]. At thisinstant, the generator
voltage \# will be maximum (i.e., ng) lagging behind the current by 90°. The opening of the line
leaves a standing charge on it (i.e., end B of the line) % 5Vgm
and the capacitor C, is charged to V.. However, the
generator end of theline (i.e., end A of theline) contin- Earth ,T\ N ™
ues its normal sinusoidal variations. The voltage V. potential | vy
acrossthecircuit breaker will bethe difference between v P \ /,\

the voltages on the respective sides. Itsinitial valueis AR N VA T
zero (point 1) and increases slowly in the beginning. I’>\/ / /

\ I
But half acyclelater [point R in Fig. 19.21], the poten- \\\ I/I \
tial of thecircuit breaker contact ‘A’ becomes maximum A R
negative which causesthe voltage acrossthe breaker (V,) ¢
to become 2 Vo This voltage may be sufficient to re- ’
strikethearc. Thetwo previously separated parts of the L-_l~3v
circuit will now be joined by an arc of very low resis- .
tance. The line capacitance discharges at once to re- Fig. 19.21
duce the voltage across the circuit breaker, thus setting up high frequency transient. The peak value
of the initial transient will be twice the voltage at that instant i.e., =4 V... This will cause the

transmission voltagetoswingto -4V to+V g i.e, 3V .

am
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The re-strike arc current quickly reaches its first zero as it varies at natural frequency. The
voltageonthelineisnow -3V . and once again thetwo halves of the circuit are separated and theline
isisolated at thispotential. After about half acyclefurther, the aforesaid events are repeated even on
more formidable scale and the line may beleft with apotential of Vym above earth potential. Theo-
retically, this phenomenon may proceed infinitely increasing the voltage by successive increment of
2timesV .

While the above description relates to the worst possible conditions, it is obviousthat if the gap
breakdown strength does not increase rapidly enough, successive re-strikes can build up adangerous
voltagein the open circuit line. However, due to leakage and coronaloss, the maximum voltage on
thelineinsuch casesislimitedto5V .

19.19 Resistance Switching
It has been discussed above that current chopping, capacitive current breaking etc. give rise to
severe voltage oscillations. These excessive voltage surges during circuit interruption can be pre-
vented by the use of shunt resistance R connected acrossthe circuit breaker contacts as shown in the
equivalent circuit in Fig. 19.22. Thisisknown as resistance switching.
R

A

Oscillatory
restriking voltage

Voltage

Recovery
voltage

Damped
restriking voltage

»

Time

Fig. 19.22 Fig. 19.23

Referring to Fig. 19.22, when afault occurs, the contacts of the circuit breaker are opened and an
arcisstruck between the contacts. Sincethe contactsare shunted by resistance R, apart of arc current
flowsthrough thisresistance. Thisresultsin the decrease of arc current and anincreasein therate of
de-ionisation of the arc path. Consequently, the arc resistanceisincreased. Theincreased arc resis-
tance leadsto afurther increase in current through shunt resistance. This process continues until the
arc current becomes so small that it failsto maintain thearc. Now, thearcisextinguished and circuit
current isinterrupted.

The shunt resistor also helpsin limiting the oscillatory growth of re-striking voltage. It can be
proved mathematically that natural frequency of oscillations of the circuit shown in Fig. 19.22 is
givenby :

f = i i - —1
" 2m \LC g4 R2C2

The effect of shunt resistance R is to prevent the oscillatory growth of re-striking voltage and
causeit to grow exponentially upto recovery voltage. Thisisbeing most effective when the value of
R is so chosen that the circuit is critically damped. The value of R required for critical damping is

0-54/L/C. Fig. 19.23 shows the oscillatory growth and exponential growth when the circuit is
critically damped.

To sum up, resistors across breaker contacts may be used to perform one or more of the follow-
ing functions:

(i) Toreducetherate of rise of re-striking voltage and the peak value of re-striking voltage.

(if) To reduce the voltage surges due to current chopping and capacitive current breaking.
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(iif) To ensure even sharing of re-striking voltage transient acorss the various breaks in multi-
break circuit breakers.

It may be noted that value of resistance required to perform each function is usually different.
However, it is often necessary to compromise and make one resistor do more than one of these
functions.

