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Protective Relaying

1.1 Introduction

Protective n,-']a_'-,'ing s one of the several features of the power system detign.
Every part of the power system is protected. The factors affecting the choice of
protection are type and rating of equipment, location of the equipment, types of faults,
abnormal conditions and Cost,

The protective relaying is used 1o give an alarm or o cause prompt removal of
any element of power system from service when that element behaves abnormally.
The abnormal behaviour of an element might cause damage or interference within
cffective operation of rest of the system. The protective relaving minimises the damage
to the equipment and interruptions to the service when electrical failure occurs. Along
with some other equipments the relays help to minimise damage and improve the

PET Y 0.

The relays are compact and self contained devices which can sense the abnormal
conditions. Whenever an abnormal condition exists, the relay contacts get closed. This
inturn closes the trip circuit of a circuit breaker. The circuit breakers are capable of
disconnecting a faulty element, when they are called upon to do so by the relays
Thus entire process includes the operations like occurrence of fault, operation of refay,
opening of a circuit breaker and removal of faulty element. This entire process is
automatic and fast, which is pr.:lﬁsil'_'rh- due to effective protechive 1"r:|.‘|'!..'il'l|!_.#r scheme

The protective relaying scheme includes protective current transformers, voltage
transformers, protective relays, time delay relays, auxiliary relays, secondary crouits,
trip circuits etc. Each component plays its own role, which is very important in the
overall operation of the scheme. The protective relaying is the team work of all these
components. The protective relaying also provides the indication of location and type
of the faull,

(1 )
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1.2 Functions of Protective Relaying

The various funchions ol prnte::ti‘l.'e rela.j.'lng are :

The prompt removal of the component which is behaving abnormaily by
closing the trip arcuit of circuit breaker or to sound an alarm.

To disconnect the abnormally operating part so as to avoid the damage or
interference within effective operation of the rest of system

(o]

3 To prevent the subsequent faulls by disconnecting the abnormally operating
part.

4. To disconnect the faulty part as quickly as peossible so as to minimise the
damage to the faulty part itself. For example, if there is a winding fault in a
machine and if it persists for a long time then there is a possibility of the
damage of the entire winding. As against this, if it is disconnected quickly then
only few coils may get damaged instead of the entire winding

on

To restrict the spreading of the effect of fault causing least interference to the
rest of the healthy system. Thus by disconnecting the faulty part, the fault
effects get localised.

6. To improve the system performance, system reliability, system stability and
SErVIce continulby

The faults can not be completely avoided but can be minimised. Thus the
protective relaying plays an important role in sensing the faults, minimizing
the effects of faults and minimizing the damage due to the faults,

1.3 Protective Zones

In a protechive relaying scheme, the circuit breakers are placed at the appropriate
points such that any element of the entire power systern can be disconnected for
repairing work, usual operation and maintenance requirements and also under
abnormal conditions like short circuits. Thus a protective covering is provided arcund
each element of the system.

A protective zone i5 the separate zone which is established around each svstem
clemwent. The significance of such a protective zone is that any fault occurring within a
given zone will cause the tripping of relays which causes opening of all the circuit
breakers located within that zone, The various COMPOnents whieh are !,'ﬁ]"ll"l.'l.l,ll,'d wilh
the protective zones are generators, transtormers, transmiscion lines, bus bars, cables,
capacifors etc. No part of the system is left unprotected. The Fig. 1.1 shows the
various protective zones, used in a system
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Fig. 1.1 Protective zones

The boundaries of protective zones are decided by the locations of the curment
transformers,

In practice, various protective zones are nw:r]npplad. The overlapping of protective
zones is done to ensure complete safety of each and every element of the system. The
zone which is unprotected is called dead spot. The zones are overlapped and hence
there is no chance of existence of a dead spot in a system. For the failures within the
region where two adjacent protective zones are overlapped, more circuit breakers get
tripped than minimum necessary to disconnect the faulty element. Il there are no
overlaps, then dead spot may exist, means the circult breakers lying within the sone
may not frip eventhough the fault occurs. This may cause damage to the healthy
system. The extent of overlapping of protective zones is relatively small The
probability of the failures in the overlapped regions is very low, consequently the
tripping of too many circuit breakers will be also infrequent The Fig. 1.2 shows the
overlapping of protective zones in the primary relaying.
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Fig. 1.2 Overlapping zones in primary relaying

it can be seen from the Fig. 12 that the circuit breakers are located in the
connections to each power system element This provision makes it possible to
disconnect only the faulty element from the system. Ocassionally for economy in the
number of circuit breakers, a breaker between the two adjacent sections may be
omitted but in that case both the power systern sections are required to be
disconnected for the failure in either of the two.

Each protective zone has certain protective scheme and each scheme has number
of protective systems. '

1.4 Primary and Backup Protection
The protection provided by the protective relaying equipment can be categorised

ino two Iypes as :

. Primary protection

2. Backup protection

The primary protection is the first line of defence and is responsible to protect all
the power system elements from all the types of faults. The backup protection comes
into play only when the primary protection fails.
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The backup protection is provided as the main protection can fail due to many
reasons like,

1. Failure in circuit breaker
2. Failure in protective relay
3. Failure in tripping circuit

Failure in d.c. tripping voltage

[ L

Loss of voltage or current supply to the relay

Thus if the backup protection is absent and the main protection fails then there is
a possibility of severe damage to the system.

When the primary protection is made inoperative for the maintenance purpose, the
backup protection acts like a main protection. The arrangement of backup protective
scheme should be such that the failure in main protection should not cause the failure
in back up protection as well. This is satisfied if back up relaying and primary
relaying do not have anvthing common. Hence generally backup protection is located
at different stations from the primary protection. From the cost and economy point of
view, the backup protection is emploved only for the protection against short circuit
and not for any other abnormal conditions

1.4.1 Concept of Backup Relaying

Consider the backup relaying employed for the transmission line section EF as
shown in the Fig. 1.3.

Station K
b & c G t {
E F
: B D H J i
Transmessapn

lirems
Fig. 1.3 Backup relaying
The relays C, D, G and H are primary relays while A, B, [ and | are the backup
relays.
Normally backup relays are tripped if primary relay fails. So if the primary relay E
fails to trip, then backup relays A and B get tripped. The backup relays and associated
backup relaying equipments are physically apart from the faulty equipment.
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The backup relays A and B provide backup protection for fault at station K. Also
the backup relavs at A and F provide the backup protection for the faults in line DB.

The backup relaying often provides primary protection when the primary relays
are out of service for repairs

It is obvious that when the backup relay operates, the larger part of the system is
disconnected

The important requirement of backup relaying is that it must operate with
sufficient time delay so that the primary relaying is given a chance to operate. When
fault occurs, both the type of relays starts relaying operation but primary is expected
to trip first and backup will then reset without having had time to complete its
relaying operation

When the given set of relays provides the I.'m:,'ku];r protechion for several adjacent
system elements then the slowest primary relaying of any of those will determine the
necessary time delay of the given backup relays.

1.4.2 Methods of Backup Protection
The various methods used for the backup protection are classified as,

I. Relay Backup Protection : In this scheme, a single breaker is used by both
primary as well as backup protection but the two protective systems are
difterent

It

Breaker Backup Protection : In this method, separate breakers are provided for
primary and backup protection. Both the types of breakers are at the same

station.

3. Remote Backup Protection : In this method, separate breakers are provided for
primary and backup protection. The two types of breakers are at the different
stations and are completely isolated and independent of each other

4 Centrally Co-ordinated Backup Protection : In this method, primary protection
is at various stations. There is 2 central control room and backup protection for
all the stahons is ab central control room. Central control continuously inspects
the load flow and frequency in the system. If any element of any part of the
system fails, load flow gets affected which is sensed by the control room. The
control  source consists of a digital computers which decides the proper
switching achion. The method is also called centrally controlled backup

preotection

1.5 Nature and Causes of Faults

Any tault in electrical apparatus is nothing but the defect in its electrical arcuit
which makes current path directed from its intended path. Normally due to breaking
of conductors or fallure of insulation, these faults occur. The other reasons for
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occurance of fault include mechanical fallure, accidents, excessive internal and external
stresses. The impedance of the path in the fault is low and the fault currents are
comparatively large. The reduction of the insulation is not considered as a fault until
its shows some effect such as excessive current flow or reduction of impedance
between conductors or between conductors and earth.

When a fault occurs on a system, the voltages of the three phases become
unbalanced. As the fault currents are large, the apparatus may get damaged. The flow
of power is diverted towards the fault which affects the supply to the neighbouring
zone.

A power system consists of generators, transformers, switchgear, transmission and
distribution circuits. There is always a possibility in such a large network that some
tault will occur in some part of the system. The maximum possibility of fault
occurance 18 on transmission lines due to their greater lengths and exposure to
atmospheric conditions.

The faults can not be totally eliminated from the system but their occurance can be
minimised by improving system design, quality of the equipment and maintenance.

The faults can be classified according to causes of their incidence. The breakdown
may occur at normal voltage due to deterioration of insulation. The breakdown may
also occur due to damage on account of unpredictable causes which include perching
of birds, accidental short circuiting by snakes, kite strings, three branches etc. The
breakdown may occur at abnormal voltages due to switching surges or surges caused
by lighting.

The AC faults can also be classified as single line to ground fault, double line to
ground fault, three phase fault, that may occur in the system due to unbalance in
current and voltage, over voltages, reversal of power, power swings, under frequency,
temperature rise and instability.

It may be necessary to know the frequency of the fault occurance on various parts
of the system which help in designing suitable protection circuit. Following table gives
us an idea as to how the faults are distrituted in the various parts of the system.

Equipment % of total faults

1) | Creprhaad lines 50

2) Srwtchgear 15

A} Tranaformer 12

4) | Cables 10

5) Miscallanecus &

6} Control aquipmant

7} CTs and PTs

Table 1.1
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It can be seen from the above table that maximum number of faults are occunng
on overhead lines. In case of three phase system, the breakdown of insulation between
one of the phases and earth is known as line to ground fault. In line to line fault,
there is insulation breakdown between either of the two phases. While the insulation
breakdown between two phases and earth forms double line to ground fault. The
breakdown of insulation between three phases is nothing but three phase fault
I-'nlln'l.'..'lnﬁ tablp gives OCCUrance of these fauls

Type of Fault Representation % oecurance
1) Line io Graownd (L-G At
E 2
db Lime bo Lime fL-L) T A
3 Lirsg o Ling b0 Giround 5
(L-L-G) - -
43 Lirse te Lire 83 Line 2 or Lass

L)

It can be seen from the above table that most of the faults are line to ground faults
in case of overhead lines. A large number of these faulls are transitory in nature. The
word transitory refers o the fault which remains for short duration of tme, The fault
current varies with time. For example if a twig falls across a line and across arm and
bumns itself out or just falls down then the fault is transient as it vamishes after few
cvcles. During first one to three cycles, the fault current is very high but later on
decreases very rapidly. This zone in which the current is very high but decreases very
rapidly is called ‘sub transient’ state. After these first few cycles, the rate of current
decrease is slower. This zone is called ‘transient’ state. This state remains for several
cycles. After the transent siate s over, steady shake & reached. During the steady state,
the rms value of short circuit curment remains constant. The circuit breaker operates
during transient skate.

This fault current produced by line to ground fault has considerable magnitude. So
the protective system must be properly designed so as to have reliable operation of
relays under line o ground fault,

The Line to Line to Line (L-L-L) fault is nothing but symmetnical three phase fault
which normally occurs due to carelessness of operating personnel. Usually the phase
lines are tied together with the help of a bare conductor so as to protect the lineman
working on the lines agains inadvertent charging of the line. Sometimes after the
work, if lineman forgets to remove the tie up between phase lines and if the circuif
breaker is closed then three phase symmetrical fault occurs
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The most serious effect of uncleared fauit is nothing but fire which Jestroys the
equipment, spreads up in the system and causes total failure. The most common vpe
of fault which may prove to be dangerovs is short circuit. Due to this faunlt, there is
great reduction in line voltage over a major part of the power system. There is
damage which may result to the elements of the svstem by electric arc which
accompanies short circuit. The other apparatus in the svstem are damaged due to
overheating and due to setting up of abnormal mechanical forces. The stability of the
power system is disturbed which may sometimes result in complete shut down of the
power system. Due to reduction in voltage, currents drawn by motors are abnormally
high. This may result into loss of industrial production. So such faults are avoided
from occuring by designing suitable and reliable but economical protective scheme.

1.6 Fault Current Calculation using Symmetrical Components

In case of three phase balanced system, currents and voltages are equal in
magnitude and are displaced from each other by 120° The currents and voltages are
thus said to be symmetrical. The analysis of such system is easy which is done on per
phase basis. But when the load is unbalanced, the analysis using normal technigques
becomes difficult. Under such case, method of symmetrical components can be
adopted as suggested by Fortescue. According to his theorem, the unbalanced phasors
can be resolved into three balanced systems of phasors. The balanced sets of
component can be given as (a) posilive sequence component (b} negative sequence
component (¢} zero sequence component

Ese A system of vectors is having
B positive phase sequence when it has
all vectors having same magnitude

— and are displaced by 1200 They

Eyp have same time interval to achieve
fixed axis of reference as that of
generated wvoltage. The positive

Ean sequence is designated by use of

Fig. 1.4 Positive phase sequence with subscript P. It i= shown in the
anticlockwise rotation of vectors {1-2-3) Fig. 1.4 The vectors come to X axis
In order of 1, 2 and 3.

A system of vector is having negative phase sequence when it has all vectors
having same magnitude and are displaced by 120° But arrive at the reference axis at a
regular interval same as that of positive sequence but in reverse order i.e. in order of
1. 3, 2. It is shown in the Fig. 1.4 suffix n is used to designate negative sequence.
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Ex

Ezn
Fig. 1.5 Negative phase sequence with clockwise rotation of vectors (1-3-2)

A svstemn of vectors is having zero phase
Esg sequence if all the three vectos are not
displaced in time from each other and there

Em will be no phase sequence. In such cases the

Ew current or voltage in the 3 phase circuit will

vary simultaneoulsy in all the 3 phases. Such

Fig. 1.5(a) Zero phase sequence a phase sequence is shown in the Fig. 1.5a)

suffix 0 is used to designate zero seqummce.

Consider a system having three vectors and it can be resolved into positive,
negative and zero phase sequence components as shown int the Fig. 1.6 It is possible
to get 3 vectors by using following equations

E, = Ep + Ein + Eo
Es = Ey + Eyy + Em

= E, ""E-'Ln'FF'\'-

E-'.n
e E.l':
e E‘Ip E"I‘i
= Eu
Ey

i

¥
m
T

i} Positive sequence of phase ) Negative sequence of phase i) Zero sequence of phanse
Fig. 1.6

Consider in general a power system network as shown in the Fig. 1.7 suppose that
fault occurs at point P in this system. Due to this currents [,. L. I, flow out of the
svstemn while V, V. V,, are the line voliages with respect to ground.
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- E ] ot is assumed that the system is

operating at no load before occuring a fault,

I ¥ then the positive sequence wvoltages of all

v T * b synchronous machines will be equal and has

' v, ! I value same as prefault voltage at P, Let this
Vo PR T voitage be E,.

The wvoltage E, is present only in the

positive  sequence network. There is no
coupling between sequence network, the
sequence voltages at P can be given in terms
of sequence currents and Thevenin sequence impedance as

Vel TET[Z, 0 0],

Vi | = 101=[ 0 Z, 01,

Ve 0 |0 0 Zy||le

Fig. 1.7

Based on the types of fault, the sequence voltages and currents are constrained
resulting o a particular connection of sequence networks. The sequence currents and
voltages and fault currents and fault voltages can then be easily oblained.

1.7 Essential Qualities of Protective Relaying

A protective relaying scheme should have certain important qualities. Such an
essenhial qualities of protective relaying are,

1. Reliability

2. Selectivity and Discnmination
3 Speed and Time

Sensitivity

Stability

= ST R

. .&duquatemss

e |

Simplicity and Economy

1.7.1 Rellability

A protective relaying should be reliable is its basic quality. It indicates the ability
of the relay system to operate under the predetermined conditions. There are various
components which go into the operation before a relay operates. Therefore every
component and circuit which is involved in the operation of a relay plays an
important role. The reliability of a protection system depends on the reliability of
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vanous components like circuit breakers, relays, current transformers (C.T.s), potential
transformers (F.T.s), cables, trip circuits etc. The proper maintenance also plays an
important role in improving the reliable operation of the system. The reliability can
not be expressed in the mathematical expressions but can be judged from the
statistical data. The statistical survey and records give good idea about the reliability
of the protective system. The inherent reliability is based on the design which is basexd
on the long experience. This can be achieved by the factors like,

i} Sumplicit i) Robusiness
i High contact pressure  iv) Dust free enclosure
w) Good contact material  vi) Good workmanship and

vit) Careful maintenance

1.7.2 Selectivity and Discrimination

The selectivity is the ability of the protective system to identify the faulty part
correctly and to disconnect that part without affecting the rest of the healthy part of
systemn. The discrimination means to distinguish between. The discrimination quality
of the protective system is the ability to distinguish between normal condition and
abnormal condition and also between abmormal condition within protective zone and
elsewhere. The protective system should operate only at the time of abnormal
condtition and not at the time of normal condition. Hence it must clearly discriminate
between normal and abnormal condition. Thus the protective systern should select the
faulty part and disconnect only the faulty part without disturbing the healthy part of
the svstem.

The protective system should not operate for the faults bevond its protective zone.
For example, consider the portion of a typical power system shown in the Fig. 1.8

ST A A 4 [caH-
O3 o ~l@lo

Tr@inee o apion
— trem
@—dgé——— 8 c.o} cB}—
Temnalorme
Fig. 1.8

It is clear from the Fig. 1.8 that if fault F; occurs on transmission line then the
aarcuit breakers 2 and 3 should operate and disconnect the line from the remaining
svedem The protechive system should be selective in selecting faulty transmission line
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only for the fault F; and it should isolate it without tripping the adjacent transmission
line breakers or the transformer.

It the protective system is not selective then it operates for the faults beyond its
protective zones and unnecessary the large part of the system gets isolated. This
causes a lot of inconvenience to the supplier and users.

1.7.3 Speed and Time

A protective system must disconnect the faulty systemn as fast as possible. It the
faulty system is not disconnected for a long ime then,

. The devices carrving fault currents may get damaged.

2. The failure leads o the reducHon in system voltage. Such low voltage mav
affect the motors and generators running on the consumer side.,

3. U fault persists for long time, then subsequently other faults mav get
generated.

The high speed protective system avoids the possibility of such undesirable effects.

The total time required between the instant of fault and the instant of final arc
imterruption in the circuit breaker is called fault clearing time. It 18 the sum of relay
time and circuit breaker time. The relay time is the time between the instant of fault
occurrence and the instant of closure of relay contacts. The circuit breaker time is the
time taben by the circuit breaker to operate to open the contacts and to extinguish the
arc completely. The fault clearing time should be as small as possible to have high
speed operation of the protective system.

Though the small fault clearing time is preferred, in practice certain time lag is
provided. This is because,
I. To have clear discrimination between primary and backup protection

2. To prevent unnecessary operation of relays under the conditions such as
transients, starting inrush of current etc.

Thus fast protective system is an important quality which minimises the damage
and it improves the overall stability of the power svstem.

1.7.4 Sensitivity

The protective system should be sufficiently sensitive so that it can operate reliably
when required. The sensitivity of the system is the ability of the relay system to
operate with low value of actuating quantity.

It indicates the smallest value of the actuating quantity at which the protection
starts operating in relation with the minimum wvalue of the fault current in the
protecied zone.
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The relay sensitivity is the function of the volt-amperes input to the relay coil
necessary to cause its operation. Smaller the value of volt-ampere input, more sensitive
is the relay. Thus 1VA input relay is more sensitive than the 5V A input relay.

Mathematically the sensitivity is expressed by a factor called sensitivity factor Ko
It is the ratio of minimum short circuit current in the protected zone to the minimum
upq.-ral'mg current n:qmred ior the pruh:-cﬁm tor atart,

Ks =

@

where K.

l: = minimum short circuit current in the zone

sensitivity factor

I, = minimum operating current for the protection
1.7.5 Stability

The stability is the quality of the protective system due to which the system
remains inoperative and stable under certain specified condibons such as transients,
disturbance, through faults etc. For providing the stability, certain modifications are
required in the svstem design. In most of the cases time delays, filter circuits,
mechanical and electrical bias are pr:n.-ided by achieve stable ul:h:rntiﬂh during the
disturbances,

1.7.6 Adequateness

There are variety of faults and disturbances those may practically exists in a power
system. [t is impossible to provide protection against each and every abmormal
condition which may exist in practice, due to economical reasons. But the protective
system must provide adequate protection for any element of the svstem The
adequateness of the system can be assessed by considering following tactors,

1. Ratings of vanous equipments

2 Cost of the equipments

3. Locations of the equipments

4. Probability of abnormal condition due o internal and external causes.
5. Discontinuity of supply due to the failure of the equipment

1.7.7 Simplicity and Economy

in addition to all the important qualities, it is necessary that the cost of the system
should be well within limits. In practice sometimes it is not necessary to use ideal
protection scheme which is economically unjustified. In such cases compromise is
done. As a rule, the protection cost should not be more than 5% of the total cost. But
if the equipments to be protected are very important, the ecomomic constraints can be
relaxed.
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The protective system should be as simple as possible so that it can be easily
maintained. The complex system are difficult from the maintenance point of view. The
simplicity and reliability are closely related to each other. The simpler systems are
always more reliable.

1.8 Classification of Protective Relays

All the relays consist of one or more elements which get energised and actuated
by the electrical quantities of the circuit. Most of the relays used now a days are
electro-mechanical type which work on the principles of electromagnetic attraction and
electromagnetic induction

1.8.1 Electromagnetic Attraction Type Relays

The electromagnetic attraction type relays operate on the principle of attraction of
an armature by the magnetic force produced by undesirable current or movement of
plunger in a solenoid. These relays can be actuated by ac. or de. quantities. The
varipus types of these relavs are,

1. Solenoid Type : In this relay, the plunger or iron core moves into a solenomd
and the operation of the relay depends on the movement of the plunger.

(=

Attracted Armature Type : This relay operates on the current setting. When
current in the circuit exceeds beyond the limit, the armature gets attracted by
the magnetic force produced by the undesirable current. The current rating of
the circuit in which relay is connected plays an important role in the operation
of the relay.

3. Balanced Beam Type : In this relay. the armature is fastened to a balanced
beam. For normal current, the beam remains horizontal but when current
exceeds, the armalure gets attracted and beam gets tilted causing the required
operation.

1.8.2 Induction Type Relays

These relays work on the principle of an electromagnetic induction. The use of
these relays is limited to a.c quantities. The various types of these relays are,

1. Induction Disc Type : In this relay, a metal disc is allowed to rotate between
the two electromagnets. The electromagnets are energised by alternating
currents. The two iypes of constructions used for this type are shaded pole
type and watthour meter type.

2. Induction Cup Type : In this relay, electromagnets act as a stator and
energised by relay coils. The rotor is metallic cylindrical cup type.
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1.8.3 Directional Type Relays
These relays work on the direction of current or power How in the circuit. The
varous types of these relavs are,
1. Reverse Current Type : The relay s actuated when the direction of the current
15 reversed or the phase of the current becomes more than the predetermined
value
2. Reverse Power Type @ The relay 5 actuated when the phase displacement
between applied voltage and current attains a specified value.

1.8.4 Relays Based on Timing
In relays the time between instant of relay operation and instant at which tripping
of contacts takes pl.:.u:l_-, can be controlled. This time s called u],'u't.'ltitrr'l hine. Basid on
this. the ime relays are classified as,
| Instantaneous Type : In this type no time is lost between operation of relay
and tripping of contacts, No intentional time delay is provided.

Bl

Definite Time Lag Type : In this tvpe intentionally a definite time lag 1s
provided between operation of relay and tripping of contact.

i Inverse Time Lag type : In this type, the operating hime is approximately
inversely proportional to the magnitude of the actuating quantity

1.8.5 Distance Type Relays

These relays work on the principle of measurement of voltage to current ratio. In
this type, there are two coils. One coil is energised by current while other by voltage.
The torque produced s proportional to the ratio of the two quantities. When the ratio
reduces below a set value, the relay operates. The various types of these relays are,

l. Impedance Type : In this type, the rakio of voltage to current is nothing but an
impedance which is proportional to the distance of the relay form the fault
point,

Reactance Type : The operating time is proportional to the reactance which is
proportional to the distance of the relay from the fault point.

3. Admittance Type : This is also called mho type. In this tvpe, the operating
time is proportional to the admittance.

)

1.8.6 Differential Type Relays

A differential relay operates when the vector difference of two or more electrical
quantibes in the circuit in which relay is connected, excesds a set value. These are
classified as,
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1.

]

Cuorrent Differential Type : In this type, the relay compares the current
entering a section of the system and the current leaving the section. Under
fault condition, these currents are different.

Voltage Differential Type : In this type, two transformers are used. The
secondaries of the transformers are connected in series with the relay in such a
way that the induced e.m.f.s are in opposition under normal conditions. Under
fault condition, primaries carry different currents due to which induced em.ts
no longer remain in opposition and the relay operates.

1.8.7 Other Types of Relays
Various other tvpes of relays which are used in practice are,

2

L

Under voltage, current, power relay : This relay operates when the voltage,
current or power in a circuit falls below a set value

Owver voltage, current, power relay : This relay actuates when the voltage,
current or power in a circuit rises above a set value.

Thermal Relay : This relay actuates due to the heat produced by the current in
the relay coil.

Rectifier Relay : In this relay, the quantities to be sensed are rectified and then
given to the moving coll unit of the relay.

Permanent Magnet Moving Coil Relay : In this relay, the coil carrving current
is free to rotate in the magnetic field of a permanent magnet This is used for
d.c. only.

Static Relay : This relay uses some electronic method for sensing the actuating
quantity, It uses a stationary circuit.

Gas Operated Relay : The gas pressure is adjusted according to the variations

in the actuating quantity, This gas pressure is used to actuate the relay
Buchholz relay is an example of such tyvpe of relay.

1.9 Terminologies used in Protective Relaying
The various terminologies used in the protective relaying are,

1.

Protective Relay : It is an electrical relay, which closes its contacts when an
actuating quantity reaches a certain preset value. Due to closing of contacts,
relay initiates a trip circuit of circuit breaker or an alarm circuit.

Relay Time : It is the time between the instant of fault occurrence and the
instant of closure of relay contacts.

Breaker Time : [t is the time between the instant at circuit breaker operates
and opens the contacts, to the instant of extinguishing the arc completely.
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10.

Fault Clearing Time : The total time required between the instant of fault and
the instant of final arc interruption in the circuit breaker is fault clearing time.
It is sum of the relay time and circuit breaker time.

Pickup : A relay is said to be picked up when it moves from the 'OFF
position to 'ON°  position. Thus when relay operates it is said that relay has
picked up

Pickup Value : It is the minimum value of an actuating quantity at which
relay starts operating. In most of the relays actuating quantity is current in the
relay coil and pickup value of current is indicated along with the relay.

Dropout or Reset : A relay is said to dropout or reset when it comes back to
original position i.e. when relay contacts open from its closed position. The
value of an actuating quantity current or voltage below which the relay resels
15 called reset value of that relay

Time Delay : The time taken by relay o operate after it has sensed the fault
is called time delay of relay. Some relays are instantaneous while in some
relays intentionally a time delay is provided.

Sealing Relavs or Holding Relays : The relay contacts are designed for light
weight and hence they are therefore very delicate. When the protective relay
closes its contacts, it is relieved from other duties such as time lag, tripping
ete. These duties are performed by auxiliary relays which are also called
sealing relays or holding relays.

Current Setting : The pick up value of current can be adjusted to the required
level in the relays which 15 called current setting of that relay. It is achieved by
us¢ of tappings on the relay coil, which are brought out to a plug bridge as
shown in the Fig. 1.9, The tap values are expressed in terms of percentage full
load rating of current transformer (C.T.) with which relay is associated

1

o currenl 3% 50 ™ W0 125 150 200 Plug brdge
seiting valuas it P F? Fa Y P
TTT T T
To reday ool

Fig. 1.9 Tapping for current setting
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Thus the value of pickup current can be cblained as,
Pickup current = " current setting = rated secondary current of C.T.

So if CT. is 500/10 A ie. rated secondary current is 10A and the current setting 1s
150 then pickup current 15 1.5 = 10 = 15 A ve. 150% of 10. S0 when relay coil current
is greater than or equal to pickup values, relay operates.

11. Plug Setting Multiplier (P.5.M.) : The ratio of actual fault current in the relay
ciml o the ];I-lf:kup current s called Plug s-r,"l'l‘ing mthiFliﬁr (?5.ML)
Mathematically it can be expressed as,

fanlt current in relay coil
pickup value

PSM. =

fault curTent in relay el

© % enrrent setting x rated secondary current of C T,

12. Time/P.5.M. Curve : For a relay, a curve showing relation between time and
plug-setting multiplier is provided which is called time/PSM. curve. A typical
curve for a relay is shown in the Fig. 1.10.

It can be observed that
for Lo values ol
overcurrents the operating
time vanes inversely with
the current. But as the
current  increases  and
approaches upto 20 times
its rated walue then the
time  becomes  almost
constant. This type of

Tima jn soc

L - =

I
l
T T TR RO T characteristics is necessary

@ 2 4 6 8 10 12 14 18 to ensure discrimination

——— PS5 M on wvery  high fault

Fig. 1.10 Time / P,S.M. curve currents flowing through

healthy part of the system.

Using this curve and time-setting multiplier, the actual time of operation of a relav

can be obtained. For example, the time in seconds corrésponding to PSM. of 10 s 4

scconds as shown in the Fig. 1.10. Multiplying this by a time-setting multiplier, actual
time of operation can be obtained.

13. Time-setting Multiplier : Similar to current setting. a relay is provided with
a feature with which its time of operation can be controlled. This feature is
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known as time-setting
multiphier. Its dial is
calibrated from 0 to 1 in
steps of 005 as shown in
the Fig. 1.11.

The value of
hrme-setting multipli-.'r dl.HI'IH_
with the time obtained from
ime/PSM. curve decides
the actual time of operation
Fig. 1.11 Time-setting muiltipler of the relay. For example if
time-sething multiplier s

o 1.0

selected as (0.2 while ime corresponding to PS.M. of 10 is 4 seconds then,

Actual ime of operation = time in seconds x time-setting multiplier

14.

15.

16.

17.

= 4= (0.2 =058 seconds

Trip Circuit : The opening operation of circuit breaker is controlled by a
circuit which consists of trip coil, relay contacts, auxiliary switch, battery
supply eic. which is called trip circuit.

Earth Fault : The fault involving earth is called earth fault. The examples of
earth fault are single line to ground fault, double line o ground fault etc.

Phase Fault : The fault which does not involve earth is called ]:rhasu fault. The
example is line to line fault.

Protective Scheme : The combination of various protective systems covering a
particular protective zone for a particular equipment 15 called protective
scheme. For example a generator may be provided with protective systems like
overcurrent, differential, earth fault etc. The combination of all these systems is
called generator protective scheme.

18. Protective System : The combination of circuit breakers, trip circuits, C.T. and

19.

other protective relaying equipments is called protective system.

Unit Protection : A protective system in which the protection zone is clearly
defined by the C.T. boundaries is called unit protection. Such systems work for
internal {auits only.

Reach : The limiting distance in which protective svstem responds to the
faults is called reach of the protective system. The operation beyond the set

distance is called over-reach while failure of distance relay within set distance
is called under-reach.
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1.10 Instrument Transformers

In heavy currents and high voltage a.c. circuits, the measurement can not be done
by using the method of extension of ranges of low range meters by providing suitable
shunts. In such conditions, specially constructed accurate ratio transformers called
instrument transformers. These can be used, irrespective of the voltage and current
ratings of the ac. circuits. These transformers not only extend the range of the low
range nstruments bul also isolate them from high current and high voltage ac
circuits. This makes their handling very safe. These are generally classified as (i)
current transformers and (ii) potential transformers.

1.11 Current Transformers (C.T.)

The large alternating currents which can not be sensed or passed through normal
ammeters and current coils of wattmeters, energymeters can easily be measured by
use¢ of current transformers along with normal low range instruments

A transiormer is a device which consists of two windings called primary and
secondary. It transfers energy from one side to another with suitable change in the
level of current or voltage. A current transformer basically has a primary coil of-one

or more tarns of heavy cross-sechional

Humyy area. [n some, the bar carrying high
[irsy CLiRT To kaad

current may act as a primary, This s
connected in  series  with the line
carrying high current.

The secondary of the transformer
is made up of a large number of turns
of b wire hawving srmall

cross-sectional area. This 18 usually
Fig. 1.12 Current transformer rated for 3A. This is connected, to the
coil of normal range ammeter
Symbolic representation of a current transformer is as shown in the Fig. 1.12.

1.11.1 Working Principle

These transformers are basically step up transformers Le. stepping up a voltage
from primary to secondary. Thus the current reduces from primary to secondary. So
from current point of view, these are step down transformers, stepping down the
current value considerably from primary to secondary.

Let N, = Number of tums ol primary
N = MNuomber of turns of secondary
1, = Primary current
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I, = Secondary current
For a transformer,

L _N;

s Ny

As Nj is very high compared to N,, the ratio [ to |; is also very high for current
transformers. Such a current ratio is indicated for representing the range of current
ransformer. For example, consider a 500 : 5 range then it indicates that C.T. Steps
down the current from primary to secondary by a ratio 500 to 5.

I 500

I 2

Knowing this current ratic and the meter reading on the secondary, the actual
high line current flowing through the primary can be obtained

mmp Example 1.1 : A 250 : 5, current transformer is used along with an ammeter. If
ammeter readimg 15 2.7 A, estimale bre line current.

Solution :
L o250
I; 9
But as ammeter is in secondary, |, = 27 A
b _ 20
2.7 5
l; = 135 A

S line curpent s 135 AL

1.12 Construction of Current Transformers

There are two types of construchions used for the current transformers which are.
1. Wound type
2. Bar type

1.12.1 Wound Type Current Transformer

In wound type construction, the primary is wound for more than one full tum, on
the core. The construction is shown in the Fig. 1.13.
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Prmary
Secondary
Mowided
insudaton
Core

Fig. 1.13 Wound type current transformer

In a low voltage wound type current transformer, the secondary winding is
wound on a bakelite former. The heavy primary winding is directly wound on the top
of the secondary winding with a suitable insulation in between the two. Otherwise the
primary is wound completely separately and then taped with suitable insulating
material and assembled with the secondary on the core,

The current transformers can be ring type or window type. Some commonly used
shapes for the stampings of window tvpe current transformers are shown in the
Fig. 1.14.

l A
\—/
(a) Rectangular b} Ring i€) Stadium

Fig. 1.14 Stampings for current transformers

The core material for wound type is nickel-iron alloy or an orented electrical steel.
Before installing the secondary winding on core it is insulated with the help of end
collars and circumferential wraps of pressboards. Such pressboards provide additional
insulation and protection to the winding from damage due to the sharp corners.
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1.12.2 Bar Type Current Transformer

In this type of current transformer, the primary winding is nothing but a bar of
suitable size. The construction is shown in the Fig. 1.15.

L

! 1
i !l B lype
ot BN ERE | R
b Core
L
]
]
b
o
Secorcary ; H Core
, i FPIRLILRERCH

i

Fig. 1.15 Bar type current transformer

The insulation on the bar type primary is bakelized paper tube or a resin directly
moulded on the bar. Such bar type primary is the integral part of the current
transformer. The core and the secondary windings are same in bar type transformer.

The stampings used for the laminations in current transformers must have high
cross-sectional area than the ordinary transtormers. Due to this, the reluctance of the
mterieaved comers remains as low as possible. Hence the corresponding magnetizing
current is also small. The windings are placed very close to each other so as to reduce
the leakage reactance. To avoid the corona effect, in bar type transformer, the external
diameter of the tube is kept large.

The windings are so designed that without damage, they can withstand short
circuit forces which may be caused due to short circuit in the circuit in which the
current transformer is inserted.

For small line voltages, the tape and vamish are used for insulation. For line
voltages above 7 kV the oil immersed or compound filled current transformers are
used

1.13 Why Secondary of C.T. Should not be Open 7

It is very important that the secondary of C.T. should not be kept open. Either it
should be shorted or must be connected in series with a low resistance coil such as
current coils of wattmeter, coil of ammeter etc. If it is left open, then current through
secondary becomes zere hence the ampere turns produced by secondary which
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generally oppose primary ampere tums becomes zero. As there is no counter man.k,
unopposed primary mom.f. {ampere tums} produce high flux mn the core. This
produces excessive core losses, heating the core beyond limits. Similarly heavy em.fs
will be induced on the primary and secondary side. This may damage the insulation
of the winding. This is danger from the operator point of view as well. It is usual to
ground the C.T. on the secondary side 10 avold a danger of shock to the operator

Hence never open the secondary winding circuit of a current transformer while its
primary winding is energised.

Thus most of the current transformers have a short crcuit link or a switch at
secondary terminals. When the primary is to be energised, the short circuit link must
be closed so that there is ne danger of open circuit secondary.

1.14 Potential Transformers (P.T.)

The basic principle of these transiormers is same as current transformers. The high
alternating voltage are reduced in a fixed proportion for the measurement purpose
with the help of potential transformers. The construction of these transformers is
similar to the normal transformer. Thes¢ are extremely accurate ratio step down
transformers. The windings are low power rating windings. Primary winding consisis

of large number of lturns  while

o ——— :'-'P' -_.ﬂ'nnr.h'lr}' has less number of tums and
i : : - usually rated for 110 V, irrespective of
e : . L-:L: the primary voltage rating. The primary
volage 1 Volmeter * is connected across the high voltage line
l 1? = o while secondary is connected to the low
/ : _______ :. \Sm:lm ol BT range voltmeler coil. One end of the
. A BT secondary is always grounded for salety
purpose. The connections are shown in
Fig. 1.16 Potential transformer the Fig. 1.16.
As a normal transformer, its ratic can be specified as,
vy — N,
¥a N2

S0 if voltage ratio of P.T. is known and the voltmeter reading is known then the
high voltage to be measured, can be determined.

map Example 1.2 : A 11000 : 110, potentinl transformer i3 wsed along with a volimeter
remiing 87.5V. Estimate the value of line voltage.
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Solution : For a T,

V., 11000
vV, 110
and s = B7SV
vV, _ 11000
87 .5 110
V, = 8750V

This is the value of high vnltage to bBe moasured.

1.14.1 Construction

The potential transformer use larger core and conductor sizes compared o
conventional power transtormer. In potential trangformer, economy of matenal is not
an important consideration at the time of design. The accuracy is an important
consideration

The shell type or core type construction is preferred for potential transformer. The
shell type 15 used for low voltage while core type for high voltage transformers. At
the time of assembly special core is required to reduce the effect of air gap at the
[amts

e coaxial primary and secondary windings are used, to reduce the leakage
reactance. The secondary winding which is a low voltage winding is alwavs next to
the core. The pnmary winding is a single coil in low voltage ransformers. For high
voltages, insulation is the main problem. Hence in high voltage potential transformers,
primary is divided into number of small sections of short coils to reduce the need of
msulation between coil layers.

The colton tape and varnished cambric are used as the insulations for windings.
Hard hber separators are used in between the coils. The oil immersed potential
transformers are used for the voltage levels above 7 kV.

For oil filled potential transformers, oil filled bushings are used. Two bushings are
required when no side of the line is at earth potential.

The overall construction of single phase, two winding potential transformer is
shown in the Fig. 1.17
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High voitage
bushengs
]
Sacondary
I OIS e
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Primany 1
hegh volitage
wirndimg

Fig. 1.17 Single phase potential transformer

1.15 Comparison of C.T. and P.T.
The comparison of C.T. and P.T. is given in the following table,

Currant Transafermer

Potential Transformar

1

it can ba eaimd as senes ransionmer Lhoar
virtual short circull conditions.,

It can be rested 38 paralel ransiormes
under open cincst secondany.

primary wandng ane broughl oul throwgh the
same insulsior. Henca theve is saving In
cost,

2 Secondary musl be always shorted Secondary 5 negdy under open circul
condilions
J A gmall vollage exisis across s terminats bs | Full line vollege sppadns across it lisrmenaky
ey [ T L]
4 This winding carmas ful lina current Tha winding 8 mpresasd with full Bne
voltage,
5. The primary curment and excitation vanes The line voltzge = aimost constant hence
Over a wida rangs. axciting current and fux density varies owes
a limited rangs
L The primary Curent is independent of the The primary cument dapands on the
sacondery carcu condibonm, sscondary carcull condlicns
7 MNeeds only ona bushing B the o ands of Two bushings are reguired when neither e

of he ine & at ground patential,

Table 1.2
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1.16 Errors in the Instrument Transformer

For an instrument transformers, it is necessary that the transformation ratio must
be exactly equal to turns rabio and phase of the secondary terms {voltage and current)
must be displaced by exactly 180" from that of the primary terms (voltage and
current). Two tvpes of errors alfect these characteristics of an instrument transformes
which are,

1. Katio error

2. Phase angle error

1.16.1 Ratio Error

In practice it is said that current transformation ratio I, /7 1, is equal to the tumns
ratio N, /Ny But actually it is not so. The current ralio is not equal to hurns ratio
because of magnetizing and core loss components of the exciting current. It also gets
atlected due to the secondary current and ils power factor. The load current is not a
constant fraction of the primary current. Similarly in case of potential transformers, the
voltage ratio V, /V, is also not exactly equal to N. /N, due to the factors
mentioned above. Thus the transformation ratio is not constant bul depends on the
load current, power factor of load and exciting current of the transformer. Due to this
fact, large error is introduced in the measurements done by the instrument
trarsformers. Such an error is called ratio error.

The ratio error 15 defined as,

nominal ratioc - actual ratii::x
actual rabio

% Ratio error = 100

K, - R
3
rated primary current
rated secondary current

It

% 1060

w Tor C. T.

where K.

rated primary voltage

ated Sl.’.‘f.‘ﬂﬂdﬂl'}' \"l.‘.-[r.age . e P.T.

actual primary current

. for C.T
corresponding secondary current o

actual primary voltage
= - - -Fl.':ll' FT
corresponding secondary voltage

The approximabe formula to calculate R is given by,
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where n = tums ratio
[, = loss component of exciting current
I, = secondary current
I
Mo [, =
. n

R = n+nl"'== n[1+1~‘]
I L

where I, = primary current

while p-n.r:,‘irw]}' the formula o calculate R is,

1, siné+1, cosé

R = N
L
where I, = magnetising component of exciting current
& = angle between secondary winding induced voltage

and secondary winding current

d is positive for lagging p.f. and negative for leading p.f.

1.16.2 Phase Angle Error

In the power measurements, it is must that the phase of secondary current is to be
displaced by exactly 180" from that of pnmary current for CT. While the phase of
secondary voltage is to be displaced by exactly 1807 from that of primary voltage, for
P.T. But actually it is not so. The error introduced due to this fact is called phase
angle error. It denoted by angle 8 by which the phase difference between primary and
secondary is different from 180"

The precise expression to calculate the angle 8 is,

EP“* coad =1_sinb |

i} = .
- ot * degre
While the apl.ﬁrnximnle formula to calculate B is,
180[ Im 180 1, l
B = — = =
x(nl, T el
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= L I'iJ degree
n | L
Similar to ratio error, this error also depends on the components of exciling
current (1), load current i.e. secondary current and power factor. This error does not
aftect the measurements of only current or vollage but do affect at the time of power
and energy measunements

The phase angle error hor P.T. is defined as,
- L D50 = R ﬁil‘l-ﬁ + =lpb; Ta
]n [%;. cosd - Ry, J+icX, -1, R, rad

H =
nV,
Iy : 1% -1, R,
0 = \;_*: (X008 6 - R, sind)+ _L_Fir_.. *r' i
where & = secondary p.f. angle

i, = equivalent resistance of transformer referred to

-5

secondary =R, + R} = Ry + Eé—
¥a, = equivalent reactance of transformer referred to
secondary = X; + Xj = X; + :’i
X, = reactance of primary winding
R, = resistance of primary winding
Ve = primary voltage
Vi = secondary voltage
.= [,cosg, and 1 =1, siné,
where ¢, = no load power factor angle
Xie = equivalent reactance of transformer referred to primary
= X+ Xy =X, +n?X;
Hie = equivalent resistance of transformer referred to primary
= Ry + Ry =R, +n’R;
and n = i = & for potential transformer
Vi Ny
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1.16.3 Reduction of Ratio and Phase Angle Errors

The ratio and phase angle errors can be munimized by using following methods

1. As the errors depend on components of exciting current, reduce the
magnetizing and loss components of exciting current. This requires to provide
smaller magnetic path, good core material and low Hux density in core

2 Reduction of resistance and leakage reactance. The values decide the secondarny
circuit power factor which affects the errors. This can be achieved by providing
tnick conductors and smaller length of mean turn,

.

Providing turms compensation at no load the actual ratio exceeds the turns
ratio thus the solution to this is to reduce primary tums or increasing
secondary tums and to make actual ratio equal to nominal ratio for one
particular value of load

mmp Example 1.3 : The no load currend components of a current transformer are,
metizineg ¢ = 102
midyietizing component = 102A
core loss component = 38A
Tier current transformation ratio is 1000 / 5 A. Calculate the approximate ratio error 2t
il lowd. ’

Solution : I, = 102A, [ =38A
K
K. = nominal ratio = “;’H = M)
At full load, 1. = 3A
B = n< I—* a 2N+ &
[ 2
= 207.6
- 200 - 207
%% Wabo error = E“—H—H-'x 106 = —uiz‘j?:j 0 « 1O
= =3 /A

web Example 1.4 : A currenl transformer has @ single turn promary and 400 secondary
twrns. The magnetizing current is 90A while core loss current is #0A. Secondary circust
phase angle is 28°. Calculate the actual primary current and ratio error uhen secomdary

carries 5A current

Solution : I = 90A,1 =40A,5=281, =5A
n = “i—ﬂ = 400
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i K e :
Mow actual ratio R = | 8in : I, cosb
]
o 400 Wxsin 28+ 40 = cos 28
2
415.514.

Actual primary current = actual ratio = |,

= 415514 = 5 = 2077.5703

v Ratio error = M x 100 = 35514 x 100
= =3.733%

wmp Example 1.3 : A current transformer has turns ratio 1:399 and 15 raled as 2060054
The core loss component s 3A and magnetizing component is 8A, wnder full load
conditions. Find the-phase angle and ratio errors under full lood condition if secondary

circut power factor is 0.8 leadmg

Solution : I = 3A,1,=8A, cos b = 0.8 leading
n = qu a 399

MNominal ratio = K, = 2[.;'11 = S0

I, sind+1, cosd

li
=
I
=
k

Actual ratio |
z

Rated [, = 5A
§ = cos”' 0.8 = - 368"
sind = sin (-36.86" = - 06
+Hn[-l}.ﬁ}+3nl].5

E = 399

5
= 3498 . 52
b ! ; Kn - i 400 = 348,52
v Ratio error = B x 100 = amala <100
= 0.3713%
And H - IB'D|:-I1' mE_I{" Eil'l.ﬁ--l
n nl, |

. negative as leading
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180 | 8x0.8-3={-0.6}
—1- e

0.2355"

1.17 Advantages and Disadvantages of Instrument Transformers
The advantages of instrument transformers can be listed as,

1. The normal range voltmeter and ammeter can be used along with these
transformers to measure high voltage and currents.

2. The rating of low range meter can be fixed irrespective of the value of high
voltage or current to be measured.

3. These transformers isolate the measurement from high voltage and current
circuits, This ensures safety of the operator and makes the handling of the
equipments very easy and safe.

4. These can be used for operating many bypes of protecting devices such as
relays or pilot lights.

(51}

Several instruments can be fed l.-‘f[}ﬂ'[lmil?a"}f by single transformer.

Disadvantage :
The only disadvantage of these instrument transformers is that they can be used
only for a.c. circuils and not for d.c. circuits.

Applications of C.T.s and P.T.5 :
The C.Ts and P.T.5 are used for,

. Circulating current differential protechon

=t

F-d

. Dwer current ph.].:r fault protection.
3. Distance protection.

2
4. Intermediate CTs for feeding protective devices, measuring systems, relays etc.

Review Questions

i. Wt is profechive relageng 7 Wil f2 g roloy ?
1 Explain the ssrious fusmcirons of protectioe rolagirg

3. Wt is a protectior Zose P OWith o simple durgram, shour Mhe Tarind Zowes o fypical power
syshend,

4 Why the protectioe oovwes are arranged i overlap fashion 7 With the help of simple dingrom, shou
hoir He zovtes ane ecerlapped.
3. Explain twhat w2 ot by primary protection and backup protection

& State the oeraes macthods wsed fo provide hackup protfection
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Electromagnetic Relays ‘

2.1 Introduction

An important element of any protective relaving scheme is a relav. It is a device
which detects the fault and is responsible to energize the trip circuit of a circuit
breaker. This isolates the faulty part from rest of the system. In an electromagnetic
elay, the driving torque is created based on an electrical or electronic principle. While
the restflining torque 15 generally provided with the help of springs. The two tlorques
are mechanically compared and the relay operates when driving or operating torque is
more than the restraining torque. Thus,

T;: = Driving torque or operating torque
Restraining torque
Ty = Resultant torque = Tyg-T,

Ll

The relay operates when the resultant torque Ty is positive. Let us study the basic

action of a Iri['l circuit with a relay.

2.1.1 Basic Trip Circuit Operation

Consider a simplified cincuit of a typical relay as shown in the Fig. 2.1. Usually the
relay circuit is a three phase circuit and the comtact circuit of relays is very much
complicated. The Fig. 2.1 shows a single phase simplified circuit to explain the basic
action of a relay. Let part A is the circuit to be protected. The current transformer C.T
is connected with its pnmary in series with the line to be protected. The secondary ol
C.T. is connected in series with the relay coil. The relay contacts are the part of a trip
circuit of a circuit breaker. The trip circuil consists of a trip coil and a battery, in
addibion to relay contacts. The Irip circuit can operate on ac. or dc

If the fault occurs as shown in the Fig 2.1, then current through the line
connected to A increases to a very high value. The current transformer senses this
current. Accordingly its secondary current increases which is nothing but the current
through a relay coil. Thus the relay contacts get closed mechanically under the
influence of such a high fault current. Thus the trip circuit of a circuit breaker gets
closed and current starts flowing from battery, through trip coil, in a trip circuit. Thus
the trip coil of a circuit breaker gets energised. This activates the circuit breaker
opening mechanism, making the circuit breaker open. This isolates the faulty part
from rest of the healthy system.

(@ -1)
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Trp eol ———

.o

Crcuill 1o ba
prabEsie

Fig. 2.1 Typical relay circuit
2.1.2 Auxiliary Switch

Another important device in the np crcuit i5 an auxiliary switch. It 5 a
multipoint swilch generally 4 point, & point, 12 point or 24 point. This switch is
ml-::'hnnit.':'lllflr' coupled with npq,"rﬂﬂﬂg mischanism of the circuit breaker. Thus when
circuit breaker opens, the switch also gets opened. The swilkch is in the frip circuit and
hence when it opens, it breaks the current I‘.hruugh the trip circuit. Ungce the current in
the trip circuit is interrupted the relay contacts come to normal position. The
advantage of an auxiliary switch is that the breaking of tnp arcuit takes place only
across the switch and hence possible arcing due to current interruption across the
relay contacts gets avorded. Such arcing is harmiul for relay contacts as relay contacts
are delicate and light. To interrupt a current through the inductive circuit like trip
circuit a robust mechanical swilch is necessary. This purpose 15 served by an auxiliary
switch, protecting delicate relay contacts. In addition to this, indication circuits
showing whether circuil breaker is open or close and some other control circuits also
get connected or disconnected by an auxiliary switch.

The auxiliary switch is generally placed in the control cabinet of the circuit
breaker.
2.2 Tripping Schemes in Circult Breaker
I'wo schemes are very popularly used for tripping in circuit breakers which are,
1. Relay with make type contact 2 Relay with break type contact

The relay with make type contact requires auxiliary d.c. suppiy for its operation
while the relay with break type contact uses the energy from the main supply source
tor its operation. Let us see the details of these bwo types of schemes
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2.2.1 Relays with Make Type Contact

The schematic diagram representing the arrangement of various elements in a
relay with make tyvpe contact is shewn in the Fig. 22

R L ;]

or § zJ 3

[ | -
Radays
Biroak,pr
' ___._ ___#_ o= == .Ui‘:m.:.'
gwilich
Circuit » ™ S
B ik it b
Trip cosil
g Fusa
Fa" +
. Battary
Equi 1o ba
LI P 2l - supply

Fig. 2.2 Relay with make type contact

As mentioned earlier, a separate supply is necessary for the relay operation. The
relays are connected in star while the relay contacts are connected in parallel. The
entire relay contact unit is connected in series with the auxiliary switch, trip coil and
the battery. Relay contacts are open In normal position.

Operation : When the fault occurs, the current through relay coils increases to a
very high wvalue. Due to this, the normally open relay contacts €. {; and C; get
closed. This activates the trip coil of a circuit breaker. The auxiliary switch 15 initially
closed along with the circuit breaker. S0 when contacts C;, C; and €, are closed, the
current flows through trip coll of circuit breaker. This activates the trip coil which
opens the circuit breaker. As auxiliary switch is mechanically coupled with the circuit
breaker, it also gets opened. This interrupts the current through trip coil. Thus supply
to faulty part gets interrupted and trip coil also gets de-energized. This brings the
relay contacts back to normal pesition. Due to auxiliary switch, arcing across relay
contacts gets avoided. As relay contacts are normally open and they ‘make’ the circuit
o open the circuit breaker hence called make tvpe contact relay
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2.2.2 Relay with Break Type Contact
The schematic arrangement of various elements in a relay with break type contact
= shown in the Fig. 2.}

R L B

i i

Ralay
=" C.ontacty

Cirzunl . * -
reaher

Cirguit
Areakar

: trip cail

Equipmoni o
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Fig. 2.3 Relay with break type contact (using C.T.8)

This type of relay does not requine external battery suppiv for the tripping. The
current ransformers (C.T.5) or potential transformers (I".T.s) are used to derive the
energy required for the relay from the main supply source. The relay using C.Ts to
derive operating energy from the supply is shown in the Fig. 2.3

In this scheme, the relay coil and trip coil of each phase are connected In series
The three phases are then connected in star. Under normal working, the relay contacts
L Uy and €y are closed. The energy for relay coils is derived from supply using
L. Ts The trip coils of circuit breakers are de-energlzed under normal condition. When
the fault occurs, heavy current flows through relay coils due to which relay contacts
C;. Cs and Cy break. Thus current flows through trip coeils of circuit breaker due to
which circuil breaker gets open.

The Fig. 2.4 shows the break type contact relay using P.T. to derive energy to keep

relay coils energized
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Fig. 2.4 Relay with break type contact {Using P.T.)

In this type, in addibon to normal mp coils of circuit breaker, an additional
undervoltage trip coil is used. All the relay contacts are in series with the
undervoltage trip coil. Through potential transformer, for normal voltage, the
undervoltage trip coil is kept energized. When the voltage becomes less than the
normal value, the magnetic effect produced by undervoltage trip coil reduces which is
responsible for the opening of the circuit breaker. When fault occurs, the normal trip
coils of circuit breaker come into the picture and are responsible for the opening of
the circuit breaker.
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In both the types, relay contacts ‘break’ to cause the circuit breaker operation hence
the relay is called break type contact relay.
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2.3 Electromagnetic Attraction Relays

In these relays, there is a coil which enerzises an electromagnet . When the
operating current becomes large, the magnetic field produced by an electromagnet is
s0 high that it attracts the armature or plunger, making contact with the trip arcut
contacts. These are simplest type of relays. The various types of electromagnetic
attraction type relays are,

I. Attracted armature rulny

2. Solenoid and plunger type relay

2.3.1 Attracted Armature Type Relay

There are two types of structures available for attracted armature type relay which

alle®,
i} Hinged armature type
ii) Polarised moving iron type
The two types of attracted armature type relays are shown in the Fig. 2.5(a) and (b}
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Elactromaget
e ":":ﬂ -3
o—' Input = “input
Vaorl W |
{a) Hinped armature type relay e} Polarised moving ran type ralay
Fig. 2.5

In atiracted armature type, there exists a laminated electromagnet which carries a
coil. The coil is energized by the operating quantity which is proportional to the
circuit voltage or current. The armature or a moving iron is subjected to the magnetic
force produced by the operating quantity. The foroe produced is proportional to the
square of current hence these relays can be used for a.c. as well as d.c. The spring is
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used to produce restraining force. When the current through coil increases bevond  the
limit under fault conditions, armature gets attracted. Due to this it makes contact with
contacts of a trip circuit, which results in an opening of a circuit breaker.

The minimum current at which the armalure gets attracted to close the trip circuit
1% cailed pickup current.

Generally the number of tappings are provided on the relay coil with which its
lurns can be selected as per the requirement. This is used to adjust the set value of an
operating quantity at which relay should operate

An important advantage of such relays is their high operating speed. In modem
relays an operating time as small as 05 msec is possible. The current-time
characteristics of such relays is hyperbolic, as shown in the Fig. 2.6
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Fig. 2.6 Current-time characteristics
2.3.2 Solenoid and Plunger Type Relay

The Fig. 2.7 shows the schematic arrangement of solenoid and plunger type relay
which works on the prinaple of electromagnetic attraction.

It consists of a solenoid which is nothing but an electromagnet. [t also consists a
movable iron plunger. Under noarmal working conditions, the spring holds the plunger
in the position such that it cannot make contact wath frip circuit contacts.

Under fault conditions when current through relay coil increases, the solenoid
draws the plunger upwards. Due to this, it makes contact with the trip circuit
contacts, which results in an opening of a circuit breaker,
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Fig. 2.7 Solenoid and plunger type relay
2.3.3 Operating Principle of Electromagnetic Attraction Relays
The electromagnetic force produced due to operating quantity which is exerted on
armature, moving iron or plunger is proporticnal to the square of the flux in the air
gap. Thus neglecting the saturation effect, the force is proportional to the square of the
operating current. Hence such relays are useful for a.c. and d.c. both

For d.c. operation : In d.c. operation, the electromagnebic force s constant. When
this force exceeds the restraining force, the relay operates

Now F,o= K, I?
where F. = Electromagnetic force
K, = constant
| = Operating current in a coil
And F,o = Ky
where F, = Restraining force due to spring including friction

K, = Constant

Ont the verge ol relay operating, electromagnetic force is just equal to the

resbraina r'lj.’. foroe,
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K, = K,
- K-
= =
“‘I
| '1
| = \' HI‘ = constant

This is the current at whach relay operates in case of d.c. operation

For a.c. operation : In ac. electromagnetic relays, the electromagnetic force is
proportional to square of the current but it is not constant. It is given by,

. = 57 I 5 I ——
F, = KF =2 KIj, =5 K208 2ot
where I, = Maximum value ot the operating current

K = constant
It shows that the electromagnetic force consists of two companents,
i} Constant, independent of time.
it} Pulsating at double the frequency of applied voltage.
[he total force thus pulsates at double the requency.

If the restraining force F, which is produced by the spring is constant then the
armature of relay will be picked up at time t; and it drops off at time t; as shown in
the Fig. 2.8.

Fig. 2.8 Electromagnetic force and current curves

Thus relay armature pulsates at double frequency. This causes the relay to hum
and produces a noise. It may cause damage to the relay contacts
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lo overcome this Lil.tl:in_'ult:,.', the air gap fTux producing an eleciromagnetic force is
divided into two fluxes acting simultaneously but differing in time phase. This causes
resulting electromagnetic force lo be always positive. If this is always greater than
restraining force F, then armature will not vibrate. The phase lag between the two
components of Alux can be easily produced using shading in a relay. The flux through
the shaded pole lags behind the flux through the unshaded part

2.3.4 Advantages of Electromagnetic Relays
Jhe various advantages of electromagnetic relays are,
1. Can be used for both ac. and d.c.
2. They have fast operation and fast reset

3. These are almost instantaneous. Though instantaneous, the operating time
varies with current. With extra arrangements like dashpot, copper ring el
slow operating and resetting times can be obfained.

4. High operating speed with operating time in few milliseconds also can be
achieved.

5. The pickup can be as high as 90-9%% for d.c. operation and &0 to %% for the
d.c. operation

6. Modern relays are compact, simple, reliable and robust

2.3.5 Disadvantages of Electromagnetic Relays
The few disadvantages of these relays are,
1. The directional feature is absent.

2. Due to last operation the working can be affected by the transients. As
transients contain d.c. as well as pulsating component, under steacdy stale value
less than set value, the relay can operate during transients.

2.3.6 Applications of Electromagnetic Relays
The various applications of these relays are,
I. The protection of various ac. and d.c equipments.

2. The over/under current and over/under voltage protection of various a.c. and
d.c. equipments

3. In the definite me lag over current and earth fault protection along with
definite time lag over current relay.

4. For the differential protection.

Used as auxiliary relays in the contact systems of protective relaying schemes.
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2.4 Induction Type Relays

The induction type relays are also called magnitude relays. These relays work on
the principle of the induction motor or an energy meter. In these relays a metallic disc
is allowed to rotate between the two electromagnets. The coils of the electromagnets
are energized with the help of alternating currents. The torque is produced in these
retays due to the interaction of one alternating flux with eddy currents induced in the
rotor by another altermating flux. The two fluxes have same frequency but are
displaced in time and space. As the interaction of alternating tluxes 15 the base of
operation of these relays, these are not used for the d.c. quantities. These are widely
used for protective relaying involving only a.c. quantities.

Based on the construction, the various types of the induction type relays are,
l. Shaded pole type
2. Watt hour meter type
3. Induction cup tvpe

Before studying these tvpes in detail, let us derive the torque equation tor the
induction type relays, which is same tor all the three types of relays.

2.4.1 Torque Equation for Induction Type Relays

As mentioned earlier, the alternating currents supplied 0 wo electromagnets
produce the two alternating fluxes ¢, and §,. These two fluxes have same frequency
but they have a phase difference of a in between them such that §, leads ¢,. Thus the
two fluxes can be mathematically expressed as,

1
L5

$1m S0 0 oo 11D

1]

#3, SiN (ol + a) i)

These  altermating  fluxes
cause the induced em.fs in the
rotor. Due o the induced
% ¥4 em.fs, the eddy currents i; and

iy are circulated in the disc. The

pige  two eddy currents react with

iy cach other o produce a force
which acts an the rotor.

The Fig. 2.9 shows how the
forces are produced in a section
of rotor due to the altermating
fluxes. The instant considered
to show the various quantities is when both the Fluxes are directed downwards andd

Fig. 2.9 Torque production
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Are INCTEAsing in nmgmtudc. The induced ﬂ]d'gr' currents lag behind the respective
Huxes l'.l_l..' |

Assumption : The parts of rotor in which rotor currents flow have negligible self
mductance and hence the rotor currents are in phase with the respechive induced

voltages

The induced voltages are proportional o the rate of change of tluxes and hence
the eddy currenls also are proportional to the rate of change of Huxes. Hence we can

wrile,
. dé,
i —_— (3}
‘ dt
‘,I 5
I $ : 11
dt
Substituting ¢, and §; from (1) and (2} we get,
sin
i —d{q]]'“ el €« iy, COS ot .. 13}
dt
d sinfut + o
bs [Itllm ' 5 . --'}] X Yoy CO8 [ Gk + ) {H)
di
The torces are produced due to the interaction of ¢, with i, and &, with i,.
Fi = ¢y i; . A7)
angd Fy a i @

Ihe directions ol F;, and F; can be obtained by Flemings left hand rule. It can be
scen froim the Fig, 29  that the two forces are acting in the opposile directions and
hence the net force acting on the disc is proportional to the difference between the

Wik lorees
Foa F-F
Foo $20)~ dip -(9)

Substituting the proportional expressions of §,, &, i;, i, from (1), (2), (5) and (6) in
the equation (Y) we get,

F o ey sin (ot + @) &y, €08 ok ~ ¢y, 50 6k §,, cos{ot + w)]
T §ym G2 [5in (o + @) cos (wh) - sin (ed) cos (wt + o)
~ $1m P2 [SIN e + a- ) |
F = dyu Py, Sino i1
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[he equation (10} gives the net force acting on the disc which is proporiional to
Sim

Substituting the r.mus. values of the fuxes instead of maximum values we get,

F =¢) ¢ sina o A

It s important o note that the net force or torque acting on the disc is same at
every instant. The action of relay under such force is free from vibrations

It can be observed from the equation (10) that if @ 18 zero then the pet force is
zero and disc cannot rotate. Hence there must exist a phase dillerence between the
two fluxes. The torque is maximum when the phase difference a is 90~

[he direction of the net force which decides the direction of rotation of disc

1 " " 1 - "
l’.il.‘l‘ll'l'hjh o which flux is ]tr.himg the other. In practice various constructions are L]
to produce phase displacement between the two Huxes,

2.4.2 Shaded Pole Type Induction Relay
The construction of shaded pole induction relay is shownm in the Fig. 2.10.

Fhux s

|
1

| 3 Shading ring
- "
o *u L
Inpudt - by T 1 Disc
Call I

Fig. 2.10 Shaded pole type induction relay

It consists of an aluminium disc which is free to rotabe in an air gap of an
electromagnet. The part of pole face of each pole is shaded with the help of copper
band or ring. This is called shading rnng. The total flux ¢ produced due to the
alternating current split into two fluxes displaced in time and space due to the
shading ring.

Due to the alternating flux, emf. gets induced in the shading ring. This emd
drives the currents causing the flux to exist in shaded portion. This flux lags behind
the flux in the unshaded portion by angel a.
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Let ¥, Flux in shaded portion

¢, = Flux in unshaded portion

E, = EMJF. induced in the disc due to ¢,
E, = EMPF. induced in the disc due to §,
I, = Induced current due to E,

I, = Induced current due to E

E, lags behind ¢, by 9* while E, lags behind ¢, by 9. The current ; lags E, by
small angle f while I, lags E, by small angle f. This angle is generally neglected and
I, and [, are assumed to be in phase with E, and E, respectively, in practice. The
phasor diagram is shown in the Fig. 2.11.

Fig. 211 Phasor diagram
As proved in the previous section, neglecting |} we get,

T o §, 0,800
where T = Torque

Assuming fluxes ¢, and ¢, to be proportional to the current | in the relay coil we
can write,

T = Fsina
T = klI? .. k = constant

As sin o is constant for the given design. Thus the torque is proportional to the
square of the current through the coil.
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2.4.3 Watthour Meter Type Induction Relay

The construction of this type of relay is similar to the watthour meter which is
very popularly used everywhere. Thus relay has double winding structure. The
arrangement is shown in the Fig. 2.12.
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Fig 2.12 Watthour meter type induction relay

It consists of two magnets, ane E shaped magnet and other U shaped magnet. The
disc is free to rotate in between these two magnets. The upper E shaped magnet
carries both primary winding which is relay coil and the secondary winding. The
primary carries the relay current I, which produces the flux ¢,. The e.m.f. gets induced
in the secondary due o this flux. This drives current I, through secondary. Due to this
current [, Hux ¢, gets produced in the lower magnet. This Aux lags behind the main
flux §, by an angle a. Due to the interaction of these two fluxes, the torque is exerted
on the disc and disc rotates.

L -

Assuming that the entire flux ¢, enters the disc from upper magnet and entire flux
¢; enters the disc from lower magnet, we can write,

T = §d58na

In this relay, the tapping can be provided on the primary. With the help of this
suitable number of primary turns can be seleched and hence current setting can be
adjusted.

Most of the induction relays are of this type. An important feature of this relay is
that iks operation can be controlled by opening or closing of the secondary winding. [t
is opened, no current can flow through secondary hence flux ¢, cannot be produced
and hence no torque can be produced. Thus relay can be made inoperative opening
the secondary winding.
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2.4 4 Induction Cup Type Relay
The construction ol this type of n.-la:.- is very similar to an mduction motor. The
arrangement is shown in the Fig. 2.13.

o
4
Cup type ' = o
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o Cai -
Sationary 1
cong
a
Fig. 2.13

e stator consists of two, four or more poles. These are energized by the relay
cirls. The Fig. 2.13 shows 4 pole structure and the bwo pairs of coils. The coils 1 and 1’
are connected while the coils 2 and 2° are connected W0 form two pairs of coils. The
rabor 3 hollow evelindrical cup type in structure. Compared to induction maotor the
difference is that in this relay the rotor core i3 stationary and only rotor conductor
portion is free to rotate about its axis.

The currents and respective fluxes produced by the two pairs of coils are displaced
from each other by angle @. Thus the resultant flux in the air gap is rotating. So
rotating magnetic field is produced by two pairs of coils. Due o this, eddy currents
are induced in the cup type rotor. These currents produce the flux. The interaction of
the pwor [luses |,'|-rn-duci.' the torgue afid the robtor rotabes i the same direchHon as that
of rotating magnetic held. A control spring and the back stop carried on an arm
attached to the spindle of the cup, are responsible to prevent continuous rotation.

These relays are very fast in operation. The operating time of the order of 10
milliseconds is possible with this type. This is because the rotor is light having very
low moment of inertia. The induction cup structure can be used for two quantity or
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Fig. 2.14 Double induction loop
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single gquanhty relays. A single quantity relay
means both the coils are fed by the same actuating
quantity with a fixed phase angle shift in between
them. To reduce the rotor mertia and to make the
operation more fast, double induction loop
structure is used. Such a structure s shown in the
Fig. 214

In all, the induction relays are widely used for

protective relays involving a.c. quantties. High, low and adjustable speeds are
possible in these relays. Various shapes of time against operating quantity curves can
be obtained.

2.5 Nondirectional Induction Type Overcurrent Relay

This relay is also called earth leakage induction type relay

The overcurrent relay operates when the current in the circuit exceeds a certain
preset value. The induction type nondirectional overcurrent relay has a construchion
similar tv a watthour meter, with slight modification. The Fig. 215 shows the
constructional details of nondirectional induction type over current relay.
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Fig. 2.15 Nondirectional induction over current relay
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It consists of two electromagnets. The upper is E shaped while the lower is U
shaped. The aluminium disc is free to rotate between the two magnets. The spindle of
the disc carries moving contacts and when the disc rotates the moving contacts come
in contact with fixed contacts which are the terminals of a trip circuit.

The upper magnet has two windings, primary and secondary. The primary is
comnected to the secondary of C. T. on the hine to be protected. This winding is
Lpped at intervals. The tappings are connected to plug setting bridge.

With the help of this bridge, number of tums of primary winding can be adjusted.
Thus the desired current setting for the relay can be obtained. There are usually seven
sections of tappings o have the overcurrent range from 50% to 200 in steps of 215%
These values are percentages of the current rating of the relay. Thus a relay current
rating may be 10A e it can be connected to C.T. with secondary current rating of
10A but with 3% setting the relay will start operating at 5A. 50 adjustment of the
current setting is made by inserting a pin between spring loaded jaw of the bridge
socket, at the proper tap value required. When the pin is withdrawn for the purpose
of changing the sething while relay is in service then relay automatically adopts a
higher current setting thus secondary of C.T. is not open circuited. So relay remains
operative for the fault occurring during the process of changing the setting.

The secondary winding on the central hmb of upper magnet is comnected in series
with winding on the lower magnet. This winding is energized by the induction from
primary. By this arrangement of secondary winding, the leakage fluxes of upper and
lowwer magnets are sufficiently displaced in space and bime o produce a rotational
torque on the aluminium disc. The control torque is provided by the spiral spring.

When current exceeds its preset value, disc rotates and moving contacts on spindle
make connection with trip circoit terminals. Angle through which the disc rotates is
between 0° to 360°. The travel of the moving contacts can be adjusted by adjusting
angle of rotation ot disc. This gives the relay any desired time setting which is
indicated by a pointer on a time selting dial. The dial is calibrated from 0 to 1. This
does not give direct operating time but it gives multiplier which can be used along
with the time-plug seting multiplier curve to obtain actual operating time of the relay.
The time-plug setting multiplier curve is provided by the manufacturer.

2.5.1 Time-Current Characteristics

Time required to rotate the disc depends on a torque. The torque varies as current
in the primary circuit. More the torque, lesser is the time required hence relay has
inverse time charactenistics. The Fig. 2.16 {see on next page ) shows the tme-current
characteristics for the overcurrent relay. Such characteristics are called Inverse Definite
Minimum Type (LD.MT.) characteristics. This is because, the characteristics shows
inverse relation between ime and current for small values of currents. But as current
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Fig. 2.16 Time-current characteristics

ncreases, some definite hme is required by the relay. 5o the characteristics becomes
straight line for higher values of currents. Such LD.M.T. characteristics can be obtained
by saturating the iron in the upper magnet so that there cannot be increase in the flux
once current achieves certain high value.

The P.S.M. can be obtained as,

Fauft corrent in relay coil

PSM = —
Rated secondary C.T. current = Current setting

Fault current in relay coil = Line fault current x C.T. ratio

2.5.2 Operation

I'he torque is produced due o induction principle, as explained in the sechon
24.1. This torque is opposed by restraining force produced by spirval springs. Under
normal conditions the restraining force is more than driving force hence disc remains
stationary. Under fault conditions when current becomes high, the disc rotates through
the preset angle and makes contact with the fixed contacts of trip circuit. The trip
arcuit opens the circuit breaker, isolating the faulty part from rest of the healthy
sy=hem
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wmp Example 21 : An LDM.T. overcurrent relay has a current setting of 150% and a
Hme mulbiplier selting of 0.6, The primary of relay is connected to secondary of CT.
having ratio 40035, Calculate the time :f operakion if the circuit cornies a findt current
of SINKY A, The trmecurrent chiaracteristics of the relay is shown in the Fig. 2.17.

Tirreg
o 3aca

Solution : Let us calculate PS.M. first,

Fault current in n'l..‘hlf corl = actaal Tault currend = C.T. rabio

5
= 5000 x -
300

= 625 A
Rated secondary of CT. = 5 A

Current setting = I13% = 1.5

PSM. = 23 . 833
T sx15 0 T

From Fig. 2.17, approximate time for PS.M. of 8.33 is 1.8 sec
Actual operation time = 1.8 = time seting multiplier
= 1.8 =06

= 108 seconds

wmp Example 2.2 : The Fig. 2.18 shows the part of a typiced power system, lf for the
descrimination, the time grading margin betoeen the relays is 0.6 sec, calculate the fmme
of operation of relay 1 and time seliing multiplier for reloy 2. Refer lo characteristies
grovn it b Fig. 2.17. The time setting mueltiplter of relay 1 15 0.3
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S00S EQ0/5 Faull current
CT P c.T 4000 A
P I i L.
Furiny 2 Rl %
150% 125%
Fig. 2.18

Solution : For relay 1 : Current setting = 125 % = 1.25

Fault current = 4000 A

C.T. rano = 50/5
Fault current in rela il = UK = ——
L3 CRTTT LI L & .'!r' El]l.l ;{_'H;}
= 40 A
. 40
SEM = — &
PSM. = o775 = 64

From the Fig. 2.17, the corresponding time for 6.4 P.5.M. is approximately 3 sec
Actual time of operation = 3 = time setting multiplier = 3 = 0.3
= 9 sec
For relay 2 : Current setting = 150% = 15
Actual time of operation = time of operation of relay 1 + time margin

09+ 06=15sx

Fault currend ST L E:ii_ll = 400 A

Fault current .
C.T. secondary raung = current sefting

= 40 = 533

5=1.5

P.SM.

From the Fig. 2.17, the corresponding time for 533 PSM. is approximately 3.8 sec

Actual time of operation
Time for P.5. M. obtained

Time setting multiplier =

— =039 =04

1.5
8

L]

This is the required time setting multiplier for the relay 2
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2.6 Directional Power Relay

The directional relay means the relay operates for the specific direction of the
actuating quantity in the circuit. The directional power relay operates when power in
the circuit flows in the specific direction. The construction and principle of operation
of this relay is similar to the induction type watthour meter relay. The difference is
that in watthour meter type relay the torgue is produced due to interaction of the
fluxes produced by only the current denved from secondary of C.T. while in
directional power relay the torque is produced due to interaction of the fluxes
produced from both voltage and current of the circuit. The relay has two windings,
ane acts asg 1.'1.1|tage coil while other as current coil, similar to a wattmeter. The upper
magnet carries a voltage coil or potential coil which is energized from P.T. while the
lower magnet carries a current coil which is energized from CT. in the line to be
proteched The construction is shown in the Fig. 2.19.
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Fig. 2.19 Directional power relay

The number of tappings are provided to the current coil with which desired
current setting can be achieved. The restraining torque is provided by the spiral
spring. The spindle of dise carries the moving contacts which make contact with
tripping circult terminals when the disc rotates. The voltage coil provided on the
upper magnet produces the flux ¢y This lags the voltage ¥V by 907 The current | is
sensed by the current coil on lower magnet which produces the flux ¢;. This 15 in
phase with current I. The current | lags voltage V by an angle 4. The angle between §,
and §- is @ as shown in the phasor diagram in the Fig. 2.20.
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Fig. 2.20

The interaction of fluxes §; and ¢, produces the torque. Hence we can write,
T = §9:5n0
Hut b = V and $a o |
while a = 9-¢
T = V1sin {90 - é)
-

Ll

V1 cos ¢ = power in circuit

Under normal working conditions, the driving torque acts in the same direction as
that of restraining torgue. This moves the moving contacts away from the fived
tripping circuit contacts. Thus relay remains inoperative as long as power flow is in
one particular direction.

But when there is a current reversal and hence the power reversal then the driving
torque acts in opposite direction to the restraining torque in such a manner that the
moving contacts close the tripping circuit contacts. This opens the circuit breaker to
isolate the faulty part

This relay is used for providing the reverse power protection b synchronous
machines. The relay can be single phase or three phase.

2.7 Directional Induction Type Overcurrent Relay

The directional power relay is not suitable to use as a protective relay under short
circuit conditions, This is because under short drcuit conditions the voltage falls
drastically and such a reduced voltage may not be sufficient to produce the driving
torque required for the relay operation. Hence in practice, directional induction type
overcurrent relay is used. This relay operates almost independent of system voltage
and power factor.

The directional induction type overcurrent relay uses two relay elements mounted
on a common case. These elements are,
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I. Directional element which is directional power relay
2. Nondirectional element which is nondirectional overcurrent relay
The schematic arrangement of such a directional relay is shown in the Fig. 221

1 &
WO Volkngs om P, T
ol _ v
— ~l Directional
4 LA il
L
| |
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e C. T T N
rL/'\
| Fiug s=ttng bandge \
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DO Q 0DOOD
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§ H i 1 l o T
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i - - |
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= 1
a 11 !
|
I
i
! Nondirectsonal
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— 1 ~ _] C——
-« 1o irip
& Dinc & el

Fig. 2.21 Directional overcurrent relay
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Directional element : The directional element is nothing but a directional power
relay which operates when power in the arcuit flows in a particular direction. The
voliage coil of this element is energized by a system voltage through a potential
transiormer. The current coil on the lower magnet is energized by the system current
through a current transformer. The trip contacts of this relay (1 - 1) are connected in
series with the secondary winding of nondirectional element

Nondirectional element : The current conl of the directional element is connected
in series with the primary winding of nendirectional element. The plug setting bridge
is provided in this element to adjust current setting as per the requirement. The trip
contacts (1 - 1') are in series with winding on lower magnet of nondirectional
element. So unless and unhl trip contacts {1 - 1) are closed by the movement of the
disc of directional element, the nondirectional element cannot operate. Thus the
movement of the nondirectional element is controlled by the directional element.

2.7.1 Operation

Under normal conditions, power flows in the proper direction and hence
directional element of the relay is inoperative. Thus the secondary winding on lower
magnet of nondirectional element is open and hence nondirectional element is also
inpperative.

When the fault takes place, the current or power in the circuit has a tendency to
flow in reverse direction. The current flows through current coil of directional element
which produces the flux. The current in the voltage coil produces another flux. The
two fluxes interact to produce the torque due to which the disc rotates. As disc
rotates, the trip contacts (1 - 17) get closed. Note that the design of directional element
is such that it is very sensitive and though voltage falls under short circuit, the current
coil is responsible to produce sufficlent torque to have disc rotation. It is so0 sensitive
that it can operate even at 2 % of power fHlow in reverse direchon

The current also flows through the primary winding on the upper magnet of
nondirectional element. Thus energizes the winding to produce the flux. This Hux
induces the e.m.f. in the secondary winding of the nondirectional element according o
induction principle. As the contacts (1 - 1') are closed, the secondary winding has a
closed path. Hence the induced emd. drives the current through it. producing the
another flux, The two fluxes interact to produce the driving torque which rotates the
disc. Thus the contacts of trip circuit get closed and it opens the circuit breaker to
isolate the faulty section.

So  directional element must operate first to have the operation of the
nondirectional element

[he iollowing conditions must be satisfied to have the operation of the entire
relay -
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1. The direction of current in the circuit must reverse to operate directional
element.

2 The current value in the reverse direction must be greater than the current
setting,

+ The high value of current must persist for a time penod which i1s greater than
the time setting of the relay.

2.7.2 Directional Characteristics
Let us study the phasor diagram to understand the directional characteristics of
the relay.
Ll v
I
1)

Relay voltage through P.T.

Relay coil current through C.T
Angle between V and |

MNote : The system current is generally lagging the voltage but with suitable
connection the relay current is made to lead the voltage by angle 6.

Cue to this, the correct operation of relay at all the tvpes of faults under ail
syvabem cofditon is ensuned.

o current | leads voltage ¥V by angle 8,
¢y = Flux produced by voltage V
This flux ¢y lags voltage V by an angle §.
$; = Flux produced by current |
The flux ¢, is in phase with the current L.
The phasor diagram is shown in the Fig. 222 The voltage V is taken as reference

Oparating
. reglon o | for manimum torque
Pewfy \\.\
operatng .
ey s .
L
“\
LY
‘\
.-""'." Ya
Darecticnal
charpcterislic
[

h-‘ ‘__‘,...Irm forgue line

Fig. 2.22 Phasor disgram and directional characteristic
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[he torque is proportional to the Nuxes §y, ¢ and sine of the angle between the

b flies,
T = &y é sin by " d)
= @y #y 5in (B + ¢)
MO gy = ¥ and 4 = |

T = KY] sin (@ + ﬂ]

whenre K = constant
Maximum torque oocurs when sin (B +¢) 15 1 ie

D+¢ = 9UF
IMw condition for the maximum torque is shown dotted in the Fig. 2.22.
The torque is zero when sin (0 + ¢) = 0 ie

B+¢ = (¥ or 180°

This will be satisfied when the relay current I phasor lies along the &, phasor or
in antiphase with ¢, The corresponding line is called zero torque line and is shown
in the Fig. 222 This line is al right angles to the maximum torgue condibion line.

Thus the directional element operates, pr:widrd that the current ph.‘u.l.rl' lirs srathuan
9 of the maximum torque line, If it is displaced more than 90° then the element
will restrain. Both operating as well as nonoperating regions are shown in the
Fig. 2.22.

Maximum torque angle : The angle by which the current supplied to the relay
leads the voltage supplied to the relay so as to obtain the maximum torque is called
maximum torque angle (M.T.A.). It is denoted as t in the Fig. 1.24

From the Fig. 2.22, we can wrile,
8 = 90—

Substituting in the torque equation,
T = KVI1sin (8 + 90°-1)
T = KV]cos{l-1)

This is the torque equation interms of maximum torque angle ©. The typical values
of the maximum torque angle are 0°, 30%, 45° eic.
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2.8 Thermal Relays

Fhermal relavs work on  the

principle of heating effect of an electric tTF'
3 . n
current in the relay coil. Instead of the m':,:
measurement  of temperature, thyessee Cnnlu:l:

bimetallic strip is used. The strip is
mounited above a  resistance coil

relaves sense the termnperature [l str
prociuced by the current = Spring
It a simplest thermal relay, a

carrving <urrent o I."T"Li'l.ilfi.‘ NeCessary

heating effect. The spring is used to
make the connection between contacls K
L _ L g

and the strip. The insulated lever arm Heating ey
is used to carry  the contact which is L
pivoted. Te have varnable settings, the Fig. 2.23
wnsion in the spring can be adjusted.
The Fig. 2.23 shows the schematic diagram of thermal relay.

Under normal conditions, the heating due to current | is not enough to heat the
strips and contacts remain closed as strip remaing straight.

When there is overloading, then the current | increases beyond safe value
producing very high PR losses and corresponding large heat. Thus the strip gets
heated up and bends. Due to the bending of the sirip, the spring opens the contacts
and current is interrupted.

In some cases, the bimetallic strips themselves carry the current without using a
heater coil. These relavs are commonly used in protection of low voltage a.c. and d.c
motors. [n case ol large motors, the bimetallic strip (s connected through current
transformer.

2.9 Universal Relay Torque Equation

AMost of the protection relays consist of some arrangement of electromagnets with
armature or induction disc, which carry contacts. The relays also carry the closing or
opening of contacts control devices like trip coils of circuit breaker. The electromagnets
have current, voltage or both the types of windings. Currents through windings
produce magnetic fluxes and torque is developed by the interaction between the fluxes
of same windings or between the fluxes of both the windings. In general the torque
produced by current winding is proporhonal to square of the current the torque
produced by voltage winding is proportional to square of the voltage, and the torque
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produced by both the windings is proportional to product of voltage and the current
Mathematically we can write,

Torque produced by current coil, = K, 2
Torque produced by voltage coil = K. V°
Torque produced by both the coils = K,V] cos (8- 1)
where K,, K, and K, = constant 8 = angle between V and |
T = maximum torque angle
Torque produced by control spring = K,
The control springs are used as restraining elements

If all the elements are present in a relay then total torque produced by all the
causes can be expressed by a general equation as,

T = KF + K;V? 4 KyVI cos (B-1) + K,

This equation is called universal relay torque equation the term K, can be a
restraining torque due to springs or gravity.

By assigning positive and negative signs to certain constants and lets other
constants to be zero and sometimes by adding similar other terms, the operating
characteristics equation of all the types of protective relays can be obtained from
universal equation.

For example, for overcurrent relay K; = Ky = 0 and the spring torque is negative
=0 we get,

T = K,F-K,
For the directional relay K, = K, = 0 and the spring torque s negative .
S50 we get,

T = K3 Vlcos (=1} - K,

Review Questions
I. Explain the operation of hestc Irip circiiit
Explain the follousing schwmes used in circuil breakers,
1} Retay trith make type contact
i) Retry unth bresk type combact
Describe any one tvpe of eleciromagnetic ativacted arwmature relay
Diescribe with neat sketch the operation of solemod and plunger type relay

Pk

b
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v Derioe the torque sgeeating for eloctromusgnetac aftrachion relays when used for
[} a.c. operston
il i, opertbot
Siate the advantfages, disadvantages and applications of electromagnelic retnys
Dlywipy Hae fangeie oepuation for by inductusn bepe relays
& Dgscrbe e mscradn of folfotdmg redavs uxth mesd sketches,
1l shadad _|L|,.u'.r P singliac reend "'Ii'!"_lq'
i Watthowr meter type induction selay
fii} Peduction cup fppe retey

2 Evplagn unth twe belp of @ meal oisgrem, P constroction omd werking of & nomidineotissad
eridriction typye asvrowerenl relay. D and cxplain it tme-current characlimishics,

Wirarr 14 £ DAL T chiariscterrmbics rqu r'rI.:;.."

11, Expiein the werking principle of dircclional pocwsr redinyg,

12 What is the procslure of setting [DANLT. redoy 7 What guieel data s orequored 7 Hows 8 b
directiomal relay different than simple LDM.T refay ?

13, Explon cpith dhe belp of aeal skefch, the comslrociion and toorking of directional induclios fype
owvrcnrrent relog

M. Shate the conditaens o be setisfed by @ directional relay bfere s operalion

[ Cwary e derectiongd chanmcierobicd amd soplarn adsit i3 maximum iorgue segiy

le. What i weiiwrsal relay forgue equention * Whet &5 i3 s 7

I7. An LDM.T. coercurrent relay has & curvent setting of 1500% and has a time mrdiiplier setting of
5 . The rmelaw o5 connected in the coroiat waith the help of C.T. having ratio 500 © 5 A. Caloulate

the time of opemstwon of the relay if covudt ovies @ foult corrent of 6000 A The nriay
charactertstics are grvn in the Fig. 2.M

Tmi. 10 4 = Tims multiplier = 1
msecs 5 |
g+
4 4=nd
24+
i
e
O 5 1w 1B 20
— = PEM

Fig. 2.24 Relay characteristics
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multiplier of relry 2
19. Write a note on thermal relays.

13, For a particular transmission line, reloys are wsed o9 shount in the Fig. 2.25

For discrimination, the fime grading morgin 5 0.5 sec.

Determine the Hew of operation of The tuw releys soswmung tha! both M relays have chareclorishcs
as shown in the Fig. 2.25. The relay 1 has bime setiing multiplier of 0.2 Find the time setting

200M 2001 4
+L=—n o
I 151 ’,/ |
T Fault 2000 A
. Raelay 2 Reaay 1
128% 100
Plug seatling Flung Sting
Fig. 2.25

(Ans. : 0.5 sec, 1.06 sec, B.I3364)

QaQ
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Differential Protection

3.1 Introduction
In the overcurrent relays, a current is sensed but such relays are not very sensitive

as these relays cannot distinguish between heavy loads and minor fault conditions. In
such cases, differential relays can be used

A differential relay iz defined as the relay that operates when the phasor
difference of two or more similar electrical quantibes exceeds a predetermined value

Thus a current differential relay operates on the result of comparison between the
phase angle and magnitudes of the currents entering and leaving the system to be
protected. Under normal conditions, the two currents are equal in phase and
magnitude hence relay is inoperative. But under fault conditions, this condition no
longer exists, The relay s connected in such a manner that the difference between
current entering and current leaving flows through the operating coil. If this difference
current exceeds a preset value then the relay operates and opens the circuit breaker.

Almost any type of rf:la}' when connected in a certain way can be made to operate
as a differential relay.

3.2 Types of Differential Relays

The various types of differential relays are,

Current differential relay

LB

. Biased beam relay or percentage differential relay

Fad

. Voltage balance differential relay

3.2.1 Current Differential Relay

Most of the differential relays are of current differential type. Consider an over
current relay connected in the circult so as to operate as the current dilferential relay
This is shown in the Fig. 3.1.

Two current transformers are used having same ratio are connected on the either
side of the section to be protected. The secondaries of current transformers are
connected in series, so they carry induced currents in the same direction. Let current |

(3-1)
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Ganmraior winding 1o Exiermal
cT /" proincied CT

) f Tauk

I ’HP I j,.-"h"

—
-

IR

—

\lel‘ﬂmnt-al relay
Fig. 3.1 Current differential relay
is flowing through the primary of current transformers towards the external fault. As
the current transformers are identical, the secondaries of current transformers will
carry equal currents. Due to the connection of relay, no current will flow through the
operating coil for the relay. Hence relay will remain inoperative. S0 relay cannot
operate if there is an external fault.

Consider now that an internal fault occurs at point A, as shown in the Fig. 3.2.

The current flows
through the fault from both I CT wn:r A cT
mdes. The two  secondary _‘_?M .
currents through C.Ts are = kel
not  equal.  The current : B .
flowing through the relay : - -
eoil B8 now [, + 1, This i Diftarertial
high current causes the i -
relay o operate.

Fig. 3.2 Actlon of differential rolay
It should be noted that

the fault current need not always flow to the fault from both sides. A flow on one
side only or even some current flowing out of one side while a large current entering
the other side can cause differential relay to operate. Thus the amount of current
flowing through a relay coil depends upon the way the fault is being fed.

This relay suffers from the following disadvantages,

I. The current transformers are connected through cables called pilot cables. The
impedance of such pilot cables generally causes a slight difference between the
currents at the ends of the section to be protected. A sensitive relay can
operate to a very small difference in the two currents, though there is no fault
existing.

2. The relay is likely to operate inaccurately with heavy through current flows.
This is because the assumed identical current transformers may not have
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identical secondary currents due to the constructional errors and pilot cable
impedances.

3. Under severe through fault conditions, the current transformers may saturate
and cause unequal secondary currents. The difference between the currenis
may approach the pick value to cause the inaccurate operation for the relay.

4 Under heavy current flows, pilot cable capacitances may cause inaccurate
operation of the relay,

All these disadvantages are overcome in biased beam relay.
3.2.2 Biased Beam Relay or Percentage Differential Relay

As the name suggests, this relay is designed to operate to the differential current
in terms of its fractional relation with the actual current flowing through the protected
circuit.

The Fig. 1.3 shows the arrangement of a blased beam relay.

Alwrnator windsng
C.T 1o be protected C.T.

H AT

Rasiraining ol —

* :Tumnrulﬁ

CHI

-/
/

Oopistitersg cosl
Fig. 3.3 Biased beam relay

The simple circuit connection of this type of relay is shown in the Fig. 3.4.

Alternator winding
CT to be prolecied G T

1 |
- P Parcenisge dfferental melwy

Regtrasning coil
Filg. 3.4 Simple circuit of biased beam relay
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The operating coil O of the relay carries a differential current (I; - 1,) while the

I +1, 1 . :
L= | as the operating coil is

restraining ceil R carries the current proportional to [

connected at the midpoint of the restraining coil. This can be explained as,

Let N = Total number of turns of restraining coil

ha &

S0 current 1; Aows through r: turmns while current |, flows through

LN I.N
4 —= = N
2 2 -

: h+1. 7
Etfective ampere turns = %

. 1, +15 1) . .
Thus it can be assumed that the current | 1—-2 i flows through the entire N tums
L] i !

of the restraining coil

Under normal and through load conditions, the bias force produced due to the

restraining coil is greater than the operating force produced by operating coil hence
relay is inoperative. When internal fault

Chas e UCCUIS, the operating force becomes more
,'WH than the bias force. Due to this, beam
. "'11 moves and the trip contacts are closed to
Monaperabng open then circuit breaker
reEn

The operating characteristics of this

type of relay is shown in the Fig. 3.5.

- It can be seen that except at low

X - currents, the characteristics is a straight
(i) o — e

Thus the ratio of the differential
Fig. 3.5 Operating characteristics operating current  to  the average
: restraining current is a fixed percentage.
Reay | charachrishes Hence the relay name is percentage

current differential relay.

The relavs with  constant #lup{*
charackeristices are called constank ﬂlnpu
percentage ditferential relays.

In some relays, the slope of the
characteristics increases as the short

circuit current increases, Such
characteristics is shown in the Fig. 3.6.

Ehorl oot Curmen| ———————

Fig. 3.6 Increase in slope characteristic
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Such relays are calied increasing slope percentage ditterential relays.

The important fact about increasing slope type relays is that their cost is more but
require less accuracy in the performance of their current transformers. Constant slope
type relayvs require good accuracy in the performance of the current transformers

3.2.3 Voltage Balance Differential Relay

This is also called opposed

voltage method. In this type, the Allermator winding

over current relay is connected C.T s b probectsd C.T
in series with the secondaries of v = —-— Y
the current transformers. This is |
shown in the Fig. 3.7. I Rejay

Uinder normal conditions, the ! _H €
current at the two ends of the t

section to be protected is same. . ] )
Hence there is no- voltage drop Fig. 3.7 Voltage balance differential relay

across the relay to cause the current to flow.
Linder frult condibons, the currents in the bwo secondaries of current transformen
are different. This causes a large voltage drop across the relay. Thus the voltage

balance of the circuit gets disturbed. Hence large current flows through the relay due
te which the relay operates to open the circuit breaker.

3.3 Busbar Protection

The busbar plays an important role in the supply system. The busbar faults are
rarg but if occprs there can be i1'|t1.'r1‘1lptiu:'| of Hltppl}', considerable damage and Jos.
Hence busbar protection is must and it must be fast, stable and reliable. The busbar
protection needs to protect not only the busbar but the apparatus associated with it
such as circuit breakers, isolating switches, instrument transformers elc

3.3.1 Busbar Faults

The various busbar faults can be classified as,
1. Failure of insulation due to material deterioration.

Failure of circuit breaker.
Earth fauit due o failure of support insulator.
Flashover due to sustained excessive over voltages.

Errors in the operation and, maintenance of switchgear.

Earthquake and mechanical damage.

Accidents due to foreign bodies falling across the busbars
R Flashover due to beavily polluted insulator.
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3.4 Frame Leakage Protection of Busbar

All busbar protection schemes are mostly designed for earth faults. Each conductor
is surrounded by the earthed metal barrier. All the metal frameworks are bonded
together and insulated from earth. The switchgear framework is also insulated from
lead cable sheaths

The arrangement of frame leakage protection to a single busbar substation with a
switchgear unit is shown in the Fig. 38

e e e e S - I S e o e I G N . e S-S AN O S O O O -

1 ]
| A B c 1 Bushar
: ! section
L""_r"j"“"'"""',""T"""T"I a
| e '”td H..I

S . B pe— [
"h.".

Feeder 1 Feeder2 CT ‘@ B -

leakage

reday

— 7
Trip ood
Incarmang
transformer [ r -
Check
 — “giay
-I o *
| i
To Wpping circuil
i =T ofA.BandC
B

Fig. 3.8 Frame leakage protection of busbar

Metal supporting frame work known as fault bus is earthed through a CT. When
the fault is there, a contact between conductor and earth results. This drives current
through this CT. This energizes the frame Jeakage relay.

The CT energizing the check relay is mounted in neutral earth of the transformer.
The contacts of check relay and frame leakage relay are in series.

Thus before tripping circuit gets energized both the relays must operate. Once
both the relays operate due to earth fault, all the breakers will trip connecting the
equipment to the busbar. Due to check relay, accidental operation of single relay to
trip the circuit gets avoided.
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3.5 Circulating Current Protection of Busbar

This is nothing but the differential scheme of the protection of busbar. The
circulating current principle states that under normal working conditions or external
fault conditions, sum of the currents entering the bus equals sum of the currents
leaving the bus. Under any abnormal conditions in the protected zone e short arcuit
or phase to phase faults, the current condition gets disturbed and sensing this the
relay can be operated

The Fig. 3.9 shows the principle of circulating current protection of busbar.

- | | |
/ 10
T 1
Hmf W -:9:.1 d J:Sr:r Iy S CT
[
A e
Lmis

Fig. 3.9 Circulating current protection of busbar
l;. 15 ...... 1, are the currents in the circuits connected to the busbar.
Under normal condition, ¥ 1 =0
e i, +i: +i1 + 1, + s +ih = (0 (vector sum)
No current flows through the relay and hence remains inoperative.
Under fault conditions,
41y 405 4.0 0, =1,
where 1, = Fault current = unbalanced current,
The unbalanced current flows through the relay and the relay operates,

Under normal conditions, currents in the secondaries of CT balance each other and
no current flows through the relay. Thus relay is inoperative. Under any fault
conditions, the fault current flows through relay coil to activate it

To obtain exact balance of currents, all current transformers must have same ratio
But i practice there exists a difference in the magnehc conditions of iron cored
current transformers and false operation of the relay is poasible, at the time of external
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laults. For large fault currents there is a possibility of saturatron of the cores of current
rransformers. To overcome such difficulties, a special type of C.T. having no iron core
i= used. It is called linear coupler.

Ihe linear coupler has a property that its
secondary veltage 1s proportional to the primary
current and the secondary windings of all the

-l linear couplers are connected In series to the
E?.] relay. This is shown in the Fig. 3.10.

Bushar

) The sum of the voltage outputs of linear
ArHERr

cOupiers = couplers is equal to the vector sum of the
"--.,_____,..--"I voltages in the circuits connected to the bushars.
Reay

Hence under normal conditions overall voltage
Fig. 3.10 in the secondary circuit is zero and relay is
inoperative. Under fault conditions, there is

resultant voltage in the secondary and the relay operates.

A high impedance relay can differentiate properly the internal and external faults
.._'m'r'lp.,-ln._'d to normal low imp«w.ianfe rela:.*. Hence in t‘in‘ul..'nting current Frn!ﬂ:tiul‘l,
high impedance relays are used. A high resistance is connected in series with relay
operating coil to get high impedance relay. This resistance s called stabilising
resistance

3.6 High Impedance Differential Protection of Busbar

Another method to provide differential protection to busbar is based on sensing a
voltage drop across a high impedance, under fault conditions. The scheme is shown in
the Fig. 3.11.

CB Tripping

heasuning

High Trars ormar o

Lenga snpad A T

Fig. 3.11 High impedance bushar protection
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The basic principle remains same as differential scheme. Under normal conditions
vector sum of the currents in the lines s zero. Hence |; ie. current flowing through
high impedance Z;; is zero. And the relay is inoperative.

During fault conditions, unbalanced current exists. Such an out of balance current
1, flows through £, causing a high voltage drop V, across it. It is given to a
transformer. A measunng unit is connecled to the secondary of this transformer which
measures this drop and trips the relay accordingly. Main advantage is that as voltage
drop is sensed, saturation of core of one of the current translormers has no etbect on
the protection scheme.

3.7 Difficulties in Busbar Protection

The various difficulbies in the busbar protection are,
1. Current levels for different circuits are ditferent.

2 Large number of circuits to be |"|nr!n'ln:'.

3. Saturation of cores of current transformers due to dc. component in short
circuit current is possible which produces ratio error

4. Due to various bus sections, the scheme becomes complicabed.

With large load changes, relay settings need to be changed

Review Questions
I What are differenial reerys 7 How Moy are classsfod 7
| L Explain the worksny o fodowing differentizl relaus
ib Catrrent differvaisal mfay
i) Pery erriage diereateal relay

all Woltage [almnce differcetal retty

e

Expiain the weed of Pusher protectipn and difwulies m s bor prodection
4. Explam frivme leskage prodeciion of bushar

3 Explaim curremi circulistisg prodection of Bushar

.

Explam high impedance differential profection of bueshar,

a4
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Distance Protection

I
4.1 Distance Relays

In the relays discussed uptil now, the operation of the relays is dependent on the
magnitude of the current or voltage of the circuit to be protected. In distance relays,
the operation is dependent on the ratio of the voltage and current, which is expressed
interms of an impedance. Hence basically distance relays are called impedance relays.
The impedance is nothing but an electrical measure of distance along a transmission
line. The relay operates when the ratio V/I i.e. impedance is less than a predetermined
value. As the ratio V/I affects the performance of these relays, the relays are also
called ratio relays. Dependent on the ratio of ¥V and | there are three types of distance
relays which are,

1. Impedance relay which is based on measurement of impedance £,
2 Reactance relay which is based on measurement of reactance X.

3. Admittance or Mho relay which is based on measurement of component of
admittance Y.

I short, a distance relay is one whose performance is based on the measurement
of impedance, reactance or admittance of line between the location of relay and the
point where fault occurs

4.2 Impedance Relay

The impedance relay works corresponding to the ratio of voltage V and current |
of the arcuit to be protected. There are two elements in this relay, the one produces a
torque proportional to current while the other produces a torque proportional to
voltage. The torque produced by the current element is balanced against 1orque
produced by the voltage element. Thus the current element produces operating torque,
pickup torque which can be said to be positive torque. The voltage element produces
restraining torque, reset torque which can be said to be negative torque. 50 this relay
15 voltage restrained overcurrent relay.

(4 - 1)
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Mhe Fig. 4.1 shows the basic operating principle of an impedance relay.

A CT F
- CR o . F CHB b—t-==--
— l
F ault
PT
Impedanca
relary

Fig. 4.1 Basic operation of impedance relay

[he current element is energized by current through C.T. while voltage element is
energized by voltage through P.T. The section AB of the line is protected zone

Under normal conditions, the ratio of voltage ¥V and current | is denoted as Z
which is impedance of line. The relay is inoperative under this condition.

When the fault occurs at point F in the protected zone then the voltage drops
while current increases. Thus the ratio V/I ie. the impedance reduces drastically. This
15 the impedance of line between the point at which relay is connected and the point F
at which fault occurs. S0 when the impedance reduces than its predetermined value
£, it trips and makes the circuil breaker open.

4.21 Torque Equation
The positive torque produced by the current element is proportional to I while
the negative torque produced by the voltage element is proportional to V2.

Let control spring effect produces a constant torque of - K,
Hence the torque equation becomes,

I = K, P-K, V2=, e (1}
where K, K, are the constants, while ¥ and I are r.m.s. values,

At the balance point, when the relay is on the verge of operating, the net torque is

Fere h‘t'f'H.'i." we can wfte,
D = K I7=K; V2 =K,
R e (2)
Dividing both sides by K, I,

v:OK K
|

] E: K

'
=
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gl Kl KI

7T = L
K, K, I°

z - 15K (3
VK, K, I

Generally the spring effect is neglected as its effect is dominant at low currents
which generally de not occur in practice. 5o with K, = 4,
! s
Z = |
VK2

i

] T = constant C])

4.2.2 Operating Characteristics

As seen from the egquation (4), it can be stated that the impedance relay is on the
verge of operating at a given constant vaiuve of the ratio V/1, which can be expressed
as an impedance.

For a particular fault position, the ratio ¥V/I i.e. impedance is constant. 1t changes
if the fault position changes. If fault is nearer to relay, this ratio will be low and as
fault position moves away from the relay the ratio becomes higher and higher. 5o it
can be installed to operate for the section to be protected and once installed and
adjusted for a particular section, it 15 inoperative beyond that section,

The operating characteristics of the relav is shown in the Fig. 4.2

Ciparaling
Chperating characianslic

rRgIan
[+wer tarque }

Hongoerating

TECEO
{=ve tongue)

W —

Fig. 4.2 Operating characteristics

As the effect of spring is dominating for the lower wvalues of currents, the
characteristics shows a noticiable bend at lower currents.
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But for all practical purposes, the dotted line, which represents a constant value of
Z may be considered as an operating characteristics.

The impedance # which is predetermined set value is given by,
1

L =
slope of characteristics

The relay will pickup for any combination of V and | represented by any point
above the line in the positive torque region. In other words for any value of £ less
than the constant value represented by the line, the relay will operate.

By adjustments, the slope of the characteristics can be changed so that the relay
will Tﬁpf}nd to all the values of impedanr:e less than any desired upper Lirmat.

4.2.3 Operating Characteristics on R-X Diagram

The operating characteristics of an impedance relay can be more easily represented
by a diagram called R-X diagram. The diagram is shown in a plane having X-axis as R
(resistance) while the Y-axis as X (reactance). This plane is called R-X plane. The
impedance £ can be expressed as,

Z = R+ijX
1Z] = JRY + X1
7' = R+ X? )

Mathematically x* + ¥* = r* represents an equation of circle where x and y are
vertical and horizontal co-ordinates while r is the radius. Similarly the equation (1}
represents circle where B and X are vertical and horizontal co-ordinates and
magnitude of impedance || is the radius of the circle. The centre of this circle is at
point where B and X axes intersect each other i.e. origin.

From equation {1) we can write,

tang = %
$ = tan! > -2

R

The numercal values of ratio V and [ determine the Imgth of the radius vector £
while the phase angle $ between V and | determines the exact position of the vector
F 4

if | is in phase with V then the Z vector lies along R-axis. If [ lags vector V then X
is negative while if 1 leads vector V then X is positive.



Protection and Switchgear 4-5 Distance Protection

The operation of the relay is independent of phase angle § and hence the
operating characteristic is a circle with radius equal to magnitude of Z which is
predetermined set value.

At any value of Z less than the radius of the circle, the relay operates, Hence the
entire portion inside the circle is positive torque region ie. operating region of the
relay while the portion exterior to the circle is negative torque region ie
nonoperative region, as shown in the Fig. 4.3.

Fig. 4.3 Characteristic on R-X diagram

I Z, = Impedance between relay and fault point
Z = Set value for impedance = Radius of circle
Then for, Z;, < Z ... relay operates

Z, > Z .. relay is inoperative

Such a relay is nondirectional and can operate for faults on either side of a point
where relay is installed.

4.2.4 Disadvantages of Plain Impedance Relay
The plain impedance relay suffers from following disadvantages,
1. It is nondirectional and can operate for faults on both sides of a point where

relay is connected. Hence it fails to discriminate between internal and external
faults.
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2 When fault occurs, an arc exists. The arc resistance of line fault affects the
performance of this relay.

3. As a large area is covered by the cirdle on each side on R-X plane, the power
swings also can affect the performance of this relay.

The nondirectional performance can be made directional by adding a directional
clement in the plain impedance relay.

4.2.5 Directional Impedance Relay

The directional impedance relay can be obtained by adding a directional element
in the basic impedance relay. The element can sense the direction of power or current
flow and relay can operate only if the direction of power flow is in one particular
direction with respect to the point where relay is installed.