19.20 Circuit Breaker Ratings

A circuit breaker may be called upon to operate under al conditions. However, major duties are
imposed on the circuit breaker when there is afault on the system in which it is connected. Under
fault conditions, a circuit breaker is required to perform the following three duties :
(i) It must be capable of opening the faulty circuit and breaking the fault current.
(i) 1t must be capable of being closed on to afault.
(iif) It must be capable of carrying fault current for a short time while another circuit breaker (in
series) is clearing the fault.
Corresponding to the above mentioned duties, the circuit breakers have three ratings viz.
(i) breaking capacity (ii) making capacity and (iii) short-time capacity.
(i) Breaking capacity. It iscurrent (r.m.s.) that a circuit breaker is capable of breaking at
given recovery voltage and under specified conditions (e.g., power factor, rate of rise of re-
striking voltage).

. o D D-D, Instant of
The breaking capacity is always stated at the r.m.s. value of

B contact separation

fault current at the instant of contact separation. When a fault T R~nee ¥
occurs, there is considerable asymmetry in the fault current due A -\ - 4; y
to the presence of a d.c. component. The d.c. component dies O ~~=17 ] o) Normal
away rapidly, a typical decrement factor being 0-8 per cycle. - zero
Referring to Fig. 19.24, the contacts are separated at DD". At D
thisinstant, the fault current has

X = maximum value of ac. Fig. 19.24

component
y = d.c. component

O Symmetrical breaking current = r.m.s. value of a.c. component

X

J2
Asymmetrical breaking current = r.m.s. value of total current

2
- X 2
= — | +
(ﬁ) ’
Itisacommon practiceto expressthe breaking capacity in M VA by taking into account therated

breaking current and rated service voltage. Thus, if | isthe rated breaking current in amperesand V
isthe rated service line voltage in volts, then for a 3-phase circuit,

Breaking capacity = +/3xV x | x 10° MVA

In India (or Britain), it is a usual practice to take breaking current equal to the symmetrical
breaking current. However, American practice is to take breaking current equal to asymmetrical
breaking current. Thus the American rating given to a circuit breaker is higher than the Indian or
British rating.

It seemsto beillogical to give breaking capacity in MVA sinceit is obtained from the product of
short-circuit current and rated service voltage. When the short-circuit current isflowing, thereisonly
asmall voltage acrossthe breaker contacts, while the service voltage appears across the contacts only
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after the current hasbeen interrupted. ThusMVA rating isthe product of two quantitieswhich do not
exist simultaneously in the circuit.

Therefore, the * agreed international standard of specifying breaking capacity is defined as the

rated symmetrical breaking current at arated voltage.

(if) Makingcapacity. Thereisalwaysapossibility of closing or making the circuit under short-
circuit conditions. The capacity of abreaker to “make” current depends upon its ability to
withstand and close successfully against the effects of electromagnetic forces. Theseforces
are proportional to the sguare of maximum instantaneous current on closing. Therefore,
making capacity is stated in terms of a peak value of current instead of r.m.s. value.

The peak value of current (including d.c. component) during thefirst cycle of current wave after

the closure of circuit breaker is known as making capacity.

It may be noted that the definition is concerned with thefirst cycle of current wave on closing the
circuit breaker. Thisisbecause the maximum value of fault current possibly occursin thefirst cycle
only when maximum asymmetry occurs in any phase of the breaker. In other words, the making
current isequal to the maximum value of asymmetrical current. To find thisvalue, we must multiply

symmetrical breaking current by /2 to convert thisfrom r.m.s. to peak, and then by 1-8 toinclude the
“doubling effect” of maximum asymmetry. Thetotal multiplication factor becomes /2 x 1.8 =2.55.

O Making capacity =2-55x Symmetrical breaking capacity

(iif) Short-time rating. It is the period for which the circuit breaker is able to carry fault
current while remaining closed.

Sometimes afault on the system is of very temporary nature and persistsfor 1 or 2 seconds after
whichthefaultisautomatically cleared. Intheinterest of continuity of supply, the breaker should not
tripin such situations. Thismeansthat circuit breakers should be ableto carry high current safely for
some specified period while remaining closed i.e., they should have proven short-timerating. How-
ever, if the fault persists for a duration longer than the specified time limit, the circuit breaker will
trip, disconnecting the faulty section.