The characteristics of a

s oX s of directional element is a tlted
madmum  Straight line passing through

=) s .~ lomue origin, which can be shown in

Ewm .;:LE! R-X diagram as represented in

N torgue R the Fig.44. The dotted line
. 1. “""‘ bgron indicates the line of maximum

N A e torque. While the dotted portion
shown above the line indicates
the opering region of the
directional element.

Now such a pure directional
clement s  added o the
impedance relay, we get the
resultant characteristics which is
a combination of a straight line
and a circle of radius |Z|. Thus
the resultant characteristics
obtained by superimposing the straight line characteristics of directional element on
the circle of the impedance relay is shown in the Fig. 4.5. The relay trips for the points
which are within the circle and above the directional characteristics. The operating
region is just a semicircle. The shaded portion shown in the Fig. 4.5 is a positive
torque region i.e. the operating region of the relay.

Modified Characteristics : By supplying additional voltage to the voltage coils of
an impedance relay, the torque equation of the relay can be modified. The additional
voltage supplied is proportional to the line current and is called current bias. The
maodified torque equation is,

4
3
= -

%i

Fig. 4.4 Directional characteristics
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Fig. 4.5 Directional impedance relay characteristics

T = K|1=“K1{‘IF+K3IF
where (V + Ky ) = wvoltage supplied to voltage coil

Due to this additional current bias, the circle representing impedance
characteristics on R-X diagram shifts. The radius of circle remains same as V/1 but its
centre gets shifted from origin. This is shown in the Fig. 4.6. By controlling current
bias, shift of the circle can be adjusted as per the requirement. (See Fig. 4.6 on next
page.)

4.2.6 Use of Impedance Relay for Transmission Line Protection

Let us see how an impedance relay can be used for the transmission line
protection. The scheme is called distance protection for the transmission line. The
voltage coil of the relay is fed from P.T. while its current coil is fed from CT. as
shown in the Fig. 47.
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Let lg = Line current when fault occurs at point X
Vi = Supply voltage when fault occurs at point X
i = Current supplied to current coil when fault occurs
Vi = Voltage supplied to voltage coil when fault occurs
V = Normal supply voltage
I = Normal line current

Z, = = impedance of healthy section

Zy = “I'ﬁ. impedance when fault occurs
F

The relay is connected at point A. The fault occurs at point X. The voltage coil of
relay receives voltage Vi and current coil receives current iz, when fault occurs. The
setting of the relay is selected, such that it protects the transmission line upto point B.
Thus for any fault between A-B similar to that shown at point X, the impedance under
fault condition will be less than the predetermined value of impedance Z; and the
relay will operate.

X

Fig. 4.8
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If the impedance relay used is nondirectional, it can protect the line from faults for
all fault positions within the section AC too. S0 nondirectional relay provides
protection on either side of the point where relay is located. But if the portion of line
AB only is to be protected, then the directional impedance relay can be used. As
directhonal unit permits tripping only in one direction, the section AB will be protected
but relay will not operate for any fault positions between section AC.

Whether the relay 15 directional or nondirectional, if its seiting is such that for
impedance less than Z, defined upto point B, the relay should operate then for any
fault positions to the right of point B like point ¥ the relay will not operate.

The characteristics of the directional distance scheme discussed above can be
shown on R-X diagram. It is shown in the Fig. 4.8 (See Fig. on previous page). The
vanous sections of the line are represented by straight lines on the R-X diagram

For fault at X, Z; < £; hence point X is in the operating region and relay will trip.
So for any fault position along line AB, relay will trip as the entire section AB is in
the protected zone. For fault at Y, it can be seen that the impedance Z; > Z;, hence
point lies outside the circle hence in the negative torque region and relay remains
inoperative.

4.3 Reactance Relay

In this relay the operating torque is obtained by current while the restraining
torque due to a current-voltage directional relay. The overcurrent element develops the
pusitive torque and directional unit produces negative torque.

Thus the reactance rr'{.]].' {2 an overcurrent rela:,r with the directional restraint
The directional element is so designed that the maximum torque angle is 94

4.3.1 Construction

—AAAA— 1
—a———
- —— Polatisng ood
1 T . ,*,H;:mm“
|J'
Oparating 1
ol
_
é | . a v

Fig. 49 Schamatic arrangement of reactance relay
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The structure used for the reactance relay can be of induction cup type. It is a four
pole structure. It has operating cocil, polarizing coil and a restraining coil. The
schematic arrangement of coils for the reactance relay is shown in the Fig. 49,

The current | flows from pole 1, through iron core stacking to lower pole 3. The
winding on pole 4 s fed from voltage V. The operating torque is produced by
interaction of Huxes due o the windings carrying current coils i, interaction of luxes
produced by poles 1, 2 and 3. While the restraining torgue is developed due o
interaction of fluxes due to the poles 1, 3 and 4. Hence the operating torgue is
proportional to the square of the current () while the restraining torque is
proportional to the product of V and [ {(VI). The desired maximum torque angle is
obtained with the help of RC circuit, shown in the Fig. 4.9.

4.3.2 Torque Equation

[he driving torque is proportional to the square of the current while the
restraining torque is proportional to the product of V and I.

Hence the net torque n{'glw:ting the effect of spring is given by,
T=KIF=K,VIcos{@-1)
At the balance point net torque is zero,
0= Ky PP =-K; VIcos {0-1)
K, P = K, VIcosib-1)

K, = K, % cos {0 1)

K, = K; 2 cos [B-1)

Adding capacitor, the torque angle is adjusted as 90°,

Ky = Ky £ cos (0-907
K, = K; £sinb
; K

Zsin@ = K,

Consider an impedance triangle shown

in the Fig. 4.10. ‘
X
Zsing = = peactance
Zoos = R = rosistance .
K
X = KI = constant R

Fig. 4.10
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Thus the relay operates on the reactance only. The constant X means a straight line
parallel to X-axis on R-X diagram. For the operation of the relay, the reactance seen by
the relay should be smaller than the reactance for which the relay is designed.

4.3.3 Operating Characteristics

The operating characteristics

+ K
of such relay is a straight line J— Charscienslics
parallel to the x-axis ie R-axis region
on  R-X diagram. All the b /
impedance vectors have their *, o K.
tips fying on the straight line v Torgue Z2sing = X = —
representing constant reactance. ageon ! Ka
The resistance component of the = R
impedance has no effect on the
operation of the relay. It

responds only to the reactance —X
component of the impedance.
The characteristics is shown in
the Fig. 4.11.

The relay will operate for all the impedances whose heads lie below the operating
characteristics, whether below or above the R-axis,

Fig. 4.11 Operating characteristics of reactance
relay

4.3.4 Disadvantages

Thiz relay as can be seen from the characteristics is a nondirectional relay. This
will not be able discriminate when used on transmission line, whether the fault has
taken place in the section where relay is located or it has taken place in the adjoining
section. It is not possible to use a directional relay of the type used with basic
impedance relay because in that case the relay will operate even under normal load
conditions if the system is operating at or near unity p.f. conditions. The reactance
relay with directional feature is called mho relay or admittance relay.

4.4 Mho Relay or Admittance Relay

in the impedance relay a separate unit is required to make it directional while the
same unit can not be used to make a reactance relay with directional feature. The mho
relay is made inherently directional by adding a voltage winding called polanzing
winding. This relay works on the measurement of admittance ¥ < 8. This relay is also
called angle impedance relay.
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4.4.1 Construction

This relay also uses an induction cup type structure. It also has an operating coil,
polarizing coil and restraining coil. The schematic arrangement of all the coils is

shown in the Fig. 412
Polarising _'“ﬁ+
ool

] \
_d‘“,,,.--—---.,.l".‘l
fal
v o
S

B | —

" Series tuning

Operating
=]

— Restraming ool

3—L
W o—-—g

Fig. 412 Schematic arrangement of admittance relay

In this relay the operating torque is obtained by V and | element while the
restraining torque is cbtained by a voltage element. Thus an admittance relay 15 a
voltage restrained directional relay.

The operating torque is produced by the interaction of the fluxes due W the
windings carried by the poles 1, 2 and 3. While the restraining torque is produced by
the interaction of the fluxes due to the windings carried by the poles 1, 3 and 4.

Thus the restraining torque is proportional to the square of the voltage (V?) while
the operating torgue is proportional to the product of voltage and current (VI). The
torque angle is adjusted using series tuning circuit.

4.4.2 Torque Equation

The operating torque is proportional to V1 while restraining torque is proportional
to V-, Hence net torque is given by,

T = K VIicos{#-1)-K; VI - K,

where Ky = control spring effect
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Generally control spring effect is neglected (Ky = ().

And at balance net torque is also zero.
0= KyVIcos @-1)-K, V?

Ky VIcos B-1) = K; V?
Vi
H'I Gl m—'l} = K:_‘F‘f
v
K,cos [B-1) = KlT
K
Z = L -
K, cos (B-1)

This is the equation of a circle having diameter K,/K; passing through origin. And
this constant K, /K. is the ohmic setting of this relay.

4.4.3 Operating Characteristics

As seen from the torque equation, the characteristics of this relay is a circle
passing through origin with diameter as K;/K;.
K,
Let K,

The circle is shown in the Fig. 4.13.

= Zp = ohmic setting of relay = diameter

Fig. 4.13 Operating characteristics of mho ralay
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The relay operates when the impedance seen by the relay falls within this circle.
Consider two lines AB and AC with mho relay located at the point A. The relay will
operate for the faults occurring in the section AB only and not for the faults occurring
in the section AC. This shows that this relay is inherently directional without any
additional directional unit required.

The angle © can be adjusted to be 455 &0°, 75" and so on. This angle is maximum
torque angle. The setting of 45° is used for high voltage {33 or 11 kV) distribution
lines, the setting of 60° is used for 66 or 132 kV lines while the setting of 75° is used
for 275 and 400 kV lines.

mmp Example 4.1 : On a R-X diagram show a line having an impedance of 3 + j 4 (2 On
the same diagram show the operating characteristics of,
1. Impedance relay
2. Reactance relay
3. Mho relay
Assume that these relays are adjusted to just operale for a zevo impedance short circuil
at the end of the line section.
if an arcing short circusi fault having an arc impedance of 1 + [0 (2 occcurs anyuhere on
the fine, find for each type of distance relay, the maximum portion of the lime that can

be protecled.
Solution : The line OA is the impedance vector with impedance 3 + | 4 4}
OB = 3
BA = 4

The circle with O as a centre and OA as radius represents the characteristics of an
impedance relay.
The line parallel to the resistance axis at a distance of 4, passing through point A,

corresponding to reactance of the impedance given, represents the characteristics of a
reactance relay.

Draw the circle with OA as the diameter, passing through O and A represents
characteristics of mho relay.

The characteristics are shown in the Fig. 4.14. (See on next page)
The impedance of arcing fault is 1 + j 0, is represented by OD.

) The line parallel to the OA is drawn from point 13, cutting the mho circle at point
F and cutting the impedance circle at pont E.

Draw line FN parallel to R-axis to cut OA at N and draw EM parallel to R-axis to
cut OA at M.

Then the ratio ON/OA represents the line protected by mho relay.
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§ +X Cheracienstics of
Seale; 11 wwl raa::‘taan
Characteristics of /
mig relay
- | +
Characteristics of
an impedancs retay
—X
Fig. 4.14
N :
Dhllm = % of line protected by mho relay
- 2%100
= Bl%
While the ratic OM/OA represents the line protected by impedance relay.
(D‘_I_E « 100 = % of line protected by impedance relay
_ 4 .525 <100
= B3

Now reactance relay is unaffected by the presence of the arc resistance and hence
even with the arc present the % of line protected by the reactance relay is 100%.
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4.5 Classification of Distance Relays

We have seen that the distance rela}r b.]si.::all:u measures ohmic values and operates
when the impedance is below the preset value. The distance relays are classified as,

1. Definite distance relays : These can be of impedance type, reactance type or
mho type. This operates instantancously for the faults upto certain
predetermined distance from the relay.

2. Dhstance time relays : These can be also of impedance tvpe, reactance type or

mho type. In these relays the time of operation is proportional to the distance
of the fault from the point where relay is installed. The fault nearer to the
relay operates it faster than for the faults further away from the relay.

Let us discuss the construction and operation of these two types of distance relays.

4.5.1 Definite Distance Type Impedance Relay

The construction of this relay can be balanced beam type or induction disc type.
The balanced beam tvpe construction of definite distance impedance relay is shown in
the Fig. 4.15.
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Fig. 4.15 Definite distance type impedance relay

It consists of a balanced beam pivoted at the central point C. The beam carries the
armatures of the two electromagnets. The two electromagnets are energized by a
current from C.T. and voltage from P.T., which are located in the circuit to be
protected. The voltage coil acts as restraining coil while the current coil acts as
operating coil. The beam also carries the moving contacts which can bridge the two
fixed contacts of a trip crcuit when the relay operates.

Operation : The torque produced by voltage coil is proportional to square of the
voltage (K; V°) while the torque produced by current coll is proportional to the square
of the current (K; %) Under normal operating conditions, the torque produced by
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voltage coil 1s more than the torque produced by the current coil. Thus restraining
torque is more than the operating torque and hence the relay is inoperative. On the
cccuwrrence of any fault, the voltage of system decreases and current increases. Thus
the ratio V/I which is impedance also decreases. It falls below its preset valuwe. The
torque produced by current coil becomes greater than the torque produced by the
voltage coil. Hence beam experiences a pull on the current coil side. As the beam tilts,
the moving contacts of beam bridges the fixed contacts of the trip circuit. This
aperates the trip circuit and opens the circuit breaker.

Torque Equation : The torque by voltage coil is proportional to V2 while that by
current coil is I

The relay will operate when torque produced by voltage coil is less than that
produced by current coil. 50 we can write,

Ky VE < K3 I L. relay operates
where K;. K; = constants

V2 K,

—_— £ ==
I I':L

Voo X2

I~ YK

, . Ky

< _J=2

Vi

So for impedance value less than \J'FZ:.,:"IQ . the relay operates.

The constants K, and K; are dependent on the ampere turmns of the two
electromagnets. By providing
tappings on the coils, K, and K; can |'
be changed and hence any preset
value for the impedance can be
adjusted as per the requirement. Tine

Charactenistics : The Fig. 4.16 l
shows the characteristics of the
definite  distance type impedance
relay. The Y-axis represents time for
operation while the X-axis represents
distance which is measured interms A
of impedance between fault position Distance ——a-
and the point where relay is Fig. 4.16 Characteristics of definite distance
installed, impedance rolay
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For the entire length AB of the line, the time of operation remains constant,
irrespective of distance. But if fault occurs in the section of line which is not protected,
the operating time becomes suddenly infinite as shown in the Fig. 4.16. Towards end
of the protected zone, the curve rises gradually.

Its advantages are,
1. Superior to the time graded over current relay

2 Number of feeders in series which can be protected is unlimited as the relay
time is constant.

The ome limitation of these rr:la],rs is the absence of back up prute::ticl-n.

4.5.2 Distance Time Impedance Relay

This relay adjusts automatically, its tme or operation corresponding to the
distance of the fault from the relay,

Operafing time = Z x distance

The Fig. 4.17 shows the schematic arrangement of distance time impedance relay.

- i-l e
] -
z?“[‘ =3
| = | — nucton wee
\T_, [ o

Fig. 417 Distance time impedance relay
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It consists of an induction type over current relay unit which is a current driven
element. The spindle which is carrying the disc of the element is connected to a
second spindle with the help of spiral spring coupling. This second spindle carries
moving contacts which is nothing but a bridging piece which can bridge the trip
comtacts when relay operates. The trip contacts are normally open and spindle is held
in this position by an armature held against the pole face of an electromagnet. This
electromagnet is energized by the voltage of the circuit to be protected.

Operation : Under normal conditions, the force exerted by voltage restraining
magnet is more than that produced by an overcurrent induction element. Thus the trip
contacts remain open and the relay is inoperative.

When the fault occurs, the induction disc starts rotating. The speed of the disc is
proportional to the operating current, neglecting the spring effect. Hence the time
which the disc requires to turn through the given angle varies inversely with current.
As the disc rotates, spiral spring is wound. This exerts a force on armature so as to
pull it away from the voltage restrained magnet. The disc continues to rotate tll the
tension of the spring is sufficient to overcome the restraining force produced by
voltage restraining magnet on the armature. Immediately the moving contacts bridge
the fixed contacts of tripping circuit. This opens the circuit breaker to isolate the faulty
section.

The angle through which the disc must rotate to close the trip contacts depends on
the pull required by armature which is restrained by voltage restraining magnet. This
pull is thus proportional to the voltage of system. Greater this pull, greater will be
travel of the disc. So travel for the disc is proportional to the wvoltage V. But the time
which disc takes to rotate through certain required angle varies inversely with current
(1/1). Thus effectively,

Time of operation of relay « % x 7 = distance

In actual practice the pull on
armature is proportional to the V?
while the torque on disc is
proportional to the . Hence the
time distance characteristics of this
relay is nonlinear in nature, as
shown in the Fig. 4.18. The exact
curve is shown dotted while the
assumed line is shown thick. The
minimum operating time for the
relay is generally 0.2 seconds.

Fig. 4.18 Time-distance characteristics of
distance time impedance relay



Protection and Switchgoar 4-21 Distance Protection
4.5.3 Applications and Advantages of Distance Relays

The various advantages of the distance relays are.

1. Gives faster operation

2. Simpler to co-ordinate

3. Less etfect of fault levels and fault current magnitudes

4. Permits high line loading,

5 With the need at readjustments, permanent settings can be done.

Thus the distance relays are used for providing the primary ie. main protection
and backup protection for a.c. transmission and distribution lines against the following
faults,

1. Three phase faults
2. Phase to phase faults
3. Phase to earth faults.

4.6 Frequency Relay

The frpqurnr}- of the induced el 15 related to the r.]:u‘rd ol thi ﬂ-!.'nrhrnnnu.-
generalors by the relation,
N, P

f: —

120
where t = frequency
M, = synchronous speed of generator
I’ = number of poles

If the load is reduced, the speed of the synchronous generator increases and
frequency increases. While if load increases, the speed decreases and the frequency
decreases. Hence frequency relays are required if frequency changes from its normal
value and are used in the generator protection and for load frequency control.

The frequency relays can be electromagnetic or static relays. These can be under
frequency or over frequency relays.

L";m:‘.truclinnnlly it consiats of two pairs of coils and a cup type rotor as shown in
the Fig. 4.19.
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Fig. 4.19

It uses a Ferraris measuring system. The frequency relays are connected to the
secondary of voltage transformer. The two pairs of coils are connected in parallel to
the supply veltage through the impedances.

MNow impedances are functions of frequency. At normal frequency the impedances
are tuned balancing each other. Thus no torque is experienced by the cup type rotor at
normal rated frequency

If frequency increases then there is unbalance In the impedances and torque say
clockwise in nature is exerted on the rotor. This operates the relay if frequency
increases beyvond the setting, This is over frequency relay.

If frequency decreases then again there is unbalance in the impedances. But now
torque exerted on the rotor {s anticlockwise. This operates the relay if frequency
decreases beyond the setting. This is under frequency relay.

By varying the position of sliding resistor the frequency setting can be adjusted.
The pickup sensitivity can be controlled by adjusting the restraining spring.

Review Questions

. Explain fully bow on impedance reley 3 wsed for digtonce protection obiain ite operating
charactevistic. Dvase its operating cherscherstics on R-X diagram

Y State the disadvantages of basic impedincr reley.

3 Explam the operation of dircchional tmpedence refay. Drow s charscteristics on R-X diagram.
How these choracteristics can be modified, seveclar to that of mho relay 7

§ Draw and explain the full scheme of protecting a tramsmission line using an impedance relay.
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o

Explain the consdrnction, werking, forgue equation and characlerstics of flleanng distance rolings
i} Reactance relsy
i) Mho relay
6. Explain the comstruction and working of,
i} Dicfste desbarece fype dmpedance relay
i) Dhstance bfme imipevlarice Aty
State e advaniages and applications of distance reiaygs

8. A lme section has an jmpedance of L8 + 7 540 Shoe this on R-X dugram, a3 impedance vector. [f
the reley is adnesied to operale for a zevo mpedance short circwd! & the end of the fime secfon,
show on e same R-X diagram the charactersshics of,

1. Impedance relay
Y. Beactormor sediny
i, il relay

Assumne that centee of mbo reloy characteristics lies on an mpedoece vector. [f the arching faufe
eccurs with an epedance of 1.5 + 0 Q0 anyewhere alony the line, find for sach type of distance
relay the maximum portion of the ling that cen be protectad. (Ans. - B2%, 100% and B5%)

200
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Generator Protection

I
5.1 Introduction

The generators used in the power system are the alternators which produce very
high a.c. voltages. The protection of generators is very much complex dve i the
tollowing reasons,

1. The generators are very large machines producing very high vollages and are
comnected to busbars,

o

Various other equipments are always associated with the generators. Such
equipments are prime movers, excifation systems, voliage regulators, cooling
systemns ekc. Thus protection of generators must consider the presence of these
other equipments also.

3. The generators are very costly, expensive and very important factor in a power
systemn. The protection scheme must be such that it should not shut off the
generators as far as possible. The shut off generators result in a power
shortage.

All these factors make the design of protection scheme for the generator, very
much complex.

Before studying the various protection schemes for the generators, Jet us discuss
vanots faults which can occur associated with the generators.

5.2 Generator Faults

The various faults which can occur associated with a generator can be classified as,
1. Stator faults : The faults associated with the stator of the generator.
2 Rotor taults : The faults associated with the rotor of the generator,

3. Abnormal running conditions : This includes number of abnormal condibions
which may occur in practice, from which the generator must be protected

Let us discuss these faults in detail.

{5 - 1)
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5.2.1 Stator Faults

The stator faults means faults associated with the three phase armature windings
of the generator. These faults are mainly due to the insulation faillure of the armature
windings. The main types of stator faults are,

l. Phasé to carth Faults

L

. Phase to phase faults
3. Inter-turn faults involving turns of same phase winding.

The most important and common fault 15 phase to earth fault. The other two are
not very common while inter<turn fault 15 very difficult to detect.

5.2.1.1 Phase to Earth Faulls

These (aults mainly occur in the armature slots. The faults are dangerous and can
cause severe damage to the expensive machine. The fault currents less than 20 A cause
negligible burning of core if machine is tripped quickly. But if the fault currents are
high, severe burning of stator core can take place. This may lead to the requirement of
replacing the laminations which is very costly and time consuming. 5o to avoid the
damage due to phase to earth faults, a separate, sensitive earth fault protechon is
necessary for the generators alongwith the earthing resistance.

£2.1.2 Phase 1o Phase Faults

The phase to phase faults means short drcuit between two phase windings. Such
faults are uncommon because the insulation used between the coils of different phases
in a slot is large. But once phase to earth fault occurs, due to the over heating phase
to phase fault also may occur. This fault is likely to occur at the end connections of
the armature windings which are overheating parts outside the slots. Such a fault
causes severe arcing with very high temperatures. This may lead to melting of copper
and tire if the insulation is not fire resistant.

5.2 1.3 Stator Inter-Tum Faults

The coils used in the alternators are gemerally multiturn coils. S0 short circuit
between the turns of one coil may occur which is called an inter-turn fault. This fault
occurs due to current surges with high value of (L di/dt) voltage across the turms. But
i the coils used are single tum then this fault can not occur. Hence for the large
machines of the order of 30 MYA and more, it is a normal practice to use single tumn
coils. But in some countries, multiturn coils are very commonly used where protection
against inter-turn faults is must.
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5.2.2 Rotor Faults

The rotor of an altkernator is generally a field winding as most of the alternators
are of rotating field tvpe. The field winding is made up of number of turns. 5o the
conductor to earth faults and short circuit between the turns of the field winding, are
the commonly occurring faults with respect to a rotor. These faults are caused due to
the severe mechanical and thermal stresses, acting on the hield winding insulation.

The tield winding is generally not grounded and hence single hine to ground fault
does not give any fault current. A second fault to earth will short circuit the part of
the field winding and may there by produce an unsymmetrical held system. Such an
unsymmetrical system gives rise to the unbalanced forces on the rotor and results in
excess pressure on the bearings and the shaft distortion, if such a fault is not cleared
very early. So it is very much necessary to know the existence of the first oocurrence
of the earth fault so that corrective measures can be taken before second fault occurs

The unbalanced loading on the generator is responsible to produce the negative
sequence currents. These currents produce a rofating magnetic field which rotates in
opposite direction to that of rotor magnetic field. Due to this field, there is induced
em.f. in the rotor winding. This causes overheating of the rotor.

Rotor earth fault protection and rotor temperature indicators are the essentiai and
are provided to large raling generators.

5.2.3 Abnormal Running Conditions

In practice there are number of situations in which generator is subjected 10 some
abnormal running conditions. The protechon must be provided against the abnormal
conditions. These abnormal conditions include,

l. Overloading

]

Overspeeding
. Unbalanced lmding
. Dvcrmltage

L | T S

Failure of prime mover

=

Loss of excitation (Field failure)

"l

. Looling system failure

5.2.3.1 Overloading

Due to the continuous overloading, the overheating of the stator results. This may
ncrease the winding temperature. If this temperature rise exceeds certain limit, the
insulation of the winding may get damaged. The degree of overloading decides the
effects and temperature rise. The overcurrent protection is generally set to very high
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value hence continuous overloads of less value than the m‘tting cannat be sensed by
wercurrent ]:lﬂ'.I[E'l.:'II.GI'I

5.2.3.2 Overspeeding

[n case of hydraulic generators a sudden loss of load results in overspeeding of
the generator. This is because the water flow to the turbine cannot be stopped or
reduced instantly. Generally a turbogovernor is provided to prevent the ovespeeding.
But if there is any fault in the turbine govemnor then the dangerous overspeeding may
take place. Hence it 15 necessary to supervise the working of turbine governor and
take some corrective measures if there is some fault in the govemor.

5.2.1.3 Unbalanced Loading

The unbalanced loading of the generator results in the circulation of negative
sequence currents. These currents produce the rotating magnetic field. This rotating
magnetic field rotates at the synchronous speed with respect to rotor. The direction of
rotation of this magnetic field is opposite to that of rotor. Hence effectively the relative
speed between the two is double the synchronous speed.

Thus the e.m.f. gets induced, having double the normal frequency, in the rotor
winding. The circulating currents due to the induced e.m.f. are responsible to overheat
the rotor winding as well as rotor stampings. Continuous unbalanced load more than
1% of the rated load causes tremendous heating which is dominant incase of
cvlindrical rotor of truboalternators.

The reasons for the unbalanced load conditions are,
1. Occurrence of unsymmetrical faults near the generating station.

2 The failure of circuit breaker near the generating station in clearing all the three

phases

Negative sequence protection is important to prevent dangerous situations due to
negative sequence currents which are because of unbalanced load conditions.

5.2.1.4 Overvoltage

The overvoltages are basically due to the overspeeding of generators. Another
reason tor the overvoltages is the faulty operation of voltage regulators. Not only the
internal overvoltages are dangerous bul atmospheric surge voltages can also reach to
the generators. Such atmospheric surge voltages are generated by direct lighting
strokes to the aerial lines of high voltage system. Inductively and capacitively, these
surges can get transferred to the generator. To protect the generators from surge
voltages, the surge arresters and surge capacitors are often used.

At the time of restnking across the contacts of circuil breakers, the transient over
voltages get generated. Such surges are called switching surges and can be limited by
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the uses of modern circuit breakers. R-C surge suppressors also help in reducing
switching surges. Another situation, when the transient overvoltages are generated, is
when the arcs are grounded. During arcing grounds, the transient voltages having
amplitudes five times more than the normal line to neutral peak amplitude are
generated. Such transient voltages are dangerous and can be reduced by using
resistance |.'.1.rl|'|i|1g.

5215 Failure of Prime Mover

The failure of prime mover results in motoring operation of synchronous
generator. The generator draws active power from the network and continues to run
at synchronous speed as a synchronous motor. This may lead to dangerous mechanical
conditions if allowed to persist for more than twenty seconds. The serious overheating
of the steam turbine blades may result. To prevent this the reverse power protection
achieved by directional power relays is used.

5.2.16 Loss of Excitation

The loss of excitation or reduced excitation is possible due to the field failure ie
opening of field winding or due to  short circuit in field or due W some fault in
exCer h_'!.-"‘l-l't"l'l"l.

Such loss of excitation results in Joss of synchronlsm within a second and this
causes the increase in speed of the generator. Since power input to the machine
remains same, the generator starts working as an induction generator, drawing the
reactive power from the bus. The machine starts drawing an exciting current from the
system, which is equal to the full load rated value. This leads to the overheating of
the stator winding and the rotor body due to induced currents. The loss of excitation
may also lead to the pole slipping condition which results in the voltage reduction for
e output above half the rated load

Loss of excitation should not persist for long and corrective measures like
disconnection of altermator should be taken immediately. For this a tripping scheme
can be used which can trip the generator circuit breaker immediately when there is a
field failure.

5.2.3.7 Cooling System Failure

The fallure of cooling system also causes severe overheating to rise the
kemperature above safe limit. This may lead to insulation failure, causing some other
faults to occur. The thermocouples or resistance thermometers are used in large
machines to sense the temperature. The corrective measures are taken whenever the
temperature exceeds the limit

Apart from the above dominant abnormal condihons, some conditions mav exist
which are rare in practice. Such conditions are, wrong synchronlzation, local
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overheating, leakage in hydrogen circuit, moisture in the generator winding, oxygen in
pure water circuit, vibrations, bearing currents, excessive bearing temperature eic.

5.3 Basic Differential Protection Scheme for Generators

A basic differential protection scheme used for the gemerators is shown in the
Fig. 5.1. It is known that the differential relay operates when the phasor ditference of
two or more similar electrical quantities exceeds a predetermined value.

Ganarsior
C.T winding c.T .-I.‘"’
| Y VT ,r" 4
Extermal
faul
—eai Differentia’ nelay
Fig. 5.1

Suppose the current | Aows thn}ugh the primary of C.T.s to the external fault. If
the two C.T.s have same ratio, then no current will flow through the relay and it
remains inoperative.

But now if an internal fault occurs at point X as shown in the Fig. 5.2, the current
flows through the fault from both the sides. The primary currents are I; and I; while
the secondary currents are iy and i, 50 the current flowing through the relay will be
iy + 1. Even some currenl flowing out of one side while a large current entering the
other side will cause the differential current. Such a current is responsible to operate
the relay

Crfferenial
relay
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Thus the relay current is proportional to the phasor difference between the
currents entering and leaving the protected circuit and if the differential current
exceeds the pickup value, the relay operates

This basic differential scheme has following disadvantages :
I. This circuit operates inaccurately with heavy external faults.

2 The CTs may saturate and cause unequal secondary currents and the
difference of :..-,-cundar]r- currents may approach the Fu:‘ku]:r value to operate the
n:l-a:,f unnwﬁﬂril}-‘.

These disadvantages are overcome in the percentage differential relay.

5.4 Basic Percentage Differential Protection Scheme for Generators

This protection scheme is also called biased differenthal protection scheme. The
Fig. 5.3 shows the connections of the percentage ditterential relay, in such a protection
scheme.

Generalor
wirsdimeg

Restraining coil
Fig. 5.3 Percentage differential protection scheme

The fault occurs at point X and the primarv currents in the circuit are I, and 1.
The C.T. secondary currents are i; and i, The current flowing through the operating
coil of the relay is i; = i;. While the current flowing through the restraining coil of the
relay is rl'—;l?-) . Thia is because the operating col 18 connecked o the midpoint of

I._ F

the restraining coil.

and i; flows through remaining g The total ampere tums are 11 2
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Iy =% N5

3

E'1"|:|.

The uperal‘ing characteristics
of such a biased differential
Fig. 5.4,
The characterislics shows that
except at low currents, ratio of

relay i shown in the

i. This is as good as the flow of current |
!

I +1y |

through the entire restraining
A

Duu'ﬂr:g currant

peisTabirng regson

+ v borguee

ditferential operating current to e Nonoperating region
average restraining current 15 a — v Wormue
fixed percentage. Hence the
relay is called the percentage
difterential relay -

This basic percentage — gty H“!mimng‘_
differential protection scheme T3 cument
forms the basis of the

Fig. 5.4

practically very commonly used
percentage differential protection scheme for allernator stator windings. This popular
scheme is known as Biased differential protection or Merz-Price protection

Let ws discuss the detalls of Mere-Peice Fnrlﬁ.‘liun scheme for the Hires ph.::w
alternator stator windings

5.5 Merz-Price Protection of Alternator Stator Windings

This 15 most commonly used protection scheme for the alternator stator windings.
The scheme is also called biased differential protection and percentage differential

protect 10801,

in this method, the currents at the two ends of the protected section are sensed
using current transiormers. The wires connecting relay coils to the current transformer
speyadaries are calbed Film wires,

Under normal conditions, when there is no fault in the windings, the currents in
the pilot wires fed from C.T. secondaries are equal. The differential current iy - i
through the operating cols of the relay 5 zero. Hence the relay is inoperative and
system is said to be balanced.

When fault occurs inside the protected section of the stator windings, the
differential current i, — i; flows through the operating coils of the relay. Due to this
current, the relay operates. This trips the generator circuit breaker to isolate the faulty
section. The field is also disconnected and is discharged through a suitable impedance.

The Fig. 5.5 shows a schematic arrangement of Merz-Price protection scheme for a
star connected alternator
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Fig. 3.5 Merz-Price protection for star connected alternator

The ditferential relay gives protection against short circuit fauit in the stator
winding of a generator. The C.T.s are connected in star and are provided on both, the
outgoing side and machine winding connections to earth side. The restraining coils are
energized from the secondary connection of C.T.s in each phase, through pilot wires.
The operating coils are energized by the tappings from restraining coils and the C.T
neutral earthing connection

Ihe similar arrangement is used for the delta connected alternator stator winding,
as shown in the Fig. 5.6.

Tmiltd Correslan Al abor C.T
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Parranlage
11 Marmenteal fdaigay

Fig. 5.6 Merz-Price protection for delta connected alternator
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The C.T.s on the delta connected machine winding side are connected in delta
while the C.T.s at outgoing ends are connected in star. The restraining coils are placed
in each phase, energized by the secondary connections of C.T.s while the operating
coils are energized from the restraining coil tappings and the C.T. neutral earthing.

If there is a fault due to a short circuit in the protected zone of the windings, it
produces a difference between the currents in the primary windings of C.Ts on both
sides of the generator winding of the same phase. This results in a difference between
the secondary currents of the two current transformers. Thus, under fault conditions,
a differential current flows through the operating coils which is responsible to trip the
relay and open the circuit breaker. The differential relay operation depends on the
relation between the current in the operating coil and that in the restraining coil.

In addition to the tripping of circuit breaker, the percentage differential relay trip a
hard reset multicontact auxiliary relay. This auxillary relay umu]!.'u:w-lll.lr.l:g.r initiates the
tollowing operations,

l. Tripping of the main circuit breaker of generator
2 Tripping of the field circuit breaker
3 Tnpping of the neutral circuit breaker if it is present

4. Shut down of the prime mover

.""

Turm on of CO, gas if pnwidud for safety of generator under faulty conditions.

6. Operation of alarm and /or annunciator to indicate the occurrence of the fault
and the operation of the relay the field must be opened immediately otherwise
it starts feeding the fault.

When differential relaying is used for the protection, CTs at both the ends of
generator must be of equal ratio and equal accuracy otherwise if the error is excessive,
wrong operation of the relay may result. The causes of unequal currents on both the
sides of C.T.s without any fault are ratio errors, unequal lengths of the leads, unequal
secondary burdens etc.

This scheme provides very fast protection to the stator winding against phase to
phase faults and phase to ground faults. If the neutral is not grounded or greunded
through resistance then additional sensitive earth fault relay should be provided.

The advantages of thas scheme are,

1. Very high speed operation with operating time of about 15 msec.

2 It allows low fault setting which ensures maximum protection of machine
windings.
3. It ensures complete stability under the most severe through and external faults.
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4. It does not require current transformers with air gaps or special balancing
features.

5.6 Restricted Earth Fault Protection of Generator

Generally Mere-Price protection based on arculating current principle provides the
profection against intemal earth faults. But for large generators, as these are costly, an
additional protection scheme called restricted earth fault protection is provided

When the neutral is solidly grounded then the generator gets completely protected
against earth faults. But when neutral is grounded through earth resistance, then the
stator windings get partly protected against earth faults. The percentage of winding
protected depends on the value of earthing resistance and the relay setting,

In this scheme, the value of earth resistance, relay setting, current rating of earth
resistance must be carefully selected, The earth faults are rare near the neutral point as
the voltage of neutral point with respect to earth is very less. But when earth fault
occurs near the neutral point then the insufficient voltage across the fault drives very
low fault current than the pick up current of relay coil. Hence the relay coil remains
inpperative. Thus 15 to 20% winding from the neutral side remains unprotected in this
scheme. Hence it is called restricked earth fault protection. It is usual practice to
protect 85% of the winding

The restricted earth fault protection scheme is shown in the Fig. 5.7,

Generator stator
C.T FeTsTmomoes .
Ty ! ! Far Y -
_— LR .' IR I, HH -5
i}
o) I i Ty
fa.m) | ey ! Far -B
.._I_"-J’__I_ Vo i AV Ly
I, | = Earth fau
------ C:-p:: r-a1|-na cail
t —
/§ L |
do Lo 1
| S

- i
L hN
Fig. 5.7 Restricted earth fault protection

Consider that earth fault occurs on phase B due to breakdown of its insulabion 1o
earth, as shown in the Fig. 5.7. The faull current I; will Alow through the core, frame

Resticted sarth fault relay
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of machine to earth and complete the path through the earthing resistance. The C.T.
secondary current |, flows through the operating coil and the restricted earth fault
relay coil of the differential protection. The setting of restricted earth fauit relay and
setting of overcurrent relay are independent of each other. Under this secondary
current [, the relay operates to trip the crcuit breaker. The voltage V,, is sufficient to
drive the enough fault current I|; when the fault peint x is away from the neutral
ot

[f the fault point x is nearer to the neutral point then the voltage Vy,, is small and
not sufficient to drive enough fault current I; And for this I, relay cannot operate.
Thus part of the winding from the neutral point remains unprotected. To overcome
this, il relay setting is chosen very low to make it sensitive to low fault currents, then
wrong operation of relay may result. The relay can operate under the conditions of
heeavy through faults, maccurate C.T.s, saturation of C.T.s etc. Hence practically 15% of
winding from the neutral pu'll:'ﬂ % hl;"Flt uﬂpl‘utm‘tni, PI‘II.'FI!L{I"II"IH e rematning 25% of
the winding against phase to earth faults.

5.6.1 Effect of Earth Resistance on % of Winding Unprotected

Let wus see the effect of carth resistance on the % of the winding which remains
L:l'lpultrl.‘h.'d

Consider thw earth
resistance K used to limat earth
fault current as shown in the
Fig. 5.8.

The value of the resistance
E limits the earth fawll current.

If the resistance R is very
small e the neutral is almost
solidly grounded, then the fault
current is very high. But high

Earth fault currents are not desirable
resistance hence small K is not preferred
Fig. 5.8 for the large machines.

For low resistance K, the value of R is selected such that Full load current passes
through the neutral, for a tull line to neutral voltage V.

In medium resistance K, the earth fault current is limited to about 200A for full
line to neutral voltage V, for a 60 MW machine.

In high resistance R, the earth fault current is limited to about 10 A. This is used
for distribution transformers and generator-transformer units.
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MNow higher the value of earth resistance K, less is the earth faull current and less
percentage of winding gets protected. Large percentage of winding remains
unprotected.

Let V = Full line to neutral voltage
I = Full load current of largest capacity generator
R = PEarth resistance
Then the value of the resistance R is,
V
R = -
I
And the percentage of winding unprotectsd is given by,
i _ Rl,
¢ e of winding unprolected = v = 100
where . = Minimum operating current in the primary of C.T.

If relay setting used is 15% then 1, is 15% of the full load current of the largest
machine and so on.

Greater percentage of windings of small capacity machines running parallel get
];'n-ruhn;tl'u.l

mp Example 51 : A generator s protected by restricted earth funlt  protection. The
gencrator ratings are 13.2 kV, 10 MVA. The percentage of winding protecled agamst
phase to ground foult s 85%. The relay setting is such that it trips for 20% out of
belance. Calcwlate the resistance to be added in the wewtral to ground connection
Solution : The given values,
Vi = 132 kY Rating = 10 MVA
From rating, calculate the full load current,

Rating in VA 10=10°

' TA v, vi=13.2x10°
= 437386 A
Relay setting is 2% out of balance ie. 207% of the rated current activates the relay
[ = 20

L

- I b
-l:oﬂ?.lﬂﬁxl—m = BI477

Minimum operating current



Protection and Switchgear 5-14 Generator Protection

V = Line to neutral voltage = j—%
= ]3'1::.%]E1~ =7621.02 V
% of winding unprotected = 15% as 85% is protected
15 = H:: =100
o 2.

R = 13.068 (1
‘mp Example 5.2 : A star connected 3 phase, 12 MVA, 11 kV aliernator has a phase

repctince of 10%. It is protected by Merz-Price circulating current scheme which is sef
fo operale for fault current not less than 200 A. Calcwlate the value of earthing
resistance lo be provided in order lo ensure that only 15% af the alternator winding
remaing unprofeciad
Solution @ The given values are,
¥, 11 kV Rating = 12 MYA
Rating = Y3V, [
12x10% = J3=11%10% =0,
12x10°

= 6298366 A = | = rated current
v Yo M0 snasa v
V3 NE]
% Reactance = I::: = 100

where A = reactance per phase

and 1 = rated current
0 - B
o= L0083 0

Reactance of unprotected winding
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= (% of unprotected winding) = (X)

= 1,008
= 015120
v = voltage induced in unprotected winding
= =xV = 0.15x6350,8529
= Y5l62/M9 YV
i = Fault current
= 200 A

7 = Imp-.u.imm.- offered o the fault
v 952, p279

i 200
= 47631 D e {1}
Mirw Z = r + ) (reactance of unprotected winding)
L = r+ | (L1312} 02
3

|Z] = Jr* +(0.1512)° e (2)

Equating (1) and {2},

4.7631 yri+{0.1512)°

226875 = r? +0.02286

- = 226646
r = 47607 (2

This is the earthing resistance required.

5.7 Unrestricted Earth Fault Protection

The unrestricted earth fault protection uses a residually connected earth fault relay.
It consists of three C.T.s, one in each phase. The secondary windings of these CTs are
connected in parallel. The earth fault relay is connected across the secondaries which
carries a residual current. The scheme is shown in the Fig. 59.

When there is no fault, under normal conditions, vector sum of the three line
currents is zero. Hence the vector sum of the three secondary currents is also zero
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Ganeraior
statod winding cT
1 1 )
——— TR -
. " A R
] i — II"I
I
) o £ -
, : V] Y
I i [
. . —
Earthing R N .
resistance = . . | V] 8
e e . e Ihl
gy
i i Fiassachudily COnnacg)
.
I_. To trip cwcun

bl

Fig. 5.9 Unrestricted earth fault protection
Soif 1, 1, and L, are C.T. secondary currents then under normal conditions we

15 ]
can write,

I-” ¥ ]..\“_ + Ih-.. - U‘

The sum of the three currents is residual current Iy, which is zero under normal
conditions.

The earth fault relay s connected in such a way that the residual current flows
through the relay operating coil. Under normal condition, residual current is zero so
relay does not carry any current and is inoperative. However in presence of earth faull
condition, the balance gets disturbed and the resicdual current lgg is no more zero. If
this current is more than the pickup value of the earth fault relay, the relay operates
and opens the circuit breaker through tripping of the trip circuit.

In the scheme shown in the Fig. 5.9, the earth fault at any location near or away
from the location of C.Ts can cause the residual current. Hence the protected zone is
not definite. Such a scheme is hence called unrestricted earth fault protection.

5.8 Balanced Earth Fault Protection

In practice for small rating alternators, the neutral ends of the three phases are
connected to a single point. Hence it is not possible to introduce C.T. in each phase on
neutral side as required in Merz-Price protection. In such cases, the balanced earth
fault protection can be used.



Protection and Switchgear §-17 Ganerator Protection

The balanced earth fault protection is shown in the Fig. 5.10.

Geneafaior
stator wencing cT
R —— Iy - R
' : IV
cT L ; _|
i ! ¢ Pl <
S amnEe L A —1 v
L l
Earthmyg _:_,rﬁw i 4 l A é -
masrsiance R i : [ I | 4 [ .
""""" Fi F;

Fig. 5.10 Balanced earth fault protection
At the outgoing side, the three C.T.s are connected in parallel as are connected in
unrestricted earth fault protection. A single CT. is connected on the neutral side in the
pilot wire connecting neutral of albemator to earth. The neutral earthing is achieved
through the earthing resistance. A relay is connected across the C.T. secondaries

Under normal conditions, the altemator ine currents add to zero. Hence the vector
sum of the currents through the secondanes of C.T. is also zero. Thus no current Hows
through the relay and as neutral carries zero current hence ne current is supplied to
relay from neutral side. 50 relay is inoperative

If the fault appears at F,, at a position outside the protected zone then the sum of
the altermator line currents is exactly equal to the current in the neutral. Thus zero

current flows through the relay is inoperative

But if the fault occurs at F; which is the protected zone then vector sum of
alternator line currents is different than the current through neutral side current
transformer, Hence a residual current flows through the relay. If this is greater than
the pickup value of the relay, the relay operates. This trips the tripping circuit,
opening the circuit breaker

By this scheme, the protection against earth faults is restnicted to the region
between the neutral and the position where line current transformers are installed
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5.9 100% Earth Fault Protection

As seen uptill now, no protection scheme is in a position to give complete
protection to the stator of generator against earth faults. The maximum protection
achieved is upto 85 to %% from the schemes discussed uptill now

But in modern days it is possible to provide 100% ecarth fault protection to the
stator of the generator. It uses a coupling transformer and the coded signal current.
I'he scheme is shown in the Fig. 5.11
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ke device
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ol 12.5 Hz

Fig. 5.11 100% earth fault protection

A coupling transformer is connected belween the earth and the carthing resistance
R ie in neutral o ground circuit. The primary of the coupling transformer is excited
by coded signal current source. This coded signal current has a frequency of 125 He.
This current is continuously injected into the generator stalor winding through the
secondary of the coupling transformer.

During the normal condition the signal cumrent injected into the stator flows
through stray capacitance of the generator and directly connected system. But when
carth fault occurs, the stray capacitance is bypassed. This increases the monitoring
current. This increase 15 measured |:l:.' a4 measuring deviee. [h-pq.rntl]ng upon this
measurement an immediate corrective action is taken.

This scheme gives the protection of 15 to 20% of stator winding from the neutral
side, the portion which is unprotected by Merz-Price protection. The remaining
pertion is protected by Merz-Price protection. Overall 100% of stator winding gets
protected against earth faults.
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5.10 Stator Protection Against Interturn Faults

The Merz-Price protechion system gives protection against phase to phase faulls
and earth faults. It does not give protection against interturn faults. The interturn fault
is a short circuit between the tumns of the same phase winding. Thus the current
produced due to such fault is a local circuit current and it dees not affect the currents
entering and leaving the winding at the two ends, where CTs are located. Hence
Merz-Price protection cannot glve protection against interturmn Ffaults.

In single turn generator, there is no question of interturn faults but in multiturm
generators, the intertum fault protection is necessary. 5S¢ such interfum protection s
provided for multitum generators such as hydroelectric generators. These generators
have double winding armatures. This means, each phase winding is divided into two
hatves, due to the very heavy currents which they have to carry. This spliting of
single phase winding into two is advantageous in providing interturn fault protection
b such hydroelectric generators.

The Fig. 5.12 shows the interturn fault protection scheme used for the generator
with double winding armatures.
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Fig. 512 Interturn fault protection
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The scheme uses cross difterential principle. Each phase of the generator is doubly
wound and split into two parts 5, and 5; as shown in the Fig. 512 The current
transtormers are connected in the two parallel paths of the each phase winding. The
secondaries of the current transformers are cross connected. The current transformers
work on circulating current principle. The relay is connected across the cross
connected secondaries of the current transformers.

Under normal operating conditions, when the two paths are sound then currents
m the two parallel paths 5, and 5, are equal. Hence currents in the secondaries of the
current transformers are also equal. The secondary current flows round the loop and
1= same at all the points. Hence no current flows through the relay and the relay is
inoperative.

It the short circuit is developed between the adjacent tums of the part 5, of the
winding say then currents through 5 and 5; no longer remain same. Thus unequal
currents will be induced in the secondaries of the current transformers. The difference
of these currents flows through the relay K. Relay then closes its contacts to trip the
circuit breaker which 1solates the generator from the system.

Such an interturn fault protection systern is extremely sensitive but it can be
applied to the generators having doubly wound armatures

5.11 Rotor Earth Fault Protection

The rotor circuit of the alternator is not earthed and d.c. voltage is imposed on it
And hence single ground fault in rotor does not cause circulating current to flow
through the rotor circuit. Hence single ground fault in rotor does not cause any
damage to it. But single ground fault causes an increase in the stress to ground at
other points in the field winding when voltages are induced in the rotor due o
trarsients. Thus the probability of second ground fault increases

If the second ground fault accurs then part of the rotor winding is bypassed and
the currents in the remaining portion increase abruptly. This causes the unbalance of
rotor circuit and hence the mechanical and thermal stresses on the rotor. Due to this,
rotor may get damaged. Sometimes damage of bearings and bending of rotor shaft
takes place due to the vibrations. Hence the rotor must be protected against earth
fault

Method 1 : In this method a high resistance is connected across the rotor circuit. It
is provided with centre tap and the centre tap point is comnected to the ground
through a sensitive earth fault relay as shown in the Fig. 5.13.
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Fig. 5.13 Rotor earth fault protection

Fxcept the centre point, the earth fault relay detects the earth faults for most of the
rotor circuit. Thus most of the rotor winding part is protected against the earth faults.

Method 2 : The modermn method of providing earth fault protection includes d.c
injection or 4.0, injection. The scheme is shown in the Fig. 5.14

A small d.c. power
suppiy is connected to
the field circuit. A fault
detecting sensitive S (:) ; -
relay and the resistance fiaptd wardderg
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senies with the cincuit

This high resistance Resistance for cumert kmding
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circuit  will pass A
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: Aupallidry . P o
magnitude through the s " ? Busfapby
relay W cause s

operation. The de

j= ===
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supply is preferred and Translormer ’
simple to use and it

has no problem of the -

leakage currents.  In

case of ac. injection, Fig. 5.14 Rotor earth fault protection

the high resistance is
replaced by a capacitor.
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The earth fault relays are instantaneous in operation and are connected to an
alarm circuit for indication and to take the proper action. This is because, a single
ground fault does not require an immediate action of isolating the generator.

5.12 Protection Against Loss of Excitation

The loss of excitation of the generator may result in the loss of synchronism and
slightly increase in the generator speed. The machine starts behaving as an induction
generator, It drawn reactive power from the system which is undesirable, The loss of
excitation mav lead to the pole slipping condition. Hence protection against loss of
excitation must be provided.

The protection s provided using directional distance type relay with the generator

berminals

When there is loss of excitation, the equivalent generator impedance varies and
iraces a curve as shown in the Fig. 515. This Fig. 5.15 shows the loss of excitation
characteristics alongwith the relay operating characteristics, on R-X diagram.
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Fig. 5.15 Loss of sxcitation characteristics

The equivalent generator impedance locus traces a path from first quadrant of R-X
diagram to the fourth quadrant. The distance relay is used which covers the portion of
the fourth quadrant where impedance locus path exists. Thus when the impedance
takes value in the region covered by the relay characteristics, the relay operates. The
relay operates when generator first starts to slip poles. Then relay trips the field circuit
breaker. And it disconnects the generator from the system, too. When the excitation is
regained and becomes normal, the generator can then be retumed to service instantly.
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5.13 Negative Sequence Relays

The negative relays are also called phase unbalance relays because these relavs
provide protection against negative sequence component of unbalanced currents
existing due to unbalanced loads or phase-phase faults. The unbalanced currents are
dangerous from generators and motors point of view as these currents can cause
overheating. Negative sequence relays are generally used to give protection
generators and motors against unbalanced currents.

A negative sequence relay has a filter circuit which is operative only for negative
sequence components. Low order of over current also can cause dangerous situations
hence a negative sequence relay has low current settings. The earth relay provides
protection for phase to earth fault but not for phase to phase fault. A negative
sequence relay provides protection against phase to phase faults which are responsible
to produce negative sequence components.

The f-'|g. 5.16 shows the schematic arrangement of negative phase sguence relay

C.T.
R iTl -y
o.T
Y r-m 1
B ‘r‘f: ‘s
™ C.T.

Fig. 5.16 Negative phase sequence relay
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Basically it consists of a resistance bridge network. The magnitudes of the
impedances of all the branches of the network are equal. The impedances £, and 2,
are purely resistive while the impedances £, and Z; are the combinations of resistance
and reactance. The currents in the branches £, and Z; lag by 60" from the currents in
the branches £, and £, The vertical branch B-L) consists of inverse ime charactenstics
relay. The relay has negligible impedance.

I The current [ gets divided

----------------- 7R into two equal parts I; and L. And
I; lags [} by 60° The phasor
diagram 1s shown in the Fig. 5.17.

o+l = I

L‘:"t Il = I: u I

The perpendicular is drawn
from point A on the diagonal
meeting it at point B, as shown in

© A2 the Fig 517. This bisects the
Fig. 517 diagonal.
. In
OB = )

Mow in triangle OAB,

OB
cos Hf = ﬁ
%)
342
2 |
|
I=%=I1=I1 e (1)

MNow I leads Iz by 3(F while [, lags Iz by 30°.
Similarly the current l; gets divided into two equal parts I, and 1. The current I,
lags 1, by 60°. From equation (1) we can wrile,

[
g = Ly=l, D

The current 1 leads Iy by 30° while current I, lags Iy by 307

The current entering the relay at the junction point B in the Fig. 5.16 is the vector
sum of 1;, I, and Iy
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lm.n - II "!5 Er

I I
Iy + —= {leads Iy by 309 + -L (lags iy by 3079
¥ y@ = A v'ﬁ ES -

The vector sum is shown in the Flg. 518 when the load is balanced and mo
ﬂ'l.‘ﬂu“'u"nl' ""h-l."l..]ILIL"]"Ifl‘ cuments exist,

'y

{a) C. T. secondary currents

Fig. 5.18

It can be seen from the Fig. 5.18 that,

-Iy

+
-“—
¥l

Thus the current entering the relay at point B is zero. Similarly the resultant
current at junction ) is also zero. Thus the relay is inoperative lor a balanced system.

MNow consider that there is unbalanced load on generator or motor due 10 which
negative sequence currents exist, The phase sequence of C.T. secondary currents is as
shown in the Fig. 5.19 {(a). The vector diagram of I;, Iy and Iy is shown in the
Fig. 2.19 (b) under this condition.

The components l; and [, are {-qufll and uppi_:l:-iilu to each other at the junction
point B. Hence 1; and 1y cancel each other. Now the relay coil carries the current Iy
and when this current is more than a predetermined value, the relay trips closing the
contacts of trip circuit which opens the circuit breaker.
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Iy ly

{a)} C.T. secondary currents

Fig. 5.19 Negative sequence currents

Zero Sequence Currents : The zero sequence components of secondary currents
are shown in the Fig. 520 {a). We know that,

Ly rig+ly
rn- i'l' IH rq Il
‘lrill
/ N
’1 |2 h IJ .l: ‘t_"
E‘Dﬂ - i'rlll ""\
\/ " ’
mu
(a) (b} (€) (d)
Fig. 5.20 Zero sequence currents
g = |_1 +H
Iﬂ - I | B [ k

These sums are shown in the Fig. 520 (b) and (). It can be seen from the
Fig. 53.20 {(d) that,
I, «I, = I, in phase with I,

The total current through relay is |T+E +IT. Thus under zero sequence currents
the total current of twice the zero sequence current flows through the relay. Hence the
relav operates (o open the circuit breaker
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[0 make the relay sensitive to only
Yler negative Sequence currents b}r making it

inoperative under the influence of zero
f sequence currents is  possible by
-_-.._..—.-J W 1 &

CT connecting the current transformers n

delta as shown in the Fig. 521. Under
I'U?'I' delta connection of current transformers

C.T No ZeT0 Sequence current can flow in the

network.

Flg. 5.21 Delta connection of C.T.s

5.13.1 Induction Type Negative Sequence Relay

Apother commonly wsed er.ltiuv Sequence ru|.11_,.' is induction tvpe. Its construction
is similar to that of induction type over current relay. The schematic diagram of this
type of relay is shown in the Fig. 5.22.
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Fig. 5.22 Induction type negative sequence relay
The central limb of upper magnet carries the primary which has a centre tap. Due
o this, the primary winding has three terminal 1, 2, and 3. The section 1-2 is
energized from the secondary of an auxiliary transformer to R-phase. The section 2-3
ts directly energized from the Y-phase current
The auxiliary transformer is a special device having an air gap in its magnetic
circuit. With the help of this, the phase angle between its primary and secondary can
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be easily adjusted. In practice it is adjusted such that output current lags by 120
rather than usual 180° from the input.

S0 I = Input current of auxiliary transformer
lz; = QOutput current of auxiliary transtormer
and Ig, lags lg by 120°

Hence the relay primary carries the current which is phase difference of Iy, and I

Positive Sequence Currents : The C.T. secondary currents are shown in the
Fig. 523 {(a). The Fig. 523 {b) shows the position of vector Iy, lagging I; by 120", The
Fig. 523 {¢) shows the vector sum of Iy, and - .

The phase difference ol Iy, and Iy is the vector sum of Iy, and - L. It can semn

from the Fig. 5.23 {c) that the resultant is zero. Thus the relay primary current is zero
and relay is inoperative tor positive seguence currents,

g

Ly In Ly In
(a) C.T. secondary currents (b} Current I,

(c) Relsy current

Fig. 5.23 Posltive sequence currents
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Negative sequence currents : The C T secondary currents are shown in the
Fig. 5.24(a). The Fig. 524 {b) shows the position of lp, lagging 1 by 120° The
Fig 5.24 (c) shows the vector difference of Iy, and Iy which is the relay current.

Under negative sequence currents, the vector difference of lg;, and [y results into a

current | as shown in the Fig. 5.24 (c). This current | tflows through the primary coil
of the relay.

120F

(a) C.T. secondary currents (b} Current Iy,

e ———

(¢} Relay current

Fig. 5.24 MNegative sequence currents

LUnder the influence of current 1, the relay operates, The disc rotates bo close the
trip comtacts and 1t opens the circuit breaker

This relay is inoperative for zero phase sequence currents. But the relay can be
made operative for the flow of zero sequence currents also by providing an additional
winding on the central limb of the upper magnet of the relay. This winding is
connected in the residual circuit of the three line C.T.s. This relay is called induction
type negative and zero sequence relay
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The schematic arrangement of induction type negative and zero sequence relay is
shown in the Fig. 5.2
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Fig. 5.25 Induction type negative and zeéro segquence relay
5.14 Protection Against Unbalanced Loading

When the load on the generator becomes unbalanced, negative phase sequence
currents flow. The negative sequence compoments produce a rotating magnetic field
which rotates at synchronous speed in a direction opposite to the direction of rotor
field. Hence eftectively the relative speed between the two s double the synchromous
speed. Thus double frequency currents are induced in the rotor. These currenls cause
severe heating of the rotor and can cause damage to the rotor. The unbalanced stator
currents also cause severe vibrations and heating of stator. Hence it is necessary o
provide the negative sequence protection to the generators against the unbalanced
load conditions.

The negative phase sequence filter alongwith the overcurrent relay provides the
necessary protection against the unbalanced loads.

The relative asymmetry of a three phase generator is given by the ratio of negative
sequence current to the rated current. Mathematically it can be expressed as,

u.":.; = Ifxll'.}ﬂ

w here e

[§]

percentage asymmetry
Negative sequence current

e
1
1

I = Rated current



Protection and Swilchgear 5-3 Generator Protection

The negative sequence protection scheme is shown in the Fig. 5.26.
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Fig. 5.26 Negative sequence protection
A negative phase sequence filter is connected to the secondaries of the current
transformers. A negative phase sequence filter consists of resistors and inductors.
These are so arranged that under normal operating conditions, the relay is inoperative.
The filter circuit is stable for the symmetrical overloads up to about three times the
rated full load.

When unbalanced load occurs, the negative phase sequence filter circuit produces
an output proportional to the negative phase sequence components. This is directed
through the relay coil. Hence the relay operates to open the circuit breaker to isolate
the generator.

Examples with Solutions

mmp Example 5.3 : The neutral point af a 11 KV alternator is earthed through a resishance
af 12 1), the refay s set to operale when Huwre s out of balance current of 0.8 A. The
C.T.s have o ratio of 20005. What percentage of the winding = prolected agamst carth
faults. What must be the minimum value of earthing resistance required o give 90% of
protection to each plase 7
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Solution : The given values are,

V, = 11 kV R=120 C.T. ratio = 2000/5
i, = relay current = 0.8 A
|, = minimum operating line current (C.T. primary)
2000 . 0.8= 2000
I'-.l " %_ 5_
= 320 A
V = line to neutral voltage = Vi
A
L]
. A0 gasoss2e v
V3
. % Winding unpnltﬂctud = RII:,D x 1K) = %x 1K)

= 60.46 %
“o Winding protected = 100 - 60.46 = 39.53 %

Mhus with B = 12 £2 only 39.53 % winding is protected

It 15 necessary to give 90 protection.

“ Winding unprotected = 100 - 90 = 10%

10 = R:r'”ﬂm
« 320
10 = Rx30 oo

A350). 8529

R = 19846 0

This is the minimum wvalue of resistance to give 90% protection to the largest
machine.

mp Example 54 : A 50 MVA, 3 phase. 33 kV synchronous generator is protected by the
Merz-Price prolection using 100045 ratio C.T.s. It is provided with restricted earth fault
protection twith the earthing resistamce of 7.5 £ . Calculate the percentage of winding
unprotected in each phase against earth faulls if the minimum operating current of the
refay is 0.5 A

Solution : The given values are,
V, = 33kV C.T. ratio=1000/5 R=750
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i, = 05 A = relay current
|, = minimum operating current {primary)

1000 _ 0.5x1000
Ilw.l't 5 = — L_‘ re

= 100 A
LY N A= 107
-..'ﬁ »'ri

= 1905255 V

Rl
e Winding unprotected = ‘““. w ]

TR 100
" Joosa5s W

= A936%

mmp Example 5.5 : A 13.2 kV, 3 phase, 100 MW at 0.8 pf lag, allernator has reactance of
0.2 pae, If it is equipped with a circelating current differential protection set lo operate
at least at M) A faull current, determine the magnitude of the neutral grounding
resistance that Ieaves the 10% of the windmyg unprotected

Solution : The given values are,
¥,

1]

132kV cosé=08 P=100MW X=02pu
V3 Vi I cosé
00=10* = J3x13.2<10" =1, = 08

I, = 546733 A = 1| = full load current

MUy F

The p.u. reactance is given by,

pu. X = 1x where X = reactance per phase
42 .f-m?.."ﬁx where V = Y&
13,2107 v3
A )
X = 02787 2 per phase

% of unprotected winding = 10%

|
Reactance of unprotected winding = 1][;“ « (0. 2787
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Q02787 £2

Voltage induced in 10% of unprotected winding

10 v 10 13.2=10°

—_— =_x—:? 2-] 11.'.!'
100 0 3 62102

Let this voltage be v = 7621023 V

£ = 3 I.': + X &
where Z = Impedance offered to the fault

r = Hesistance in neutral

x = Reactance of 10M of winding
Mow 7 = -

1
where v = Voltage induced in 10% winding
= 762.1023 V

i = Fault current = 500 A

-7 _ 7621023
NIRRT TEmo

1.5242

Jr +(0.02787)7
2 & (027870 = 23232
¢ = 2324

1524 Q

r

This is the required resistance in neutral earthing.

mmp Example 5.6 : An alternator stator winding protected by a percentage differential relay
1s shown in the Fig. 5.27. The relay has 15% slope of characteristics (I, - 1,) against (1
+ 1420, The high resistance ground foult has occurred near the grounded neutral end of
the generator winding while the generator is carrying lond. The currents flowing at each
end of the generator winding are also shoun. Assuming C.T. ratio to be 500/5 A, unll
the relay operate o trip the circuif breaker ?
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Fig. 5.27

Solution : From the given current at two ends, let us calculate C.T. secondary
currents at two ends,

(300 +  0) x>

= 500~ >
. . 5
and i, = {340 +j 0) €60 = 34 A

The directions of currents are shown in the Fig. 5.28.

T AT

10k

Fig. 5.28
The current flowing through the relay coil is iy - i
-1 = 3-34=-04 A

3 = 5 32 A

w18

While

i

o
From the characteristics of 15 % slope, n:urr!:spunding to 2]3 the out of balance

current required is,

iy - i 51upex|(|“ ;‘3 ]

\
0.15x3.2

048 A

i
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Fig. 5.29

This is shown in the
Fig. 5.29.

Thus i, - i; must be
more than 048 A e
above the line to
operate the relay but
actual point is located
below the line in
negative torque region.

Hence the relay will
not operate.

iy Example 5.7 : A 6.6 kV, slar connected alternator has a transient reactance of 2 £}
per phase and negligible winding reststance. It is protected by circulating current
Merz-Price protechion. The alternator neutral is earthed through the resistance of 7.5 Q).
The relays are set to operate when there is out of balance current of 1 A in secondary of
50075 A current fransformers. How much % of winding is protected against earth fault?

Solution : The given values,

Ve = 66kV  X=2{/phase r=750 CT. =500/5
Let the x T of winding is unprotected.
Reactance of unprotected winding = I—?ﬁx 2=002x10Q
Ve 6.6x10°
V= —L=—— =13810511V .. full volta
BB B

V = Voltage across unprotected winding

X
= T 3810511 = 3810511 x V

r= 750
Z = Impedance offered to the fault
= r+j0.02x)
= 75+j(0.02x) O
|Z] = (757 +(0.02x)?

i = fault current

= out of balance secondary current = C.T. ratio
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| Z]

J7.5)7 +(0.02x)?

(752 + (0.02 %) =
56.25 + 4x10"4x? =
01448 «° =

Xt =

x =

IKEE"}
o

100 A
W
i

A8.10511x
106

01452 x*
0.1452 »?
o 25

388, 4668
19.7%

This is " of winding unprotected.

% of winding protected = 100 - 19.7

vy Example 5.8 : A synchronous generator rated at 200 KV protected by circulating
current system having neutral grounded through a resistance of 15 €1 The differential
protection relay is set lo operate when there 1s an ot of balance current of 3 A, The
C.T.s have ratio of 1000/5 A. Determine,
i) The "o of winding remains unprotected
it} Vialue of earth resistance to achieve 75% protection of winding :

Solution : The gi:\.ren values are,

1|..r[ -

i) I, =

[s:]

o
&
-
1}

WV, i, =3 A,

R =15 £,

C.T. ratio = 1000/5

minimum line operating current (C.T. primary)

, 1000 3=1000
i, = —
5 5

600 A
VL 20x10°
V3 V3
11547 V

% oof wiﬂding unprotected

RI, 15 600
v 100 = e

=100
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= 7794 %
i) We want 75% protection.
X = 100-75=25%

Rumainlng conditions are same except E.

RI,

2B = v = 100

R:-:E{H]x
11547

25x11547
600> 100

100

25

R =

4811 02

This is the anuirmi earth resistance.

mump Example 5.9 : The Fig. 530 shows the percentage differentinl relay used for the
protection of an alternator winding. The relay has minimum pickup current of .25 A
and has a % slope of 10%. A high resistance ground fault occurs near the grownded
neutral end of the generator winding with the current distribution as shoum in the
Fig. 5.30. Assume a C.T. ratio of 400 : 5, determine if velay will operate.

WO+ 10 A —=340 +0 A
D i)
o "?Wm‘ A
Fault
Fig. 5.30

Solution : For the given current at the two ends, the C.T. secondary currents can be
obtained using C.T. ratio as,

. . 5
I, = (380 + |[I]I:H:—4m=4.'?5 A
) . 5
ip = (340 +)10)x—=425 A

-0y = 475-425=05A
iy +i,  4.75+4.25

2 2
= 45 A
So iy — iy current flows through operating coil while 45 A flows through the

restraining coil



Protection and Switchgear 5-39 Generator Protection

With the minimum pickup current of 0325 A, and slope 10, the operating
characteristics is as shown in the Fig. 5.31.

i e torgue
v forgque
h‘*E‘rh:pa 105
- - % -=a—— Aciual paint
_________ Minimum
pickup current
) —
Fig. 5.31
The equation of the characteristics is,
Yy = mx+¢
At origin, x = 0 but y = 0.25
vy = ¢=025
Hence characteristic equation is,
. Iy + 1
(ij = i) = m -l-—g—--z- + 0.25 where m = slope = 0.1

. T
(iy = iy) LH[’]“2 |+ 0.25

Z

For

4.5 we get,

(0.1=4.5+0.25
= 07 A

...
=
|
-
1d
!

Thus to operate the relay, i; - i, must be greater than 0.7 A when ﬂ.% is 4.5 A.

But actually i; = is = 0.5 A as shown. It is located below the line in negative torque
region hence relay will not operate.

i Example 8.10 : An alternator rated 10 kV protected by balanced circulating current
system has its newbral grounded through a resistance of 10 ohms. The protective relay is
set to operate when there is an out of balance current of 1.8 amperes in the pilot wires
which are connected fo the secondary of current transformers with ralio 1000/5.
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Determime
i} The percentage winding which remains unprotected.

i) The minimum value of the earthing resistance required to protect 80% of the winding.
(V.T.U August-2002)

Solution : V, = 10 kV, K =104, CT. ratio = 1000/5, i, = 1.8 A

[, = minimum operating line current (C.T. primary)
. 1000 1000
= ipx—¢ = ]Bx 3 = 360 A
. Vv 10x= 103
V = line to neutial voltage = —= = ——— = 57735026 V
N S
. I El 10 360
e Wind ted = —2 w100 = ————— x 100
i) inding unprotec v ¥ 5773 5006 ®
= £2.3538 %
i) It is necessary to give 80 % protection.
- % Winding unprotected = 100 - 80 = 20 %
R = 360
2 = 7730 '™
R = 320750 ... Minimum earthing resistance required

tomp Example 511 : An alternator stator winding protected by a percentage differential

relay s shown in Fig. 5.32(a). The relay has 0.15 amp minimum pick up and a 12%
Iy +iy

slope of characteristics (i; — i) V, [ ] A high resistance ground fault has occured

near the grounded newtral end of the generator winding while generator is carrying
load. The currents flowing at each end of the generator winding are shoum i Fig, 5.32.
Asswming that the CT's have 400/5 amps ratio and no maccuracies will the relay trip
the generator CB under this fault condition.

1
Grownd

Fig. 5.32(a)
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Pasitive forque

} \

=1y

- Slope 12%

I+,
2
Fig. 5.32(b}
(AU-April-2004)

Solution : From the given current at two ends, let us calculate C.T. secondary
curents at two ends,

(300 + 0) x % -375 A

i, = (300+i0)x ; =45A

00
The relay coil current = i, -1, =075 A
i+l
5 4125 A

(i, +i
From the characteristics of 12 % slope, corresponding to | 12 } . the out of

I_. -

balance current required is,

iy i, = slope uf h *2‘1 | = 012 x 4125 = 0.495 A
\ i)

Thus iy — i; must be more thatn 0.495 A for relay to operate. And actually it is
0.75 A. Hence the relay will operate :

tly=iy) 4 1818 % sk

12 % slope
0.75A gp=m-mmmm
0.495A -
i |.|+i2
4125 A 2
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Actual point is located in positive torque region. Slope of line through actual point is

I[i] —iz} _ ':I-.I;ﬁ .
[n vig | 4125

7 )

18.18 "

100

As this slope is more than 12% of the characteristics given, relay will operate.

iy Example 5.12 : A 3 phase, 10 MVA, 6.6 kV alternator supplies a load of 8 MVA al
0.8 pf. and is being protected through Merz-price circulating current system and its
refays are so sel that they do not operate untl the out of balance current ocurs at 20%
of full load current. Calculate the value of earth resistance to be provided in order to
crswre that only 10% of alternator winding remains unprofected. Assume alternator
reactance of 10% Neglect resistance of the alternator. (AU-Dec.-2004)

Solution : V, = 6.6 kV, Rating = 10 MVA, V = V_ /43 = 38105117 V.
Rating = 3 VI,

-]
1, = 0107 _g747731 A ..Full load current

J3 % 6.6%10°

%% Reactance = % s 10 ...X = Reactance per phase

H?-l.??il]}{x
38105117

X = 0.4356 ()

10 100

Kl

Reactance of memh_‘ctud wim:llng = %x (0.4356 = 0.04356 O3

v = Voltage induced in unprotected winding

101
= 100" Vo= 38105117 V¥

i = Fault current = 20% of [| = 174954 A

z = 2= impedance offered to fault = 2.178 3

But £ = A+ j0.04356 0}

1Z] = R? +{0.04356)°

(2.178) = R +(0.04356)¢
R = 21770} ...Earth resistance rr:q_uired
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mp  Example 513 : Current transformers of current ratio of 10005 A are used for
pr.’:lh'{'t.fu.u {J_,Fﬂ shar connected 3 p!rﬂsf', 10 MVA, 6.6 BV alterinator, .ff Hig n'n'.:rm:l)I i5 =ef 1o
operafes for a minimum current of 0.5 A, Calculate the percentage of each phase stalor
winding which is wnprotected agains earth fault when the machine operates at normal
voltage. Assume that star point of alternator is earthed through o resistance of 7.5 {3,

(AU-April-2005)
Solution : V; = 6.6 =107 V, R =750, CT. ratio = 1000/5, i, = 0.5A
I, = i,xCT. ratio = 05 x 2% = 100 A
V.  66x10°
V = k= - = 38105117 V
V3 V3
. o winding _ RI, _ 73x 100
o winding unprotected = v = 100 = BI0EILT = 100
= 19.682%

mmp Example 514 : A 500 kVA, 6.6 kV star connected alternator las a synchronous
reactance of 1.0 £ per phase and negligible resisbance. The differential relay operates if
the oul of balance current through it exceeds 30% of the normal full load current of the
alternator. The star point of the alternator is earthed through a resistance of 5 £2 . Whal
percent of the stalor winding is left unprotected 7 Show that the effect of the alternator
reactance can be neglected. {AU-Dec.-2005)

Solution : The full load current,

Vi 500 % 107
= A = = 43738 A
VIV, JEx66x10°

30% I, =03 =x43.738 = 131214 A

x T

Ot of balance curent

Let winding unprotected

Impedance of x% winding 1—;:'{[] +11)

Value of earthing resistance = 5 {1
Total impedance at fault of the fault circuit.
= [5 +j0.01 x]
Voltage induced in x % of winding
_ h6x10Y x

o —

6.6x10" 6bx
43 100 3
‘u’nltnge induced
Impedance

2 Out of balance current =
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B

3
3, 1 = . |
131214 5+ 0.01x h

This is to be solved by trial and error method. Hence effect of alternator reactance
can be neglected.

bbx
13.1214 = ﬁ
x = 17217 % ...Winding unprotetced
The equation (1} can be solved as,
Bbx
13.1214 = 573 ... Considering magnitude.

JI5)? +{0.01x)

J25+(001x)7 = 2904 x
25 +l[|i.'l.{:|l:'|:]2 = B.4334 x*
¥ = L7X7%

This shows that the reactance can be neglected without any error.

Review Questions
I Which are the vartons types of faults which can ocour in a generator 7 Explain in bricf.
2. Why the protection of generators 15 complex 7 Explain.

3. Whech are the various abnormal runnimg conditions, which may exist in a generator 7 What are
their effects and how these effects can be mindmized ?

4. Explain the basic differential protection schemre. What are its disadpantages ?

5. Explain the basic percentage differemtial protection scheme. Drawe its operating  characteristics
showring positive and negative torque regions.

b, Draw and explain the Merz-Price profection of alternator stator windings. State its adventages.
7. What s the vole of auxiliary relay, in Merz-Price protection 7

B, Explain the restricted earth fanlt protection of generators.

a

. Derive the expression for the percentage of winding unprotected i the restricted carth faudt
protection.

1. Explain the operation of wnrestricled earth fault protection schemre,

1. Draw and explam balanced enrth faxlt profection scheme

12. Is it possible that 1000 % winding of generator is protected against earth faults * How 7
13, Suggest the scheme for interturn fault protection for Stator of alternator.
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14, Explaim the negative phase sequence protection for the generators.

-

15, What are the methods o provide rodor carth faull protection ?
16, How the protection against loss of excitation s provided in generators 7 Why it i3 important 7

17, A penerater i provided with restricted earth-fanlt protection. The ratings are 11 kV, 5000 EVA,
The perogntage of winding protected against phase to ground foult is 80%. The relay setting such
that it trips for 25% ouf of balance. Calewlate the resistonce to be added in newtral fo ground
canmertion. {Ans. 1.94 (1)

18, The newbeal point of o 10000V altersaior o5 earthed Srough @ resiztance of 10 olms, the relay s
seb b operate when tere @5 an oud of balance current of TA. The CT.s have a ratio of TS,
Wit perormbage of Hhwe winding s profected against fauit fo earth and what must be minimum
melue of eartiing resistance fo give 90% profection to cach phase winding ?

(Ans. : 62.5%, 2,88 )

19, A 3 phase, I pole, 17 EV, 10,000 kVA altermator has neutral earthed through a resistance of 7
ohms. The machine has current balance protection which operates upon out of balance current
exeeed 20% of full load, Determine % of winding protected against carth fawll, {Ans, :88.4%)

20, The Fig. 5.34a) shows peroentage differential relay applied to the protection of an alternator
winding. The refay has 10% slope of characteristics [ = [y vs (1 + La)/2

A high resistance ground fault occurred near the grounded newtral end of the gemerator winding
iy gemerafor is carrying foad, As a consequence, the currmmils i amperes Jowing of arch end of
the winding are shouwn in Fig. 5.34(0). Assuming CT, ratio of 40005 amperes, will the relay

operale to trip Hie Breaker. (Ans. : Relay will not operate}
Chrcuit
breqkar 320 + |0
— [
304 + j0 '
i Operating ool
Fig. 5.34{a)
v
| targue
Iy=1
112 Ve
0,39 A t torque
:' Slope = 10%
[
1354
U

-5 == Characieristic

Fig. 5.34(b)
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Ly

23

24,

A TT KV, 3 phase alternator has full load rated current of 200 A. Reactance of armature winding is
15 pereent, The differential protection systewt s set fo operate on carth fandt currents of more than
2iNF A, Find the newtral earthing resistance, which gives earth fault protection to 30% of stator
windirig. {Ans. : 3,145 1)

A str-connected 3-phase 10 MVA, 6.6 kV alternator has a per phase reactance of 10%. It i
profected by Merz-Price circudating-current principle which s set to operate for fault currenis not
lrss thanm 175 A, Calcudate the value  of earthing resistance fo be provided in order to ensure that
mly 1P of the altermator winding remains unprotected. (Ans. : 2.171 12)

A star commected, 3 phase, 10 MVA, 6.6 kV alternator i protecitad by Merz-Price circuiabing
current principle wsing 1000/ amperes current transformers, The star point of the altermator i3
carthed throtgl o resistance of 7.5 01 . If the minimum operating current for the relay is 0.5 A,
calculate the percentage of each phase of the stator winding which s unprotected agamst earth
faulfts when the machine is operating al normal voltage. {Ans. @ 19.69 %)

A o) polt 3-phase turbo-alternator hias @ mavinm contingous rating of 2000 kW at 0.8 pf
and its reactance is 12.5%, It is eguipped with Merz-Price crculating current profection which is
set o aperate ab foull currents not fess than 200 qmperes. Find uhat value of the nentral carthing
resistance feaves 10% of the windings improtected ? {Ans. : 1.89 (1)

A 500 MVA, Jphase, 33 &V alternator is being protected by the wse of circulating curvent balance
schene usinng NS ampere current transformer. The neutral of the generator 15 earthed through o
WGR of 7.5 clms, If the pick up current for the relay 5 fust above 0.5 ampere, defermine what
perceitage of My winding of each phese wnprotected agamst earth when e machine operaies ot
nomimal voltage. {Ans. : 7.88%)

aad




Induction Motor Protection

6.1 Introduction

Based on the control action ie. starting, stopping or reversal, various controlling
elements known in electrical terms as switchgear are emploved for the proteetion of
induction motor. Generally two basic protections viz short circuit protection and
overload protection are provided for each motor. The switchgear used tor protection
includes contactors with HR.C tuse and thermal overload relays along with circuit
breakers.

If the rating of the motor is upto 150 kW then contactors and fuses can be used
while for motors having rating bevond 150 kW, circuit breakers are used. The
contactor is a kind of switch through which supply can be given to the motor when
its coil is energized. If the current to be interrupted is six times the rated current of
the motor then contactors can be used.

6.2 Abnormal Conditions and Failure in Case of Induction Motor

The three phase induction motors are used in numerous industrial applications.
Hence beftore studying the protection circuit we have to consider the abnormal
conditions and failure that may occur in case of induction motor,

If the motor is heavily loaded bevond its capacity then it will be overload
condition of motor in which case motor draws heavy current from the supply and
there will be simultaneous rise in temperature of winding and deterioration of the
insulation resulting in damage of winding. Hence the motor must be protected against
this mechanical overloading with overload protection circuits. Normally thermal
overload relays, over current relays or miniature circuit breaker with built in trip coils
may be used.

It might be possible that the rotor is locked or starting lasts for longer duration or
rotor does not move because of excessive load (stalling) at start. In all these cases
motor draws heavy current from the supply and results in damage to the winding
due to overheating as stated above. In this case thermal relays or instantaneous
overcurrent relays are used.

(6 -1)
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If the supply conditions are abnormal such as loss of supply voltage, unbalanced
supply voltage, phase sequence reversal of supply voltage, over voltage, under voltage
or under frequency then also the performance of the motor is affected. With
unbalanced supply voltage there will be excessive heating while with undervoltage the
motor draws more current for the same load. For undervoltage protection,
undervoltage relays are used.

With correct phase sequence, the motor runs in one direction. With change in
phase sequence of supply it runs in other direction which is dangerous in some of the
applications such as cranes, hoists or elevators. In such cases phase reversal relay may
be provided which will disconnect the supply to the motor through the circuit
breaker.

Due to excessive temperature rise, the insulation may get damaged which may
lead to stator earth fault or stator phase to phase fault which are rare in nature. For
low rating motors, HRC fuses provide sufficient protection against these faults while
tor large motors, differential protection may be used.

Due to blowing of fuse in any phase or open circuit in one of the three phases
results in single phasing. In such case motor continues to run and if it is loaded to ils
rated value then it will draw excessive current which will damage the rotor and
eventually the motor will be damaged due to excessive overheating. Normally thermal
overload relays are used against single phasing. Sometimes special single phase
preventer may be provided.

Summary of abnormal condition and protection circuit to be emploved is given in
the table.

Abnormal condition Choice of protection circuit to be employed

1 Mechanical overload Cheerload release, thermal overload relay, owver
current relays, miniature circuit breaker (MCB) with
built in trip coil

2 | Staling or prolonged siarting of motor Thermal relays, Instantaneous overcurrent relay,

3 | Under vollage Undar voltage retease, under voltage relay.

4 | Unbalanced vollage Negative phase sequence relays.

5 Reverse phase sequence Phasa raversal relay.

6 | Phase 1o phase faull or phase to earth HRC fuse, Instantansous owercurrent relays. For

fadilt large motors, differantial prolectbon may be

employed for economy.

T | Single phasing Thermal overload relays, single phase preventar.

Table 6.1
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Induction Motor Protection

The motor protection circuit that is designed should be simple in operation and
economically feasible. Its cost should be less than 5% of the motor cost. It should also
be kept in mind that during starting and permissible overload conditions, the
protection circuit should not operate. The choice of motor protecting circuit is based
on various factors such as rated voltage, rated kW, size of motor, type of induction
motor, type of starter, type of switchgear used, cost of motor, type of load, starting

current possibility of occurrence of abnormal conditions etc.

6.3 Protection Circuit for Induction Motor

The protection circuit along with its single line diagram is shown in the Fig. 6.1.

oo

-

Eu.-llch

L

ON pushbutton
(normally open)

OFF
(Normailly  Button

closed)

Main
caniacts

LS S o A

. """"LIH“'IH'“‘I:"
ARe Yo ET ACY

Auxiary
contact

Contactor

Energizing
coil control ool

Yl

Induction
Moior

(a}
Fig. 6.1

Fuse
Thermal overload relay

a

H Contactor

Thermal
overioad
retay

induction
Mator

{B) Single line diagram
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The three phase supply is given to the motor through various elements such as
fuse, switch, contactor and thermal overload relay. The control circuit of contactor
consists of energizing coil, start and stop buttons. The start {ON) push button is
normally open green switch while the stop (OFF) push button is normally closed red
switch,

When the start button is pressed then the contactor coil is energized as it gets
supply voltage. The coil attracts the plunger when excited and the main contacts are
closed along with the auxiliary contact. Even if the ON push button is released, the
contactor coil remains energized as it gets supply through auxiliary contacts. Thus
motor starks running.

The OFF push button which is normally closed when pressed cuts the supply of
the contactor coil and hence the main as well as auxiliary contacts are open so motor
eventually stops. If supply voltage fails, control coil is de-energized which opens the
contactor and motor stops.

During overload condition, the thermal overload relay operates. Thermal overload
relay consists of bimetallic strips. Because of bending of one or more bimetallic strip
results in operation of common lever which operates the trip contacts to de-energize
the coil and disconnects the supply to the motor.

The bimetallic strips are either heated directly by flow of current or with the help
of special heater coil through which motor current flows. For large motors, these
relavs are connected in secondary of current transformers. The bimetallic strips can be
of self =etting type or hand resetting type in which mechanical reset is required as the
trip mechanism locks itself in operated condition. It should be observed that the rating
of thermal relay should be such that it should not operate during normal starting
conditions. A setting range is provided for adjustment for various load conditions.
Protection against short circuit is provided with the help of HRC fuses.

6.4 Single Phasing Preventer

If one of the supply line is disconnected due to open circuit or improper contact in
switch then still the motor continues to run. The power is then supplied to the
remaining windings. The current in the other phases increases to about /3 times its
normal value. This is called single phasing which results in unbalanced stator currents.
The component which is present in this unbalanced current called negative sequence
component causes magnetic flux rotating in opposite direction to the main flux. This
results in double frequency currents to induce in the rotor to cause its heating. Thus
major damage to motor may take place due to single phasing if proper precaution is
not taken. As the phase overcurrent relays react slowly, they cannot give the
instantaneous protection against single phasing.
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For small motors separate protection against single phasing is normally not
provided as thermal relays sense the increased current in remaining phases due to
single phasing and provides the sufficient protection.

A separate single phasing protection circuit is required in case of large induction
motors as even a small unbalance can cause damage to motor winding and rotor. The
single phasing preventer is shown in the Fig, 6.2.

o 1}
o =
=

Control lcr[Terfler
circut

Thermal SN
I b b '5' ovartoad & or—e
I T % © ey
e |
OFF
=sE = :::::b‘I==2}==q:I===HAUI"iEFY
F'.T W o |[ conact
Contacior Cantaclor
coll

Three phasa
1.,

Fig. 6.2

As shown in the figure, it consists of C.Ts connected in each phase. The output of
control circuit is fed to the level detector which sense the magnitude of unbalance.
Depending on this output from the control circuit the tripping command to the starter
or the circuit breaker is given when negative sequence current exceeds its preset limit.
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6.5 Ground Fault Protection

The ground fault protection is achieved using earth leakage circuit breaker (ELCB).
When the fault current or leakage current flows through earth return path then it
forms the earth fault. These faults are relatively frequent and hence protection is
required against these which is provided with the help of Earth leakage circuit
breaker.

Consider an example of a person whose finger sticks into the socket. Even though
the metal enclosure is securely earthened, the person will receive a severe shock.
Under such case there must be certain device that will cut the supply. This can be
done with the help of ELCB which will typically trip in around 25 ms if current

exceeds its preset value.
The schematic of ELCB is shown in Fig. 6.3.

Live Torminad

- am = ===y

Current

tramsformear — :
Ph o_d‘rﬂln,_ : Fault 1o
single Gircuit ' a;arﬂ;: dus o
phase supply Breaker i Gakagh or
I h‘luﬂ'l-rr'ln
I
I
I

N 10 & kv terminal
"'-‘_ '._IH M
b "
g * _._J- ———————————
= * - bcior enclosune

Fig. 6.3
As shown in the Fig. 6.3 ELCB consists of a small current transformer surrounding
live and neutral wire. The secondary winding of current transformer is connected to
relay circuit which can trip the circuit breaker which is connected in the circuit.

Under normal conditions, the current in line and neutral conductor is same so the
net current (I, 1) flowing through the core is zero. Eventually there will not be any
production of flux in the core and no induced emf. So the breaker does not trip.

If there is a fault due to leakage from live wire to earth or a person by mistake
touching to the live terminal then the net current through the core will no longer
remain as zero but equal to Ip -Iy or I; which will set up flux and emf in CT. As
per the preset value the unbalance in current is detected by C.T. and relay coil is
energized which will give tripping singal for the circuit breaker. As C.T. operates with
low value of current, the core must be very permeable at low flux densities.
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In case of three phase circuits, single ring shaped core of magnetic material,
encircles the conductor of all three phases as shown in the Fig. 6.4 A secondary is
connected to relay circuit. Under normal condition, the component of fluxes due to
fields of three conductors are balanced and secondary carries negligible current.

R ¥ B

Core Relay

of CT . C)

Fig. 6.4

During faulty condition, the balance is disturbed and current is induced in the
secondary to trip the circuit breaker through relay.

This method to provide earth fault protection is called core balance type
protection or zero sequence current transformer (Z5CT) protection. In case of earth
faults, to avoid burning of coils and stampings the motor must be disconnected as
quickly as possible from the supply.

The Fig. 6.5 shows Z5CT protection scheme, It is preferred for the systems with
neutral earthed via resistance. (See on next page)

6.6 Phase Fault Protection

This protection is also called short circuit protection. At the time of such a fault,
the current increases by 8 to 10 times the full load current of the motor. Attracted
armature type relay unit is connected in each phase with a current setting of 4-5 times
the full load current. This is because starting current can be 4-5 times full load current.
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Fig. 6.5 Earth fault protection by ZSCT

Hence to operate the relay only under fault condition such a setting is necessary. Such
a protection is shown in the Fig. 6.6.

Fig. 6.6 Phase and earth fault protection
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The phase faults can cause burn out of coils and stampings and hence motor
should be disconnected as quickly as possible when fault occurs. Fast over current
relays also are used to provide phase fault protection.

As mentioned above to avoid relay tunctioning during starting, the short circuit
protection current setting must be just above the maximum starting current ot the
motor,

6.7 Phase Reversal Protection

The direction of induction motor depends on the direction of rotating magnetic
field produced by the stator windings. For a particular phase sequence RYB the
motor rotates in a particular direction due to corresponding direction of rotating
magnetic field. But if any two lines are interchanged after repairs the phase sequence
reverses such as YRB. Then the direction of rotating magnetic field also reverses and
mduction motor starts rotating in opposite direction. Such a change of direction is
dangerous if the induction motor is used for cranes, hoists, lifts or in threading mills
etc.

Thus to disconnect induction motor from supply if there is phase reversal, phase
reversal protection is provided.

This protection is provided using motor driven disc working on electromagnetic
principle. The secondaries of two current transformers connected in two lines drive the
motor to operate the disc. The arrangement is such that for a normal direction of
mobor, disc rotates in a particular direction which keeps the auxihary contacts closed.
But if there is phase reversal then the torque produced reverses to rotate the disc in
opposite direction. Due to this auxiliary contacts get opened. This inturn either
operates the circuit breaker or de-energises starter coil to disconnect the motor from
the supply. Thus phase reversal protection for the induction motor is achieved. Now a
days solid state phase reversal relay sensing the phase reversal is used.

Review Questions

1. Explam abnornal conditions and possible futlure of mduction mbors.

b

Witich type of protection 13 seleched for various sbrormal conditions ?

Explain the overfoad protection wsing thermal relays wsed for induction motor.

e L

How eartlh fault protection s provided b the induction motors ?

wn

Expilin single phasing in fduction motors. How motor &5 profected from single phasing ?

&

How phase faults protection is provided to the induction motors 7

|

Wihat is phase reversal 7 What is its offeet 7 Hote it ds prevented i induction moters 7

aad
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Transformer Protection

|
7.1 Introduction

The transformers are static devices without having any rotating part and are
totally enclosed. Hence the chances of faults occurring on transformers are much rare
as compared to the faults occurring on generators. Similarly possibilities of running on
abnormal conditions are also less in transformers compared to the generators.

But though the fault possibility is rare, if fault occurs, the transformer must be
quickly disconnected from the system. The rare faults if not cleared quickly can get
developed into the major faults which may be very serious for the transformer. Hence
the protection must be provided to the transformers against possible faults.

The use of series fuses is very common in case of small distribution transformers
instead of circuit breakers. Hence it is not necessary to install any automatic protective
relaying equipments with the distribution transformers. But the power transformers
having large ratings always need some type of automatic protective relaying
equipments, to give protection against the possible faults.

7.2 Possible Transformer Faults

The generators are subjected to the number of faults and abnormal conditions but
the transformers are not. The various possible transformer faults are,

1. Overheating 2. Winding faults
3. Open circuits 4. Through faults
5. Over Huxing

Let us discuss these faults.

7.2.1 Overheating

The overheating of the transformer is basically of sustained overloads and short
circuits. The permissible overload and the corresponding duration is dependent on the
tvpe of transformer and class of insulation used for the transformer, Higher loads are
permissible for verv short duration of time. The overloading which continues for
longer time is dangerous as it causes overheating of the transformer. Similarly the
failure of the cooling system, though rare, is another possible cause of overheating.

(7 -1)
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Generally the thermal overload relays and temperature relays, sounding the alarm are
used to provide protection against overheating. Similarly temperature indicators are
also provided. Un the transformers, when termnperature exceeds the Fut‘miﬁﬁibh' limits,
the alarm sounds and the fans are started. The thermocouples or resistance
temperature indicators are also provided near the winding. These are connected in a
bridge circuit. When temperature exceeds the limiting safe value, the bridge balance
gets disturbed and alarm is sounded. If the corrective acton is not taken within
certain period of time then the circuit breaker trips.

7.2.2 Winding Faults
The winding faults are called internal faults. These faults are,
i) Phase to phase faults
it) Earth faults
iti) Interturn faults

The overheating or mechanical shocks cause to deteriorate the winding insulation.
It the winding insulation is weak, there is a possibility of short circuit between the
phases or between the phase and ground. Also the possibility of short circuit between
the adjacent turns of the same phase winding is also possible.

When such an internal fault occurs, the transformer must be quickly disconnected
trom the system. If such a fault persists for longer time, there is possibility of oil fire.
The differential protection is very commoenly used to provide protection against such
faults. But this protection is not economical for the transformers below 5 MVA for
which an over current protection is used. For the high capacity transformers in
addition to main differential protection, the overcurrent protection is also provided as
a backup protection. For earth fault protection, the restricted earth fault protection
system, neutral current relays or leakage to frame protection system is used.

7.2.3 Open Circuits

The open circuit in one of the three phases is dangerous as it causes the
undesirable heating of the transformer. A separate relay protection is not provided for
the open circuits as open circuits are much harmless compared to other faults. In case
of such faults, the transformer can be manually disconnected from the system.

7.2.4 Through Faults

Through faults are the external faults which occur outside the protected zone.
Through faults are not detected by the differential protection. If the through faults
persists for long period of time, the transformer may get subjected to the thermal and
mechanical stresses which can damage the transformer. The overcurrent relays with
undervoltage blocking, zero sequence protection and negative sequence protection are
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used to give protection against through faults. The setting of the overcurrent
protection not only protects the transformer but also covers the station busbar and
portion of a transmission line. Such a protection acts as a backup protection for the
differential protection.

7.2.5 Overfluxing

The flux density in the transformer core is proportional to the ratio of the voltage
to frequency ie. V/f. The power transformers are designed to work with certain value
of flux density in the core. In the generator transformer unit, if full excitation is
applied before generator reaches its synchronous speed then due to high V/f the
overfluxing of core may result. Higher core flux means more core loss and overheating
of the core. The saturation of magnetic circuit is also the probable cause for the
overfluxing operation. The V/f relay called volts/hertz relay is provided to give the
protection against overfluxing operation. This relay does not allow exciting current to
flow till the generator reaches to a synchronous speed and runs to produce voltage of
proper frequency. The overfluxing relays with enough time lag also can be provided.

Apart from these faults, some other faults like tap-changer faults, high voltage
surges due to lightning and switching, incipient faults i.e. slow developing faults may
also occur in the transtoimers. The Buchholz relay is uwsed for oil immersed
transformers to give the protection against incipient faults.

7.3 Percentage Differential Protection for Transformers

The percentage differential protection or Merz-Price protection based on the
circulating current principle can also be used for the transformers. This system gives
protection against phase to phase faults and phase to ground faults to the power
transformers.

The principle of such a protection scheme is the comparison of the currents
entering and leaving the ends of a transformer. The vector difference of currents I, - I,
passes through the operating coil while the average current (I, + 1;)/2 passes through
the restraining coil. In normal conditions, the two currents at the two ends of the
transformer are equal and balance is maintained. S0 no current flows through the
operating coil of the relay and relay is inoperative. But when there is phase to phase
fault or phas:: to ground fault, this balance gets disturbed. The difference current
flows through the operating coil due to which relay operates, tripping the circuit
breaker,

Compared to the differential protection used in generators, there are certain
important points which must be taken care of while using such protection for the
power transformers. These points are,
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1. In a power transformer, the voltage rating of the two windings is different. The
high voltage winding is low current winding while low voltage winding is
high current winding. Thus there always exists difference in current on the
primary and secondary sides of the power transformer. Hence if C.T.s of same
ratio are used on two sides, then relay may get operated through there is no
fault existing,

To compensate for this difficulty, the current ratios of C.T.s on each side are
different. These ratios depend on the line currents of the power transformer
and the connection of CT.s Due to the different turns ratio, the currents fed
into the pilot wires from each end are same under normal conditions so that
the relay remains inoperative. For example if K is the turns ratio of a power
transformer then the ratio of C.T.s on low voltage side is made K times greater
than that of C.T.s on high voltage side.

-

In case of power transformers, there is an inherent phase difference between
the voltages induced in high voltage winding and low voltage winding. Due to
this, there exists a phase difference between the line currents on primary and
secondary sides of a power transformer. This introduces the phase difference
between the C.T. secondary currents, on the two sides of a power transformer.
Though the turns ratio of CT.s are selected to compensate for turns ratio of
transformer, a differential current may result due to the phase difference
between the currents on two sides. Such a differential current may operate the
refay though there is mo fault. Hence it is necessary to correct the phase
difference.

To compensate for this, the C.T. connections should be such that the resultant
currents fed into the pilot wires from either sides are displaced in phase by an
angle equal to the phase shift between the primary and secondary currents. To
achieve this, secondaries of CTs on star connected side of a power
transformer are connected in delta while the secondaries of C.T.s on delta
connected side of a power transformer are connected in star,

The Table 7.1 gives the way of connecting C.T. secondaries for the various tvpes of
power transformer connections.

Power Transformer Connections C. T. Connections
Primary Sacondary Primary Secondary
Star Dalta Della Star
Calta Diaita Star Star
Star Star Cefta Delta
Delta Star Star Dalta

Table 7.1
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With such an arrangement, the phase displacement between the currents gets
compensated with the oppositely connected C.T. secondaries. Hence currents fed to
the pilot wires from both the sides are in phase under normal running conditions and
the relay is ensured to be inoperative.

3. The neutrals of C.T. star and power transformer stars are gmunded-

4. Many transformers have tap changing arrangement due to which there is a
possibility of flow of differential current. For this, the turns ratio of C.T.s on
both sides of the power transformer are provided with tap for of C.T.s on both
sides of the power transformer are provided with tap for their adjustment.

For the sake of understanding, the connection of C.T. secondaries in delta for star
side of power transformer and the connection of C.T. secondaries in star for delta side
of power transformer is shown in the Fig. 7.1 (a) and (b).

(T . Delta side of = E.Iu.- Secondanas
v ar gsda ponwear transformear
af .
_I_I " pOWET L‘ | L —
. transionmer
il Tj'H“L__
S
— Y |—|
LR
Filiod wares
{b)
Fig. 7.1

7.3.1 Merz-Price Protection for Star-Delta Transformer

Let us study the Merz-Price protection for the star-delta power transformer. The
primary of the power transformer is star connected while the secondary is delta
connected. Hence to compensate for the phase difference, the C.T. secondaries on
primary side must be connected in delta while the C.T. secondaries on delta side must
be connected in star. The star point of the power transformer primary as well as the
star connected C.T. secondaries must be grounded.

The circuit diagram of the scheme is shown in the Fig. 7.2

The restraining coils are connected across the C.T. secondary windings while the
operating coils are connected between the tapping points on the restraining coils and
the star point of C.T. secondaries.
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With the proper selection of turns ratio of CT.s the coils are under balanced

condition during normal operating conditions. The CT. secondaries carry equal
currents which are in phase under normal conditions. S0 no current flows through the
relav and the relay is inoperative.

With an internal fault in power transtormer windings, the balance in the CTs get
disturbed. The operating coils of differential relay carry currents proportional to the
difference of current between the two sides of a power transtormer. This causes the
relay operation which trips the main circuit breakers on both the sides of the power
transformer.

The basic requirements of the differential relay are,

1. The differential relay must not operate on load or external faults.

2. It must operate on severe internal faults.

The relay satisfying these requirements is used in Merz-Price protection.

It is important to note that this scheme gives protection against short circuit faults
between the tums ie. interturn faults also. This is because when there is an interturn
fault, the turns ratio of power transformer gets affected. Due to this the currents on
both sides of the power transformer become unbalanced. This causes an enough
differential current which tlows through the relay and the relay operates,

7.3.2 Merz-Price Protection for Star-Star Transformer

The Fig. 7.3 (See Fig. on next page) shows the Merz-Price protection system for the
star-star power transtormer. Both primary and secondary of the power transtormer are
connected in star and hence C.T. secondaries on both the sides are connected in delta
to compensate for the phase displacement.

The star points of both the windings of the power transformer are grounded. The
restraining coils are connected in the C.T. secondaries. The operating coils are
connected between the tappings on the restraining coil and the ground. The operation
of the scheme remains same for any type of power transformer as discussed for
star-delta power transformer.
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mmp Example 7.1 : A three plase power transformer having a line voltage ratio of 400 V
to 33 kV is commected in star-delta, The CT.s on 4000V side have current ratio as
1000YS, What must be the CT. ralio on 33 KV side.

Assume current on 400V side of fransformer fo be 10000 A

Star - delta

o transformer
. Y

b 5

— s s s S Sl SR SN IR O O S E

co,
secondanies | Iy
in delta y————mmmmmm—-

o
S
TR

|
l P C.T. secondaries

— in star
43 A

Fig. 7.4
Solution : The arrangement is shown in the Fig. 7.4.
On the primary side, which is 400 V side of transtormer the current is 1000 A.
Hence C.T.s primary will carry current of 1300 A
The C.T. ratio is 1000/5 on the primary side hence the current in C.T.

Secondaries which is ]:rhase current of delta connected C.T.s is,

5
1006

lp = THMI= =5 A

This is shown in the Fig. 7.4.

b = 31, =543 A
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This is because the C.T. secondaries are connected in delta.

The same current flows through the star connected C.T. secondaries. Hence each
secondary of C.T. on the secondary side of transformer carries a current of 543 A,

For the power transformer the apparent power on both sides must be same.
I’r—imar}r apparent power = SEq:nndaljf apparent power
15 1III'rLl ]L'I = \"E ""rl.z ILz

V3x 4001000 = /3x33000x1,
400 1000
L2 = g = 1212 A

Thus each primary of C.T.s connected in star carries a current of 12.12 A while
each secondary of C.T.s connected in star carries a current of 5J/3 A.

Hence the C.T. ratio on 33 kV side is,

Primary current 12,12

= 14 -1
Secondary current 5.3

C.T. ratio =

This is the required C.T. ratic on 33 kV side.

7.4 Problems Encountered in Differential Protection

The problems encountered in the simple differential protection are,

1. Unmatched characteristics of C.T.s : Though the saturation is avoided, there
exists difference in the C.T. characteristics due to ratio error at high values of
short circuit currents. This causes an appreciable difference in the secondary
currents which can operate the relay. So the relay operates for through external
faults.

This difficulty is overcome by using percentage differential relay. In this relay,
the difference in current due to ratio error exists and flows through relay coil
But at the same time the average current (I; + 1,/2) flows through the
restraining coil which produces enough restraining torque. Hence relay
becomes inoperative for the through faults.

2. Ratio change due to tap change : To alter the voltage and current ratios
between high voltage and low voltage sides of a power transformer, a tap
changing equipment is used. This is an important feature of a power
transformer. This equipment effectively alters the turns ratio. This causes
unbalance on both sides. To compensate for this effect, the tappings can be
provided on C.T.s also which are to be varied similar to the main power
transformer. But this method is not practicable.
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The percentage differential relays ensure the stability with respect to the
amount of unbalance occurring at the extremities of the tap change range.

3. Difference in lengths of pilot wires : Due to the difference in lengths of the
pilot wires on both sides, the unbalance condition may result. The difficulty is
overcome by connecting the adjustable resistors in pilot wires on both sides..
These are called balancing resistors. With the help of these resistors
equipotential points on the pilot wires can be adjusted. In percentage
differential relays the taps are provided on the operating. coil and restraining
coil to achieve balance.

4. Magnetizing current inrush : When the transformer is energized, the condition
initially is of zero induced emf and it is similar to the switching of an
inductive circuit. Due to this the transient inrush of magnehsing current flows
in to the transformer. This current is called magnetizing current inrush. This
current may be as great as 10 times the [ull load current of the transformer.
This decays very slowly and is bound to operate differential protection of the
transformer falsely.

The factors which affect the magnitude and direction of the magnetizing current
inrush are,

a. Size of the transformer

b. Size of the power system

¢. Type of magnetic material used for the core.

d. The amount of residual flux existing before energizing the transformer.

¢, The method by which transformer is energized.

If the transformer is energized when the voltage wave is passing through zero, the
magnetizing current inrush is maximum. At this instant, the current and fux should
be maximum in highly inductive circuit. And in a half wave flux reversal must take
place to attain maximum value in the other half cycles. If the residual flux exists, the
required flux may be in same or opposite direction. Due to this magnetizing current

inrush is less or more. If it is more, it is responsible to saturate the core which further
increases its component.

This current decays rapidly for first few cycles and then decays slowly. The time
constant L/R of the circuit is variable as inductance of circuit varies due to the change
in permeability of the core. The losses in the circuit damp the inrush currents,
Depending on the size of the transformer, the time constant of inrush current varies
from (0.2 sec to 1 sec.

The waveforms of magnetizing inrush current in three phases is shown in the
Fig. 7.5.
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Fig. 7.5 Typical magnetizing inrush current waveforms

There are number of ways ensuring immunity from the operation by magnetizing
surges. Firstly the relay may be given a setting higher than maximum inrush current.
Secondly the time setting may be made long enough for the magnetizing current to
fall to a value below the primary operating current before the relay operates. But these
simple remedies are inconsistent with high speed and low primary operating current.

In the latest method, the harmonic content of the magnetizing current flowing in
the operating circuit is filtered out and passed through a restraining coil. This is called
harmonic current restraint.

7.4.1 Harmonic Restraint and Harmonic Blocking

The high initial inrush of magnetizing currents consist of a high component of
even and odd harmonics.

Table 7.2 gives the typical values of harmonic contents in a magnetizing current.

Order of harmonic contant in magnetizing Amplitude as a % of fundamental
current
e 63.0
3" 268
4" 5.1
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5" 4.1

&" 37

™ 24
Table 7.2

The operating coil carries the fundamental component of the inrush current only.
The harmonic contents and fundamental together is passed through the restraining
coil.

Thus more the harmonic contents in the inrush current, more is the restraining
torque and the relay does not operate. 50 use of percentage differential protection
rather than simple differential protection is preferred. The circuit used to compensate
the effect of magnetizing current using harmonic restraint method is shown in the
Fig. 7.6.