The short-time rating of a circuit breaker depends upon its ability to withstand (a) the electro-
magnetic force effectsand (b) the temperaturerise. Theoil circuit breakers have aspecified limit of
3 secondswhen theratio of symmetrical breaking current to the rated normal current does not exceed
40. However, if thisratio is more than 40, then the specified limit is 1 second.

Normal current rating. It isthe r.m.s. value of current which the circuit breaker is capable of
carrying continuously at its rated frequency under specified conditions. The only limitation in this
caseisthe temperature rise of current-carrying parts.

Example 19.1. A circuit breaker israted as 1500 A, 1000 MVA, 33 kV, 3-second, 3-phase ail
circuit breaker. Find (i) rated normal current (ii) breaking capacity (iii) rated symmetrical breaking
current (iv) rated making current (v) short-time rating (vi) rated service voltage.

Solution.

(i) Rated normal current = 1500 A

(if) Breaking capacity = 1000 M VA

*  The proponents of MVA rating, however, advance another view which does not seem to be so illogical.
Though this MVA rating does not appear at the breaker contacts, it does exist in the windings of the
generating plant where both generated voltage and current exist simultaneously. The generated voltageis
absorbed in the impedance of the circuit. Since the impedance is distributed, the voltage cannot be mea-
sured anywhere while the faulty current is flowing. Therefore, the only way to obtain its value is to
measure the recovery voltage immediately after current interruption. This argument seems to have some
justification.



(iif) Rated symmetrical breaking current = =" 17496 A (r.m.s))
J3x33x10

(iv) Rated making current = 2:55 x 17496 = 44614 A (peak)

(v) Short-timerating = 17496A for 3 seconds

(vi) Rated servicevoltage = 33kV (r.m.s.)

Example 19.2. A 50 Hz, 11 kV, 3-phase alternator with earthed neutral has a reactance of 5

ohms per phase and is connected to a bus-bar through a circuit breaker. The distributed capacitance
upto circuit breaker between phase and neutral in 0-01 pF. Determine

(i) peak re-striking voltage across the contacts of the breaker
(if) frequency of oscillations
(iii) the average rate of rise of re-striking voltage upto the first peak

Solution. X 5

Inductance per phase, L = L= = 00159 H
2t 21x 50

Capacitanceper phase, ~C = 0-01uF=10"°F

(i) Maximum value of recovery voltage (phase to neutral)
11
Enex = V2% 3 898KV

0  Peakrestrikingvoltage = 2E,,, =2x898=1796kV
(if) Frequency of oscillationsis

1 1 _
f - = 12628 Hz
" 2nJlC  on fomisox10®

(iii) Peak re-striking voltage occurs at atimet given by ;
t = Zlf =nJ/LC = m/0 0159 x10™® =39.6 x 107 sec = 396 1 sec
n

O Averagerate of rise of re-striking voltage
_ Peak re-dtriking voltage _ 17096 kV
" Timeuptofirstpeak ~ 3906 sec
0-453 kV/j1 sec = 453 x 10° k\//sec

Example 19.3. In a short circuit test on a circuit breaker, the following readings were obtained
on single frequency transient :

(i) time to reach the peak re-striking voltage, 50 u sec

(i) the peak re-striking voltage, 100 kV

Determine the average RRRV and frequency of oscillations

Solution.

Peak re- striking voltage
Time to reach peak value
100 kv

- =2 kV/u Sec = 2 x 10° kV//sec
S0usc H

Average RRRV =

Natural frequency of oscillations,
1

f = -
2 x Timeto reach peak value

n
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1
2 x50 pusec

1
= ————— =10,000 Hz
2 x50 x10

Example 19.4. An air-blast circuit breaker is designed to interrupt a transformer magnetising
current of 11 A (r.m.s.) chopsthe current at an instantaneous value of 7 A. If thevaluesof L and Cin
thecircuit are 35-2 H and 0-0023 pF, find the val ue of voltage that appears across the contacts of the
breaker. Assume that all the inductive energy is transferred to the capacitance.

Solution.