Resiraining
coils
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Fig. 7.6 Magnetizing current compensation

The filter F; is designed to pass the fundamental 50 Hz component which excites
the operating coil R,. The magnetizing current has large third harmonic component.
There is an additional restraining coil R. The filter F, is designed to pass the third
harmonic component which energizes the additional restraining coil R. The current
passing through normal restraining coil and current passing through additional
restraining coil K, produce sufficient restraining torque. This compensates for the
differential current resulting due to the flow of magnetizing current.

The separate blocking relay in series with the differential relay is used. The
operation of this relay is based on harmonic component of inrush current. This relay
consists of 100 Hz blocking filter in operating coil while 50 Hz filter in restraining coil.
At the time of inrush current, second harmonic component is maximum and thus
blocking relay is blocked with its contacts remain open.
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In short circuit case, the harmonic component is negligible and 50 Hz component
is dominant. Hence the blocking relay operates to close its contact. This principle is
called harmonic blocking,

7.5 Frame Leakage Protection

This protection is nothing but the method of providing earth fault protection to the
transformer. This protection can be provided to the metal clad switchgear.

The arrangement is shown in the Fig. 7.7.

T Units of melal clad swilchgear

1 Eanh fault currant
J -
Earthing —

bus C.T E;}FE;“T At

TR /.r’ L

Concratn
faundation

= Earnhing
Fig. 7.7 Framea leakage protection

The metal clad switchgear is lightly insulated from the earth.

The frame of the switchgear i.e. enclosure is grounded. This is done through a
primary of current transformer in between.

The concrete foundation of switchgear and the other equipments are lightly
insulated from the ground. The resistance of these equipments with earth is about
12 ohms.

When there is an earth fault, then fault current leaks from the frame and passes
through the earth connection provided. Thus the primary of C.T. senses the current
due to which current passes through the sensitive earth fault relay. This operates the
relay.

Such a protection is provided only for small transformers. For the large
transformers, the differential protection is enough to sense and operate for the earth
faults.
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7.6 Buchholz Relay

The Buchholz relay is a gas operated relay used for the protection of oil immersed
transformers against all the types of internal faults. It is named after its inventor,
Buchholz. The slow developing faults called incipient faults in the transformer tank
below oil level operate Buchholz relay which gives an alarm. If the faults are severe it
disconnects the transformer from the supply.

It uses the principle that due to the faults, oil in the tank decomposes, generating
the gases. The 70" component of such gases is hydrogen which is light and hence
rises upwards towards conservator through the pipe. Buchholz relay is connected in
the pipe, as shown in the Fig. 7.8. Due to the gas collected in the upper portion of the
Buchholz relay, the relay operates and gives an alarm.

-
Conservator

circuit

E D

Fig. 7.8 Basic arrangement of Buchholz relay

Transformear fank

The constructional features of Buchholz relay are shown in the Fig. 7.9.
(See Fig. 7.9 on next page.) .

Under normal conditions, the Buchholz relay is full of ofl. Tt consists of a cast
housing containing a hinged hollow float. A mercury switch is attached to a float. The
float being rotated in the upper part of the housing. Another hinged flap valve is
located in the lower part which is directly in the path of the oil between tank and the
conservator. Another mercury switch is attached to a flap valve. The float closes the
alarm circuit while the lower flap valve closes the trip circuit in case of internal fault.
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Fig. 7.9 Construction of Buchholz relay

7.6.1 Operation

There are many types of internal faults such as insulation fault, core heating, bad
switch contacts, faulty joints etc. which can occur. When the fault occurs the
decompaosition of oil in the main tank starts due to which the gases are generated. As
mentioned earlier, major component of such gases is hydrogen. The hydrogen tries to
rise up towards conservator but in its path it gets accumulated in the upper part of
the Buchholz relay. Through passage of the gas is prevented by the flap valve.

When gas gets accumulated in the upper part of housing, The il level inside the
housing falls. Due to which the hollow float tilts and close the contacts of the mercury
switch attached to it. This completes the alarm circuit to sound an alarm. Due to this
operator knows that there is some incipient fault in the transformer. The transformer
is disconnected and the gas sample is tested. The testing results give the indication,
what type of fault is started developing in the transformer. Hence transformer can be
disconnected before fault grows into a serious one. The alarm circuit does not
immediately disconnects the transformer but gives only indication to the operator. This
is because some times bubbles in the oil circulating system may operate the alarm
circuit through actually there is no fault.
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However if a serious fault such as internal short circuit between phases, earth fault
inside the tank etc. occurs then the considerable amount of gas gets generated. Thus
due to fast reduce level of oil, the pressure in the tank increases. Due to this the oil
rushes towards the conservator. While doing so it passes though the relay where flap
valve is present. The flap valve gets deflected due to the rushing oil. Due to this the
mercury switch contacts get closed. This energizes the trip circuit which opens the
circuit breaker. Thus transformer is totally disconnected from the supply.

The connecting pipe between the tank and the conservator should be as straight as

possible and should slope upwards conservator at a small angle from the horizontal.
This angle should be between 10 to 117

For the economic considerations, Buchholz relays are not provided for the
transformers having rating below 500 kVA.

7.6.2 Advantages
The various advantages of the Buchholz relay are,

1. Normally a protective relay does not indicate the appearance of the fault. It
operates when fault occurs, But Buchholz relay gives an indication of the fault
at very early stage, by anticipating the fault and operating the alarm circuit.
Thus the transformer can be taken out of service before any type of serious
damage occurs.

2, It is the simplest protection in case of transformers.

7.6.3 Limitations
The various limitations of the Buchholz relay are,

1. Can be used only for oil immersed transformers having conservator tanks.
2. Only faults below oil level are detected.

3. Setting of the mercury switches can not be kept too sensitive otherwise the
relay can operate due to bubbles, vibration, earthquakes mechanical shocks etc.

4. The relay is slow to operate having minimum operating time of 0.1 seconds
and average time of (.2 seconds.
7.6.4 Applications

The following types of transformer faults can be protected by the Buchholz relay
and are indicated by alarm :

=

. Local overheating

It

. Entrance of air bubbles in oil

3. Core bolt insulation failure
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- Short circuited laminations
- Loss of oil and reduction in oil level due to leakage

Bad and loose electrical contacts

4
5
B
7. Short circuit between phases
8. Winding short circuit

9

- Bushing puncture

10. Winding earth faults.

Examples with Solutions

nmp Example 7.2 : A 11 kV/132 kV power fransformer is connecied in delta-star. The
C.Ts on the low voltage side have turns ratio of 600/5. Find the suitable turns ratio
Sfor the C.T.s on high voltage side.

Solution : The connections are shown in the Fig. 7.10.

Star
B = Delta
I
) o —
C.T. oy —rﬂw" | |j 1_.]
T L
[ — T { i.; 1
Dwalta Star
g A OT'
TIF. sa L
54
O LR
O
Fig. 7.10

Let the current on the primary i.e. low voltage side of power transformer be 600 A.
This current will flow through each line on primary of transformer.
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Hence current in each secondary of star connected C.T. on primary is the phase
current Ip as shown in the Fig. 7.10.

5
[p = 600x— =5 A
g " 500
The same in line current 1; which is line current for the C.T.s connected in delta
on secondary of transformer.

Hence current in each secondary of C.T. which is phase current of C.T. is L times

V3

the line value.

Ip = A for C. T. secondary connected in delta

J3

Now apparent power on both sides is same,
J3 Vil = 3 Via iz

Y3x11000=600 = 3x132000xI,,
[ 11000x600
T 132000
= 50 A

This is the current flowing through each primary of delta connected C.T.
C.T. ratio on high voltage side =

(5/+/3)
= 1732:1

mmp Example 7.3 : A 3 phase, 200 kVA, 11 kVAN V' transformer is connected in
delta-star. The C.T.s on low voltage side have turns ratio of 500/5. Determine the C.T.
ratio on high voltage side. Also obtain the circulating current when the fault of 750 A
of following types occur on the low voltage side
i} Earth fault within the protective zone
i} Earth fault outside the protective zone
i) Phase to phase fault within the proteciioe zone
iv) Phase to phase faull outside the protective zone
Assume balanced voltage.

Solution : The connections are shown in the Fig. 7.11.
On primary which is delta connected, C.T.s are connected in star while
On :aauz«:n:::nndar:.-r which is star connected, C.T.s are connected in delta.
Let current on low voltage side be 500 A. '

Now I, = 500 A
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Siar-
C.T. H. V. Side Delta- L. V. Side
secondanes oT
= Delta ~== Star secondarnies
Tl ol L 1
8 o——{1) | L _,m, o

—
T

C.T. ratic 500/5

Fig. 7.11

Current through primary of C.T. on low voltage side

I|3=5E|'DA

Current through each secondary of delta connected C.T.s

5

SLH:JI:-.:ﬁ =5 A

Line current through pilot wires
NER

53 A

Same is the current through each secondary of star connected C.T. on high voltage

side.

I = 53 A on hv. side C.T. secondaries

Apparent power on both sides of transformers 8 same.

VERUTE TR
V3x11000x1,

NER'A
3 % 400 500
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00 = 500
by 11000

18.18 A

1}

Ik

This is current through each primary of C.T.s connected in star.
Current ratio of C.T.s on high voltage side

18.18

53

= 2099:1

(i} Consider the earth fault within the protective zone as shown in the Fig. 7.12.

{See Fig. 7.12 on next page.)
Now L = 750 A
Equating apparent power,
3 Vuln = V3 Viz Lz
V3x11000x1,, = +3%400x750
2727 A

1]

Iy
This is the line current on hov. side under fault condition.

The C.T. ratio is 2.099 : 1. Hence corresponding current through C.T. secondary on
h.v. side is, = 27.27x = 1299 A

2,094

S0 1299 A current will flow through the relay and relay will operate.

(ii) Consider the earth fault outside the protective zone as shown in the Fig. 7.13.
The line current on secondary is 750 A.

5
S00

7.5 A
75x+/3 = 1299 A as delta connected

ol =

1}

Secondary C.T. current

fl

Current in piint wires
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Q o o
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The currents are shown in the Fig. 7,13,

So on both sides the current is balanced hence no current will flow through the
relay and relay will not operate.

iii} Phase to phase fault in the protected zone on low voltage side. This is shown
in the Fig. 7.14.
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L W fide

/

Fig. 7.14
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& < € = <
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& EEEal

Q Q JJ
ji g J m

Due to such fault current will flow in two Phase-s of low vnltage wim:ling but in
all three phases in high voltage winding as shown in the Fig. 7.14. This current on
high voltage side will flow through the relay and relay will operate.
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iv) Consider phase to phase fault outside the protected zone as shown in the
Fig. 7.15. The various currents and corresponding distribution is also shown in
the Fig. 7.15.

As the currents on both sides are balanced, no current flows through the relay
hence relay will not operate.

mmp Example 7.4 : A 3 phase transformer rated for 33 kV/o.6 KV is commected star/delta
and the protecting current transformers on the low voltage side have a ratio of 400/5.
Determine the ratio of the current transformers on H.V. side. Draw the connection
duagram showing how the relay operates under faull conditions,



Protection and Switchgear T-26 Transformer Protection

Solution : C.T.s on delta connected side are star connected. Hence the mnndar}r
phase currents are equal to currents in pilot wires.

C.Ts on star connected side are delta connected hence current in secondary is
equal to current in pilot wires divided by V3.

Assume 400 A is flowing in the lines on low voltage side 1.e. 6.6 kV side.

Now primary apparent power = secondary apparent power

VAV, I = 3V,
W3 x 33100 =0 = 43 x 66 x 107 x 400

This is primary current of C.T. on high vnltége side.

On the deita side of transformers the C.T. secondaries are star connected. Their
secondary current is.5 A. Hence current fed in pilot wires from low voltage side is 5
A. Same current is fed from C.T. connections on high voltage side which are delta
connected.

Hence secondary current of C.T.s on high voltage side is 5/43 A.
Thus C.T. ratio on H.T. side is 80 : 5/43 i.e. 27.712:1.

The connection diagram is shown in the Fig. 7.16.

CT c.T.
Sacondaries — Secondarnes |
iry delta Siar T Delia in star o
o s T W : ]
_
——f—— o
o bt L]k $
R —h a
I B b
Restraining colls

T—

=+

E Operaling cods

Fig. 7.16
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mmp Example 7.5 : A 3-phase transformer having line voltage ratio of 440 V/11 kV is

connected in star/Delta. The protection transformer on the LV side have a current rakio
af 30045, What must be the ratio of the protection transformer connected on HV side ?,

{AU-April-2005)
Solution : The arrangement is shown in the Fig. 7.17
Star - delta
A, Iransiormer
ﬂ'ﬁT o
pﬁ.-\ I
— T N o]
TETTS e mn
; ' ]
o—-1 -
C.T.
secondaries I i,
in deita e ——

is,

5.TA
sn "1 \%\
i

I
l P C. T, secondarias
5T A in star

Fig. 7.17
On primary side which is 440 V side, let the current be 500 A.
Thus C.T.s will carry the current of 500 A.
The C.T. ratio is 500/5 A hence secondary phase current of C.T.s on primary side

a
P miﬁﬂ]=5h
J3

I, = 53 A .. Delta connected C.T.s
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The same current flows thmugh the star connected C.T. secondaries. Hence each
secomdary of CT. on the secondary side of transformer carries a current of 543 A.

The apparent power on both sides must be same :

'-'E Vuly = ﬁvl.l I
V324403500 = J3x11%10% =0,
I;; = 20 A

Thus each primary of C.T.s connected in star on H.V. side carries a current of 20
A while each secondary carries current of 543 A,

Hence the C.T. ratio on 11 kV side is,

F'r:i.m.ar:.-' current m

Secondary current 5.3

2309 :1 ... Required C.T. ratio on H.V. side

wmp Example 7.6 : A 3 phase 500 kVA, 11 kVA0.4 kV transformer is connected in
Deltafstar. The protection transformer on the LV side have turns ratio of 500/5. What
will be the C.T. rakio om the HV side of the transformer 7 {AU-Dec.-2005)

Solution : The connechions are shown in the Fig. 7.18.

Sdar
cT H. V. Side Deita- L. V. Side
secondaries C.T
= J Delta ~—2= Star secondaries
R o—H) [ /B __!fmf OR
Y 0= I " . m _w —-Im:: ﬂ"r’
N . g i

B O—11t1 _J'E Op
K — i
-

" e

Fig. 7.18
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LR

=

i

I

1.

Stafe the problems encountered in a simple differential protection of transformers.
Wiyt o nodes o,

i} Magmetic current n rush

i) Harmonic restraint and harmmonic Mocking

i} Frame lenkage prefeckion

Do and explain the construction and working of Buchhiolz relay, Against witch faulls Buchholz
relay gives the prodection 7 Skate s advaniages and disadvenbages,
Dvscribe with the help of o neat dingrem the connections of differential profection of @ transformer.

A F-phase 3366 &V starfdelta comnected transformer is protected by differential system. The C.T.'s
on LT aide have ratio of 300/5. Show that the C.T.s on HT side will have a ratio &0 - S-JE

A 3 phase transformer of 220701 line wvolls &5 connecled in starfdelia. The protective
transformers on 2200 V side have a current rakio of 60045, What should be C.T. ratio on 11,000 V
gide 7 {Ans. : 1.385: 1)

A F-phase, 220411000V transforoter is conneched tn shar-delta and the protective transformers on
fhe 220V zides hawe @ current radio r:l_l|r El]lf:% What musi be e matio 4:5!’ the C.Ts on the

TT.000 W side and howe shall they be cormected 7 (Ans. : 12 : 5)

A Hhrev piwmse 86 VD KV power J'r.:msfamw is conmecled in slarfdella. The transformer s

profected by Merz-Price circulating current system. Protecting current transformers on the low

woitage side have o ratio of 250/5. Find the rabio of the coirrent Fransformers on high voltege side.
(Ans. : 141 : 1)

A three phase power transforner has a voltage mtio of 33%6.6 kV and 15 star delta connected. The
protective CTT.3 on the 6.6 KV side have a current ratio of 100. What nmoest be the mbtio of
protective C.T.s on the 33 kV side ? (Ans, : 35:1)

QaQ



Carrier Aided Protection
and Static Relays

]
8.1 Block Schematic of Carrier Aided Protection

Carrier aided protection is used for the protection of transmission lines. The carrier
currents with high frequency range are transmitted and received with the help of
transmission lines for protection. The schematic representation of carrier current
protection is shown in the Fig. §.1.

Bus bar Bus bar

Tranemission line

| Coupling ]
capacibor E_
= = i
Relay _ Relay
wni wnit
Carrier currenl Carmar currani
transrmitlar, aquipment

Racsiver, Power
amplifier, Ling funing
unif, Master oscillator

Fig. 8.1 Schematic of carrier current protection

The identical carrier equipments which include transmitter, receiver, line tuning
unit, master oscillator, power amplifier etc. are provided at each end of the
transmission line. The description of various blocks in the schematic representation is
given below.

1. Coupling capacitor
The various carrier equipments described above are connected to the transmission
line with the help of coupling capacitor. The capacitive reactance is given by &

Hence for carrier frequency it offers less reactance while high reactance for normal

(8-1)
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power frequency. It can be seen that the carrier current signals are allowed to pass
through this capacitor and enter in carrier equipment while power frequency currents
are blocked. The inductance connected in series with the coupling capacitor reduces
the impedance to further low wvalue. Thus a condition of resonance is achieved at
carrier frequency.

2. Line Trap Unit

This unit is between the busbar and the connection of coupling capacitor to the
line. It consists of parallel combination of inductance (L) and capacitance (C) acting as
tuned circuit. This circuit offers low impedance to power frequency currents while
offers very high impedance to carrier frequency currents which prevents the high
frequency carrier to enter in the neighbouring line and carrier currents flow only in
the protected line.

3. Protection and Earthing of Coupling Equipment

Due to lightning, switching transients or faults, overvoltage surges are produced
on the transmission lines. These overvoltages may produce stress on coupling
equipment and line trap unit. For protection purpose, the nonlinear resistors are
connected across line trap unit in series with a protective gap. These resistors with
protective gap is connected across inductor in the coupling unit. The length of the gap
is adjusted in such a way that, spark over takes place at a set value of overvoltage.
The earth rod is used is for earthing of coupling unit so as to get low resistance earth
path. The relay room consists of carrier equipment panel which is connected to station

earthing system,

4. Electronic Equipments

Following electronic equipments are generally used at each end of the line,

a) Transmitter urut

b) Receiver unit

¢} Relay unit

a) Transmitter Unit :

The general representation of power line carrier equipments is shown in the
Fig. 8.2,

Normally the frequencies with range from 50 to 500 kHz are employed in various
frequency bands with each has specific bandwidth. The oscillator is used for the
generation of carrier frequency and it is tuned for a particular frequency which is
chosen for particular application. Sometimes a crystal oscillator may also be used
which gives particular bandwidth after selecting particular type of crystal. Voltage

stabilizers are emploved for maintaining the oscillator output voltage constant. The
losses in the transmission path between transmitter and receiver at remote end of line
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Transmission
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— T Coupling
»—& E— Line capacior
trap wnit
PT

Bus
bar

Line tuning unit

£

Fig. 8.2 Representation of carrier current protection unit

Relay
unig 4[_

Power amgplifiar

Masier osdllator

are overcome with the help of amplifier which increases the level of the signal to be
transmitted.

The attenuation in signal is due to losses in coupling equipment which are
constant for given frequency range. Depending on length of line, frequency whether
conditions and the size and type of line, the line losses vary.

If weather is fairly reasonable then the attenuation is of the order of 0.1 dB/kHz at
80 kHz which increases 0.2 dB/km at 380 kHz. If we consider 250 km line then the
output of power amplifier is about 20 W. For a particular bandwidth the amplifier
should give maximum power. Depending on the type of protection required, various
methods are adopted for the control of transmitter. The interconnection between
oscillator and amplifier is done through control circuit. The block diagram
representation of transmitting unit is shown in the Fig. 8.3 (a).

Caontral
uinit

Form
relay Oscillaior
urit

To
fing

Ampiifier

Fig. 8.3 (a) Transmitting unit
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b} Receiving Unit :
The block schematic of receiving unit is shown in the Fig. 8.3 (b).

F romi
lina ——» Afanuator

coupler

Maiching Bandpass
alament filter

Amplifiar
detector

Carrier
receiver

i

Protective
relay

Fig. 8.3 (b) Receiving unit

The signal is reduced to a safe value with the help of attenuator. The undesired
signals which are signals from subsequent sections or spurious signals are prevented
by using band pass filter. The matching element matches the impedance of the
transmission line and receiving section. The undesired signals are generated either by
short circuits or radio interferences. The malfunctioning of this unit is avoided due to
the noise signals by using the set value above 2 milliwatts which is above noise level.
If the carrier signals have power level of 20 W and receiver unit is set at higher level
of 5 milliwatts then the operation is unaffected by spurious signals. For avoiding the
overloading, the signals should be attenuated before applying it to the amplifier
detector.

¢} Frequency Spacing : The subsequent line sections use various frequencies. The
carrier signals are prevented from entering into next section by wave traps. The filters
from receiving unit filters other frequencies. The frequency bands of various sections
are properly co-ordinated.

d) High Frequency 5Signal Modulation -

For medulation of power frequency signals, the modulator is used. The signal after
modulation is passed to the amplifier and then transmitted through coupling unit.
From the half cycle line currents, the required blocks of carrier signals are generated
with the help of oscillator. The level of line current at which oscillator generates these
carrier blocks should be theoretically constant but practically there is critical minimum
current. The modulation of line current into high frequency carriers is shown in the
Fig. 8.4.
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<

High frequency
carrier blocks

Fig. 8.4 Modulation of line current

8.2 Phase Comparison Method of Carrier Current Protection

There are various methods of carrier current protection. Some of them are as given
below :

1. Directional comparison method

2. Phase comparison method

The block diagram of the phase comparison method is shown in the Fig. 8.5.
——

—— Oscillator =  Modulator
—_— 1

Ampliier [—=

T

Summation

Comparaior Faceispr je——

-

Trip
relay

Fig. 8.5 Block diagram of phase comparison mathod

In this method, the phase relation between the current entering in the protected
zone and current leaving the protected zonme is compared without comparison of
magnitudes of currents. It does not provide back up protection which is to be
additionally provided but it acts as main protection.
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In this method the signals are sent from each end of the line while they are
received at the other end. The signals are obtained from C.T. secondaries and are
related to the current flow in the main line.

In the absence of any fault on the line, the signal is sent for alternate half cycles
from each end resulting in continuous signal on the line. For external fault the same
condition holds good. If there is an internal fault, the current in one of the lines
reverses in phase and remains below fault detector setting resulting in sending the
carrier only for half the time. The relay is arranged to sense the absence of signal in
the line. When the phase angle between the two signals reaches to a certain set value,
the tripping occurs.

For internal fault condition, the transmitted signals and received signals are almost
in phase with each other. The comparator compares these signals. For alternate half
cycles, the signal is absent so the comparator gives output which operates to trip
relay. Various signals in primary circuit, secondary circuit transmitter, receiver
comparator during external fault are shown in the Fig. 8.6.

End 1 End 2

A\
Vv V

> C
D C

AN |

==

4

Signal fed lo recabver

Current i comparabos

Fig. 8.6 (a) External fault
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8.5 Basic Elements of a Static Relay

The Fig. 8.7 shows the block diagram of a static relay indicating its basic elements.

D.C. power
Faad allamenl et o
Dutput
Inpit Measuring el;miunt Tripging
Relaying alemant abEment ampiifier eireil
quantity ) -
Rectifier Comparator Transistor as
an amplifier

Fig. 8.7 Block diagram of a static relay

8.5.1 Input Element

The relaying quantity can be the output of C.T. or P.T. or it may be the output of
a transducer or it may be combination of various signals. Thus an electronic circuit
such as rectifier is required as an input element to get the input signal in a convenient
form before applying it to a measuring element. Some mixing circuits such as op-amp
adder may also be required as an input element.

8.5.2 Measuring Element

This is the heart of the static relay. It compares the output of an input element
with a set value and decides the signal to be applied to the output element which
ultimately drives the tripping circuit. Thus measuring element is a deciding signal
generator.

Measuring element can be classified as,
1. Single input device

2. Two input device

3. Multi-input device

The single input devices, depending on the protection and control schemes are
turther classitied as,

a. Noncritical Repeat Function (All or Nothing Relay) :
As the name suggests, these

I devices are completely unenergized
input Instantaneous — Dt‘;':'ﬁs or energized much higher than the
R noncritical ™ (contracts) marginal condition required, to

I produce very fast response. It can be

represenl:ed as shown in the Fig. 8.8.

Fig. 8.8 Noncritical repeat function The input R is either zero or too
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higher than the marginal operating level. Such devices are instantaneous with
response time less than 20 ms. The switching power gain associated with them is
generally 10°. Such devices have multiple output contacts.

The main functions of such devices in the protection are,

1. To produce final tripping signal to the circuit breaker.

L

To produce signals o perform supplementary functions such as alarming,
intertripping etc.

Tl

To act as intermediate switching stages in a complex protection scheme.

b. Critical Measuning Function :

This device is a sort of on-off controller. It activates when the input signal reaches
to some critical level decided by the protection scheme. Such a device is shown in the
Fig. 8.9.

b

Input
P , Instantaneous o Instantanecus =
=] critical noncritical | I
—

Fig. 8.9 Instantaneous critical function

Thus when input K is greater than some critical value P, it operates. While for
reset, input R must be less than kP (k=1).

It has only one output and switching gain need not be high. The output of such
device then can be connected to instantaneous noncritical to obtain multiple outputs.,

The various requirements of critical function devices are,

1. High accuracy.

I

3 l_cmg BT mnsistenr:y.
3. Fast and reliable operation.
4

. High controllable reset ratio.

¢. Definite or Fixed Time Function :
This is nothing but a delay function
T element. It produces a define time delay
Fixed Output between its input and the output. The delay
o ;E:? — signal may be provided between the application of
R input and activation of output or between

removal of input and resetting of output. It is

howr i o 810
Fig. 8.10 Definite time function  S1o"n in the Fig. 8.10
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The input is noncritical type ie. either zero or too high than the marginal
requirement. Practically charging time of a capacitor is controlled to obtain fixed time
delay.

d. Input Dependent Time Function :

This tunction depends on the input characteristics and decides the time
accordingly.
The common form of input dependent time function characteristics is,
t = f(R") where R = input

negative

and n

The function and its characteristics are shown in the Fig. 8.11.

f

in F“-'t ||'|F:||J1
R_-‘ dapandant [

time funciion

Fig. 8.11 Input dependent time function

As n is negative, as the input increases the operating time decreases. 50 operating
time is inversely proportional to some power of the input. The examples of such
relays are inverse definite minimum time lag overcurrent and earth fault relays.

The two input devices are very common such as comparators, level detectors etc.
while multiple input devices are extension of two input devices to extend the range of
characteristics.

8.5.3 Output Element

The signals obtained from the measuring element are required to be amplified
before applying to the tripping circuit. Thus output element is an amplifier. Sometimes
this element not only amplifies the signals but multiplies them or combines them with
other signals to delay them.

8.5.4 Feed Element

The measuring element uses electronic circuits consisting transistors, diodes etc,
The output element uses transistor as an amplifier. All these components, circuits
alongwith the tripping circuit require d.c. supply for the proper functioning. The feed
element provides the d.c. voltage required by the various elements.



Carrier Aided Protection
Protection and Switchgear 8-12 and Static Relays

8.6 Comparison of Static and Electromagnetic Relays

The conventional electromagnetic relays use the moving parts such as an armature,
disc etc. Thus they are bulky in size. These relays are robust and highly reliable. These
are subjected to differential forces under fault conditions and hence required to have
delicate setting of small contact gaps, special bearing arrangements, clutch assemblies
etc. Thus there are lot of manufacturing difficulties and problems related to
mechanical stability associated with electromagnetic relays. The current and potential
transformers are subjected to high burdens in case of electromagnetic relays.

The static relays are commonly using the transistor circuits and called transistor relays.
This is because transistor can be used as an amplifying device as well as a switching device.
Hence any functional characteristics as per the requirement can be obtained by the static
relays. The transistor circuits can perform functions like summation, integration, comparison
etc.

8.6.1 Advantages of Static Relays
The various advantages of static relays are,

1. The moving parts are absent. The moving parts are present only in the actual
tripping circuit and not in the control circuit.

2. The burden on current transformers gets considerably reduced thus smaller
C.Ts can be used.

The power consumption is very low as most of the circuits are electronic.

The response is very quic‘k.

Moo W

As moving parts are absent, the minimum maintenance is required. No bearing
friction or contact troubles exist.

6. The resetting time can be reduced and overshoots can be reduced due to
absence of mechanical inertia and thermal storage.

7. The sensitivity is high as signal amplification can be achieved very easily.
The use of printed circuits eliminates the wiring errors and mass production is
possible.

9. As electronic circuits can be used to perform number of functions, the wide

range of operating characteristics can be obtained, which almost approach to
ideal requirements.

10, The low energy levels required in the measuring circuits make the relays
smaller and compact in size.

11. The testing and snwicing is simplified_
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8.6.2

Limitations of Static Relays

Inspite of wvarious advantages, the static relays suffer from the following
limitations,

1.

3.
5.
&.

The characteristics of electronic components such as transistors, diodes etc. are
temperature dependent. Hence relay characteristics vary with temperature and
ageing,.

The reliability is unpredictable as it depends on a large number of small
components and their electrical connections.

These relays have low short time overload capacity compared to
electromagnetic relays.

Additional d.c. supply is required for various transistor circuits.
Susceptable to the voltage fluctuations and transients.

Less robust compared to electromagnetic relays.

Mow a da]..rs effect of temperature on the semiconductor devices can be

compensated by careful design of the circuits.

8.7 Semiconductor Devices used in Static Relays

The various electronic components, devices and circuits which are commonly used
in static relays are,

1.

1.

Semiconductor diodes : This includes the conventional p-n junction diode,
zener diode, avalanche diode and the circuits using these diodes such as
rectifiers, regulators, references etc.

Transistors : This includes bipolar junction transistors (BJT) and field effect
transistors (FET). The transistors are used as amplifiers or as switches in the
static relays. The direct coupled amplifiers using transistors are also used in
the static relays.

Unijunction transistor : The device UJT having negative resistance
characteristics is often used to obtain relaxation oscillator, the output of which
is used to trigger SCE.

Thyristor family : This includes various two and three terminal and four layer
electronic devices such as silicon controlled rectifier (SCR), triac, diac, silicon
controlled switch (5C5). Such devices are used in static relays to obtain high
speed switching characteristics.

Logic circuits : Most of the relays are bistable devices i.e. they are operated in
two stable states either ON or OFF. The logic circuit also has two states high



Carrier Aided Protection
Protection and Switchgear B-14 and Static Relays

Les O and low Le. OFF. Hence lngi:;' circuits play an important role in the
static relays.

6. Filter circuits : The RC and LC filters are also used in static relays after
rectifiers to obtain smoothing of de voltage generated. To obtain fast
smoothing instead of conventional capacitor filter, the phase splitting before
the rectification is used in static relays.

7. Multivibrators : The various multivibrators using transistors are used to
produce square waveforms in static relays. The diode clippers also can be used
to obtain square wa velorms.

8. Time delay circuits : The variety of time delay circuits such as delay lines, RC
circuits, timer circuits, resonant circuits using transistors, thyristors and ICs are
used in static relays. Depending upon the requirement of time delay, the
particular circuit is chosen. The delay lines are used for shorter delays while
RC charging and discharging circuits are used for longer delays. The time
delays of the order of micro secs to hours can be achieved using such time
delay circuits,

9. Level detectors : In static relays, it is necessary to detect the operating levels of
various signals and used it to produce the necessary actuating signals. The
level detector circuits using the diodes, rectifier and RC elements are
commonly used in static relays.

10. Analog circuits : The op-amp available in IC form is very common in building
analog circuits such as adder, subtractor, differentiator, integrator, inverting
amplifier, noninverting amplifier etc. Op-amp also can be used to obtain the
circuits like zero crossing detector, Schmitt trigger etc. All such circuits are
used in various types of static relays.

8.8 Static Time Current Relay

This is nothing but instantaneous overcurrent relay. The Fig. 8.12 shows the block
diagram of static time current relay.

input
w;ﬂm—-— C.T. Rectifier m:jr d Timing | _| Level _| Ampiifier
with Linit circuit Tl detector [ ] fiter
C.T. detector
filtar
Tripping
circung

Fig. 8.12 Block diagram of time current static relay
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The secondaries of line C.T.s are connected to the summation circuit. The output
of summation C.T. is given to the input C.T. The input C.T. is called auxiliary C.T.

which has taps on the primary for selecting the required pickup and current range.
Then the output of auxiliary C.T. is rectified and smoothened. It is then applied to
overload level detector and RC timing circuit. When the voltage across the timing
capacitor reaches to a critical value then it triggers the level detector. The output of
the level detector is amplified as per the requirement and given to the tripping circuit.
This operates the output device. The charging of capacitor in a timing circuit is
achieved by a voltage derived from CT current. This voltage is obtained across a
nonlinear resistor by passing rectified current through it. The proper selection of
nonlinear resistor and RC timing circuit allows to obtain desired shape of time current
characteristics of the static relay.

The current at which the level detector trips is called threshold current denoted as
Lipweshotd - THus for an overcurrent relay,

when lin < Dt » JEVEl detector does not tri;

when Lin 2 Lippeshota . level detector trips

8.8.1 Static Time-Current Characteristics

The time-current characteristics is inverse type of characteristics and given by the
expression,

L KIMS)
I -I;
where t = Time of operation in seconds

K = Design constant of relay

-_|
=
7!
1

Time multiplier setting

[ = Tap current multiplier

I, = Multiple of tap current at which pickup occurs
n = Characteristic index of relay

The shape of the characteristics and degree of inverse nature is standardized.
According to British standards,

For standard inverse characteristics (IDMT),
K«{(TMS) = 0,14, n=002 and I,=1A

I'i
For standard very inverse characteristics,

K={TMS) = 135 n=1 and 1,=1A

P






and Static Relays

Carrier Aided Protection

=17

Protection and Switchgear

iopeep
(A
Uz

S
sopseden

N\

fyddns

s

Qg ®

il

I
=

o

FEUOHLSI0S
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8.8.3 Inverse Time-Current Relay
The Fig. B.15 shows the circuit diagram of static inverse time-current relay.
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Under normal conditions, Q, gets biasing from d.c. supply applied through R,
and P, and conducts. Hence capacitor C is short circuited. When fault current exceeds
the pick up value set by the potentiometer P, and selector switch then the transistor
2, becomes OFF. The capacitor C starts charging through R; and P, by the voltage
developed across R,. This charging time varies as per the severity of the fault. More
severe is the fault, more is the voltage developed across R, and less is the time for
charging capacitor C to a critical level. When voltage across the capacitor reaches to a
predetermined level set by the potentionmenter Py then the transistor QQ; conducts.
This energizes the trip coil and the circuit breaker opens. The diode D protects the
transistor from the high reverse voltage. Thus more is the fault current, less is the
time required to operate relay hence it is inverse time-current relay.

8.9 Directional Static Overcurrent Relay

The directional relay is nothing but a directional power relay which operates when
the power in the circuit flows in a particular direction. Thus it requires to sense the
system voltage as well as the system current.

The Fig. 8.16 shows block diagram of the directional static overcurrent relay.

fniput |
Auxiliary
Ae— ¢t
Phase Timer Laval ;
comparator circuit detector Ampilfier
Directional
wmnit Trip
Phase po T
B shifter circuit
Input W

Fig. 8.16 Directional static overcurrent relay

The input A is proportional to the systemn current supplied to a directional unit
through auxiliary transformer. The input B is proportional to the system wvoltage,
supplied to a directional unit through phase shifter.

The phase comparator compares the phase angle between the two inputs. Let this

angle is ¢ while the relay characteristics angle is 8. Let [, be the current setting
magnitude. Then the relay operates when,

[, = [cos($-8)
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The output of the phase comparator is applied to a level detector through timer if
time delay is required. The output of the level detector is amplified and given to the
trip circuit.

The phase comparator is generally of two types,
1. Hall effect generator which is popularly used in Russian countries.
2. Rectifier bridge type comparator which is popularly used in European countries.

The static directional overcurrent relays are very sensitive and directional unit can
be made reliable down to 1% of the system voltage.

8.10 Static Differential Relay

A differential relay is the relay which operates when the phasor difference of two
or more similar electrical quantities exceed a Predetermined value.

In static differential relay, two similar quantities either voltages or currents are
compared. The comparator measures the vector difference between the two similar
input signals. The rectifier bridge type comparator is generally used in the static
differential relay. The block diagram is shown in the Fig. 8.17.

Input
[ S
Comparator Amplifier JI_E'E“
Imgut
B

Fig. B.17 Static differential relay

In normal conditions, the two quantities balance each other and the comparator
output is zero and the relay is inoperative.

For any internal fault conditions, the comparator senses the phase difference
between the two quantities and produces the output. This is amplified and given to
the trip circuit which operates the relay.

This scheme is used for protection of the generators and transformers against any
type of internal fault.

The various advantages of static differential relay over electromagnetic differential
relay are, highly sensitive, compact, very fast in operation, low power consumption,
less burden on input CTs and inrush current proof characteristics.
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The basic static differential relay scheme is shown in the Fig. 8.18.

Bridge rectifr
camparator

cT et /—_/\_—\

R Equipmant T
W io be profected | | WV

£

/
qu/l:{g (

Restraining
Fig. 8.18 Static differential relay scheme
Let n, and n, be the number of turns of operating and restraining coils
respectively. Then the relay operates when,

K,n,I, > K,n, I, +K

where k; and k, are design constants while K’ is the spring control torque.

8.11 Static Distance Relay

In the distance relay, the operation is dependent on the ratio of the voltage and
current, which is expressed interms of an impedance. The relay operates when the
ratio V/I ie. impedance is less than a predetermined value. The distance relays
include impedance, reactance and admittance relays as discussed earlier. In static
relays the comparison of voltage and current is achieved by electronic comparator
circuits.
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The basic block diagram of static distance relay is shown in the Fig. 8.19.

5
Vi — Measuring | )
I circuit
Comparator Amplifar c.l-'l;gﬂ'rt
Vi ——m Measuring
I, —| cireut [

Fig. 8.19 Basic static distance relay scheme

The line voltage V; and line current I, are given as the inputs to the two
measuring circuits. The circuits produce the outputs 5, and 5, depending upon their
characteristics. Thus,

S5 = KV +K [
5 = K Vi +K [

where K,, K., K; and K, are to be selected according to the requirement of the
characteristics,

Now depending upon whether the comparator is amplitude or phase comparator
and the constants K, to K,, the various characteristics of the distance relay can be
obtained.

The wvarious types of derived voltages 5 and5; for amplitude and phase
comparators to obtain particular characteristics are given in the Table. 8.1.

No. Amplitude comparator Phase comparator Distance
relay scheme
Operating Restraining Opearating Restraining
1 v ¥ I, Zg v, Directional
2 |I|= I_;LI IL El - “L I[_ E’E - ‘Ir] |I'I'H:I'E|jﬂl'll:l
]
3 [ - “%’L I;:LI I, &g =V, sind I, Zg Reactance
L n R
4 i I, - E_I L Zy -V Vi Mho

Table 8.1
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The characteristics of various schemes as obtained from above Table 8.1 are shown
in the Fig. 8.20.

X X
I
B R Zg
Operatng %
(a} Directional {b) impedance (¢} Reactance (d} Mho

Fig. 8.20

The static distance relays are used popularly for protection of medium and long
transmission lines, parallel feeders and interconnected and T connected lines.

8.12 Microprocessor Based Relay

Let us see the relay logic which is very important in understanding the
microprocessor based relay. The relay can be ON or OFF ie. it has two stable states.
Similarly output of a logic function is ON ie. high or OFF i.e. low. The three basic
logic functions are,

1. AND 2 0OR 3 NOT
AND function :

The block schematic of AND function and the truth table is shown in the
Fig. 8.21. In the truth table 1 indicates high while 0 indicates low. AND is nothing but
a multiplication.

A | B C=AANDB
A 0 1] Q
ﬂ_
AND |——o C=A+B o)1 ]
B gy
1 0 0
1 1 i
[a) Block schematic (b} Truth table

Fig. 8.21 AND function

The diode AND gate is shown in the Fig. 8.22 (a) while the AND operation using
relays is shown in the Fig. 8.22 (b).
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% H o—/‘:, /‘:, A«B=AANDEB
Ao Ao ::I':t B o ;
B o—} s C=AsB ' JT_ J__
{a) Dicde AND (b} AND with relays
Fig. 8.22
OR function :

The block schematic of OR function and the truth table is shown in the Fig. 823
The OR function is nnthing but an addition.

A | B C=ADORB
0|0 0
L
OR |—o C=zA+B Q 1 1
B o——j
1 o 1
1 1 1
{a) Block schematic (b} Truth table

Fig. 8.23 OR function

The diode OR gate is shown in the Fig. 824 {a) while the OR operation using
relays is shown in the Fig. 824 (b).

Aw >4 o C=A+B J
i j ""{ L A+ B
Be——— : :
H —f} o
7 I
{a) Diode OR {b) OR with relays

Fig. 8.24
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MNOT function :

The NOT function is inverting function of the input. 5o if input A is 0 then output
is 1 and viceversa. The output is denoted as A. It is shown in the Fig. 8.25.

c=K
ho—— NOT |p——e C=K o 1
0
[a) Block schematic (b} Truth table

Fig. 8.25 NOT function

By wsing NOT function with basic AND and OR two more logical functions can be
obtained which are NAND and NOR.

The truth tables for NAND and NOR are given in the Table. 8.2,

A B HAMND NOR
Q (1] 1 1
0 1 1 i
1 0 1 0
1 1 i 0
Table 8.2

All these functions can be achieved using transistors also. It is called transistor
transistor logic (TTL).

The Fig. 8.26 shows the block diagram of microprocessor based relay.

The output of line CT is given to the input receiver block where signal is
processed. The signal processing includes surge protector, rectifier, smoothening filters,
auxiliary CT etc. depending upon the requirement. This signal is an analog signal. The
A/D  converter converts this to a digital signal which is accepted by the
microprocessor. The microprocessor is a decision making block. The digital signal
received is compared with the reference to generate the proper tripping signal. This is
a digital signal which is converted to analog again to operate the tripping coil. This is
achieved by the D/A converter. The data logger captures the data and feeds it to the
microprocessor when there is a request from the microprocessor. The information can
be displayed with a proper display device by taking signal from the microprocessor.
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Circuit
Dreaker
CT .
(-ﬂ.“i :__....-'i f. _Ll“_ﬂ___-
| Trippéng signal
CWA converter
Signal AD .
processing 3T converier Microprocassor
Display
Data Data
:.I:EE logger res sl

Fig. 8.26 Microprocessor based overcurrent relay

The main advantage of such relay is that it is programmable. The programme can
take care of on line calculations and take the decision accordingly. Another important
advantage of microprocessor based relay is that one microprocessor unit can perform
the relaying operation of several systems.

Thus various advantages of microprocessor based relay are,
1. Very efficient and reliable.

2 Highly accurate.

3. Very fast in operation.

4. Programmable in nature,

5. Ome unit can perform relaying of several systems.

6. Economical for large systems.

7. Useful for centralley co-ordinated back up protection.

Only are must be taken that the microprocessor unit must be properly shielded as
it gets affected by external interferences and environment. Proper care of earthing
must also be taken.

Review Questions
1. Dwaw and explain block schematic of carrier aided protection.
2. Which rlectronic equupments are used at ench end af the line 7

X Explain the bransmilting unil wsed in carvier aided protection,
4. Explain the block diagram of phase comparision method.
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5. Skate the advantages of carrier current protection.
6. Explain the basic elements of static relays.
7. Compare stabic ond elechromagnetic relays,
8. State the advantages of static relays.
9. Which are the various semiconductor devices used m static relays 7
1) Drawr and explain the Wock diagram of static time-current reiay.
11, Dwrace and explain the circuid disgram of static mstantaneous over current relay.
12. Dwaw and explain circwit diagram of stabic inverse time over current relay.
13, Drair and explain the circnil diagram of static direchionial overcurrmet relay,
14. Draw and explain the circuit diagram of static differentical relay.
15. Write & note on static distarce relays.
16. Write a mole on microprocessor based relay.

Qa3
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Theory of Arc Quenching

]
9.1 Introduction

The different circuits of a power system viz transmission lines, distributors,
generating stations etc. are required to be operated under both normal and abnormal
conditions. Whenever any fault occurs somewhere in the system, 1t must be
immediately detected and disconnected from the system. This is necessary since it
ensures less damage to the faulted apparatus and the fault is not spread into the
system. Also quick recovery of fault results in less interruption of service to the
consumers.

Previously the function of switching on and off of the power system elements was
accomplished with the help of switch and fuse which is placed in series with the
circuit, But it suffers some difficulties such as replacement of fuse takes a long time.
So supply to the consumers will be restored after long time. The another limitation is
that it will not be able to interrupt successfully the heavy fault currents. Due to these
disadvantages the use of switch and fuse unit is restricted to the low voltage and
small capacity circuits where frequent operations are not performed.

With the development in power svstem the transmission lines and various
equipments operate at very high voltages carrying large currents. The switch and fuse
arrangement explained earlier will fail to serve the desired function in high capacity
circuits. The use of circuit breakers can facilitate the opening and closing of heavy
electric circuits smoothly and efficiently. A circuit breaker can make or break a circuit
either manually or automatically under no load, full load or short circuit conditions.
Thus it forms important element in any protective scheme.

Any circuit breaker essentially consists of ficed contact and moving contact. Under
abnormal conditions or whenever the circuit breaker is operated then the internal
mechanism makes the moving contact to move away from the fixed contact. Whenever
contacts are separated from each other the circuit is not breaked immediately as heavy
arc is drawn between the contacts which will continue for some time. The resistance
of this arc is high which causes large power loss in the process. Also the components
of circuit breaker are under heavy mechanical and electromagnetic stresses.

(9 - 1)
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9.2 Formation of an Arc

MNow let's see the formation of an arc. Under faulty conditions heavy current flows
through the contacts of the circuit breaker before they are opened. As spon as the
contacts start separating, the area of contact decreases which will increase the current
density and consequently rise in the temperature. The medium between the contacts of
circuit breaker may be air or oil. The heat which is produced in the medium is
sufficient enough to ionoise air or oil which will act as conductor. Thus an arc is
struck between the contacts. The p.d. between the contacts is sufficient to maintain the
arc. 50 long as the arc is remaining between the contacts the circuit is said to be
uninterrupted.

The current flowing between the contacts depends on the arc resistance. With
increase in arc resistance the current flowing will be smaller. The arc resistance
depends on following factors,

a} Degree of ionisation : If there are less number of ionised particles between

the contacts then the arc resistance increases.

b) Length of arc : The arc resistance is a function of length of arc which is
nothing but separation between the contacts. More the length, more is the arc
resistance,

¢} Cross-section of arc : If the area of cross-section of the arc is less then arc
resistance is large.

9.2.1 Initiation of Arc

There must be some electrons for initiation of an arc when fault occurs circuit
breaker contacts start separating from each other and the electrons are emitted which
are produced by following methods.

i} By high voltage gradient at the cathode, resulting in field emission

i) By increase of temperature, resulting in thermionic emission.

8.2.1.1 By High Voltage Gradient

As the moving contacts start separating from each other, the area of contact and
pressure between the separating contacts decreases. A high fault current causes
potential drop { of the order of 10° V/cm) between the contacts which will remove the
electrons from cathode surface. This process is called field emission.

9.2.1.2 By Increase of Temperature

With the separation of contacts there is decrease in contact area which will
imcrease the current density and consequently the temperature of the surface as seen
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before, which will cause emission of electrons which is called thermal electron
EMIsSion.

In most of the circuit breakers the contacts are made up of copper which is having
less thermionic emission.

9.2.2 Maintenance of an Arc

In the previous section we have seen the initiation of the arc by field emission and
thermionic emission. The electrons while travelling towards anode collide with another
electrons to dislodge them and thus the arc is maintained. The ionizing is facilated by,

i} High temperature of the medium around the contacts due to high current
densities. Thus the kinetic energy gained by moving electrons is increased.

i) The increase in kinetic Crergy of moving electrons due to the vultag-e gradient
which dislodge more electrons from neutral molecules.

iii} The separation of contacts of circuit breaker increases the length of path which
will increase number of neutral molecules. This will decrease the density of gas
which will increase free path movement of the electrons.

9.2.3 Arc Extinction

It is essential that arc should be extinguished as early as possible. There are two
methods of extinguishing the arc in circuit breakers which are namely,

a) High resistance method

b} Low resistance or current zero method

8.2.3.1 High Resistance Method

In high resistance method the arc resistance is increased with time. This will
reduce the current to such a value which will be insufficient to maintain the arc. Thus
the current is interrupted and the arc is extinguished. This method is emploved in
only d.c. circuit breakers. The resistance of the arc may be increased by lengthening
the arc, cooling the arc, reducing the cross-section of the arc and splitting the arc.
These methods will be discussed in detail later in this chapter.

9.2.3.2 Low Resistance Method

The low resistance or current zero method is employed for arc extinction in a.c.
circuits. In this method arc resistance is kept low until current zero where extinction
of arc takes place naturally and is prevented from restriking. This method is employed
in many of the modern a.c. circuit breakers.
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9.3 D.C. Circuit Breaking

The breaking in case of d.c. circuits can be explained as follows. For this, we will
consider a circuit which will consist of generator with voltage E, resistance R,
inductor L and the circuit breaker as shown in the Fig. 9.1 (a).

Cirouil
breaker

Fig. 9.1 (a)
The voltage-current relationship can be represented as shown in the Fig. 9.1 (b).

From the Fig. 9.1 (b), it could be seen that curve AB represents the voltage E - iR,
i is nothing but current at any instant. The curve XY represents the voltage-current

characteristics of the arc for decreasing currents.

Extincticn
wi voitage
8y Ripraseniation
of E-IR charatharisiios

Volage iNegative)

—

5 B Current —=

Fig. 9.1 (b) Voltage-current relationship
When the circuit breaker starts opening it carries the load current | = % In the

graph shown the current is shown to be reduced to 1), i; and i, respectively. Section
pr represents voltage drop i3 whereas s represents arc voltage which is greater than
available voltage. The arc becomes unstable and the difference in voltage is supplied
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by inductance L across which the voltage is ¢ = L % For decreasing values of

currents this voltage is negative and according to Lenz's law it tries to maintain the
arc.

The voltage across inductance L is seen to be positive in the region of currents i,
and iy since the arc characteristics lies below the curve AB. The arc current in this
region tries to increase so interruption of current is not possible in this region,
Afterwards the arc is lengthened with increase in contact separation which will raise
the arc voltage above the curve AB.

The operation in case of d.c. circuit breakers is said to be ideal if the characteristics
of the arc voltage are above the curve AB even in the region of currents i) and i;. This
is shown in the Fig. 9.2.

[
' 1
W?Qi Eur:-'ani
B -
Curment—= Arching Time —=-

tirng
Fig. 9.2 Arc voltage characteristics

[t can be seen that arc voltage is greater than E - iR and the balance between the

voltages is supplied by the voltage across the inductance e, which is proportional to

di
rate of change of current ;ﬁ

Thus the function of the circuit breaker is to raise the arc characteristics without
affecting its stability. This is done by reducing the arcing time which is the time from
contact separation to final extinction of arc. But it will increase extinction voltage.
Hence compromise between arcing time and arc extinction voltage is made.

9.4 A.C. Circuit Breaking

There is a difference between breaking in case of d.c. and a.c. circuits. In a.c
circuits the current passes through zero twice in one complete cycle. When the
currents are reduced to zero the beakers are operated to cut-off the current. This will
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avoid the striking of the arc. But this conditions is difficult to achieve and very much
expensive.

The restriking of arc when current is interrupted is dependent on the voltage
between the contact gap at that instant which will inturn depend on power factor.
Higher the power factor, lesser is the voltage appearing across the gap than its peak
value,

Now before studying the actual current interruption in ac. circuits we will see
some theory which will help us in understanding this concept.

9.5 Short Circuit in R- L Series Circuit

Consider a  series R-L circuit as shown in the Fig. 9.3 in which switch 5 is
suddenly closed at time t = 0.

8
L R
A AW ’?:'IE
#= E,, sin (it + 8) @
i
Fig. 9.3 R-L series circuit
Applying KVL to above circuit,
di :
L it Ri = e
di . :
L 11 + Ri = E sin {(wt+8) ... (1)

This equation can be solved to get the expression for current i. This is a
non-homogeneous  differential equation whose solution consists of two parts viz
complementary solution and particular solution ie. 1 = ic + ip.

Complementary Solution : To get the complementary solution we will consider
the auxiliary equation which is obtained by equating right hand side of above
equation to zero,

di

L +Ri =0 . (2)

Separating the variables,

di R
— = = —dt
i L
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Integrating and solving,

R

logi = - L t+ K where K is constant of integration
Considering K = log, A
log .i = log, e "R/ MYy jog A

log ,i = log, AelR/LI
Taking antilog on both sides,

i = ﬁt.[-'ﬁ.-"'l.i-r

This is complementary solution. This component of current is seen to be
exponentially decaying component and called D.C. component. The constant of
integration A depends on initial conditions which may be zero, positive or negative.

ic = AetR/L - (3)
Particular Solution : For parﬁcular splution we will take a trial solution as,
i = Cecos(wt+8) + D sin {wt+0) .. (4)
Taking :—: and j—i of above equation,
tl—

di

= C o sin (wt+0) + D wcos (ot +0)

—

d?i
di

- C o cos (wt +8) - D o sin (wt +8)

Pt

Putting this value in equation {1) and equating like coefficients,

L
C = -E, ——22
" R? +afLl
R
o = —_—
Em R? s+mtl

Substituting these values of C and D in the trial solution we get,

: 9 L . R :
--E 2 t+8) + E, —me——— sin (@t +8) ... (5
i YT cos (mt +8) SRPNTE {eo bo... {5)
It ¢ is the impedance angle then,
. w L
e =y
sing = o L
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OS5 = e

- E )
P = " sin § cos {wt+B) + ——Z— cos ¢ sin (ot +8)
v R? +wfl? ¥ R +wfl?

E ., . .
= e B |sin (@t +8) cos & — cos (wt +8) sin ]
+ R? +@L?

= —E’“— gin (wt+8-4)

R, PRETE
. Em
L e e
v R* +a°Ls
The particular solution given by above equation is sinusoidal and is called A.C.
component.

sin (ot +0 =) .. 16)

Complete Solution : The total current i is given by,

i ic + ip

=
]

ﬁe'[“"'-:"+E—"‘ sin {mt + 0 —) e (7
RE +LIJ=L2

To find the value of A let us put the initial conditions. Att =10, i =0 If R is
assumed to be very small compared to o L% JR? +0’L? sl

and ¢ = tan™! ol = Gf°

R
Case (i) : [f switch is closed at e = 0
t =0, e=0 so8=10
Also i= Datt=10

A +E—“"sin (- 909

0=
YR +0?L?
A-__En  _En

TR sair ol

This is the maximum value of A. Thus the d.c. component is maximum when
switch is closed at zero voltage.

Case (ii) : If switch is closed at e = E,

L)
1l

t=0; e=E,, o = 5/ 2
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0

A4 % sin (907~ 909
ﬁ: + i L2

A =10
If switch is closed when e = E_,, then A = 0 i.e. d.c. component is zero.

Thus when the circuit consisting of R and L supplied with alternating voltage, is
closed at t = 0, the resulting current consists of two components viz ac. and d.c
components which are superimposed on each other, The d.c. component magnitude is
decided by the voltage at the instant of switching. When switch is closed at voltage
zero, the d.c. component is maximum whereas the d.c. component is zero when switch
is closed at voltage maximum.

M

| .

0. . Componant

Fig. 9.4 Maximum D.C. component

AAAN
VAVAVAVEN

Fig. 9.5 No D.C. component

The analysis of three phase short circuit of an altermator is done by similar way as
we have done the analysis of short circuit of series R-L circuit. The current flowing

through the phases of alternator during short circuit has similar waveform to that of
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E-L circuit as shown pruvinusly if we negtr:f:t armature reaction and variation in the
field current.

During the short circuit, the current flowing through alternator rises rapidly to a
high value during first quarter cycle. The flux which is crossing the air gap is large
during first cnu]:rh: of ﬂ}f:leﬁ.

The subtransient reactance denoted by X is defined as that reactance during first
two or three cycles. This is very less and correspondingly short circuit current is large.

After first few cycles which are coming under subtransient state the rm.s. value of
short circuit current goes on reducing but the decrease in current is not fast as in
subtransient state. This state is called transient state and the corresponding reactance is
called transient reactance denoted by Xj. The circuit breaker contacts separate in this
state.

Finally the transients vanish and current will reach to steady sinusoidal state
called steady state. The reactance in this state is called steady state reactance denoted

by Xg.
The currents in the different pha.se*a are ha\ri.ng different d.c. components. So their
waveforms will be different. In the Fig. 9.6 the oscillogram of the current in the phase

having zero d.c. component is shown,
|

Syl E'lﬂlﬂj'
Gf&nm"!"_ — Tronsieni clole ————
3 1
5 ]
'ﬁ" :
8 v !

e e e o ——

L]
'
w0

Fig. 9.6 Oscillogram of current in the phase having zero d.c. component
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9.6 Current Interruption in A.C. Circuit Breakers

Now we will see how the current interruption takes place in a.c. circuit breakers.
Genemlly the a.c. circuit beakers Empln}r ZET0 I:-nint interruption technique.

Let us consider an alternator on no load to which a circuit breaker is connected
which is shown in the Fig. 9.7. The circuit breaker is in open position with its other
side short circuited.

3 ph
shoar
circuit

Fig. 9.7 Sudden 3 phase short circuit of an alternator

When the voltage of phase B w.r.t neutral is zero, the circuit breaker is closed.
Under this condition the B phase current will have maximum d.c. component and its

current waveform will be unsymmetrical about normal zero axis, This is shown in the
Fig. 9.8.

Contacts
80 i separate -~ Restriking
OCCUMS Voltage =
Vg =0 across arc  AC
interrupted
=ty

Fig. 9.8 Current and voltage during fault clearing
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The current is zero before t = 0 as the alternator is on no load. The short circuit is
applied at t = 0 and current increases to very high value { nearly 10 to 25 times full
load current) during first quarter cycle. The peak of first current loop is shown by OA
which 15 maximum instantaneous wvalue of current during short circuit. This
instantaneous peak wvalue of first current loop is called making current which is
expressed as kA peak.

Mow the circuit breaker contacts will separate after few cycles which are taken by
relay and other operating mechanism. At time say t = T, the contacts of circuit breaker
separate. The rm.s. value of short circuit current at that instant of contact separation is
called breaking current.

As seen earlier an arc is struck between the contact when they start separating.
The arc current varies sinusoidally for few cycles. At t = T; the arc is interrupted as
the dielectric strength of arc space builds sufficiently. This will avoid the continuation
of arc. Thus the arc will be extinguished.

The voltage waveform is shown in the Fig. 9.8. Before the instant t = 0, the
contacts are closed so the voltage between them is zero. At the instant t = T,, the
contacts begin to separate and voltage across them starts increasing. This voltage is
nothing but the drop across the arc. The current and the voltage across arc are in
phase as the arc is resistive, Due to increased arc resistance the voltage across contacts
increases in the next cycles. Finally at t = T, the arc is extinguished. A high frequency
transient voltage appears across the contacts which is superimposed on power
frequency voltage. This high frequency voltage tries to restrike the arc. Hence it is
called Restriking Voltage or Transient Recovery Voltage. This is the voltage which
appears across circuit breaker contact which is responsible for restriking of arc. The
power frequency system voltage between the circuit breaker contacts after arc
extinction is called Recovery Voltage. The prospective current shown in the waveform
may be defined as the current that would flow in the circuit if circuit breakers were
replaced by solid conductor.

9.7 Transient Recovery Voltage

The transient recovery voltage has effect on the behaviour of circuit breaker. This
voltage appears between the contacts immediately after final arc interruption. This
causes high dielectric stress between the contacts. If this dielectric strength of the
medium between the contacts does not build up faster than the rate of rise of the
transient recovery voltage then the breakdown takes place which will cause restriking
of arc. Thus it is very important that the dielectric strength of the contact space must
build very rapidly that rate of rise of transient recovery voltage so that the
interruption of current by the crcuit breaker takes place successfully. The rate of rise
of this transient voltage depends on the circuit parameters and the type of the
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switching duty involved. The rate of building up of the dielectric strength depends on
the effective design of the interrupter and the circuit breaker.

If it is desired to break the capacitive currents while opening the capacitor banks,
there may appear a high voltage across the contacts which can cause reigintion of the
arc after initial arc extinction. Thus if contact space breaks down within a period of
one fourth of a cycle from initial arc extinction the phenomenon is called Reigintion. If
moving contacts of circuit breakers move a very small distance from the fixed contacts
then reigintion may occur without overvoltage. But the arc gets extinguished in the
next current zero by which tme moving contacts should be moved by sufticient
distance from fixed contacts. Thus the reignition is in a way not harmful as it will not
lead to any overvoltage beyond permissible limits.

If the breakdown occurs after one fourth of a cvcle, the phenomenon is called
Restrike. In restriking, high voltage appear across the circuit breaker contacts during
capacitive current breaking. In successive restrikes, voltage will go on increasing which
may lead to damage of circuit breaker. Thus the circuit breakers used for capacitors
should be free from Restrike i.e. they should have adequate rating.

9.8 Effect of Different Parameters on Transient Recovery Voltage (TRV)

As seen from the previous section, after the final current, zero high frequency
transient voltage appears across the circuit breaker poles which is superimposed on
power frequency system voltage and tries to restrike the arc. This voltage may last for
a few tens or hundreds of microseconds. If the shape of this TRV is seen on the
oscilloscope then it can be seen that it may be oscillatory, non-oscillatory or a
combination of two depending upon the characteristics of the circuit and the circuit
breaker. The waveform is as shown in the Fig. 9.9

Power frequency

Recovery vollage
Arc
voltage l
to
| —=

-=— Trangient

voitage
Fig. 9.9 Shape of translent recovery voltage

This voltage has a power frequency component and an oscillatory transient
component. The oscillatory component is due to inductance and capacitance in the
circuit. The power frequency component is due to the system voltage. This is shown
in the Fig. 9.10.
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Resiriking

_’-"""mhage

— Recovery
", voltage

Voltage Final

ACTO5S k! | currant

anc J Zal
N/

M
Fig. 9.10 Voltages after final current zero

The transient oscillatory component lasts for few microseconds after which power
frequency voltage remains, The transient component has frequency given by,

.
[

where " Frequency of transient recovery voltage

Equivalent inductance

C = Equivalent capacitance

9.8.1 Effect of Natural Frequency on TRV

With increase in the natural frequency the rate of rise of TRV at current zero
increases. This is shown in the Fig. 9.11. The rate of rise of transient recovery voltage
is represented by slopes of tangents to the three waveforms drawn at different
frequencies.

Rate of rise of TRV causes voltage stress on the contact gap which will continue
the arc. If the frequency is increased then relatively small time is available for building
of dielectric strength of contact gap. Hence increase in frequency causes greater
stresses, The rate of rise of TRV is related with the breaking capacity of a eircuit
breaker. Thus it also means rate of rise of TRV is dependent on natural frequency of
TEV. As frequency increases the breaking capacity reduces.
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A B,.C —= Tangents indicale
siope of TRV at1=0

JWawElans

showing TR

Fig. 9.11 Effect of frequency of TRV
9.8.2 Effect of Power Factor on TRV

At the instant of final current zero the voltage appearing across the CB. contacts is
affected by the p.f. of the current. At current zero the arc is extinguished. After this
power frequency voltage appears across the circuit breaker, The instantaneous value of
the voltage at current zero depends on phase angle between the current and voltage.

For unity p.f. load as shown in the Fig. 9.12 both voltage and current are in phase
and are zero at the same instant.

Rucovery voltage

Fig. 9.12 Unity power factor
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Recovery
voltage

Fig. 8.13 Zero power factor
If we consider zero power factor currents, the peak voltage E . is impressed on
the circuit breaker contacts at the current zero instant. This instantaneous voltage gives
more transient and provides high rate of rise of TRV. Hence if the p.f. is low then
interrupting of such current is difficult.

9.9 Recovery Voltage

As seen previously it is the voltage having normal power frequency which appears
after the transient voltage.

9.9.1 Effect of Reactance Drop on Recovery Voltage

Before fault is taking place let us consider that the voltage appearing across circuit
breaker is Vy. As the fault current increases, the voltage drop in reactance also
increases. After fault clearing the voltage appearing say V, is slightly less than V,.
The system takes some time to regain the original value.

9.9.2 Effect of Armature Reaction on Recovery Voltage

The short circuit currents are at lagging power factor. These lagging p.f. currents
have a demagnehzing armature reaction in alternators. Thus the induced emf. of
alternators decreases. To regain the original value this em.f. takes some tHime, Thus the
power frequency component of recovery voltage is less than the normal value of
svstermn voltage.
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9.10 Single Frequency Transient

Consider the circuit
L ﬁjgﬁ-lilhmﬂkl?r shown in the Fig. 9.14.
T . . . .
A This circuit produces the
single frequency restriking
Fault voltage transient.

e = E_, sinimt ) i

The natural frequency
of oscillation is given by,
-
+JLC

f, =

2!

Fig. 9.14

where L Inductance in henry

C = Capacitance in farads

Depending upon the values of L and C, the frequency ranges from 100 Hz to
10 kHz. The circuit configuration in actual power system is complicated and it has
distributed capacitance and inductances. In such circuits the TRV has several
components of frequencies which is shown in the Fig. 9.15.

The transient shown in the Fig. 9.15 is obtained by operating the terminal fault

where reactance between the fault and circuit breaker is negligible.

Peaak of the restrking wollage

! Restriking

&
h'Eﬂt&gE
Current ':’
r

9.11 Double Frequency Transient

In last section we have considered inductance L and capacitance C on only one
side of circuit breaker. But it may be on both sides of circuit breaker. This is shown in
the Fig. 9.16.
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Ly !
s L o 2
Clircuit
breaaker ‘[
E'=E|,.|.I sirunt ‘:1 —— CET Fauli
Fig. 9.16
The points 1 and 2 are
Double equipotential points before clearing
frequency . .
wransient the fault. But after the arc extinction
J:’ voltage there will be two circuits which
Current H may oscillate at their own natural
5 w t— frequencies and thus a composite
L
- double frequency transient appears
Fig. 9.17 across circuit breaker. This is shown
in the Fig. 9.17.

The circuit configuration, the type of fault and the type of neutral earthing are the
important factors which will decide the frequency, rate of rise and peak value of the
TRV.

The TRV wave is defined by specifying the peak value and time required to reach
the same or it can be specified by defining the segment of lines which enclose the
TRV waveform.

9.12 Derivation of Rate of Rise of TRV

As seen previously the transient voltage that appears across the circuit breaker
contacts at the instant of arc extinction is called Restriking Voltage. The rate of rise of
restriking voltage KRRV is nothing but rate which is expressed in volts per
micro-second. This will represent the rate at which Transient Recovery Voltage is
increasing. The rate of rise of TRV is dependent on system parameters.

With e as the restriking voltage in volts then

RRRV = dd—': volts / psec

The maximum instantaneous value attained by the restriking voltage is called the
peak restriking voltage.

With the given specifications of TRV the circuit breaker must be able to interrupt
the short circuit breaking current. The peak value of TRV, time to reach the peak
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wiere,
e = voltage across breaker terminals nothing but restriking voltage
Differentiating (1},

di & dle
E = E+Cﬁ ---{2)

The solution of 'e' will thus depend on the current and if interruption takes place
at current zero i.e. when t = 0 then,

. E, .
= ——SiNmt
1 ol I

and after opening of circuit breaker,

di _ —E“" w C0s o t
dt = wL°
E
= —m k It-—-ﬂ
L COS [ a
Substituting this in (2),
E . e d
T[‘U‘Eﬂ]t = E+CF

This is standard equation and solution of this equation is,

e = Em[]—:ﬂs{ﬁ]] . (A)

This is an expression for restriking voltage in which,

E, = FPeak value of recovery
voltage phase to neutral in
volts.

Hime in sec,

-
n

= inductance in henries

[
I

capacitance in farads

restriking voltage

T
L}
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9.12.1 Expression for Maximum Value of Restriking Voltage E_,
and Corresponding Time t,

Ml oW

ool

if ‘0" is to be maximum

!
f
L'DE-[-- »'H-J = -1 where t =

. Time at which maximum restriking voltage occurs is,
t, = . m
And peak value of restriking voltage,
e, = 2E,

where E_, is equal to active recovery voltage (i.e. instantaneous value of recovery
voltage at current zero).

9.12.2 Expression for RRRV and Maximum RRRV

_de _d t
NDW ERR\'? = CT[ = -Ei_f [Em[ﬂ.ﬁ [:II-'-_LE] ]]
RRRV = —Em_gn %
JLc o JLC
maximum RERRV = Em
and H S JLic
when sin = ]

H

r2

L, .L.c
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. S for maximum RRRV

9.12.3 Frequency of Oscillation of Restriking Voltage (Transient)

o=

2 LC

M.C = 1
2 i
E

Maximum REY — = 2l B

Maximum RRV =2 nE, f,

9.12.4 Restriking Voltage Under Various Conditions

The restriking voltage 'e’ under various conditions will be,

)

where V,, active recovery voltage ie. the instantaneous value of recovery voltage
at current zero and V,, can be written as

Var = Ky K Ky By
Here E; is the peak value of system voltage where,
K, is factor which takes into accounts effect of circuit p.f. and K, = sin ¢
So if b = 9% K, =1

K. iz factor which accounts effect of armature reaction on recovery

voltage.

K; is phase factor or first pole to clear factor.

9.12.5 First Pole to Clear Factor
The first pole to clear factor is given by,

RMS voltage between healthy phase

and faulty phase
Phase to neutral voltage with fault

Factor pole to clear factor =
removed

In three phase systems if fault does not involve the earth, the voltage across the
circuit breaker pole first to clear is 1.5 times the phase voltage. The arc extinction in



Protection and Switchgear 9-23 Theory of Arc Quenching

the three poles of three phase circuit breakers is not simultaneous as currents are 120°
out of phase. In practical systems the recovery voltage of the pole first to extinguish
the arc is of the order of 1.2 to 1.5 times of the phase voltage.

If fault involves earth and the neutral is grounded through reactor, the recovery
voltage is influenced by the equivalent system reactances.

Thus in 3 phase circuits Ky = 1 if neutral is earthed and fault is also earthed.
While K;=1.5 if neutral is earthed and fault is insulated or neutral is insulated and
fault is earthed.

g Example 9.1 @ In short circuit test on a 3 pole, 132 kV circuit breaker, the following
obsermations are made p.f. of fault 0.4, recovery voltage 0.9 times full line value, the
breaking current symmetrical, frequency of oscillations of restriking voltage 16 kHz.
Assume neutral is grounded and fawit is not grounded. Determine average RRRV.

t
Solution : e = WV, .l Em[m”
where Ve = KKK B
K;(takes into account p.f. effect) = sin ¢
K, (fakes into account armature reaction effect) = (0.9
K; (Phase factor or 1* pole to clear factor)
= 1 for both neutral and fault grounded
= 1.5 for any one of the two not grounded.
In the problem,
Ky = sin ¢ = sin[cos' (4] = 09165

K, = 09 K;=15
Peak value of voltage ie. line to ground
En = Szx 2  =107.77 kv

ﬁ

1
f, = ——
2n,jLC
1 = 2nrf,
.“IL'C
= 2n =16 x 1P

1= WP
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Time to reach maximum restriking voltage

Maximum t, = . LC = ]

1x10°

Maximum restriking voltage,
= 2V,
= 2K, K; K3 B, =2 = 09165 % 0.9 x 1.5 = 107.77 = 1(P
= 266682 x 10° V

Average RERV,

Maxamum restriking voltage _ 2. 66682 < 10°
Time to reach maximum restriking voltage n/1x10°

= B.48 x 107 V/sec = 5.48 = 10° kV /sec = B.48 kV /usec

iy Example 9.2 : In a short circuit test om a 130 KV, 3 phase system, the breaker gave
the following results : p.f. of fault 0.45, recovery voltage 0.95 bmes full line voltage,
breaker current symmetrical, and restriking transient had a natural frequency 16 kHz.
Determine average RRRV. Assume faull is grounded.

Solution :
2x130
E, = 1"|'_— = 106.144 kV
J3
Vo = K| K; Ky E where K, = siné = 0.8930
= (08930 = 095 = 1 = 106.144 K; = 095
= 90.047262 kV Ky =1

2 V,, = 180.09452 kV

Maximum e

Maximum time

1
+ L d f=—0
T C  an 0= e _LC

1 1
26, 2x16x10?

Maximume  180.09452
Maximumt 1/ 2x16x10°

MMaximum t

Average REEV

5.76302 kV /psec
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immp Example 9.3 : Calculate the RRRV of 132 kV circiat breaker with weutral earthed.
S5.C. data as follows: Broken current is symmetrical, restriking voltage has frequency
20 kHz, p.f. 0.15. Assume fault is also earthed.

Solution : K, = sin ¢ = sin {cos -1 0.15) = 0.9886
K, =1
Ky =1 both grounded

J2x132 107.77755 kV

73
1I"'r.;r = Kl K! Kﬂ Em
= 10654889 KV

g°

Maximum e = 2V,

= 213.09778 kV
tw = o LC
1 1
d fh = —=== 5wy LC = by = = sec
. " 2aJLC " 21,
. 1
M = ——
aximum &g 2% 0%10°
e 213.09778

RRRV

I

temax  [1/ (20%10% x 2)]

e Example 9.4 : A 50 Hz generator has em.f to meutral 7.5 kV (r.m.s.). The reactance
of generator and the connected system is 4 Q0 and distributed capacitance to neutral is
0.01 wF with resistance negligible . Find,

i) maximum voltage across the circuit breaker contacts
i) frequency of oscillations
iti) RRRV average upto first peak of oscillations.
Solution : X=2rfL=40
L = 4/2nax50=00127 H.

Ep = o2 x 7.5 = 10.606 kV
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2= E
2 % 10,606 = 21.212 kV

1 1
2n LC  27,/0.0127 % 0.01x 10

1} Maximum voltage

2] f,. =

= 14.1227 kHz

3) Maximum time to reach maximum voltage is,

1 !

Im = T E: =
J 2f, 2x14.1227=10°

Maxirmum x'nltage

Average RRRV t

21.212
[1/(2x14.1227 = 10%}]

= 0.599 kV/ n sec

vmp Example 8.5 : In a system having 220 kV, the line to ground capacitance 0.015 pfF,
inductance 3.5 H. Determine voltage appearing across pole of circuit breaker if a
magnetising current of 6.5 A instantaneous, is interrupted. Determine also the value of
resistance fo be used across the contacts to eliminate the resiriking vollage.

( b
E,., tl-mﬁ—]

Jic

Solution :

)
It

Li? C et

il

13| =

Energy stored in L' = energy given to capacitor
i L/C where i = instantaneous value

e

H

35
65 |7
JI['D.[]]E-:-:ID"'}

99.3 kV

To eliminate restriking voltage and critical damping condition,
05 JL/C

5 L = 7.635 Kl
(0.015x107%)

R
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immp Example 9.6 : A 50 Hz, 3 ph alternator, has

rated voltage 13.5 kV, connected to

crrcuit breaker, inductive reactance 4 (4ph, C = 2 pF.
Determine maximum ERRV, peak restriking vollage, frequency of oscillations.

Solution : E, = w = 11.0227 kV

J3
X = 2nflL S L=0127323 H and C =2 puF
1
f, = —— = 0.997 kHz
" 2afLC
Maximum restriking voltage = 2 E,,
= 220454 kV

de . 1 . t - .
— = E_, — sin ——= This iz the expression of RRREV
di JLC JLC P

. Maximum RRRV = —om and PR

h JLC " 2z fLC

Maximum RRRV = 2 nf E;

0.06907 kV/ usec

9.13 Interruption of Capacitive Currents

n = 0.997 = 1P = 22.0454 kV /sec

In power systems capacitor banks are used in the network which supplies reactive

L
& o
i Y Circuit T
bragker
e = E, sinut (%,“W c== % =G
1 |

Fig. 9.20 Interruption of capacitive currents

power at leading power factor.
There are various conditipns such
as opening a long fransmission
line on no load or disconnecting a
capacitor bank ‘etc., in’'which it is
required to interrupt the capacitive
currents ‘which' s a' difficult task
for the oarcuit breakers. ' To
understand this difficulty let us
consider a simple circuit shown in

the Fig. 9.20.
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The value of load capacitance Cy is greater than C. The voltage across a capacitor
cannot change instantaneously. The currents supplied to the capacitor are generally
small and interruption of such currents take place at first current zero. Also at the
beginning, the rate of rise of recovery voltage is low and increases slowly. Whenever
such circuit is opened a charge is trapped in the capacitance C;. The voltage e across
the load capacitance will hold the same value when circuit was opened. This voltage
is nothing but peak of supply voltage as power factor angle is nearly 90 leading,

After opening the circuit the voltage Vi across the capacitance C oscillates and
approaches a new steady value. But due to small value of capacitance C, the value
altained is close to the supply voltage. The recovery voltage e, is nothing but
difference between e- and e. Its initial value is zero as the circuit breaker will be
closed and increases slowly in the beginning. When Vi reverses after half cycle, the
recovery voltage is about twice the normal peak value. Therefore it is possible that at
thi= instant arc may restrike as the electrical strength between the circuit breaker
cortacts is not sufficient. The circuit will be reclosed and e; oscillates at a high
frequency

[he supply voltage at this instant will be at its negative peak; therefore a high
frequency oscillation takes place.

At the instant of restrucking the arc, the recovery voltage V_ is zero. The voltage
across the load capacitance reaches — 3 times the peak value of normal supply voltage.
The recovery voltage then starts increasing. If again restriking of arc takes place, a
high frequency of oscillation of e; takes place. Such several repetitions of the restriking
¢vele will increase the voltage across load capacitance to a dangerously high value. In
praclice this voltage is limited to 4 times the normal peak of the voltage. This is
represented in the Fig. 9.21.

I'hus in the successive restrikes, the energy %C‘r’z is to be dissipated which is
quibe large and the circuit breaker may get damaged in the process of restriking.
Hence the circuit breakers those are to be used for capacitors must be free from
resiTiking and should have adequate rating for capacitive current switching so that
severe vollage transients can be avoided.

It circuit |, breakers are, closed, while swilching capacitor banks in parallel, the
pre-prcing: that. is arc.jis. stepgk. before contacts touch together, takes place. This may
L‘l.J.It'L.'l;..;L' the contacts.. as  the enecgy i Hhe arc is converted into heat. Thus while
swilching, with capagitor, banks, suitablel reackor L must used in series to limit high

frequency, inrush current.
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Consider the circuit shown in the Fig. 9.22.(a).

L
o
I
& = E_,5inwi %ﬁ I:_I_ ngd

Fig. 9.22 {a) Circuit diagram showing Iinterruption of inductive currents
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[ T |
[ :
! i | Voltage zero
[
Arc voitage peak
Prospective values

of wollage with chopping

Fig. 9.22 (b)
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While interrupting low inductive currents the rapid deionization of contact space
and blast effect may cause the current to reduce abruptly to zero well before the
natural current zero, This current chopping causes very serious voltage oscillations.

Let the arc current be i when it is chopped down to zero value. The stored energy
in the inductor which % L i* will be discharged in to the capacitance so that the

capacitor is charged to a prospective voltage V such that,
LR %C‘lﬂ

2
V = :i.“|'L,-’C volts

This prospective voltage is extremely high as compared to the normal system
voltage. The frequency of natural oscillations is given by,

1
f _— ——
" 2afLC

To understand this point let us consider a small example of 220 kV circuit breaker
interrupting a magnetizing current of 10 A rms. of transformer. Let the current be
chopped at the instantaneous value of 7A. Let the value of inductance and capacitance
be 35 H and 0.0020 pF

Assuming that all the inductive energy is transferred to capacitance and using the

above formula,
0.0020x 10-°

926 kV

Ik

L=

This voltage will appear across the circuit breaker contacts. Such a transient
voltage having high RRRV appears across the contacts. There will be restriking of arc
at some point. If the arc restrikes further, chop may occur. Thus before final

interruption of current there will be many chops and the circuit breaker will fail to
clear the fault. Alternately if the restrike does not occur, the severe voltage stress will

appear across circuit breaker contacts.

_ The rise of voltage before restriking is an important factor. The lower is the rate of
rise, more is the time required for deionization and high voltage will be reached.

After first chopping the deionising force which is still in action acts and second
chop of current takes place. But the arc current is now smaller than the previous one
and arc current collapses and restriking voltage is again build. Thus a sequence of
chops will occur and are will continuously decrease until a final chop brings arc
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current to zero. There will not be any further restriking as the gap is almost deionise.
This is represented in the Fig. 9.22 (b).

9.15 Resistance Switching

It can be seen from previous sections that the interruption of low inductive
currents, interruption of capacitive currents give rise to severe voltage oscillations.
These excessive voltage surges during circuit interruption can be prevented by the use
of shunt resistance R across the circuit breaker contacts. This process is known as
Resistance Switching,.

When the resistance is connected across the arc, a part of the arc current flows
through the resistance. This will lead to decrease in arc current and increase in rate of
deionization of the arc path and resistance of arc. This will increase current through
shunt resistance . This process continues until the current through the arc is diverted

through the resistance either
External

o malniance completely or in major part. If

WA the small value of the current

C'l r__,-- remains in the arc then the path

A ; qul.al: becomes so unstable that it is
Fied Moved switch easily extinguished.

contact contact .
The resistance  may b

automatically switched in and

arc current can be transferred.

_ The time required for this action

t sz Oscillatory is very small. As sh in the
Valtaanp == ery small. As shown in t

Fig. 923 the arc first appears

across points A and B which is
then transferred across A and C.

Fig. 9.23 Typical resistor connection

. Damped restriking voltage

The shunt resistance also

ensures the effective damping of

the high frequency re-striking

Fig. 9.24 voltage transients. This is shown
in the Fig. 9.24

We will now derive a relation which will show how damping is achieved.
Consider the circuit and Laplace transform equivalent as shown in the Fig. 9.25.
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Fig. 9.25
Applying KVL to loop (I)
V 1 1 .
Applying KVL to loop (1I),
1 1 "
0= _EI' {5J+[R+E]I: (s) ... i)

From equation (ii),
I (s} = {1 +sCR) 1, (s)

Substituting this value in equation (i)

v 1 . 1

T - [5|'+E) {1 + sCR) I (s) ‘EIl (s)
Vo 2 . b .

5 = [5L+s RLE+-FI+R 5I:i||1g (5)
Vo_ 2

- = (RLCs*+Ls+R)1y(s)

L (e} = v _ V/RLC

: s(RLCs® + Ls+R) s 51+L+i1|'

RC LC

Using pa rtial fractions,
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Taking inverse Laplace transform,

i ft) = %[I—e_“[msﬂt+§sinﬂlﬂ

The natural frequency of oscillation is given by,

] 1

f = B —
L{:‘ 4EIRJ

1
" 2n

It can be seen that with the value of the resistance R equal to or less than

1 : . . :
= L/ C, the oscillatory nature of the transient will not be there and RRRV will be

2
within the permissible limits of circuit breaker.

For critical damping f""‘—-\
1 {L

B = =, =
VT v

Considering different wvalues of R, the
oscillations observed are shown in the Fig. 9.26.

In air blast circuit breakers it is observed that
the rate at which dieleciric strength of gap
increases is lower than in oil breakers. Since air Fi?-;u =
has a much lower dielectric strength than the
gases at same temperature and pressure in oil

circuit breaker. The dielectric slrength of a gas
increases with pressure. Thus the air blast circuit
breaker is more sensetive to restriking voltage

transient. In low or rhedium wvoltage air blast R:%. J,f;‘
circuit® breaker the rate or rise of restriking
voltage is higher. Thus shunt resistors are used Fig. 9.26
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for low and medium voltage air blast circuit breakers. Also in case of oil circuit
breakers the resistance switching is not employed as it is not sensitive to RRRV.

inmp Example 9.7 : In 132 kV transmission system, the phase to groumd capacitance is
(.01 pF, The inductance being 6 H. Calculate the voltage appearing across the pole of a
circurt breaker if a magnetizing current of 10 A is interrupted. Find e ovalue of
resistance to be wused across contact space to eliminate the striking voltage transient,

Solution : L=&H
C = 001 pF =001 x 10"F
i = 10 A

Voltage appearing across poles of circuit breaker, is given by,

IL
v - J‘_
'Y ©
3
= |:_| [
\} 0.01=10""
= 10 (24494 89)
Vo= 245kV

The value of resistance to be used across contact space is given by,

1 [T

R‘ﬂg
1y e
2V 0.001=10"

12 (24494.89)

E 12.24 i)

9.16 Arc Extinction

The electric discharge which is taking place between the electrodes is nothing but
the electric arc. We have seen that when contacts of circuit breakers are separated, an
arc is established between the contacts which will last for some period. The circuit
breaker should be capable of extinguishing this arc without damaging. The behaviour
of circuit breaker is greatly influenced by the arc.
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Interruption of arc in case of d.c. circuits is much more difficult than that in case
of a.c. circuits. In a.c. currents the natural current zero point is available where the arc
vanishes and prevented from restriking.

The are extinction in case of circuit breakers is not taking place frequently but still
it produces lot of stress on the breaker. The different methods adopted for the arc
extinction can be grouped into following three categories,

9.16.1 High Resistance Interruption

In this technigue the resistance of current path is increased rapidly so that voltage
drop is increased. The arc gets extinguished when the system voltage is insufficient to
maintain the arc due to high voltage drop. This is normally used in d.c. circuit
breakers and air break type a.c. circuit breakers having low capacity. The system
inductance stores the energy which is dissipated in the arc.

9.16.2 Low Resistance or Current Zero Interruption

This methed is used only in case of a.c. circuit breakers. At the natural current
zero point of a.c. wave, the arc is interrupted and is prevented from restriking though
there is high restrking voltage by increasing the dielectric strength of the contact gap.
This method is used in high power a.c. circuit breakers.

9.16.3 Artificial Current Zero Interruption

in HVDC systems this method is emptnycd for breaking d.c. currents where
current is made zero artificially.

9.17 lonization of Gases

The non-ionized gas is generally a good dielectric medium. But the ionized gas is
a conductor as it contains free electrons. In circuit breakers the contact space is ionized
by following ways,

9.17.1 Thermal lonization
At normal temperatures, molecules of gas are moving at various velocities in

varions directions and possess KE. as % mv?. With increase in temperature the

molecules break up in simpler form and then to atoms. At high temperature more and
more collision takes place which will produce free electrons thus produces the
ionization by heat and called thermal fonization.



Protection and Switchgear 9-37 Theory of Arc Quenching
9.17.2 lonization by Collision

Any particle may be atom, molecule or electron at higher velocity may strike
another particle so that the energy of moving particle is imparted to other one. This
energy is sufficient to remove electrons from atoms. This is called ionization by
collision.

9.17.3 Thermal Emission from Surface of Contacts

Whenever contacts of a breaker are closed, they are pressed against each other at
high pressure. With the contact separation, the pressure between them reduces so true
area of contact is decreased to a few spots on the surface. Due to this, high current
density areas are produced which will cause high local temperature. Due to this,
thermal emission takes place at contact surface.

9.17.4 Secondary Emission at Contact Surface

Under the influence of strong electric field between the contacts the electrons move
from one contact to other producing emission from contact surface.

9.17.5 Field Emission

The voltage gradiant at the contact surface is high which is sufficient to remove
electrons from surface of electrodes since as contacts separate initially voltage gradiant
is very high which causes breakdown of gas. This is called field emission.

9.17.6 Photoemission

The electron emission from contact surface due to incident of light energy is called
photoemission.

9.18 Deionization

In circuit breakers the deionization is an important process as it supports arc
extinction. This can be discussed in short as follows,

9.18.1 Recombination

If a gas contains positive ions and electrons then there is tendenc}r between them
to combine and form a neutral atom. This is called recombination. This will assist arc
extinction as combination of positive ions and negative charges takes place inside.

9.18.2 Diffusion

The electrons from highly ionized space diffuse to the surrounding weakly ionized
space which is an important process in building up dielectric strength.
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9.18.3 Conduction of Heat

This will make the temperature to reduce and will help recombination. Particles at
high temperature travel to the space at lower temperature. Thus kinetic energy is
removed from the space which is ionized between the contacts.

9.19 Arc Formation

As seen earlier the separation of contacts of circuit breaker results in high local
temperature on the contact surface. The contact surface get ionized due to thermal
emission and the electrons are emitted. The space between the contacts is ionized and
becomes conducting. Thus the arc is initiated between the contacts.

The Fig. 927 shows general form of arc voltage and arc current. It can be seen that
voltage is nearly constant when current is nearly at its maximum.

Arc voltage

Arc curmani

Fig. 9.27

The arc path is purely resistive and the arc voltage is in phase with an arc current.
When the contacts are separated the arc voltage increases due to increase in arc
length. The arc voltage is increased till it becomes more than system voltage across the
contacts where arc gets extinguished.

9.20 High Resistance Arc Interruption Methods

The various methods of high resistance and interruption are,
1. Lengthening the arc
2 Splitting of arc

3. Cooling of arc

9.20.1 Lengthening the Arc

In this method the arc length is increased by using arc runners which are horn
like blades of conducting material. The arc runners are connected to arcing contacts
and it is in the shape of letter "V'. The arc is initiated at the bottom and blows
upwards due to electromagnetic force. Due to this are length increases and
consequently arc is extinguished.
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Final position of anc

Electromagnatic
force in upward
direction

Arc inltlation

Fig. 9.28 Arc lengthening
9.20.2 Splitting of Arc

In this method elongation of arc is done and the arc is split using arc splitters
which are specially made plates of resin bonded fibre glass. These plates are placed in
perpendicular path to arc so that it will be pulled towards it by electromagnetic force.
When the arc is pulled upwards it gets elongated then split and cooled due to which
it gets extinguished. This is shown in the Fig. 9.29.
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Intbnbdndnbdntdnb all Al
A z % - Z % 4 N\E i
Ef g £ " & £ & 5 E Sphtter
AVTRVIRV IRV INVIRVIRV IR
v 0 W Uy Y
5 ﬁ ¥
%
_T_ ) Lengthening of arc
.ﬂ‘l‘r“
.r"r# - ‘1 o “'1-. 1
- Arc moving upwards
due 1o electiromagnetic force
-I“ﬂ: —— L B -
B
TUNNEers
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Imitiation of arc

Fig. 9.29 Arc splitting
9.20.3 Cooling of Arc

As already seen, the recombination of jonized particles can be done by cooling the
arc which removes heat from the arc. This is done by bringing the arc in contact with
cooled air. Due to cooling the arc diameter reduces which will increase its resistance.
This will help in arc extinction.
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9.21 Low Resistance or Zero Point Extinction

This method is used in a.c. arc interruption. The current becomes zero two times
in a ecvele. 50 at each current zero point the arc vanishes for small instant and again it
appears.

But in a.c. circuit breakers the arc is interrupted at a current zero point. The space
between the contacts is deionized quickly if there is fresh unionized medium such as
oil or fresh air or SF, gas between the contacts at current zero point. This will make
dielectric strength of the contact space to increase such that arc will be interrupted
and discontinued after current zero. This action produces high voltage across the
contacts which is sufficient to reestablish the arc. Thus the dielectric strength must be
build more than the restriking voltage for faithful interruption of arc. Then the arc is
extinguished at next current zero.

While designing the circuit breakers the care is taken so as to remove the hot
gazes from the contact space immediately after the arc. So that it can be filled by fresh
dielectric medium having high dielectric strength.

In summary we can say that the arc extinction process is divided in thee parts,

a) Arcing phase
b} Current zero phase
¢) Post arc phase

In arcing phase, the temperature of the contact space is increased due to the arc.
The heat produced must be removed quickly by providing radial and axial flow to
gases. The arc can not be broken abruptly but its diameter can be reduced by the
passage of gas over the arc. When a.c. current wave is near its zero, the diameter of
the arc is very less and consequently arc is extinguished. This is nothing but current
zero phase. Now in order to avoid the reestablishment of arc, the contact space must
be filled with dielectric medium having high dielectric strength. This is post arc phase
in which hot gases are removed and fresh dielectric medium is introduced.

9.22 Arc Interruption Theories

There are two main theories explaining current zero interruption of arc
1} Recovery Rate Theory or Slepian’s Theory
2) Energy balance theory or Cassie's Theory

9.22.1 Slepian's Theory

Slepian described the process as a race between the dielectric strength and
restriking voltage. After every current zero, there is a column of residual ionised gas.
This may cause arc to strike again by developing necessary restriking voltage and this
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voltage stress is sufficient to detach electrons out of their atomic orbits which releases
great heat.

50 in this theory rate at which positive ions and electrons recombine to form
neutral molecules is compared with rate of rise of restriking voltage. Due to
recombination dielectric strength of gap gets recovered. S0 rate of recovery of
dielectric strength is compared with rate of rise of restriking voltage.

[f the restriking voltage rises more rapidly than the dielectric strength, gap space
breaks down and arc strikes again and persists.
In the Fig. 9.30,

a) Rate of dielectric strength is } ‘ @;
more than rﬂtriklng uu]tage_

Resfiriking voltage

b} Rate of dielectric strength is less
than rate of rise of restriking
voltage.

The  assumption made  while
developing this theory is that the
restriking voltage and rise of dielectric Fig. 9.30
strength  are comparable quantities
which is not quite correct. The second drawback is that the theory does not consider
the energy relations in the arc extinction. The arcing phase is not covered by this
theory so it is incomplete.

Tima —=

9.22.2 Cassie's Theory

Alternative explanation of above process is afforded by Cassie’s theory or also
called Energy balance theory.

Cassie suggested that the reestablishment of arc or interruption of an arc both are
energy balance process. If the energy input to an arc continues to increase, the arc
restrikes and if not, arc gets interrupted.

The rhmry makes the f{:llnwing assumptions :

a) Arc consists of a cylindrical column having uniform temperature at its cross
section. The energy distributed in the column is uniform

b) The temperature remains constant.
c) The cross section of the arc adjusts itself to accomodate the arc current.
d) Power dissipation is proportional to cross sectional area of arc column
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The energy equation as expressed by Cassie is given by,

G = EI-N
where Q = Energy content / length of arc in cm
E = wvolis / cm
I = Total current
N = Total power loss / cm

Breakdown occurs if power fed to the arc is more than power loss. The theory is
true for high currents.

Immediately after current zero, contact space contains ionised gas and therefore
has a finite post zero resistance.

MNow there is rising restriking voltage. This rising restriking voltage causes a
current to flow between the contacts. Due to this current flow, power gets dissipated
as heat in the contact space of circuit breaker.

Initially when restriking voltage is zero, automatically current and hence power is
zero. It is again zero when the space has become fully deionise and resistance between
the contacts is infinitely high. In between these two extreme limits, power dissipated
rises to a maximum. If the heat so generated exceeds the rate at which heat can be
removed from contact space, ionisation will persist and breakdown will occur, giving
an arc for another half cycle.

IN-T N N N
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Fig. 9.31 Waveform of a.c. arc
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Examples with Solutions

iy Example 9.8 : A 50 cycles, 3 phase alternator with grounded newtral has inductance
of 1.6 mH per phase and is comnected fo busbar through a circuit breaker. The
capacitance lo earth between the alternator and circuit breaker is 0.003 uF per phase.
The circuit breaker opens when rms value of current is 7500 A. Determine the

following:

i) Maximum rate of rise of restriking voltage.

i} Time for maximum rate of rise of restriking voltage.
i) Frequency of oscillabions

Neglect first pole ko clear factor.
Solution :

i=7500 A, L=16mH, C = 0.003 pF
X, = ZnfL=2nx50 =16 x10?=0502650
Peak value of active recovery voltage (Phase to neutral) Le.
E, = (i x X} % 2 = (7500 x 0.50265) = /2

= 53314083 V
B 1
f, = frequency of oscillations = ———

red 2 LC

_ 1
2m,f1.6% 107 x 0.003x 10~

= 7264396 Hz

Maximum RRRV = 2nf,E, = 2n = 72643.96 x 5331.4083

= 2433443822 V/sec
2433.4438 V /psec

Time for maximum RRREV
v LC
2

3.4414 psec

immp Example 9.9 : In a short circuil fest on a 132 kV, 3-phase system the breaker gave the
following results p.f. of the fault 0.4, recovery voltage 0.95 of full line value, breaking
current is symmetrical and the restriking transient had a natural frequency of 16 kHz.
Determine RRRV assuming that the fault is grounded. [AU-May-2004]
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Solution :

J2 %132
1h)] \E

Vo = KK, K E,, where K =sing
Here & = cos™! (04 = 66.42°
K, = sin (66.42% = 0.9165
K; = 095
Es =1
Ve = (0.2165) (0.95) (1} (107.77) = 93.83 kV
Maximum e = 2V, = 2(93.83) = 167.66 kV

Wi, £, = —
2n

1 _ 1 _
2f,  2x16x10°

Maximum e _ 187.66
Maximum<t 3,125=10°°

= 107.77 kV

Maximum tHme

3

Maximum t = 3.125 = 107" sec

Average RRRV = 6.0051 = & kViusec.

mmp Example 9.10 : What is the prospective voltage e across the stray capacitance of
0.0023 uF, when the instantaneous current chopped by circuit breaker 15 7 A. The value

of the inductance in the circuit s 35.2 H ? [AU, Dec.-2004]
Solution : Prospective voltage appearing across C.B. is given by,
e = i L
C
L = 352 H
C = 00023 uF = 0.0023 =« 10~ F
i=TA
|| 352
e =7 | ———
0.0023x 10~®
= 7(123710.74)
e = B65.97 kV

mmp Example 9.11 : A circuit breaker is rated at 1200 A, 1500 MVA, 33 kV, 3 sec,
3-phase. What are its rated breaking current and making current 7 [AU, Dec.-2004]
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Solution :

MVA
J3xkV

1500 = 10%
43 x 33107

26.24 kA

Rated symmetrical breaking current {(rms)

Rated making current = 2.55 x 26.24
= 692 kA
Short time rating = 26.24 kA for 3 sec.

sy Example 9.12 : A 3-phase alternator has the line voltage of 11 kV. The generator is
connected to a circuit breaker. The inductive reactance uplo the circuit breaker is
502 [ phase. The distributed capacilance uplo circuil breaker between phase and neutral
is 0.001 pF. Determine peak restriking voltage across the CB, frequency of restriking
voltage transients, average rate of restriking voltage upto peak restriking voltage,

maximum ERRV. [ALU, Dec.-2004]
Solution :
J2x11
E, = = B.98 kV
J3

X = 2=rfL
X 5

C = 0001 uF

L S
2aLC  2r,[(0.01591) (0.001 x 10°%)

Maximum restriking voltage = 2 E _ = 2(8.98) = 17.96 kV

= 39901.11 Hz.

o
I

e = E []-mﬁ : J
i G
de B L sin-t
dt = fic LC
This is the expression of RRRV
E 898

Maximum RERRV = = =
JIC  f0.01591) (0.001x 107%)
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2.251 kV/usec

Maximume 2x898 17.96

Average RRRV Maximom - 1/21,) - (1/2 «39901.11)

1.43 kV/usec

romp  Example 9.13 : [n a system of 132 kV, the circuit phase to ground capacitance is (1,02

microfarad, the inductance is 5H. Calculate the voltage appearing across the pole of a
circuit breaker if a magnetic circuit of 8 A is interrupted instantancously. Calculate the
value of the pre-insertion resistor to be used across the contact space.  [AU, May-2005]

Solution : L=5H, C=002puF=002=10%F
i=8 A
Voltage appearing across poles of circuit breaker is given by,

. (L 5
1||'r = —_— M [ —— &
"/c E'llﬂ-DEx T Bv/250% 10

V = 126.491 kV

The value of resistance to be used across contact space is given by,

1 [T
R = 3V¢
15
2V 50 x 105
- _;.{4250110*}
R = 7.9056 ki

o Example 9.14 : [n a short circuil test on a circuit breaker the following readings were
observed on a single frequency iransient time to reach the peak recovery voltage 40 psec
and the peak restriking voltage 100 kV. Determine the average RRRV and the frequency

of oscillations. [AU, May-2005]
Solution : Average RRRV is given as,
Average RRRV = Peak restriking voltage (E_, )
Time to reach the peak (t, )
100 10° |
S Tt

Average RRRV = 2500 Viusec
Matural frequency f, is given by,
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PR S 1
T 2ty 40x107%)
= 1 - 12500 Hz
BOx107*
f, = 125 kHz.

e e

L e

{73
11
12,
13,

14.

15.

Review Questions

Define a circuit breaker ? Describe s operation in brigf.

Discuss the arc phenomenon In a circuil breaker.

What are different arc interruption methods ? Explain any one in detad
Expiain the follotving terms related bo circuit breaker.

i} Arc vollage it} Restriking voftage i) Recovery voltage

Explain the fault clearing process by giving escillographs of short rircuit current.
Dhiscuss the effect of various parameters on TRV,

Obtain an expression for rale of rise of restriking voltage.

Explain resistance switching as applied to circuit breakers.

Explain in detnil the theories which explain the are exhinction phenomenon.
Write @ note on interruption of capacitive currents,

Write @ note on current chopping phensmenon.

Explain in detail d.c. current breaking.

A 3 phase alternotor has line voltage of 11 kV. The generator is connected to a circuit breasker. The
inductive reactance wpto circuit breaker 15 5 0 per phase. The distributed capacibance wuple circuit
breaker between phase and meutral is 0.01 pF. Determine

a) Peak restriking voltage across circuil breaker

bi Frequency of restriking vollage tramsient

o} Average rate of restriking voltage uple peak restriking vallage

d) Maximum RRRV (Ans. : 18 kV; 12637 ofs ; 0.456 kViusec; T14 Vipsec)
In @ short circuit test on a 3 pole circuit breaker of fault was 0.4, the recovery voltage wes 0.95
times full line voltage. The breaking current was symmetricel. The frequency of oscillations of

restriking voitage was 15000 cfs. Estimate the average rate of rise of restriking voltage. The neutral
ie grounded and fault involves earth. Neglect first pole to clear factor, {Ans. : 4.8 kViusec)

In a systerm of 132 KV the circuit phase fo ground capacitance is 0001 mF, the sertes inductance (s
6 H. Calculate the voltage appearing acroas the pole of o circudt breakers If a current of 10 A
{instantaneous) is interrupted. Calculate valie of the resislance lo be used across contacl space lo
eliminate the restriking voltage transient, {Ans. : 245 kV ; 12.25 K1)

Qa0






Circuit Breakers

]
10.1 Introduction

As already seen in the last chapter, whenever any fault occurs in the power
system then that part of the system must be isolated from the remaining healthy part
of the system. This function is accomplished by circuit breakers. Thus a circuit breaker
will make or break a circuit either manually or automatically under different
conditions such as no load, full load or short circuit. Thus it proves to be an effective
device for switching and protection of different parts of a power system.

In earlier days fuse was included in the protective system. But due to some
limitations they are not used in practice now a days. The main difference between a
fuse and circuit breaker is that under fault condition the fuse melts and it is to be
replaced whereas the circuit breaker can close or break the circuit without
replacement.

10.2 Requirements of Circuit Breaker

The power associated with the circuit breakers is large and it forms the link
between the consumers and supp]inrs- The necessary requirements of circuit breakers

are as follows,

1. The normal working current and the short circuit current must be safely
interrupted by the circuit breaker.

2. The faulty section of the system must be isolated by circuit breaker as quickly
as possible keeping minimum delay.

3. It should not operate with flow of overcurrent during healthy conditions.

4. The faulty circuit only must be isolated without affecting the healthy one.

10.3 Basic Action of a Circuit Breaker

The Fig. 10.1 shows the elementary diagram of a circuit breaker. It consists of two
contacts a fixed contact and a moving contact. A handle is attached at the end of the
moving contact. It can be operated manually or automatically. The automatic operation

needs a separate mechanism which consists of a trip coil. The trip coil is energized by
(10 - 1)
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secondary of the current transformer. The terminals of circuit breaker are brought to
power supply.

SLpphy

St &
Ehdlhg C.T Tﬂﬂ
pardacl codl
Automatic
\\\ machanism for
opening and closing
the ciroull breaker
e contacts
Cantacts open
Fied o
contact Caontacts closed

Fig. 10.1 Basic action of circuit breaker
Under normal working conditions the e.m.f. produced in the secondary winding of
the transformer is insufficient to energize the trip coil completely for its operation.
Thus the contacts remain in closed position carrying the normal working current. The
contacts can be opened manually also by the handle.

Linder abnormal or faulty conditions high current in the primary winding of the
current transformer induces sufficiently high e.im.f. in the secondary winding so that
the trip coil is energized. This will start opening motion of the contacts. This action
will not be instantaneous as there is always a time Jag between the energization of the
trip circult and the actual opening of the contacts. The contacts are moved towards
right away from fixed contact.

Ax we have seen already the separation of contacts will not lead to breaking or
interruption of circuit as an arc is struck between the contacts. The production of arc
delays the current interruption and in addition to this it produces large amount of
heat which may damage the system or the breaker. Thus it becomes necessary to
extinguish the arc as early as possible in minimum time, so that heat produced will
lie within the allowable limit. This will also ensure that the mechanical stresses
produced on the parts of circuit breaker are less.

The time interval which is passed in between the energization of the trip coil to
the instant of contact separation is called the opening time. It is dependent on fault
current level.

The time interval from the contact separation to the extinction of arc is called
arcing time. It depends not only on fault current but also on availability of voltage for
maintenance of arc and mechanism used for extinction of arc.
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10.4 Classification of Circuit Breakers

The circuit breakers are classified by wvarious ways. The different criteria for
classification of circuit breakers are as follows,

i} Interrupting medium ii) According to service
iii) Way of operation iv) Action

v} Method of control vi) Way of mounting
vii) Tank construction viii) Contacts

According to the interrupting medium the circuit breakers are classified as air
circuit breaker, air blast circuit breaker, oil circuit breaker and magnetic blast circuit
breaker.

According to service there are two types of circuit breakers viz indoor circuit
breaker and outdoor circuit breaker.

Depending on the operation, the types of circuit breakers are gravity opened,
gravity closed and horizontal break circuit breaker.

On the basis of action, the circuit breakers are classified as automatic and
non-automatic circuit breaker.

According to method of control, the circuit breaker may be controlled directly or it
may be operated remotely. The remote control may be manual, pneumatic or electrical.

The way of mounting classifies the circuit breakers into panel mounted, rear of
panel or remote from panel type.

Depending on the tank construction, the circuit breakers are classified as separate
tank for each pole type or one tank for all poles type.

On the basis of contacts, the different types of circuit breakers are Butt, Wedge,
Laminated flat contact, Explosion chamber etc.

Out of the various ways of classification of circuit breakers the general way of
classification is on the basis of medium used for arc extinction which is normally oil,
air, Sulphur Hexa Flouride (SFg) or vacuum.

Each type of circuit breaker is associated with its own advnatages and
disadvantages_ We will now consider some types of circuit breakers in detail.

10.5 Air Blast Circuit Breakers

These type of circuit breakers were employed in earlier days for voltages ranging
from 11 to 1100 kV. At high voltages this type of circuit breakers are most suitable. In
this type of circuit breakers the compressed air is used for the arc extinction. Hence it
is called compressed air circuit breaker.
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10.5.1 Construction of an Air Blast Circuit Breaker

The Fig. 10.2 shows the constructional details of air blast circuit breaker.
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Fig. 10.2 Construction of air blast circuit breaker
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At the bottom there is a tank which is called air reservoir with the valves. On this
reservoir there are three hollow insulator columns. On the top of each insulator
column there is double arc extinguishing chamber. The current carrying parts are
connected to the arc extinction chambers in series. The assembly of entire arc
extinction chamber is mounted on insulators as there exists large voltage between the
conductors and air reservoir,

The double arc extinction chamber is shown separately in the Fig. 10.2 (b). It can
be seen that for each circuit breaker pole there are six breaks as there are three double
arc extinction poles in series. Each arc extinction chamber consists of two fixed and
two moving contacts. These contacts can move axially so as to open or close. The
position depends on air pressure and spring pressure. The opening rod is operated by
the opening mechanism when it gets control signal {may be electrical or pneumatic).
This will lead to flow of high pressure air by opening the valve. The high pressure air
enters the double arc extinction chamber rapidly. Due to the flow of air the pressure
on moving contacts increases than spring pressure and contacts open. The contacts
travel through a small distance against the spring pressure. Due to the motion of
moving contacts the port for outgoing air is closed and the whole arc extinction
chamber is filled with high pressure air. But during the arcing period the air passes
through the openings shown and takes away ionized air of arc. In case of making
operation the valve is turned which connects hollow column of insulator and the
reservoir. The air is passed to the atmosphere due to which pressure of air in the
chamber is dropped to atmospheric pressure and closing of moving contacts is
achieved against spring pressure.