Voltage across breaker contacts at chopping is

e=ic (See. Art. 19.18)

Here,i=7A ; L=352H and C=0-0023puF

3502
O e=7|————volts=866 x 10°V =866 kV
000023 x 10

TUTORIAL PROBLEMS

1. Acircuit breaker israted 2500 A, 1500 MVA, 33 kV, 3 sec, 3-phase il circuit breaker. Determine (i) the
rated normal current (ii) breaking current (iii) making current (iv) short time rating current.
[(i) 2500 A (ii) 26243 A (iii) 66920 A (iv) 26243 A for 3 seC]
2. A circuit breaker is rated at 1500 A, 2000 MVA, 33 kV, 3 sec, 3-phase oil circuit breaker. Determine
(i)the rated normal current (i) breaking current (iii) making current (iv) short time rating current.
[(i)1500A (ii) 34-29 kA (iii) 89-22 kA (iv) 34-29 kA for 3 sec]

SELF - TEST

1. Fill in the blanks by inserting appropriate words/figures.
(i) A circuit breaker opens............. when a fault occurs on the system.
(if) A circuit breaker can .......... the circuit immediately after automatic operation.
(i)  When the contacts of a circuit breaker are opened on the occurrence of afault, an ........ is struck.
(iv) An ac. circuit is more easily interrupted than a d.c. circuit because alternating current provides

() If thelength of the arc increases, itsresistance is ..............

(vi) If dielectric strength of the medium between contacts bwlds up more rapidly than the re-striking
voltage, then arc will be .................. .

(vii) Inanoil circuit bregker, ................. is used as the arc quenching medium.
(viii) The quantity of oil needed for arc control oil circuit breakersis............. than that of plain bresk oil-
circuit breaker.
(ix) Current chopping mainly occursin ................. circuit breakers.

(x) Capacitive current breaking resultSin ..........c.cc.....
2. Pick up the correct wordsfigures from the brackets and fill in the blanks.

(i) Crossjet explosion pot breaker can interrupt ............. short circuit currents efficiently.
(heavy, low)
(if) Inforcedblast dil circuit breakers, the extinguishing forceis......... thefault current to beinterrupted.
(dependent upon, independent of)
(iii) Inlow oil circuit breakers, ............... is used for insulation purposes. (solid material, oil)
(iv) Forced-blast circuit breakers have .............. speed of circuit interruption. (low, high)

——




ANSWERS TO SELF-TEST

(i) automatically (ii) remake (iii) arc (iv) natural current zeros (v) increased (vi) extinguished
(vii) somemineral oil (viii) less(ix) air-blast (x) voltage surges
(i) heavy (ii) independent of (iii) solid material (iv) high

A wDhpRE

o

10.

1.

12.

13.
14.

15.

CHAPTER REVIEW TOPICS

What isacircuit breaker ? Describe its operating principle.

Discuss the arc phenomenon in a circuit bresker.

Explain the various methods of arc extinction in acircuit bresker.

Define and explain the following terms as applied to circuit breakers :
(i) Arcvoltage

(if) Restriking voltage

(iii) Recovery voltage

Describe briefly the action of an ail circuit breaker. How does oil help in arc extinction ?
Discuss the advantages and disadvantages of oil circuit breakers.

Explain with neat sketches the construction and working of the following circuit breakers :
(i) Plain explosion pot

(ii) Cross jet explosion pot

(iii) Self-compensated explosion pot

Explain the difference between bulk oil circuit breskers and low-ail circuit breakers.

Discussthe constructional detailsand operation of atypical low-oil circuit breaker ? What areitsrelative
merits and demerits ?

Discussthe principleof operation of anair-blast circuit breaker. What are the advantages and disadvantages
of using air as the arc quenching medium ?
Explain briefly the following types of air-blast circuit breakers :
(i) Axia-blasttype
(ii) Cross-blast type
What are the important components common to most of circuit breakers ? Discuss each component
briefly.
Write a short note on the rate of re-striking voltage indicating its importance in the arc extinction.
Discuss the phenomenon of
(i) Current chopping
(ii) Capacitive current breaking
Write short notes on the following :
(i) Resistance switching
(ii) Circuit breaker ratings
(iii) Circuit interruption problems

SN -

DISCUSSION QUESTIONS

Why do plain break oil circuit breakers have alow speed of circuit interruption ?
Isit logical to express the breaking capacity of acircuit breaker in MVA ? Discuss.
Why is current interruption easier in an a.c. circuit than in ad.c. circuit ?

Why are circuit breakers designed to have a short-time rating ?

Isarc production in acircuit breaker unfortunate mainfestation ?

o FIRST
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