10.5.2 Working

An auxiliary compressed air system is required by this type of circuit breaker. This
will supply air to the air reservior of the breaker. During the opening operation, the
air is allowed to enter in the extinction chamber which pushes away moving contacts.
The contacts are separated and the blast of air will take ionized gases with it and
helps in extinguishing the arc. This will require only one or two cycles. There are two
major types. - cross blast and axial blast,
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In cross blast type, the blast of air cuts across the arc. It is less frequently used in
the practice. In axial blast type, the blast of air is along the arc. This type of design is
COMmmon in use.

10.5.2.1 Cross Blast Type
The Fig. 10.3 shows the schematic arrangement of a cross blast type.
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Fig. 10.3 Cross blast type circuit breaker

The flow of air is across the arc. The moving contact is near to the arc splitter
assembly. The air blast forces the arc on to the arc splitter plates. These plates will
lengthen the arc. Depending upon the breaking capacity of the breaker, the size and
number of plates are decided. The fixed contact is mounted at the base between the
two insulating blocks. It consists of a number of silver surfaced spring loaded copper
fingers. The arcing portion is surfaced with a silver tungsten alloy. The moving
contact consists of flat copper silver faced blade. Resistance switching is not required
as sufficient resistance is automatically introduced in the arc to control the restriking
transient. The cross blast breakers are commonly used in indoor circuit breakers of
medium high voltage class.

10.5.2.2 Axial Blast Type

In this type the flow of blast of air is along the line of arc. This is shown in the
Fig. 10.4.
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Fig. 10.4 Axial blast type circuit breaker

There are two subtypes which are shown in the Fig. 104 (a) and (b) viz single
blast type and double blast type. The double blast arrangement is also called radial
blast type due to the fact that the blast flows radially into the space between the
contacts.

In this type air flows from high pressure reservior to the atmosphere through a
nozzle, whose design makes air to expand in the low pressure zone. It will attain high
velocity. The high speed air flowing axially along the arc will cause removal of heat
from the periphery of the arc. The diameter of arc reduces to a low value at current
zero. At this instant of the arc interruption the contact space is filled with the fresh
air. This will make possible to remove the hot gases and fast building up of the
dielectric strength of the medium.

As already seen during the contact closing, the air from the extinction chamber is
allowed to pass to the atmosphere. This will reduce the pressure on the moving
contacts and will assist the closing operation. The total operation is represented in the
Fig. 10.5.
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Fig. 10.5 Modification in air blast circuit breaker

In air blast circuit breaker, the pressure generated in the extinction chamber is
independent of arc current the circuit breaker is said to be of external energy source.
The air pressure in this type of breaker is constant which is sufficient enough to break
the rated breaking current. In this type of circuit breakers the breaking capacity is
found by pressure of extinguishing medium.

For low values of currents, the arcing time does not change appreaciably since air
pressure is independent of arc current. For breaking low current, high pressure air
will be required. Due to this the current gets chopped before reaching natural zero.
This will give rise to high restriking voltage and the contact space is not likely to
break down. Therefore these high voltages must be allowed to discharge to avoid
breakdown of insulation of circuit breaker. Thus resistance switching is commonly
employed in these breakers.

The Fig. 10.5 shows the modified arrangement for a double arc extinguishing
chamber. When the contacts are opened the air flows in the arc extinguishing
chamber. The separating of main contacts lead to closing of auxiliary contacts which
will connect resistance across the arc for a short time. The auxiliary contacts are
mounted in inclined V shaped insulators.
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After the arc extinction the pressure on either side of auxiliar}r contacts is adjusted
in such away that auxiliary contacts open and resistor circuit is interrupted. Ceramic
resistances of non-linear characteristics are used for resistance switching.

10.5.3 Compressed Air System for Air Blast Circuit Breaker

The schematic arrangement shown in the Fig. 10.6 represents ::umprﬂsed air
system.
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Fig. 10.6 Diagram of compressed air system
The air reservoir in the air blast circuit breaker contains air of pressure of the

order of 20-30 kg force/cm?. This air pressure is maintained by these reservoirs for
4 to 12 repeated operations.

When the pressure in the air reservoir of the circuit breaker reduces below a
certain value say 20 kgf/em?, the pneumatic valve opens automatically and air is
allowed to enter in the air reservoir from compressed air system at high pressure. The
pressure in the air reservoir is then maintained at a desired value,
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The size of compressor depends upon the number of circuit breakers, the number
of makes and breaks expected and amount of air to be used in each make and break.
The compressor feeds the air at high pressure into the main receiver through oil filters
and water filters.

10.5.4 Advantages
The various advantages of air blast circuit breakers are,
i} Mo fire hazards are possible with this type of circuit breaker.
ii) The bigh speed operation is achieved.
iii) The time for which arc persists is short. Thus the arc gets extinguished early.

iv) As are duration is short and consistent, the amount of heat released is less and
the contact points are burnt to a less extent. So life of circuit breaker is
increased,

v) The extinguishing medium in this type of circuit breaker is compressed air
which is supplied fresh at each operation. The arc energy at each operation is
less than that compared with oil circuit breaker. So air blast circuit breaker is

most suitable where frequent operation is required.
vi) This type of circuit breaker is almost maintenance free.
vil) It provides facility of high speed reclosure.
viii) The stability of the system can be well maintained.

10.5.5 Disadvantages
The various disadvantages of air blast circuit breakers are,

1) If air blast circuit breaker is to be used for frequent operation it is necessary to
have a compressor with sufficient capacity of high pressure air.

ii) The maintenance of compressor and other related equipments is required.

iii) There is possibility of air leakages at the pipe fittings.

iv) It is very sensitive to restriking voltage. Thus current chopping may occur
which may be avoided by employing resistance switching.

10.5.6 Applications

The air blast circuit breakers are preferred for arc furnace duty and traction system
because they are suitable for repeated duty. These type of circuit breakers are finding
their best application in systems operating in range of 132 kV to 400 kV with breaking
capacities upto 7000 MVA.
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10.6 Air Break Circuit Breaker

In air circuit breakers the atmospheric pressure air is used as an arc extinguishing
medium. The principle of high resistance interruption is employed for such type of
breakers. The length of the arc is increased using arc runners which will increase its
resistance in such a way that the voltage drop across the arc becomes more than the
supply voltage and the arc will be extinguished.

This type of circuit breaker is employed in both a.c. and d.c. type of circuits upto
12 kV. These are normally indoor type and installed on vertical panels. The
lengthening of arc is done with the help of mangetic fields. Some typical ratings of
this type of circuit breaker are 460V — 3.3 kV with current range 400 - 3500 A or 6.6
kV with current range 400-2400 A etc.

- 10.6.1 Construction
The Fig. 10.7 shows the constructional details of air break circuit breaker.
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Fig. 10.7 Construction of air break circuit breaker
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It consists of two sets of contacts.
) Main contacts
2) Arcing contacts

During the normal operation the main contacts are closed. They are having low
resistance with silver plating. The arcing contacts are very hard, heat resistant. They
are made up of copper alloy. Arc runners are provided at the one end of arcing
contact. On the upper side arc splitter plates are provided.

10.6.2 Working
As seen from the Fig. 108 the
contacts remain in closed position during Contact
normal condition. Whenever fault occurs, L/I .
the tripping signal makes the circuit Current & &

breaker contacts to open. The arc is
drawn in between the contacts

(a) Contact closed

1\"' lanised gas

(b) Contacts separated

Whenever the arc is struck between .
the contacts, the surrounding air gets Current
ionised. The arc is then cooled to reduce
the diameter of arc core. While
separating, the main confacts are g 44 g Working of air break circuit
separated first. The current is then breaker
shifted to arcing contains. Later on the
arcing contacts also start separating and arc between them is forced upwards by the
electromagnetic forces and thermal action. The arc travels through the arc runners.
Further it moves upwards and split by arc splitter plates. Due to all this finally the arc
gets extinguished as the resistance of the arc is increased.

Due to lengthening and cooling, arc resistance increases which will reduce the
fault current and will not allow to reach at high value. The current zero points in the
a.c. wave will help the arc extinction. With increase in arc resistance the drop across it
will go on increasing.

Whenever arc leaves the contacts it is passed through arc runners with the help of
blow out coils which provide a magnetic field due to which it will experience a force
as given by electromagnetic theory (F = Bl). This force will assist in moving the arc
upwards. The magnetic field produced is insufficient to extinguish the arc. For systems
having low inductances arc gets extinguished before reaching extremity of runners
because lengthening of arc will increase the voltage drop which is insufficient to
maintain the arc.
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For high inductance circuits if it is not extinguished while travelling through arc
runners then it is passed through arc splitters where it is cooled. This will make the
effective deionization by removing the heat from arc.

10.6.3 Applications

This type of circuit breakers are commonly employed for industrial switchgear,
auxiliary swithgear in generating stations.

10.7 Sulphur Hexafluoride (SF;) Circuit Breaker

Pure sulphur hexatluoride gas is inert and thermally stable. It is having good
dielectric and arc extinguishing properties. It is also an electronegative gas and has
strong tendency to absorb free electrons, SF; gas remains in gaseous state upto a
temperature of 9° C. lts density is about five times that of air and the free heat
convection is 1.6 times as much as that of air. Also being inert it is non-inflamable,
non-poisonous and odourless.

The contacts of the breaker are opened in a high pressure flow of 5F; gas and an
arc is struck between them The conducting electrons from the arc are captured by the
gas bo form relatively immobile negative ions. The loss of this conducting electrons
developes enough strength of insulation which will extinguish the arc. Thus 5F, circuit
breakers are found to be very effective for high power and high voltage service and
widely used in electrical equipments. Only the care to be taken is that some
by-products are produced due to breakdown of gas which are hazard to the health of
the personnel and it should be properly disposed.

Several types of SF; circuit breakers are designed by various manufacturers in the
world during the recent years which are rated for voltages from 3.6 to 760 kV.

The property of this gas is that the gas liquifies at certain low temperatures. The
liquification temperature can be increased with pressure This gas is commercially
manufactured in many countries and now used extensively in electrical industry.

The gas is prepared by burning coarsely crushed roll sulphur in Huorine gas in a
steel box. The box must be provided with staggered horizontal shelves each containing
about 4 kg of sulphur. The steel box is gas tight. After the chemical reaction taking
place in the box, the SF; gas obtained contains impurities in the form of fluorides such
as 5.F,; SF,; etc. Thus it must be purified before it is supplied. The manufacturing of
this gas at large scale reduces its cost.

The dielectric strength of 5F; gas at any pressure is more than that of air. When
the gas comes in contact with the electric arc for long period, the decomposition
effects are small and dielectric strength is not considerably reduced and the metallic
fluorides that are formed are good insulators and are not harmful to the breaker.



Protection and Switchgear 10-14 Circuit Breakers

10.7.1 Properties of SF; Gas
The properties of SF, gas are divided as,

]

. Phvsical properties

. Chemical properties

3. Dielectric properties

10.7.1.1 Physical Properties

1}
inj
i}
v}
v}
Vi)

vil}

The gas is colourless, odourless, non-toxic and nonharmful to health.
The gas is non-inflammable.

It is heavy gas having high density.

Liquification starts at low temperatures which depends on pressure.
The heat transferability is high as compared to air at same pressure .

The heat content property is much more which will assist cooling of arc after
current zero.

The gas is electronegative.

10.7.1.2 Chemical Properties

i)

111}

The gas is chemically inert and stable upto 500° C. The life of metallic part,
contacts is longer in 5F; gas. The components do not get deteriorated. Hence
the maintenance requirements are reduced.

During arc extinction, 5F; is decomposed to SF, 5F;. The products of
decomposition are toxic and hence proper care must be taken for their
disposal.

The metallic fluorides are good dielectric materials. Hence are safe for electrical
equipment.

10.7.1.3 Dielectric Properties

i)

ii)

iii)

The dielectric strenght of SF; gas at atmospheric pressure is 2.9 times that of
air and 30 less than that of dielectric oil.

At higher pressure, the dielectric strength of a gas increases. This is very much
advantageous as smaller clearances and small size of components are required
for same kV. The variation is shown in the Fig. 10.9.

The breakdown voltage in SF; gas is a function of pressure The gas follows the
Paschen's law which is given as " In uniformly distributed electric field the
breakdown wvoltage in a gas isdirectly proportional to the product of gas
pressure and electrode gap”. The parameters affecting breakdown voltage are






Protection and Switchgear 10 - 16 Circuit Breakers

vii) The breakdown is initiated at sharp edges of conducting parts having
maximum stress concentration.Good dielectric stress distribution is important.

vilij The breakdown value depends on the wave shape characterised by peak value,
wave front, polarity in case of impulse wave etc. The breakdown voltages
reduces with increase in steepness and increase in duration of wave.

ix) Even with dilution of SF, with air, its dielectric strength is not much affected.
As already seen the gas is electronegative so arc time constant is lower which
is nothing but the time required to regain dielectric strength by medium after
final current zero. This time is of the order of few microseconds in this type of
circuit breaker.

10.7.2 Construction of Non-Puffer Type SF; Breaker

The Fig. 10.11 shows the constructional details of 5F; circuit breaker. It consists of
arc interruption chamber wherein fixed and moving contacts are enclosed. The
chamber is filled with SF; gas. The chamber is connected to a reservoir containing SF;

gas.
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for operating
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Fig. 10.11 Construction of SF; breaker

When the contacts of circuits breakers are opened, the valve mechanism allows
high pressure SF, gas from the reservior to flow towards the arc interruption
chamber.The fixed contact is a hollow, cylindrical current carrying contact fitted with
arc horn. The moving contact is also hollow cylinder containing holes in the sides to
permit SF, gas to pass through these holes after flowing across the arc. The tips of
fixed and moving contacts are coated with copper tungsten arc resistant material. The
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The :-'.'mgli.- flow pattern has limited quem:hing abilirl',-r and is used for hrgaking
currents. The four stages of puffer action explains arc quenching process in single flow
puffer type circuit breaker.

When breaker is fully closed, the pressure in puffer cylinder P; is equal to that of
outside the cylinder. But during opening operation, puffer cylinder and moving
contact tube start moving. Gas gets compressed withing puffer cylinder (P, > P,).
When contacts move further, arc is drawn. The compressed gas flows from higher
pressure Py to lower pressure P, through the nozzle.

After further advancement the flow pattern was improved. The gas from puffer
cylinder was allowed to flow in forward direction ﬂ'l.mugh nozzle and also in reverse

direction through hollow contact tube.

Double flow removes the heat from the arc efficiently and causes lengthening of
arc. It gives the breaking capacity one and half times more than that of single flow
type. So now a days double flow pattern is used in SF; circuit breakers.

10.7.3 Single Pressure Puffer Type SF; Circuit Breaker

It employs pufter principle explained earlier. The Fig. 10.13 shows principle of
operation of single pressure puffer type 5F, circuit beraker. The operating mechanism
(1) is installed at base of the insulator and is linked with movable contact in the
interrupter by means of insulating operating rod (4) and a link mechanism (5).The
circuit breaker is filled with SF; gas at a pressure of about 5 kgf/cm?. The breaking
time obtained with puffer type breaker is nearly 3 cycles.

IR m&a

L X
4
1
{a) Breaker fully closed (b} Contacts separated
1. Moveable Cyfinder ( Puffar Cylinder) 5. Fixed Piston
2. Moving Contact 6. Gas trapped in belore compression
3. Fixed Contact 7. Compressed gas between 1 and 5
4, Insulaling Nozzle 8. The arc being extinguished by puffer action

Fig. 10.13 Single pressure puffer type SF; breaker
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In this case, gas is compressed by the moving cylinder system and is released
through a nozzle while extinction of an arc.

The Fig. 10.13 (a) illustrates fully closed position of interrupter. Moving cylinder 1
is coupled with moving contact 2 against the fixed piston 5. As a result there is a
relative motion between 1 and 5 and the gas is compressed in the cavity 6. This
trapped gas is released through a nozzle hole, during arc extinction process. During
the travel of moving contact 2 and movable cylinder 1 gas puffs over the arc and
reduces arc diameter by axial convertion and radial dissipation. At current zero arc
diameter becomes too small and arc gets extinguished.

The puffing action continues for sometime even after the arc extinction until the
contact space is filled with cool and fresh gas.

10.7.4 Double Pressure Type SF; Circuit Breaker

In this type, gas from high pressure system is released into low pressure system
through a nozzle during arc extinction process.

Moving

Fined comtac

cantact

Fig. 10.14 Double pressure type SF; circuit breaker

In this circuit breaker, gas is made to flow from zone P, to P, through a
convergent divergent nozzle. The nozzle is located such that flow of gas covers the
arc. Gas flow attains almost supersonic speed in divergent portion of nozzle, thereby
gas takes away the heat from periphery of arc causing reduction in diameter of the
arc. Finally arc diameter becomes almost zero at current zero and arc gets
extinguished. Arc space is filled with fresh SF, gas which increases dielectric strength
of contact space.
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10.7.5 Advantages of SF; Circuit Breaker

The advantages of SF; circuit breaker are,

[ 4]

1

.
1L

The size of SF, breaker is smaller than conventional circuit breaker of same
rating.

SF, gas i1s noninflammable and chemically stable, decomposition products are
not explosive hence no danger of fire.

Same gas is recirculated in the circuit hence requirement of gas is small.

Ample overload margin : For the same size of conductors, current carrying
ability of SF, circuit breaker is about 1.5 times than that of air blast circuit
breaker because of more heat transferability.

The breaker is silent in operation and does not make sound like air blast
circuit breaker due to its closed gas circuit.

Sealed construction avoids contamination by moisture, dust etc.There are no
carbon deposites.

Minimum maintenance required for this breaker. It requires light foundation

and minimum auxiliary equipment.

Ability to interrupt low and high fault currents, magnetising currents,
capacitive currents without excessive overvoltages with small arcing time.

Problems connected with current chopping are minimum.,

Mo contact replacement required. Contact corrosion is very small hence
contacts do not suffer oxidation.

10.7.6 Disadvantages

The disadvantages of this type of circuit breaker are,

1.

-

=

=]

WD

Sealing problem arises due to the type of construction
Impertect joint lead to leakage of gas
The presence of moisture in the system is very dangerous.

Double pressure SF; circuit breaker are relatively costly due to type of
construction and complex gas system.

Internal parts should be cleaned thoroughly during periodic maintenance
under clean and dr}r environment.

Special facilities are needed for transporting the gas, which is very costly.
SF, breakers are costly as there is high cost of 5F; gas.

Since the gas is to be reconditioned after every operation, additional equipment
5 requ:imd for the same.

. Arced SF, gas is poisonous and should not be inhaled.
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10.7.T Applications

A typical 5F; circuit breaker consists of interrupter units. Each unit is capable of
interrupting currents upto 60 kA and voltages in the range 50-80 kV. A number of
units are connected in series according to system voltage. SF, breakers are developed
for voltage ranges from 115 to 500 kV and power of 10 MVA to 20 MVA ratings and
with interrupting time of 3 cycles and less.

10.8 Vacuum Circuit Breakers

In vacuum type of circuit breakers, vacuum is used as the arc quenching medium.
It is superior medium than any other arc quenching medium as vacuum offers highest
insulting strength.

If we consider that the contacts of circuit breakers are opened in vacuum, the
interruption occurs at first current zero. The dieleciric strength of the contact space
builds up very rapidly at a rate which is very much higher than that with other
circuit breakers.

When the contacts of the breaker are opened in vacuum, an arc is produced
between the contacts due to ionisation of metal vapours of contacts, which can be
explained by field emission theorv. An intensely hot spot is created at the instant of
contact separation because of high current density.But the arc is quickly extinguished
as metallic vapours, electrons and ions produced during the arc are condensed on the
surface of the breaker.This will lead to fast recovery of dielectric strength. This is an
important feature of vacuum as an arc quenching medium which will assist arc
extinction and restriking of arc is prevented. The vacuum circuit breaker consists of
one or more vacuum interrupter units per pole.

The vacuum switching devices have several merits such as high rate of rise of
dielectric strength, silent operation, suitability for repeated operations, simple
operating mechanism, free from explosion and long life.

The unigue quality of vacuum interrupters is that the contacts are required to be
travelled by small distance and less weight of moving contacts. Many repeated
operations can be performed with this tvpe of breaker

10.8.1 Electrical Breakdown in High Vacuum

The pressure below about 10 mm of mercury are considered to be high vacuum.
The charged particles from one electrode moving towards other at such a pressure will
not cause collision with the molecules of residual gas. Hence ionization by collision of
particles is less in vacuum as compared to in the gas.

If a small gap (say 0.5 mm) is kept between the electrodes in the vacuum and
voltage is gradually increased, at a certain voltage the gap breaks down and current
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increases rapidly. The phenomenon is called vacuum breakdown. With pressure
remaining constant the breakdown chracteristics are influenced by surface, condition
and material of electodes.

Due to high arc energy, electrons emission takes place from surface of the
electrodes. High heat is produced and core will be at very high temperature. Few
spots having high current densities are produced. Thus thermal emission takes place
from surface of electrodes which is a cause for arc formation in case of these breakers

10.8.2 Construction

The Fig. 1015 shows the schematic representation showing the constructional
details of vacuum circuit breaker.
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Fig. 10.15 Construction of vacuum circuit breaker

It consists of vacuum chamber in which fixed contact, moving contact and arc
shield are mounted, The movable member is connected to the control mechanism by
stainless steel bellows. The bellows permit the sealed construction of the interrupter.
They are covered by protective shield . The contacts are made of large stem with large
disc shaped faces.The disc is provided with symmetrical grooves such that segments
of two contacts are not along same line. This geometry facilitates the rapid movement
of arc instead of ramaining stable at one point and arc remains in diffused state. The
enclosure is made up of impermeable insulating material like glass. The material
should not be porous and should have capability to retain high wvacuum.The
supporting end flanges are made up of non-magnetic metal.

hiain arg shiski
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The arc shields or vapour shields are supported on insulating housing such that
they cover the contact region. The metal vapour released from the contact surface
during arcing is condensed on these shields and is prevented from condensing on the
insulating enclosure.

The possibility of leak is eliminated due to permanent sealing of vacuum chamber.
The ovuter insulator is made up of glass or ceramics

10.8.3 Working

When the contacts are separated due to some abnormal conditions, an arc is struck
between the contacts. The arc is produced due to ionisation of metal ions and depends
very much on material of contacts.

The arc interruption process in vacuum interrupters is different from other types
of circuit breakers. The separation of contacts causes release of vapour which is filled
in the contact space. It contains positive ions liberated from contact material. The
vapour density depends on the current in the arc. When current decreases, the rate of
vapour release decreases and after current zero, the medium regains its dielectric
strength if vapour density is reduced.

When current to be interrupted is very small (of the order of few hundred amps)
in vacuum, the arc has several parallel paths. The total current is divided into many
parallel arcs which repel each other and spreads over contact surface. This is called
diffused arc which can be interrupted easily.

At high values of currents, the arc gets concentrated on a small region. It causes
rapid vapourisation of the contact surface. The interruption of arc is possible if arc
remains in diffused state. If it is quickly removed from the contact surface, the arc will
be restriked.

Arc extinction in vacuum breakers is greatly influenced by material and shape of
contacts and technique of condensing metal vapour.The path of the arc is kept moving
s0 that temperature at any one point will not be high.

After final arc interruption there is rapid building up of dielectric strength which
is pecularity of vacuum breaker. They are suitable for capacitor switching as it will
give restrike free performance. The small currents are interrupted before natural
current zero which may cause chopping whose level depends on material of contact.

The chopping levels are affected by,

a) The vapour pressure of cathode material with increase in vapour pressure, the
chopping level is lowered.

b) The thermal conductivity, if thermal conductivity is low and the chopping level
is also low. Current chopping level for some materials is given in the
Table 10.1
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grown from molten metal which releases small quantity of gas. But the process is very
slow, costly and commercially not feasible. The another possible solution to this
problem is to use zone-refined copper which is gas free.

The metals like aluminium, copper, silver, tin etc were tested for electrode erosion.
At high currents the cathode spots formed shows a high vapour pressure that is
supplied by vapourisation, The loss from cathode, causes gain in weight for anode
due to the condensation of cathode vapour on the anode when it is cold.

Another important thing that must be considered is that the electrodes should not
weld with each other and dielectric strength of the gap must be recovered very
rapidly.

Thus the requirements to be satisfied by a vacuum circuit breakers are
complicated. Hence no single metal is suitable for the electrodes. Thus the compromise
is made and it shows that use of dicopper magnesium (Cu,Mg), dicesium copper
(CuCe,), copper bismuth {(CuBi) gives the satistactory performance.

10.8.6 Recovery Strength Characteristics

The satisfactory working of vacuum circuit breaker is possible if the electrical
strength after arcing is properly recovered. In this type of the breaker, the conducting
medium of the arc is supplied by contact erosion and recovery of electric strength
mostly depends on condensation of electrode vapour.

A reduction in number of vapour ions lead to improvement in recovery strength.
When pressure is reduced to such a value that the breakdown wvoltage is
independent of pressure then under this case, the factors affecting breakdown voltage

are the type of contacts, contact surface etc. Highly polished electrodes has good
breakdown strength.

10.8.7 Applications

In countries like India, the installation of such breakers proves to be effective as it
requires little maintenance. They are employed for outdoor installations ranging from
22 kV to 66 kV. With limited rating ranging from 60 to 100 MVA they are suitable in
many applications.

Recently installed capacities of such breakers are 11 kV, 25 kV and 33 kV.

Thus for voltages upto 36 kV, vacuum circuit breakers with single interrupter is
becoming extremely popular for metal enclosed switchgear, arc fumace installations,
auxiliary switchgear in generating stations and other industrial applications.

10.9 Oil Circuit Breakers

These are one of the oldest type of circuit breakers which employs oil as arc
quenching medium. The contacts of the circuit breakers are separated in the oil. The
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bubbles of gas are formed which prevent restriking of the arc after the current reaches
zero point of the cycle. There are two types of cil circuit breakers,

1) Circuit breakers using large quantity of oil or the bulk oil circuit breakers.
2) Circuit breakers using minimum quantity of oil called minimum woil circuit
breakers.

After the current zero, the oil moves in the arc space which is an important part of
the action of an oil circuit breaker which may be effected by,

1) the pressure developed due to natural head of oil above contacts.

2} the pressure generated by the action of arc current itself.

3} the pressure developed by external parameters.

Thus the oil circuit breakers are further grouped into following categories,

1} Plain break oil circuit breakers.

2) Self generated pressure oil circuit breakers (also called self blast oil circuit
breakers. )

3) Externally generated pressure oil circuit breakers (also called force blast oil
circuit breakers.)

10.9.1 Plain Break Oil Circuit Breaker

It consists of a strong, weather tight earthed tank containing oil upto certain level
and air above the oil level. Both the fixed and moving contacts are immersed in oil.

When the contacts are separated, an arc is struck between the contacts with .
production of large amount of heat. This will increase the terperature to near about
S000°K which will vapourize the oil into gases such as hydrogen with small
percentage of methane, ethylene and acetylene. With the withdrawl of moving contact,
arc length increases and gas formation rate decreases as temperature lowers.

When distance between fixed contact and moving contact reaches at critical value,
the arc gets extinguished at some current zero.

There are two types of plai.n—l::rea.la: oil circuit breakers,
a) Single break oil circuit breaker

b) Double break oil circuit breaker,

10.9.1.1 Single Break Ol Circuit Breaker

The single break oil circuit breaker principle is represented in the Fig. 10.16. The in
and out of the current is through the terminal bushings. There is only one arc which
is struck between the fixed and moving contact. The current breaks at one bushing
and the moving contact is supported by the other bushing through sliding contact.
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Fig. 10.16 Single break oil circuit breaker

10.9.1.2 Double Break Qil Circuit Breaker

The principle of this type of circuit breaker is shown in the Fig. 10.17. There are
two fixed contacts associated with terminal bushing which makes contacts with the
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Fig. 10.17 Doublie break circuit breaker
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moving contacts during normal operating condition. The lever containing the moving
contacts can be operated with the help of crank.

When the contacts are separated, two arcs are drawn. Thus there are two breaks in
series. This can achieve rapid are lengthening which eliminates the need for a spectally
fast moving contact speed. But this introduces unequal voltage distribution across the
breaks with uneven sharing of total interrupting duty. One break may take 70 to B0
percent of the interrupting duty.

When such a breaker interrupts an earth fault, the recovery voltage is not equally
divided between the two breaks. This statement can be wvery well understood by
considering the eqguivalent electrical dreuit shown in the Fig. 10018, where (;
represents capacitance between fived and moving contacts whereas C; represents
capacitance between moving contact and earth.

1

{Hen. 11 Ei__
widg.
q v T J_
— "-lrz El| — cl“
| I
_ L
(a) (b) Equivalent circuit
Fig. 10.18
Let | be the fault current
From the Fig. 10.18 (b},
|
V., =
1 aC, volts
V. = ; volts
* 7 w(C,+C,)

Let C; = 10 pF and C; = 40 pF being typical values in practice.

. Vy o owi(C+Cy)  Ci+C,
Now Vv, T wC G
V, _ 10+40 _50
v, = 10 1
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V, = 5V,

It can be seen from the above expression that about 83% of the system voltage
appears across gap and only 17% appears across moving contact and earth. In order to
equalize the voltage across the gaps, high resistances or capacitors are connected
across them.

— G1n 10apF
= C J‘ Cp= 40upF

Vo G/

_FDI.IUF
A
L

Fig. 10.19 Capacitive voltage grading

Let a capacitor of 50 pF be connected as shown in the Fig. 10.19.
v-l E1_ +':1 +c::|, _ 10+ 40+ 50

Now, V, G, +C; 10450
_ 100
&
= 166
V, = 166V,

Thus V; becomes equal to 1.66 times that of V5. If value of 4 is chosen to be high
then the difference between V; and V, can be further reduced. If instead of capacitors,
high values of resistors are used it will also cause damping. The resistance values are
generally of the order of 10,000 to 100,000 ohms. The resistor selected may be
non-linear one.

10.9.1.3 Factors Affecting Performance of Plane Break Oil Circuit Breaker

The factors which influence the performance of plain break oil circuit breakers are
as follows,

i) The critical length of the break

il) The speed of the contact movement. In order to extinguish the arc earlier, the
speed should be high therefore double break circuit breakers are preferred.

iii) The head of oil above the contacts.
iv) The clearance between the live contacts and the earthed pressurized tank.



Protection and Switchgear 10 - 30 Circuit Breakers

The factors which influence on increased breaking capacity are considerable head
of oil and large clearances, Thus for large breaking capacity, the circuit breaker will be

large.
10.9.1.4 Advantages of Plain Break Oil Circult Breaker
The various advantages of plain oil circuit breaker are,
i) The arc energy is easily absorbed by the oil due to its decomposition.
ii) The gases formed due to ocil decomposition has good cooling properties.
iii) The cooling surfaces formed by surrounding oil is close to the arc.
iv) After current zero a flow of cool oil Hows in the contact space which is having
dielectric strength.

v} The oil used acts as an insulator.

10.9.1.5 Disadvantages of Plain Break Qil Circuit Breaker
The various disadvantages of plain break oil circuit breaker are,
i) There is no special control over the arc other than the increase in length by
separating the moving contacts. Hence large arc length is required for faithful
interruption.

i) These breakers have long and inconsistent arcing times.

tii} These breakers do not permit high speed interruption.

10.9.1.6 Applications

Such types of circuit breakers are suitable upto 150 MVA capacity and hence
installed in low capacity applications having voltages not more than 11 kV.

10.9.2 Self Generated Pressure Oil Circuit Breaker

This type of circuit breakers are also called self blast oil circuit breakers where arc
control is provided by internal means. The pressure developed by the arc is used in
speeding up the movement of oil in the contact space at the instant after the current
zero. This is achieved by surrounding the contact by a pressure chamber. This will
make it possible to increase the breaking capacity of such circuit breaker while the
arcing time is reduced.

The action of arc will itself set up pressure which is dependent on magnitude of
currents. Thus proper design of pressure chamber must be done in order to ensure
that pressure developed is sufficient to extinguish the arc at low currents, while it
should not be excessive which may break the chamber at heavy currents. Thus a wide
variety of designs are possible. Some of them are discussed below.
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10.9.2.1 Plain Explosion Pot

This is shown in the Fig. 10.20. It consists of a
Fixad rigid cylinder made up of a insulating material.
contact The cylinder contains the fixed and moving
contacts. The moving contact is a cylindrical rod
which can pass through a small opening called
throat. The motion of moving contact 18 vertical.

I

T

POT

ot T Tt T T e T

Whenever fault occurs in the system the
contacts will start separating with the formation
Maving of arc in between them. The heat contained in the
comact arc causes the decomposition of the oil into a gas
at very high pressure in the pot. This high
pressure forces the oil and gas around the arc o

\
g

Fig. 10.20 Plain explosion pot
extinguish it.

It can be seen that if the final arc interrup*on does not take place while the
moving contact is inside the pressure chamber then it occurs immediately after the
moving contact leaves the pot as emergence of moving contact from the pot allows a
high velocity axial blast of gas to release through the throat producing rapid arc

extinction. As the arc extinction takes place axially of the arc, it is also called axial
explosion type.

The major drawback with this type is that it cannot be used for very high or very
low fault currents, At low fault current values, the pressure developed is small thus
arcing time is increased. On the other hand at high fault currents due to very high
pressure developed there is possibility of bursting the explosion pot or chamber.
Therefore it is suitable for moderate short circuit currents only.

10.9.2.2 Cross Jet Explosion Pot

It is the modification of plain explosion pot which is shown in the Fig. 10.21. The
Fig. 10.21 shows the four stages of operation. [t consists of cylinder made up of
insulating material. There are channels on one side which act as arc splitters. The use
of arc splitters is to increase the arc length which will assist arc extinction by
lengthening the arc.

In stage 1 shown in Fig. 10.21, the moving contact has separated from the fixed

contact and an arc is formed while in stage 4 final arc extinction is shown where the
moving contact is out of the throat.

When an fault occurs, the moving contacts begin to separate. An arc is struck
initially at the top of pot. The gas formed exerts pressure on the oil when the moving
contact moves away from the arc splitter ducts, fresh oil is forced across the path of
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Fig. 10.21 Cross jet explosion pot

arc. The arc is then passed through the arc splitters due to which its length increases
which causes the arc extinction.

This type of circuit breaker gives satisfactory performance at heavy fault currents.
However for small fault current, pressure developed by gas which is function of fault
current is less and the performance is not satisfactory.

10.9.2.3 Self Compensated Explosion Pot
This  type is  essentially a
combination of plain explosion and cross
Fread cominct jet explosion type. Hence it can interrupt
low as well as heavy short circuit

- o
fff’” currents effectively. It is resented in
ﬁ ﬁ Y P
% % the Fig. 10.22.
- E{Z Lateral
ff m;___,.?' orifices It consists of two chambers, the
ff == upper chamber is the cross jet explosion
i A crosset pot with arc splitter ducts, while the
f — axplosion pol lower chamber is the plain explosion
t.
Yot pe |
When fault current is heavy, the rate
I'__-..__H Maving contact of generation of gas is very high and it

will act similar to cross jet explosion pot.
When the moving contact moves away

Fig. 10.22 Self compensated explosion pot from the arc splitter duct, the arc
extinction takes place.
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When fault current is low the rate of gas generation is low and the tip of moving
contact takes some time to reach lower chamber. By this time the gas builds up
sufficient pressure as there is no much leakage. When the moving contact comes out
of throat the arc is extinguished by plain pot action.

With increase in fault current level, the operation will tend more and more similar
to cross jet explosion pot. Thus interruption of fault current is possible in the wide
range.

10.9.2.4 Oil Blast Explosion Pot
Fixed contact It.j5 shown ﬁfhtﬁm"-ticﬂl]y in
Gas producing J' Ithe Fig. _1[]-23. It consists of an
chamber “~_| K| intermediate contact along with
moving contact.  Initially  the
intermediate contact and lower

l-‘"l.
JF% moving contact move
Hole downwards together. An arc is

Intermediate struck between 1 and 2. The arc

confact -
causes oil in upper chamber to
Hollow maving be subjected to high pressure.
contact When the intermediate contact
Fig. 10.23 Qil blast explosion pot has reached its maximum travel,

the lower contacts start moving
away from it and arc is struck between 2 and 3. Since the lower contact is hollow rod
it is shut down by pressure which was developed by first arc. But this type has a
disadvantage of long arcing time.

10.9.3 Forced Blast Oil Circuit Breakers

In the self blast oil circuit breakers, the pressure was developed due to the arc to
force the oil across the arc path. The major dissdvantage with this type is long arcing
Hmes and inconsistancy at lower currents as pressure developed is insufficient to force
the oil in arc path. This difficulty is overcome in force blast oil circuit breakers which
will not relay on the arc to generate the pressure but it is supplied from some external
source,

This can be achieved by piston cylinder arrangement. The movement of piston is
coupled mechanically to moving contacts or spring released by tripping mechanism.
This arrangement enables high speed interruption,

When a fault occurs, the contacts get separated and an arc is struck. The piston

forces a jet of oil towards the contact gap which will extinguish the arc. The typical
scheme is shown in the Fig. 10.24.
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Fig. 10.24 Externally generated pressure breaker

The performance of the
breaker is constant even at low
currents as pressure developed
is independent of fault current
to be interrupted. This can be
seen  from  following  graph
represented in the Fig. 10.25.

Self pressure

Arc duration in sec

Another advantage is that
quantity of ail required is 0

Breaking current

reduced  considerably. It Fig. 10.25 Operating time-breaking current
current chopping is  there characteristics

while interrupting small
inductive currents then damping by resistance switching is required.

10.10 Low Qil or Minimum Qil Circuit Breaker

With the increase in system voltage the quantity of oil in bulk oil circuit breakers
also increases. It gives additional expenses, increases the risk of fire and causes
maintenance problem. This will make necessary the design of a type of circuit
breakers which requires a low wvolume of oil. Tt is observed that oil serves two
purposes. Firstly it acts as arc quenching medium and secondly it insulates live parts
from earth. It is found that only a small percentage (about 10%) of oil is used for arc
extinction process and major part is used for insulation purposes.

A low or minimum oil circuit breaker uses a small container having oil which is
just enough for arc extinction. The container of oil is supported on porcelain
insulators, so that required insulation can be obtained for live parts from earth. Thus
low il circuit breaker has added advantage that it requires less space than the bulk
oil type. This is an important consideration in large installations.

With respect to quenching of arc, the oil behaves identically in bulk as well as low
oil circuit breaker. By using suitable arc control devices the arc extinction can be
turther facilitated in low oil circuit breaker.
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10.10.1 Construction

The Fig. 10.26 shows the constructional details of a single phase minimum oil
circuit breaker.

Top chamber
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Fig. 10.26 Construction of minimum oil circuit breaker
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It consists of two separate compartments which are separated from each other.
Both these compartments are filled with the oil. The upper chamber is called the
circuit breaking chamber while the lower chamber is called the supporting chamber.
The two chambers are separated by a partition and oil from both the chambers are
prevented from mixing with each other. This type of arrangement has two advantages.
Firstly the circuit breaking chamber requires a small volume of oil which is just
sufficient for arc extinction. Secondly small amount of oil is to be replaced as the oil in
the supporting chamber does not get contaminated by the arc.

1) Supporting Chamber : This is a bottom chamber which is made up of
procelain and mounted on metal chamber. It is filled with oil which is
physically separated from the oil in circuit breaking chamber. The oil inside
the supporting chamber and the annular space formed between the porcelain
insulation and backelised paper is employed for insulation.

2} Circuit Breaking Chamber : It is a porcelain enclosure which is mounted on
the top of the supporting compartment. It is also filled with oil and consists of
following parts
i) Upper and lower fixed contacts
iy Moving contact
iit} Turbulator

The moving contact is hollow. It consists of a cylinder which moves down over a
fixed pistion. The turbulator forms an arc control device and it has both axial and
radial vents. The axial venting ensures the interruption of low currents whereas radial
venting ensures interruption of heavy currents.

3) Top Chamber : It is a metal chamber mounted on the top of circuit breaking
chamber. [t provides expansion space for the oil present in circuit breaking
chamber. It also contains a separator which avoids loss of oil by centrifugal
action caused by circuit breaker operation during fault conditions.

10.10.2 Operation

Under normal operating conditions, the moving contact and fixed contacts are in
engaged position. During abnormal conditions the moving contact is pulled down by
the tripping springs. With the separation of confacts, an arc is struck between them.
The energy in the arc causes vapourisation of oil. This will produce gases at high
pressure. This action prevents the oil to pass through central hole in the moving
contact and results in forcing series of oil through the passages of the turbulator. The
process of turbulation is one in which sections of the arc successively quenched, by
the effect of separate streams of oil moving across each section,
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10.10.3 Maintenance of Qil Circuit Breakers

The maintenance of oil circuit breakers consists of checking of contacts and
dielectric strength of the oil. After fault has been interrupted by circuit breaker, fault
current flows for short time or load currents for several times, its contacts may be
bumnt due to arcing. Also there may be some loss of dielectric strength of oil due to
carbonisation. This will reduce rupturing capacity of the breaker. Thus periodic
checking of circuit breakers is essential after regular interval of 3 or & months.
Following points should be kept in mind while checking,

1} Check the current carrying parts. It they are burnt replace them.

ii) Check the dielectric strength of oil. If its colour is changed then it should be
changed or reconditioned. The oil in good condition withstands 30 kV for one
minuke with 4mm gap between electrodes.

iii} Check the insulation for any damage. Clean the surface with removal of carbon
deposites with strong and dry fibric.

iv) The oil level should be checked.
v} The closing and tripping mechanism should be checked.

10.10.4 Advantages

The advantages of minimum oil circuit breaker are,
i) The quantity of oil required is small.
ii) The space requirement is reduced.

ill) The risk of fire is reduced.

10.10.5 Disadvantages
The disadvantages of minimum oil circuit breaker are,
i) Dhe to smaller quantity of oil, the degree of carbonisation is increased.
ii) The gases are difficult to remove from the contact space in time.
iii) The dielectric strength of the oil deterorates rapidly as degree of carbonisation
is high.
10.10.6 Applications

Minimum oil circuit breakers are now available for all voltages and for the highest
breaking capacity hence preferred in most of the protection schemes.
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10.11 HVDC Circuit Breaker

In ac. circuit breakers, arc extinction is achieved at the natural current zero of the
ac. waveform used. But in d.c. circuit breakers, natural zero of voltage and current is
not available as both are continuously available. Thus for extinction of an arc, artificial
current zero is required to be introduced. Such an artificial current zero is possible by
connecting LC circuit in parallel with the circuit breaker. The LC circuit is responsible
to produce oscillatory arc currents having many artificial current zeros. At one of the
artificial current zero arc gets extinguished.

The Fig. 1027 shows the

Circuit breaker principle of HVDC  circuit

JEE.* To  breaker. The HVDC circuit
D.C. breaker is nothing but a vacuum
circuit breaker. The LC circuit

along with a switch is connected

—T—o > in parallel with this circuit
L Swich breaker.

—-‘-...-— il a )
Parallel LC circull The capacitor C uied is
to introduce artificial precharged capacitor with the

curreni zero PDlEII'iﬁEE as shown in the

Fig. 1027. When the circuit
breaker starts opening, the
switch in the LC circuit gets
closed. Due to the charged capacitor, the discharging current starts flowing in opposite
direction to that of load current carried by the circuit breaker. Due to this, arcing
current starts oscillating producing many natural zeros. Thus artificial commutation
results and arc extinction is achieved.

Fig. 10.27 HVDC circuit breaker

The large transient recovery voltage is the main constraint in HVDC arcuit
breaker and circuit breaker must able to withstand it. For successful operation of such
a circuit breaker, the switch in LC circuit must be a high speed switch with a very fast
response. Such systems are complex and very costly as they require costly protection
and control systems,

10.12 Selection of Circuit Breaker

The following parameters are required to be known for selecting proper rating
circuit breaker at a given location on a power system :

i} The maximum fault current which is to be interrupted by the breaker.
ii} The maximum current to be carried momentarily
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As it is discussed previously the fault current consists of both ac. and d.c
components and its correct calculation is very complex. A simplified method is
recommended by IEEE committee is given below :

1. To determine firstly the required interrupting capacity of circuit breaker the
highest value of initial rms alternating current for any type and location of
fault. It can be considered as three phase fault as it carries maximum fault
current except in some cases. This current can be obtained by using
sub-transient reactance for generators and transient reactance for synchronous
motors while induction motors are to be neglected. Following multiplying
factors can be applied to take into account the d.c. components of currents and
decrements of both a.c. and d.c. components.

8 cycle or slow breaker 1.0
5 cycle breaker 1.1
3 cycle breaker 1.2
2 cycle breaker 14

Before applying multiplying factor, all the given factors are increased by 0.1 for
the breakers on the generator bus where 3 phase short circuit kVA exceed

500,000,

2. To determine the required rated momentary current with time 1 sec or less of
a breaker. The calculation of highest value of initial rms a.c. current can be
done as given in the step (1) except using sub-transient reactances of all the
machines including induction motors. Multiply the value of current obtained
by 1.6.

v

Xa

Momentary rated rms current of a circuit breaker = 1.5 =

mmp Example 10.1 : A generator connected through 5 cycle CB to a transformer is rafed
8000 kVA with the reactances of Xy = 10 %, X, = 16 % and X, = 100 %. It is
operating al no load and rated vollage when 3 phase short circuil occurs between
breaker and transformer, Find :
1} sustained short circuil in breaker
i) the inthial symmetrical rms current in breaker
ifi) maximum possible d.c. component of short circuil in breaker
iv)  the momentary current rating of the breaker
v) current to be interrupted by breaker  wi) the interrupling kVA
Solution : Let the base be 5000 kVA.

5000

Sustained short circuit kVA = 100

=100 = 8000 kKVA, as X, = 100 "%
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Sustained short circuit current = kVA
ﬁ'ri = \"‘L
Lirt \IFL = 13-E k"l'r
. .. B000
Sustained short circuit current = —— = 334.70 A
Jix 138
Sub-transient short circuit kVA = 10 x 100 = 80000
K000 = 100

Sub-transient or initial symmetrical current =334705 A

10x-3x 13,8
J2x334705 = 4732.73 A
1.6 x 3347.05 = 5355.28 A

1.1 x 3347.05 = 3681.75 A
J3 % 368175%13.8 = 87999 836 kVA

Maximum possible d.c. component

Mumentar_',.r current rating

Current to be interrupted
Interrupting kVA

10.13 Circuit Breaker Ratings

A circuit breaker is a mechanical switching device capable of making, carrying and
breaking current under normal circuit conditions and also making, carrying for
specified time and breaking current under specified abnormal conditions.

The circuit breaker is also required to perform some additional functions as the
application demands such as,

i) to provide selectivity with breakers
if} to provide facility for remote closing and tripping
iii) to provide facility for interlocking
iv) to provide facility for indication
Some of the important characteristics or ratings that must be possessed by every
high voltage a.c. circuit breaker arc as follows,

i

Rated voltage

Rated insulation level

Rated normal current

Rated frequency

Rated duration of short circuit
Rated short circuit breaking current

Rated short circuit making current

|Ne e N

Rated peak withstand current



Protection and Switchgear 10-41 Circuit Breakers

9. Rated TRV for terminal fault
10. Rated operating sequence

11. Rated supply voltage for opening and closing devices and auxiliary circuits
12. Rated pressure of compressed gas for interruption

10.13.1 Rated Voltage

It 15 a voltage of a circuit breaker which refers to higher system voltage for which
it is designed. It is expressed in kV and the value is r.m.s. value. In case of three
phase circuits it is nothing but phase to phase voltage. A circuit breaker must be
assigned two voltage ratings one corresponding to maximum nominal system voltage
and other maximum design voltage which indicated the maximum operating voltage
which should not be exceeded.

10.13.2 Rated Insulation Level

The different circuit breakers connected in power system are subjected to power
frequency over voltages due to various effects such as regulation, Ferranti effect etc.
The circuit breaker must withstand this overvoltage. This can be tested by carryving out
different tests. During some single phase to ground faults voltage of healthy line to
earth increases. So higher wvalues of insulation are suggested. The insulation is
provided for each pole external and intermal between live parts and earth. It is also
provided between poles and between terminals of same pole internal and external.

10.13.3 Rated Current

It is defined as r.m.s. value of the current that can be carried by the circuit breaker
continuously with temperature rise within the specified limits. Some of the preferred
values of rated currents are 400, 630, 800, 1250, 1600, 2000 A rms. etc. The rated
current of a circuit breaker can be checked by carrying out temperature rise tests. The
current carrying parts along with the contacts are designed based on temperature rise.
For given cross section of a conductor and certain value of current, the temperature
rise is dependent on conductivity of material. Hence while designing high conductivity
material must be used. If material is having low conductivity then cross-section of the
conductor is increased.

10.13.4 Rated Frequency

The performance of circuit breaker is greatly influenced by frequency. The
different characteristics like breaking capacity are based on rated frequency. With
increase in frequency, eddy currents in the metallic parts will increase which will
cause more heating and rise the temperature of current carrying parts. Hence if a
circuit breaker designed for one particular frequency is used at some another
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frequency then temperature will not remain in specified limits. So the rating is to be
changed accordingly.

The breaking time is also affected by the frequency as it is associated with time for
half cycles during arc extinction. The breaking time decreases with increase in
frequency.

The frequency has a pronounced effect on TRV and rate of rise if TRV. So a circuit
breaker designed for one particular frequency can not used for other frequency unless
the results are faithful for that frequency.

10.13.5 Rated Duration of Short Circuit

The short time current of a circuit breaker is r.m.s. current that it can carry in a
closed position during specified time under given conditions. It is expressed in kA for
a period of one second. The rated duration of short circuit is commonly 1 second. The
circuit breaker must carry the current equal to its breaking capacity for this duration.
This can be tested by carrying out short time current test and checked that the poles
are not getting damaged or welded. The insulation should not be damaged. The poles
must be able to withstand the mechanical force developed. The design for normal
current rating is sufficient to carry short circuit current for 1 sec.

10.13.6 Rated Short Circuit Breaking Current

It is rm.s. value of highest short circuit current which the circuit breaker is
capable of breaking under specified conditions of TRV and power frequency voltage
and expressed in kA r.m.s. at contact separation.

The voltage appearing across circuit breaker after arc interruption is nothing but
Transient Recovery voltage. The limit on breaking current is governed by specified
conditions of TRV and power frequency recovery voltage. This limit is determined by
carrying short circuit test. The current waveform is shown in the Fig. 10.28.

Current

Fig. 10.28
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The braaking current is r:x‘pressa:d ]J:-,r two values

i} The r.m.s. value of a.c. component at the instant of contact separation given by
Fag
I,I
42

i) The percentage d.c. component at the instant of contact separation given by
e = 100

I ac

The standard values of r.m.s. currents are 8, 10, 123, 16, 20, 25, 31, 5, 40 kA etc.

In earlier days the breaking capacity is expressed in MVA so that fault levels can
also be determined. But now it is expressed in kA for specified conditions of TRV.

10.13.7 Rated Short Circuit Making Current

This is defined as the peak value of first current loop. of short circuit current
which the circuit breaker is capable of making at its rated voltage. There are certain
cases under which the circuit breaker may close when fault is existing. Under such
cases current reaches to maximum value at peak of first current loop. The, circuit
breaker should be able to close without difficulty and withstand the mechanical forces
developed during a closure. This is checked by carrying out making current test.

Rated making current = 1.8 x 2 x Rated short circuit breaking
= 2.5 » Rated short circuit breaking current

J2 in above expression converts r.ms. value to peak value while factor 1.8 is
considered for doubling effect of short circuit current

10.13.8 Rated Peak Withstand Current

It is defined as the instantanecus value of short circuit current which circuit
breaker can withstand safely in closed position. It is expressed in terms of kA
instantaneous. The value ‘suggested for this current is equal to rated shott circuit
making current. To test this peak withstand current short circuit with maximum
asymmetry is applied to circuit breaker in one phase. The peak withstand current test
is combined with short time current test. The stresses produced due to high current
must be sustained by the circuit breaker.

10.13.9 Rated TRV for Terminal Faults

The TRV waveform can be specified by various methods such as specifying the
peak value and time to reach it or specifying parameters which will decide the line
segment which will represent TRV wave. The methods are respectively called two
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parameter and four parameter method. The
two parameter method is represented in the
Fig, 10.29.

The circuit breakers must be provided
with Rated TEV. The breaking current test is
carriecd out on circuit breaker with specitied
TRV,

The  standards  provide  different
parameters such as voltage, and time to plot
the line segments. The TRV wave can be Fig. 10.29
drawn within the segment. The circuit
breaker must be tested for 5.C. breaking current test with TRV waveform above
standard waveform.

10.13.10 Rated Operating Sequence

It represents the sequence of opening and closing operations which circuit breaker
can perform under specified conditions. As per specifications the circuit breaker
should be able to perform the operating sequence as per one of the ways

poO-t-CO-T-C0O i) CO-t' - CO

where O = Operation of opening
t = 3 minutes for circuit breaker not to be used for rapid
auto-reclosure
CO = Closing followed by opening
T = 3 minutes

tl'

15 sec for circuit breaker not to be used for rapid
auto-reclosure

10.13.11 Rated Supply Voltage for Closing and Opening Devices

The performance of auxiliary supply circuits and operating mechanisms is
important in addition to ratings of or main circuit and poles. The supply voltage is
provided by auxiliary circuits to the trip coil and closing coil which are having certain
minimum voltage below which it will not operate. For correct operation the frequency
must be properly chosen. The rated supply voltage and supply frequency of closing
and opening devices and auxiliary circuits is important.

10.13.12 Rated Pressure of Compressed Gas

The air blast circuit breaker and some of the SF; breakers use pneumatic while
some other 5F; breakers use hydraulic operating mechanisms where minimum and
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maximum values of pressures are 5peci+’ied certain tests like no load test are carried
out with conditions of the pressures. The pressure switches are also fitted in the
auxiliary systems of the operating mechanism,

Some additional rated characteristics are to be specified in certain cases like rated
characteristics for short-line faults for circuit breakers controlling overhead lines rated
52 kV and above, Rated line charging current for circuit breakers controlling overhead
lines rated 72.5 kV and above.

There are certain special switching duties like capacitor switching, reactor
switching, DC switching, inductive current switching. The stress produced is usual
and severe. Different circuit breakers behaves differently. The interruption of low
inductive currents is achieved by 5F; while capacitor current switching is done
excellently by WVCB., Depending upon the type of application the following
characteristics are specified,

i) Rated out of phase breaking current
ii} Rated cable charging breaking current
iii} Rated single capacitor bank breaking current
iv) Permissible switching overvoltages
v} Rated capacitor bank in rush overvoltages
vi} Rated small inductive breaking current
vii) Rated time quantities
viii} Repeated operating duty.
In actual design of circuit breakers following parameters are considered :
1. Current rating
Breaking capacity
Making capacity
Type of protective mechanism
Short time rating
Type of mechanism
Accessories
Indications
Locks and interlocks
Operational life

. Ease of maintenance

Ll B A o

-
Al =

Volume / weight
Control voltage

o
b
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14. Availability of spares
15. Cost

Depending upon the above parameters the different circuit breakers are designed
for their efficient operation,

10.14 Type Tests

As mentioned earlier these tests are carried out on first few circuit breakers to
prove the rated characteristics of the breakers. The necessary information which
includes assigned ratings, drawings, reference standards, rated operating pressure and
voltage, support structure etc must be supplied to the testing authorities before
conducting these tests. These details are included in the type tests report. After
certifying the breaker by carrying out these tests, there should not be any change in
design.

Type tests are classified as follows,

a) Mechanical tests

b} Tests of temperature rise, millivolt drop test

c) High voltage test

d) Basic short circuit test

1) Making test

ii) Breaking test

iii) Operating sequence tests at 10%, 30%, 60%, 100% of rated breaking current
with specified TRV conditions.

2} Critical current tests

f) Single phase short circuit test

g) Short time current test

In addition to above tests some more tests are recommended on circuit breakers to
be used in specific applications, which are,

a) Short line fault tests

b) Out of phase switching tests

¢} Cable charging current switching test

d) Capacitive current switching tests

e) Small inductive current breaking tests

f) Reactor current switching tests
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10.15 Routine Tests

Before dispatch of circuit breakers, these tests are performed. Routine test is
defined as a test of every circuit breaker made to the same specifications. They include
the following tests.

a} Mechanical operation tests

b} Millivolt drop test, Measurement of resistance

¢} Power frequency voltage tests

d) Voltage tests on auxiliary circuits, control circuits

The quality of the circuit breaker can be very well checked by these tests. Also any
defects in the materials and construction is detected.

10.16 Development Tests

These tests, are very much essential to observe the effect of different parameters
on the circuit breakers performance. Variety of tests are performed on individual items
as well as on complete assemblies.

If a circuit breaker is tested frequently with change in its contact speed, then we
can see the effect of contact speed on breaking capacity. The different parameters and
their effects are theoretically predicted. Full scale prototypes are manufactured after
testing and measurement. The data available in the company is used by the designers
for example for the design of contacts, the configuration can be derived from available
designs of contact assemblies,

Each subassembly has certain functional requirement e.g. the contacts should give
low resistance in closed position. Therefore to wverify the capability of contact
configurations, development tests are conducted, depending on functional
requirements. The modifications are done on the basis of these test results.

10.17 Reliability Tests

The newly manufactured circuit breakers are tested by type tests and routine tests.
But the conditions during these tests are not the conditions that exist at the feld. At
site the circuit breaker is subjected to various stresses due to,

a) Variation in ambient temperatures

b) Extremely low and high temperatures
¢} Rain moisture

d) Vibrations on account of earthquakes
e) Dust and chemical fumes

f) Overloads and over voltages
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Also the maintenance of the breaker may not be done by skilled persons. Thus the
performance of the breaker is tested under these adverse conditions by reliability tests.
Ihe circuit breaker is subjected to extremely high temperature created in test
chambers. The various parts are critically examined after testing.

10.18 Commissioning Tests

These test are performed after the proper installation of the breaker at the site. The
operational readiness and proper assembly is verified. High accuracy is not generally
expected in such tests. The test facilities available at site is also important factor.

These include following tests,

a) Mechanical operation tests

b} Measurement of travel, simultaneous touching of contacts

¢) Measurement of insulation resistance and DC resistance

d) Checking the operation by energising of relays

¢} Checking the operation by energising the manual operating signal

10.19 Short Circuit Test Layout

The short circuit testing is an experimental method for proving the ratings of the
breaker and checking its performance for further developments. Many of these tests
come under type tests. By carrying out experimentation and problems related to
circuit breaking, the modern EHV (Extra High Voltage) breakers are developed.

Due to short circuits, severe stresses are produced on circuit breakers. The circuit
breaker must be capable of withstanding the stresses. The short circuit current
duration is about 1 sec or 3 sec. The short time current test verify the capability of
breaker.

[Due to short circuit, thermal stresses are produced on contacts and current
carrying parts. The stress is also produced on insulation. The poles and terminals
experience electro-dynamic forces.

The making capacity checks the ability of breaker to close on short circuit. The
breaker should be capable of closing effectively without contact welding. The breaking
capacity verify the ability to clear short circuits. The operating mechanism and the
interrupter should able to perform these functions efficiently.

The stresses developed during short circuit depend on magnitude of fault current
and design of breaker. After current zero, the contact space is subjected to TRV.
Therefore for reliable operation and performance of circuit breaker on short circuit,
short circuit testing plants are specially built.
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10.19.1 Short Circuit Testing Plants
There are three types of testing stations which are as follows,

a) Field type testing station where power required for testing is taken directly
from large power system and the breaker under tests is connected.

b} Laboratory type testing station where the short circuit generators provide the
power for testing. The breaker may be tested directly or indirectly.

¢) Composite testing station which is a combination of field type testing station
and laboratory type testing station.

10.19.2 Layout of a Short Circuit Testing Station

It is represented in the Fig. 10.30. The short circuit generators provide the power
required. There may be two or more generators though in the figure shown it is only
one. Three phase induction motor drives the generator and impulse excitation is
provided.
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For adjusting magnitude of short circuit current, variable series resistors and
reactors are provided. The master circuit breaker has higher capacity than the breaker
under test. If breakér under test fails to operate, then master breaker operates to
protéct the circuit. Making switch is a closing device specially designed which can
close at desired moment and carries the making currents.

The test voltages are obtained by transformers. These single phase units are
connected in various ways to get different test voltages. This also includes some
equipments necessary for measurement, record and control, and auxiliary equipments
with a sequence switch to obtain sequential operation.

10.19.3 Short Circuit Generator and Drive Mﬁtnr

The circuit breakers under test are supplied power with this generator. The
generator must withstand high reactive power surges for short duration. Their design
is therefore somewhat different from conventional alternators.

The generator is driven by a three phase induction motor mounted on same shaft.
The impulse excitation is provided by separate d.c. converter. The short circuit current
at lagging power factor have a demagnetizing effect which reduces em.f. So the
voltage before the short circuit will be less. Thus the generator field current is boosted
by impulse excitation. The field current is increased to about 10 times its normal value
at the me of short circuit. The arrangement of circuit is shown in the FJ'E. 10431,
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Fig. 10.31 Circuit arrangement in short circuilt test layout






Protection and Switchgear 10 - 52 Circuit Breakers

10.19.11 Sequence Switch

During short circuit testing, many operations are performed in a sequence and
total time is very less to perform manual operation. A sequence switch performs the
sequential operations as it is a drum switch with several contacts which is rotated by
a motor. Due to rotation of drum, control circuits are opened or closed as per specific
sequence. The sequences for breaking capacity test in one test are as follows which
takes nearly 0.2 seconds,

i) Drive motor of short circuit generator made off
i} Impulse excitation switched on
iii) Master circuit breaker closed
iv} Oscillogram circuit connected
v) Make switch closed
vi) Circuit breaker under test opened
vil) Master circuit breaker opened
vill) Excitor switched off and its field supressed

10.19.12 Different Measurements

Since the test events takes very short lime, all measurements must be recorded by
oscillographs. Light beam oscillograph which are easily operated are used for slow
varying quantities like current, voltage, contact travel or ftrip signal etc. TRV
phenomenon requires only 1 msec. For recording such fast quantities, CRO is used.

The following quantities are recorded during the test,
i) Short circuit current in each phase
il} Voltage across each pole before, after and during short circuit
iii} Fluid pressure
ivl Contact travel speed
v} Generator voltage
vi) TRV

vii) Current in trip circuit

10.20 indirect Testing

It 15 possible that the short circuit power that can be obtained from the testing
station may be insufficient to test a breaker of high capacity. Even a single pole of a
EHV breaker can not be tested by direct means.
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The EHV circuit breaker consists of many arc interrupter units which are
separately tested called unit testing. If one unit is tested, the capacity of complete pole
and breaker is determined. This method of Unit Testing is adopted internationally.

synthetic testing is another popular method which permits testing of breaker.

10.20.1 Unit Testing

The modern EHV circuit breakers contains bwo or more similar interrupters per
pole. These interrupters operate simultaneously and share the voltage across the pole
equally. The breaking capacity is also equally shared. The results obtained on one unit
can be extended further for total capacity of breaker. This is known as unit testing or
element testing. It is internationally accepted method.

During the application of unit test, the voltage must be reduced by a factor b so
the corresponding impedances are also reduced by b to get test voltage across the unit
by following expression.

a= where m = number of units per pole and one unit is teshed

where n units are tested

3|z 5=

a

Let us consider the examples of a 3 pole, 220 kV breaker with 3 units per pole

220 _ 1oz kv

3

3 SLooa=

Voltage across one pole

d = m —
3

1.
m ’
- Voltage required for testing one unit = a = voltage per pole = 127 = % = 4233 kV

L and C of the test circuit is also reduced to get same natural frequenq.f as that of
direct testing.

Im direct test,

Matural frequenc}r, f. =

In unit testing, f, = I I

. faL:% 2n 4 LC

The natural frequen:}r of TRV remains um:hanged. Time scale also remains
unchanged.
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In this method the voltage circuit (2) is effectively connected in parallel with
current circuit (1) and test breaker before main current I in test breaker current is
properly simulated.






Protection and Switchgear 10 - 57 Circuit Breakers

are in opposition. The stresses produced in the synthetic test and those in actual
network must be same but it is not the actual case because of several factors like high
current, high voltage, instant of applying voltage ete.

10.21.3 Brown Boveri's Synthetic Testing Circuit

This circuit is shown in the Fig. 10.35. The short circuit current is supplied from
low voltage circuit. The restriking and recovery voltage is supplied by different high
voltage circuit.

HIGH CURRENT CIRCIIT HIGH VOLTAGE CIRCUIT

® _.E_J; Eyu5| FJ. O
e 'j ? B 1.} " ' = Cg
G oL

| —

|3|[

Fig. 10.35 Brown-Boveri's synthetic testing circuit

The high current circuit on left side consists of short circuit generator G, short
circuit transformer with resistor B; and capacitor g which controls natural frequency
of current. The short circuit power is supplied at voltages Vg which corresponds to
about 30 kV which is smaller than recovery voltage required for testing. The recovery
voltage is supplied by high voltage circuit on right side.

The test breaker and auxiliary breaker S, are opened together. Before the current
interruption takes place in breaker B, the spark gap is triggered by control 5, and
voltage V is applied to breaker B. During final current zero only current iy flows
through breaker B. Previously ig = i + iy which is interrupted by 5; and breaker B.

But now breaker B has to interrupt only iy. Hence restriking voltage across breaker B
is given by HV circuit.

Review Questions
. State the requirements qf.u' circiil breaker and expiain the basic action ql" circuit broaker.

I

2 State tiw classification of circuif brosker based on different factors,
3. Explain the construction and working of air break circwit broaker.
4

. Wrile g mply onr @ir blasd corcant breaker,

LA

Explain plain break o circut bresker.

6. Explain with the help of neat sketch the construction and working of minimum ofl circint breaker.
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Winat are its advantages and discdoontages, compared to bulk oil circuit breaker 7
Explain in brief cross jet and plain jet explosion pot.

Why 5F; gas 15 preferred in corcuit bredkers ?

Write o note on divlectric properties of SFg gas.

Explain the construction and working of SFy circuit brenker.

What are admantages and disadvantages of SFg breaker 7

Explain Hee construction, werking, admmninges and the disadvantages of vacuun circuit breakers.
Explain the arc interruption taking place in vacuum,

Wiiat are B possible applications of sactim circudt Dreakers 7

Explain the process of arc extinction in pactm.

Write @ nobe on

ip Umit testimg  if} Synbakic testing

Dvscribe short civeurt best Iayout for a circwif breaker,

What are the different ratings of circuit breakers ? Explain any one in detail 7
Wrie ¢ note on HVDC circuit brogker.

Qoo



Power System Earthing

11.1 Introduction

The earthing or grounding is nothing but the connection of neutral point of the
supply system to the general mass of earth in such a way that immediate discharge of
electricity can take place without danger.

When grounding is provided then it ensures the safety of personnel against
electrical shocks and avoids accidents. The equipment is also protecked against
lightning and voltage surges. The voltage stress on lines is reduced along with that on
the equipments with respect to earth under abnormal conditions. With earthing, the
earth fault currents are controlled for protective relays.

There are two ways in which the three phnse systems can be nperal:ed. These are
viz. with isolated neutral and with earthed neutral.

But presently isolated neutral system is not used as with such system during fault,
large transient wvoltages with magnitude several times that of normal value is
produced which may cause breakdown of insulation. This results in damage of the
concerned equipment and interruption of the supply system. Inspite of this the
advantage of this system is under earth fault on one of the phases, the remaining two
healthy phases will continue supplving load for a shorter period.

11.2 Ungrounded or Isolated Neutral System

As the name indicates, the system neutral is not connected to the earth in this
system. Thus the neutral is isolated from the earth. A simple isolated neutral system is
shown in the Fig. 11.1.(a)

There is always capacitive coupling between conductors and earth which causes
capacitive currents to flow in the system. The line conductors have capacitance
between one another and to earth. The capacitance between conductors is represented
in delta while capacitance between conductor and earth is in star for 3 phases. As the
grounding characteristics of the system are little affected by line capacitances, they can
be neglected. '

(11 - 1)
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Fig. 11.1

The capacitance to earth of each phase is uniformly distributed along its entire

length and for all the calculations this capacitance is grouped to form a single

capacitor connected between each phase and earth. These currents lead their respective
voltages by W as shown in the phasor diagram. Fig. 111 {b)

Vy  Fuliline fo line Vg For a perfectly transposed iine
~Tolage (symmetrically spaced) the capacitive

Hormal line currents Iy~ Ly and Iy~ are equal in
o eanth voltage magnitude and displaced tom each
other by an angle of 120" In balanced
load condition with symmetrical
spacing between  conductors,  the
potential of newatral will be equal to
Vi that of earth as shown in the Fig. 112,

MNeutral

Fig. 11.2 Potential of each phase to earth The charging currents lgc, lye and
before fault lae are balanced and their resultant is

zero and no current flows to the earth.

=] B Now let us consider the earth fault on

Y phase say at point P The

corresponding phase will be at earth

Line to Neutral potential while the remaining healthy
sarth voitage phases acquire line value from phase

equal 1o line . .
Earth voltage value as shown in the Fig. 11.3.

The capacitive current will not

Y flow in this phase. The potential of

neutral is not zero but it is shifted

Fig. 11.3 from earth potential position to
position shown in the Fig. 11.3.

Line voltage
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The circuit diagram and the corresponding phasor diagram during the fault is as

shown in the Fig. 11.4.
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Fig. 11.4

Under fault condition, the capacitive currents are unbalanced and the fault current

flows through the faulty line, into the fa

ult and returns to the system via earth and

through the earth capacitances Cy and Cp. The current in ¥ line has two components

one Iy~ and other Iz~ and the respective

voltages driving these currents are Vg, and

Vyg and the phase difference between currents and voltages is 90" due tc capacitive

nature of the impedance of the circuit.
current lg.

Voltage to earth of R phase
Voltage to earth of B phase

We have,

Fig. 11.5

The vector sum of Ig- and Iy gives fault

NERRT
V3V
Vey _ ﬁ'ﬁ_ V phase

Xpe  Xe

i

Similarly we have,

“Irﬁ' vpl‘ld!ﬂ.‘
Xc

_ Vag

=

Iy = e
Both Ve and Xc are equal
and the fault current is given by
vector sum of lg- and ly- as shown

in the Fig. 11.5.
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From the d iagram,

cos 3 = i
R
|
_5- = Ipc . cos 30°
T
= e 5
I = *-'E-IRE
NERY
.E|:=1'I'§- xgh.‘m:
|F= .:'{i:

From the above equation, it can be seen that the current flowing through faulty
phase is three times the normal line to neutral capacitive current flowing in each
phase of the healthy system.

The following observations can be seen from the above analysis

1. With an ungrounded neutral system, if there is phase to earth fault then the
voltages of the healthy phases with respect to earth rise from normal phase to
neutral value towards full line value which may result in insulation breakdown.

2. The capacitive current in the remaining healthy phases increases to /3 times its
normal value.

3. The capacitive current in the faulty phase is 3 times its normal value.

4. A capacitive current flows into the earth. If its magnitude is in excess of 4 to 5
amperes then it is sufficient to maintain an arc in the ionized path of the fault.
This current can remain even after clearance of fault. This phenomenon of
persistant arc is called arcing ground. The system capacity will be charged and
discharged in cyclic order due to which high frequency transients may occur
which will cause high voltages of the order of 5 to 6 times the normal value
may be present which results in insulation breakdown. This may cause another
line to line fault because of insulation breakdown either on same circuit or on
another circuit. Thus a minor fault also results in insulation breakdown and
interruption of supply.

Due to unbalance in capacitive currents during fault, discriminative type of fault
indicator can not be installed. But the neutral shift indicator may be inserted in the
system which only indicates the occurrence of earth fault but does not give its
location,
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The advantages of isolated neutral includes the operation of the system with single
line to ground fault. Also the radio interference is minimized due to absence of zero
sequence currents.

In summary, the ungrounded system does not provide protection against earth
fault to adequate level with chances of insulation breakdown because of which a
phase to phase fault may occur. Due to all these reasons this system is not commonly
used in practice now a days. The earthed neutral system has many advantages due to
which it is preferred in modem power system installations.

11.3 Earthed Neutral System

In this system, the neutral is earthed either directly or through resistance or
reactance depending on the requirement. Thus the system neutral can be grounded
effectively or non-effectively. In effectively grounded system, the neutral is grounded
directly and hence it is called solid grounding. Following methods are adopted for
non-effectively grounded systems.

i) Resistance earthing
ii) Reactance earthing
iii) Arc supression coil or resonant earthing
iv) Voltage transformer earthing
v) Earthing transformer
The advantages of neutral earthing are as follows,

i} The arcing grounds are prevented from occuring by employing suitable
switchgears.

ii} As the neutral point is not shifted in this system, thus the voltages of healthy
phases remains nearly constant.

iii) The static charges which are induced are grounded immediately and are thus
prevented from causing any disturbance,

iv) The faulty part of the system can be isolated from the remaining system with
the help of earth fault relays.

v) The magnitude of transient voltage is small in this system.
vi) The discriminative type fault indicator can be installed on such systems.

vii) This system is more reliable, provides safety to personnel and equipment with
reduced operational and maintenance cost than ungrounded system.

L1
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11.4 Solid Grounding

I this method of earthing, neutral is directly connected to earth by a metallic
conpection or a wire of negligible resistance and reactance. The charging currents flow
through the system under normal condition similar to ungrounded system.

Because of the connection of system neutral point to earth, it always remains at
earih [:-L'l-tt::l‘ltiﬂ] at all u|:l|;'.:ra'|ting conditions and under fmllt],.r conditions ‘-’UIt.;IEi_’. af

healthy phase will not exceed.
The solid grounding is represented in the Fig. 11.6.
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Fig. 11.6 Sclid earthing

Whenever there is earth fault
on any one phase (phase B in this
case), the phase to earth voltage of
faulty phase is zero while voltage
to earth of the remaining two
healthy  phases will be normal
phase voltages as neutral in this
case is not shifted. The phasor
diagram corresponding  to  this
condition is shown in the Fig. 11.7.

Let the capacitive currents
flowing in the healthy phases be Iy
and ly. the resultant capacitive
current is vector sum of Iy and L.
The altermator in addiion to
capacitive current also provides the fault current Iy This current flows from fault
point through faulty phase and then return to the alternator through earth and neutral

Fig. 11.7 Phasor diagram
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connection. The resistance of earth fault is negligible. The magnitude of fault current
after the analysis is given by,

L = IV
F = I+ Z:+ 20

This current is mainly dependent on zero sequence impedance of the source of
power and that of phase conductor upto fault point. As the resistive component of
zero sequence impedance is normally negligible, the fault current which is large can
be assumed as lagging the faulty phase voltage by 90°. From the phasor diagram, il
can be seen that Iy and I- are exactly opposite due to which capacitive current is
neutralised by high fault current which eliminates the possibility of arcing grounds
and overvoltages. The discriminative types of switchgears may be used in this method.

Following are disadvantages of this method,

i) Due to high value of fault currents, the system may become unstable and there
will be greater interference to neighbnuring circuits. Thus this method s
employed where system impedance is 5ufﬁcient13,- larEq.: ko limit fault current.

i) With high values of fault currents, circuit breakers are difficult to handle and
heavy contacts are to be provided in the circuit breakers.

The above disadvantages can be overcome by employing high rupturing capacity
and high speed circuit breakers along with fast operating relays.

This mwethod is used in high vultage systems with vultageﬁ below 33 BV owith total
capacity not exceeding 5000 kVA for the economic reasons.

11.5 Resistance Earthing

In the cases where it is necessary to limit the fault current then the current
limiting element must be inserted in the neutral and earth. One of the ways of
achieving this is the use of resistance earthing where one or more resistances are
connected between neutral and earth. The resistor may be either of wire or water
column resistances for voltages of 6.6 kV and above. Metallic resistors do not change
with time and requires little maintenance. But owing to its inductive nature they have
disadvantage with overhead lines exposed to lightning as bmpulses or the travelling
waves are subjected to positive reflection and cause stress on insulation resulting in its
breakdown. Liquid resistors are free from these disadvantages and have simple and
robust construction.

As shown in the Fig. 11.8(a) let the earth fault occurs on phase B The
corresponding phasor diagram is shown in the Fig. 11.8(b). The capacitive currents Iy
and Iy flow through the healthy lines. The fault current not only depends on the zero
sequence impedance of the source but also on the resistance in the earth circuit. This
fault current can be resolved into two components one inphase with the faulty phase
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voltage and other lagging the faulty phase voltage by 90°. This lagging component of
current is in phase opposition to capacitive current and it changes with change in
value of earthing resistance. Thus the value of this resistance is designed in such a
way that during fault on any phase, a current equal to full load current of largest
alternator or transformer flows in earth resistance which will keep the overvoltages
within limits. With fault current lagging component equal to capacitive current the
systemn operation is similar to solidly earth system and no transients occur due to
arcing ground.
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(@) Circuit representation (b} Phasor diagram
Fig. 11.8

With high value of earthing resistance and low value of reactive current than the
capacitive current then system conditions approach to that of ungrounded system with
chances of transient over voltages to occur. The line to earth voltage of the healthy
phases at the time of fault is little more than line to earth voltage of the solidly
grounded system operating under similar conditions. The duration of this voltage can
be reduced by using suitable protective switchgears to avoid any harmful effect that
may be caused.

The value of resistance to be inserted in earth circuit is given by,

V1
R = —
YER
where ¥y = Line to Line voltage

I

Full load current of largest alternator or transformer

The advantages of this system are as follows,
1) The discriminative type of switchgears may be used for protection.
2) The hazards due to arcing grounds are minimized.

3} The influence on neighbouring communication circuits is minimized due to
lower value of fault current flowing through earth as compared to that in case
of solidly grounded system.
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isolated neutral system along with reduced possibility of arcing grounds and
numerous other advantages.

It consists of a coil called Peterson coil or Ground fault neutralizer or are
supression coil whose function is to make arcing earth faults self extinguishing and in
the case of sustained faults to reduce the earth current to low value so that system can
supply power with one line earthed.

This system works on the principle that when inductance and capacitance are
connecked in parallel, resonance takes place between them and because of the
characteristics of resonance, the fault current is reduced or can be neotralized.

The system with fault on phase B is shown in the Fig. 11.10(a). The corresponding

phasor diagram is shown in the Fig. 11.10 {b}
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Fig. 11.10 Resonant grounding

An arc supression coil is an iron-cored reactor similar to oil immersed transformer
connected between neutral of system and earth. This coil is provided with number of
tappings so that it can be tuned with the capacitance which may vary due to varying
operational conditions.

As the system operation is similar to isolated neutral system, the phase to earth
voltage of healthy phase is ¥3 times the normal phase voltage and the resultant
capacitive current is 3 times the normal charging current of one phase. The resultant
capacitive current will lead by 90" with faulty phase voltage while the fault current

lags by 90" with faulty phase voltage.

MNow we have, I = I at resonance
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There is one problem with the above method. As the operating conditions vary,
the capacitance of the network also vary. This can be overcome by using a tapped coil.
The appropriate tapping is required to be used for each of the change in the network
conditions. The current rating of the coil is given by,

3V
Iy = X

The time rating of coils used in systems where earth faults are located and
removed is around ten minutes. In other systems continuous time rated coils are used.

The arc supression coil is shown in the Fig. 11.11.
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Fig. 11.11

The coil is tapped in order to select the reactance depending upon the length of
transmission line and the capacitance to be neutralized. The arc supression coil is
connected between neutral and ground.

The reactance of the coil can be evaluated by using the expression L = e Te
o
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The rating of the coil is continuous and equal to the maximum earth fault current.
If a double phase to ground fault or another ground fault occurs, the current flowing
through the coil is more. This can be prohibited with closing of a circuit breaker after
certain time lag. The earth fault current flows through the parallel circuit by passing
the arc supression coil. Here the circuit breaker is normally open and closes after the
closure of relay tripping circuit by passing arc supression coil.

This method of neutral grounding is used in medium voltage overhead
transmission line which are connected to system generators through intermediate
power transformers. This is because the higher insulation requirement on the
apparatus associated with arc supression coil grounding systemn is easily incorporated
in power transformers than in generators. Also the overhead lines are wsually
subjected to earth faults due to lightning. Hence protection is required.

11.8 Voltage Transformer Earthing

In this system of earthing, the neutral point is earthed through a single phase
voltage transformer. The system thus acts as an insulated neutral system. A very high
reactance earthing is provided due to the voltage transformer.

The connection diagram is shown in the Fig. 11.12.
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Fig. 11.12

The voltage transformer shown in the above figure measures the voltage so that
earth fault on the system is indicated. The travelling waves passing through the
machine winding are reflected through voltage transformer. A surge divertor is used
between neutral and earth to avoid the rise of voltage.

The voltage transformer is used normally in generator circuits which are directly
connected to step up transformers. The generator circuits are physically isolated from
the main distribution system. The electrostatic capacity of the circuit is negligible as
the interconnecting cables between the generator and transformer windings are
normally short. The risk of overvoltage conditions arising due to arcing ground is
eliminated.
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11.9 Earthing Transformer

When the transformers or generators are delta connected or if the neutral points
are not accessible then artificially the neutral earthing point can be created with the
use of star connected earthing transformer. Such transformer has no secondary. Each
phase of primary has two equal parts. There are three limbs and each limb has two
windings providing opposite flux during normal condition. Such a transformer is
shown in the Fig. 11.13.
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(a) Winding of an earthing transformer (b} Schematic arrangement of
winding of an interconnected star
connected sarthing transformer

Fig. 11.13

One set of windings are connected in star providing the neutral point. The other
ends of this set of windings are connected to the second set of windings as shown in
the Fig. 11.13. The directions of the currents in the two windings on each limb are
opposite to each other. The small exciting current is circulated in the windings during
normal operation. Under faulty condition, the transformer offers- a low impedance
path to the flow of zero phase sequence currents. The value of fault current is limited
in some cases by the use of a resistor in series with the neutral earthing connection.

This is necessary in systems with operating voltage between 2.2 kV and 3.3 kV.

These transformers are of short time ratings in the range of 10 seconds to 1 minute
Hence the size of these transformers is small as compared to power transformers of
same rating. If the earthing transformer is not available then a star-delta transformer is
used.
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11.10 Resistance of Grounding Systems

The ground resistance of an electrode system is nothing but the resistance between
the system of electrodes and other infinitely large electrode in the ground at infinite
spacing. The ground resistance is also decided by soil resistivity which is
electro-physical property. The soil resistivity depends on various factors such as type
of soil, moisture content, dissolved salt etc. It is also affected by grain size and its
distribution. The temperature and pressure are the other factors which have influence
on soll resistivity.

In practice it is not possible to have homogeneous scil. The apparent resistivity is
hence detined for an equivalent homogeneous soil.

The moisture content in the soil is also a variable factor which changes with
seasons. With increase in moisture content, resistivity of soil reduces. To overcome this
difficulty, the grounding systems may be installed near to the permanent water level
so that the change in resistivity due to change in seasons is minimized.

With decrease in temperature, the soil resistivity increases and the discontinuity is
observed at freezing point. The quantity of salt dissolved in the moisture reduces the
resistivity appreciably. Various salts have different effects on the soil resistivity. With
finer graining, the resishivity of soil reduces while the large wvalue of pressure
decreases soil resistivity.

The wariation of soil resistivity with moisture and salt content is shown in the
Fig. 7.14 {a) and (b).
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Fig. 11.14 Variation of soil resistivity with moisture and salt content
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Resistance of Grounding Point Electrode

Consider a hemispherical electrode buried in the soil as shown in the Fig. 11.15 (a)
which is simplest possible form of electrode.

L

(a) {b)

Fig. 11.15

The total resistance in this case can be divided into three parts which are viz.
i} resistance of conductor ii) contact resistance between the surface of electrode and

main body of earth which is negligible iii) resistance of body of earth surrounding the
electrode which is the main part.

Let I be the current dissipated by the electrode. This current spreads out radically

in the earth. At a distance x from the centre of hemisphere the current density is given
by.

2

The electric field strength e due to current density i is given by,

pl

o= i=
P 2l

The line integral of the field strength e from the surface of sphere of radius R to
the distance x gives the voltage V.

x Lol pIf1 1
V= J;e'd“[zixl =2_n[E'_]

X

The variation of e, V and i with respect to distance x is shown in the Fig. 11.15 (b).

The voltage between the hemispherical electrode and a point at infinity ie x = w
is given by,
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The earth resistance is therefore given by,
L

S
11.10.1 Generalised Equation

Consider a system with two electrodes having their potentials as V, and V.. Let V
be the potential at any point in the medium having resistivity as p. Let y be
electrostatic potential.

b

——
=

The current flow normal to surface at any point of the electrode is % T

Total flow of current from the electrode in the outward direction is,

1péV _ 1oy
sMG5ds = EHE ds
Here ds is an element of the electrode surface.
If Q is the charge on this electrode then by Gauss theorem.

-Hg_:.ds = 470

The total flow of current is given by,
4n)

| = -0

P
If Cis the capacitance between the electrodes in air then

Wy =W = V]'vz=%

R is the resistance between the electrodes which is given by,

R=Y1-Va _Qfp ) o
I Cl4nQ | 4nC
Suppose C is the capacitance of the single electrode with the return electrode at
infinity then R is the resistance of earth for single electrode.

If we consider a sphere of radius 5 then the capacitance of sphere in air is equal to
radius 5.

= P
E_4n5

If this elecrode is hemispherical and buried with its lower half in the earth then
the resistance is given by,

R = F_
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In E;eneral the Equatinn for any electrode is given b}',

_ P
R=5¢

where C is the electrostatic capacity of the electrode along with its image above
the surface of the earth. The combined electrode is considered as in air,

11.11 Resistance of Driven Rods

P The most simple and cheap form of
: : electrodes is nothing but driven rod. It is shown
: : in the Fig. 11.16 with its length as | and diameter

I : d with its image. It can be considered equivalent
! : to an ellipsoid of revolution with a major axis
E : very much large as compared to minor axis.

A Vs i The capacity of rod and its image is
¢= H-u ) f+|r
{ 2n—  In—
d d
The earthing resistance of driven rod is given by

—f 4
Fig. 11.16

41
R = E'_j :
ad
For the q‘]indrim] rod with hemisphere end

the above expression becomes,
2
R = L m=
2al d
An alternative expression for the resistance of driven rod is obtained by using
uniform current dissipation method and is given by,

R = i!nﬂ_l
L d

From the expression for resistance of driven rods, it can be seen that, the earthing
resistance is inversely proportional to length [,

Generally resistance of single rod is not sufficient. Hence number of rods are
connected in parallel. It is necessary to minimize the overlap among the areas of

influence of the rods. This is possible by keeping large distance between the rods. It is
difficult to achieve this in practice and approximate method is used.
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In this method, a rod is replaced by hemispheric electrode having same resistance.

If n rods are connected in ]:rarallel then their resistance is greater than (l ] of that of a
n

%

single driven rod due to the mutual screening.
The screening coetficient n for n electrodes in parallel is defined as,

Resistance of one electrode
(Resistance of n electrodes in parallel) x n

N =

11.12 Grounding Grids

The low ground resistance in case of high voltage substations can be obtained with
the use of interconnected ground grids. In a typical grounding grid system, a number
of interconnected bare solid copper conductors are buried at a depth of 0.3 to 0.6 m
and spaced in a grid pattern. It provides common earth for all devices and metallic

structures in the substation.

At each of the junction point, the conductors are bonded together. This system is
usually supported by a number of vertical rods about 3 m long at some joints.

If a is cross-sectional area of copper, in circular miles, t is the fault duration in

seconds, T, i5 the maximum allowable temperature and T, is the ambient temperature
then the size of grid conductors required which prevents fusing under the fault

current is given as,

! 76t
a = |
|24+ T
234 + 7T,
If the grid depth is less than 0.25 m then the earthing resistance of the grid is

given by,
e
R L L o
dVa 'L

Here E = Grid resistance in ohms

a = Ground area occupied by grid in m?
L = Total length of buried conductors in m

But when the grid depth is greater than 0.25 m then earthing resistance is given
by,
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The eftective grounding ot the equipment 1s possible through the grid. Also the
voltage gradiant at the surface of the earth can be controlled at safe value for human
contacts with the addition of ground rods, the ground resistance further reduces when
soil resistivity in the upper layer is more than the soil underneath.

11.13 Design Principles of Substation Grounding System

The most important factor in the substation is its grounding. The system neutral 1
connected o the El‘{ru]‘ld l‘hn‘rugh Erﬂuﬂding. The di:."ﬂ."]'l:"ll’};l,' path for surge arrestors
and safety of operating personnels can also be achieved through grounding.

The grounding gives low resistance path to earth and reduces rise in ground
potential which is dependent on magnitude of fault current and resistance of
grounding system. The low resistance for substation ground can not be obtained in
deserts and rocky areas.

The convenient way for getting proper ground connection is through grids. If the
ground rods are used in addition then it reduces the ground resistance. Depending on
the size of the substation, nature of soil and the grounding resistance required, the
size of grid and number along with length of driven rods can be determined.

Under the fault condition, the potential of earth and its gradient over the surface
out from the electrode is dependent on the ground resistance. The systems with higher
values for maximum ground fault current, it is not possible to have lower values for
ground resistance so as to have rise in grounding system potential to safe value.

The practical solution for grounding at substation vards is through grid or mat.
The grid consists of a number of meshes and connected to several earth electrodes
driven at intervals.

The total number of electrodes required is determined by using the expression

Blaximum Fault Current

Mumber of electrodes = 500

The gmuﬂding resistance for a grﬁul\diﬂg grid or mat is calculated from the
following expression,

R, = BePs
b 4r L

Here p, is resistivity of soil in £3-m, L is total length of buried conductor in metres
and r is radius of circular plate in metres.

The size of grounding conductor should be appropriate so as to have thermal
stability for ground fault current and it should be mechanically strong. The minimum
cross section for the grounding conductor having required thermal stability is
determined from the following expression,
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A | ,ﬁ
min — IF T
where lg 15 fault current in amperes while t is ime in seconds for the operation of
profective relays including circuit breaker tripping time. C is a constant. Its value is 70
for steel having temperature rise of 4({°C while for copper with temperature rise of
T, its value is 165.

The minimum size required for proper mechanical strength in case of steel is
61 mm?. For copper it is 107.2 mm? while in case of aluminium it is 195 mm?.

In case of grounding conductors made up of steel, its size should be checked for
corrosion. If the soil is moderately or severely corrosive then the steel strip of
minimum thickness 6 mm and minimum cross section area should be 200 mm?.

The earthing grid system is normally extended over the total substation yard and
in few cases, several metres beyvond it. The grounding conductors should have low
impedance. They should be able to carry prospective fault current without getting
fused or damaged. They must take account the future expansion of connected power
svstem.

Examples with Solutions

iy  Example 11.1 : Determine the inductance of Peferson coil to be connected between fhe
newlral and ground to neubralize the charging current of overhead line having the line
to ground capacitance of .15 uF. If the supply frequency is 50 Hz and the operating
voltage is 132 kV, Find the kVA rating of the coil.

Solution : In case of Peterson coil we have,

1

L = ———
e C

= 2af=2xa=x50=100=r = 314.1539 r/s
C = 015pF =015 x100*F

1
[nductance, =
e 3%(314.159)2 = (0.15 % 10-%)
1
L = somy= 251H
-||'||-1

kVA rating of coil = ——
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3
Vo = L= D210 sonny
Vi W3
. L (7621023
kVA rating of coil = TR 821.29

mmp Example 11.2 : In a 50 Hz overhead line, the capacitance of one line to earth was
LéuF, It was decided to use an earth fault newtralizer. Calculate the reactance to
neutralize the capacitance of i) 100% of the length of line i) 90% of the length of the
line i) 95% of the length of the line.

Solution : m=2nf=2a=50=100r= 314159 r/s
C = 1b6pF=1l6=x100%F
i) For 100% length of the line

We have inductance of Peterson coil given by,
1 1

R PTG TE PR T LIS T
The inductance required to neutralize is 2.11 H
Reactance X, = 2xfl =wl =(314.159) (2.11)
X, = 663140
ii} Capacitance for 90% of the length of the line is
16=209 = 144 pF=144 = 10"
Inductance, L = L = 1
JlC  3(314.1592 (1.44=10°%)
L = 234 H
Inductive Reactance, X; = w L = (314.159) (2.34) = 736.82 {}
iii) Capacitance for 95% of the length of the line is,
1.6 095 = 152 pF =152 x 107 °
Inductance, L = 3{:2{: = 3{314_159]2]{152“ 109 =222 H
L = 2322 H

Inductive Reactance, X; = o L = (314.159) {2.22) = 698.04 01
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Review Questions

Explain in brief isolated neutral system

Wikt are the advantages of neufral earthing ?

State the methods ndopled for now-effectively grosinded systems.

What do yew mean by effectively grounded and non-effectively grounded systems ?

Write @ note on solud grounding

Expladn resietmice arrthiing,

What are the advantages of resistance earthing ?

Hom reactanee carthing s achieved 7

Write a mobe on resonant grotnding

Dierive the expression for the reactance of the Peterson coil.

Explain the working of arc supression codl.

Write short notes on ) vollage transformer parthing i) Earthing transformer.

What are the varions factors on which soil resistivily depends 7

Writr o note on grounding grids,

Explain the principles of design of substation grounding.

A 33 kV, 3 phase, 50 Hz overhead Line 50 b long has a capacitance eartht line equal 1o 03 uF
per km.

Determine e inductance and kEVA rating of the arc supression coil, (6.75 H, 169.3 kVA)
In ¢ 50 Hz, overhead line, the capacitance of one line fo earth was 1.5 pF. It was decided to use an

garth fald mentralizer, Calculate the reachance to newtrolize the capacitaner of i) 100% of the
fertgth of the Tine i} 30% of the length of the line i) 35% of the length of the line

(i) 2.25 H {ii) 2.5 H (iii} 2.37 H)

Dietermine Hie oalue of renctance to be comnected in He newdral connection fo ventralize the

capacitarce current of @ overhend line to grownd capacitance of each line equal ko U015 pF. The
frequency is 30 H (226 H)

a0



Protection Against Overvoltage

T
12.1 Introduction

The voltage waves having magnitude more than its normal value and which
remains for a wvery short duration are called overveltage surges or transient
overvoltages. For any electrical equipment, its insulation requirements are decided by
these transient overvoltages.

The overvoltages in the system occur due to various reasons such as lightning
surges, switching surges, faults and travelling waves. There is high rate of rise and
high peak value in transient overvoltages which is dangerous for the insulation and
hence protection is required against these overvoltages.

12.2 Lightning Phenomenon

A lightning stroke on any overhead line or on outdoor equipment causes
lightning surges. Before studying the protection against these lightning surges, let us
study the mechanism of lightning.

An electrical discharge in the air between clouds, between the separate charge
centres in the same cloud or between cloud and the earth is nothing but lightning. It
produces the large spark accompanied by the light. This discharge of electricity
through the air from the clouds under turbulent conditions is always abrupt and
discontinuous. The serious hazards may take place sometimes if this discharge
terminate on the earth.

There are various theories which explain the potentials required for lighining
strokes, are built up. However we will assume that because of some process taking
place in the atmosphere under the turbulent conditions there is accumulation of
charges in the clouds. With the dielectric medium as the air the cloud and the ground
form plates of a capacitor. If the lower part of the cloud is negatively charged, the
earth is positively charged by induction.

For lightning discharge to take place, it requires bhreakdown of air between the
cloud and the earth. With increase in the charge, the potential between the cloud and
the earth increases. As a result of this the potential gradient in the air increases. The

(12 - 1)
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potential gradient required for the breakdown of air is 30 kV/cm peak. But there is
large moisture content in the air and because of lower pressure at high altitude, the
breakdown of air takes place at 10 kV/cm. The process of lightning discharge is
shown in the Fig. 12.1.

PR Fre A rearess
id} [} ]

Fig. 121

When charge increases there is difference in potential between cloud and earth
which also increases resulting in increase of potential gradient of air which is
non-uniformly distributed. The potential gradient is more at the centre of charge in the
cloud. This gradient appears across some part of the air and when it is more than
breakdown strength of air, this air breaks down. A streamer called pilot streamer or
leader streamer starts from cloud towards the earth and carries the charge with it as
shown in the Fig. 12.1 {a). Till the time the cloud through which this stream is
initiated supplies enough charge to maintain the potential gradient at the tip of the
leader streamer above the breakdown strength of air, the leader streamer continues to
travel towards the earth. With the loss of this gradient, the streamer stops without
reaching to the earth. The charge dissipated without forming the complete stroke. The
lightning stroke may start with the potentials of the order of 5x 10° Vo 20x 10° V
between cloud and earth while the current of the leader streamer is low, typically less
than 100 A and its propagation velocity is 0.05 %% of that of velocity of light.
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Many times the streamer travels towards the earth until it is reached to the earth
or some object on earth, As the initial streamer moves towards earth, it is
accompanied by points of luminescence which travel in jumps giving rise to stepped
teaders. In one step the distance travelled is about 50 m while the velocity of stepped
leader exceeds one sixth of that of light. The stepped leaders results in first visual
phenomenon of discharge.

The electrostatic field and potential gradient at earth's surface is high as this
streamer reaches to the earth, When it becomes sufficiently large then a short upward
streamer called return streamer rises form the earth as shown in the Fig. 121 (c).
When the contact of leader is made with the earth then a sudden spark may be
appeared. This contact is similar to closing of a switch between two opposite charges,
the downward leader with negative charge and upward streamer with positive charge.
e to this sudden sparks appearing which causes the most neutralisation of negative
charges on the cloud. This is called lightning. Any further discharge from the cloud
must be originated form other portion of it.

When lightning occurs then it is associated with high current followed by lower
current for significant duration as the charge in the cloud is neutralised. The upward
streamer carries high current with a speed of propagation of about 30 m/ psec which
is faster than the speed of the leader streamer. The current rises sharply within
microseconds and then decays slowly compared to its rise. This is similar to discharge
of a capacitor through a circuit but it is not periodic. The experiments conducted in
the laboratories show that when the charge in the channel is near exhaustion, there is
smooth transition in current into its low value which is associated with the remaining
charge in the cloud.

When the streamer reaches the earth and much of charge in the cloud from which
it was originated, is neutralised then potential pertaining to point of charge centre
reduces. But there may exist high potential between this original charge centre and
other charge centres. Due to this, there may be discharge from other charge centres
into the region where the leader streamer was originated. Thus subsequent discharges
takes place alongwith the original stroke to the earth. Many strokes can be observed
which contains more than one current peak which are called multiple or repetitive.
Separate peaks are termed as components.

In summary we can say that lightning is a phenomenon of breakdown of air and
discharge which can be seen by eve as a single flash but contains number of separate
strokes that travels with same path practically. The variation of time interval between
them is from (.5 msec to 500 msec. 87 % of the lightning strokes originate from
negatively charged clouds while remaining 13 % originate from positively charged
clouds. Lightning discharge current magnitude hes in the range of 10 kA to 90 kKA.
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Some values for the lightning stroke are given below in the Table 12.1 for the
information:

Voltage 200 MV (peak )
Currant 10 to 90 kA ( discharge )
Duration 10 psec
Power B=108 kW
Energy 22 kWh
Table 12.1

We should also consider the case of statically induced charges and varnous
lightning strokes. When a charged clouds come above the conductor, the charges are
statically induced on the conductor which are released by travelling either side in the
form of travelling waves when clouds go away from their place. These surges are not
prevented by earthwire.

It can also be seen that the paths travelled by lightning strokes are unpredictable
in certain cases. Usually these strokes try to travel and reach to the earth. These
strokes are interrupted by lighitning rods, trees, tall structures etc. But sometimes
these strokes does not obey any rule and travels horizontally in all sorts of haphazard
fashion.

B type strokes originate due to sudden change in charge between two clouds. As a
result of this there is sudden change in charge in other (third cloud in its vicinity)
cloud which discharges to the earth. This B type stroke does not hit lightning rod or
earth wire. Thus overhead lines can not be protected against such strokes.

12.2.1. Waveform of Lightning Current

A generalized waveform for
lightning current is shown in the

—_—
-

Current Fig. 12.2.
Crest

It consists of a peak wvalue
called crest. The time taken by
the wave to reach this peak is
called front time. The time span
from origin to a point where is
the wvoltage or current has
decayed to one half of its peak
value is represented by T,.

Fig. 12.2
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Time T, vares from 1 to 10 psec while T, varies from 10 to 100 psec. 25 % of the
lightning strokes carry current less than 10 kA. 86% strokes are with currents less
than 50 kA, In case of 11% strokes the current lies in between 50 and 100 kA,
While 2 % strokes carry current in between 100 and 150 kA. Only 0.5 % strokes carry
currents more than 150 kA whereas the measured highest value is 400 kA. The total
duration of lightning in some strokes may be up to 1 second.

12.3 Types of Lightning Strokes

There are bwo main types of lightning strokes that appear on various equipments
in the power system. They are viz. Direct Stroke and Indirect Stroke. Dhrect stroke
may appear on line conductor, on tower top or on the ground wire indirect stroke
may appear on overhead line conductors.

12.3.1 Direct Stroke on Overhead Conductors

These strokes are most dangerous as their effects are most severe and harmful. In
this type of stroke, the discharge or the current path is directly from the cloud to the
overhead line. From the line, the current path may be over the insulators down the
pole to the ground. The voltage set up is in millions which can cause flash over and
puncture of insulators. The insulators may get shattered till the surge is sufficiently
dissipated and it travels to both sides. The wave may reach to the substation and
damage the equipments because of excessive stress produced.

If a overhead line conductor is struck by lightning then the rise in voltage at the
point is given by,

: Fi
1"'I'-. = I:.l:ml-ce = _-i:l:
where, lee = current in the lightning stroke
£y = surge impedance of the line.

£y, . ,
The term TI is used in the above expression as the charge on the conductor flows

to the both sides of the conductor in the form of travelling waves.

If we consider Z;= 1000 £ , 1= 40 kA as representative figures then voltage
developed will be,

V, = (40x20°)(2%) = 20x10° = 2x107 volts

This is the amount of voltage that is produced during a stroke. If this lightning
stroke appears at a point away from a substation or generating station then this
overvoltage and the current flows alnng the line in both the directions 5hattcring the
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insulators and even wrecking poles until the energy present is dissipated completely
i the paths towards earth. If it occurs near a plant or substation then the damage is
sure. But these types of direct strokes are not frequent in occurrence.

Cue to this lightning stroke, neighbouring lines are also subjected to overvoltages
due to electromagnetic coupling. These high voltages may cause flash over in case of
insulators.

All high voltage overhead lines are protected from lightning strokes by use of
earth conductors. With the use of overhead network of earth conductors, the outdoor
switchyards are protected.

A direct stroke is shown in the Fig. 12.3.

Cverhaad ling

Suppor

Earth 7777 7 e RS
Fig. 12.3

The cloud will induce opposite charge on the overhead line by induction. When
the potential between the cloud and line is more than breakdown strength of air, the
lightning discharge takes place between cloud and the line.

There may be other type of direct stroke that may occur on the overhead line
which is illustrated in the Fig. 124

This type of stroke is produced because of sudden change in charge conditions in
the clouds. Consider, for example, three clouds viz. cloud 1, cloud 2 and cloud 3
having positive, negative and positive charges respectively. [If cloud 1 is shifted
towards cloud 2 then discharge may take place between them and charge on them
will be neutralised. Thus charge on clouds 1 and 2 may be disappeared quickly. As a
result charge on cloud 3 is suddenly free as its bonding with cloud 2 has been broken.
Due to this, rapid discharge from cloud 3 may take place to the earth ignoring tall
objects. Thus protection against these strokes is difficult while protection against other
type of direct stroke is possible as the direct stroke we have discussed above will
occur on tall objects.
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Fig. 12.4

12.3.1.1 Director Stroke on Tower

If there is a direct lightning stroke on the tower then its voltage is increased. lts
value is given by

di .
Ve = Lt a Ry
where Viaie = Voltage surge between top of tower and earth
L+ = Inductance of tower

R = Resistance of tower

i = current flowing through tower because of stroke.
For example if we consider R = 100 , i = 30 kA, % = l0kA /us
L = 10uH
V:-Inlkd = (10)(10) +( lu}tjﬂqum}kv

This is the voltage that will appear between top of tower and earth. If this voltage
is more than impulse flash over level then flash over may occur between tower and
line conductor.

Due to this travelling waves may also be formed in both the directions of
conductor which may reach to substation equipments to cause their damage. A direct
stroke on the ground wire in its middle span may also cause a flash over between line
conductor and earthwire or line conductor and tower.



Protection and Switchgear i2-8 Protection Against Overvoltage

12.3.2 Indirect Strokes

The effect of indirect strokes is similar to that of direct strokes. Their effect is
more severe in case of distribution lines than in case of high voltage lines. These
strokes are due to electrostatically induced charges on the conductors due to presence
of charged clouds. Sometimes currents may be induced electromagnetically due to

lightning discharge in the immediate vicinity of line which results in indirect stroke. It
15 shown in the Fig. 12,5,

Charged cloud
e
+ .
I LT —A .
* . Cwerhead ling .
Towar
Earth 777777777 ELFELAA
Fig. 12.5

Consider that a positively charged cloud is above the line. It induces negative
charge on the line by electromagnetic induction which is present in that portion of the
line which is under the cloud while the other portions of line are positively charged as
shown in the Fig. 12.5. The induced positive charges slowly leak to the earth through
the insulators, Whenever there is discharge from the cloud to earth or to another
cloud, the negative charge on the wire is isolated as it can not move quickly to the
earth over the insulators. Due to this, negative charge goes along the line in both
directions in the form of travelling waves., Maximum surges in a transmission line are
caused by indirect lightning strokes. The same action may take place but with
opposite charges if the cloud is negatively charged.

12.4 Effects of Lightning

Because of direct or indirect type of lightning strokes, a steep fronted voltage wave
15 produced on the line. Its peak value may reach to about 2000 kV in about 1 psec
while it decays to half its peak wvalue in about 5 psec.  Because of this voltage,
travelling waves are initiated along the line in both the directions. The velocity of
these travelling waves depend upon the inductance (L) and capacitance (C) of the
transmission line. The harmful effects of lightning are discussed below.
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i) The travelling waves which are generated on account of lightning surges
shatter the insulators and may even wreck poles.

i) If these traveling waves reach towards the windings of generator or the
alternator then it may cause its appreciable damage. The inductance associated
with the windings opposes the sudden change in charge through it. Because
of this, excessive pressure may be developed between the windings which also
cause insulation breakdown. After insulation breakdown, the line voltage may
be sufficient to maintain the arc which is produced resulting in ultimate
damage to machine.

iii} When the arc is initiated due to lightning stroke then it will set up disturbing
oscillations in the line. Due to this other equipments connected to the system
may be damaged.

12.5 Protection Against Lightning

Proper protection must be provided to the power stations, substations, overhead
transmission lines from the direct lighining strokes while the electrical apparatus must
be protected from indirect strokes in the form of travelling waves. Already we have
seen that the lightning strokes can cause severe damage than other types of switching
surges or transients. Hence protection against lightning strokes is an important
consideration in the system design.

Commonly used equipments for protection against lightning strokes are as given
below.

1. Earthing screen.
2. Overhead ground wires
3. Lightning arresters or surge diverters.

To protect the generating stations and the substations from direct strokes, earthing
screen is used. Owverhead ground wires protect the overhead transmission line from
direct lightning strokes. The protection against both kinds of strokes direct and
indirect in the form of travelling waves is provided with the help of lightning
arresters,

Sometimes lightning or earth rods are mounted on tall buildings. These rods are
connected to the earth. On the sharp points of this rod, positive charges are
accumulated which attracts the lightning strokes. The earth wire placed above the
overhead line is grounded at every tower and positive charges are accumulated on
this wire. The negatively charged strokes are attracted by earth wire. If this wire is
not present, there would be flash over in the line as lightning strokes will strike
directly on the line.



Protection and Switchgear 12 -10 Protection Against Overvoltage

The earth wire does not provide 100 % protection as weak strokes and B tvpe of
strokes are not attracted by this wire. The earth wire is a good solution for the most
dangerous direct strokes. It has a shielding angle which is the angle made by
outermost conductor in the line at the ground wire. This angle should be as lower as
possible to give more protection. Whatever line conductors come under the shielded
zone are well protected against direct strokes. This angle is normally between
300 Its typical satisfactory and economical value is 357

12.6 Protection of Generating Stations and Substations Against Direct
Strokes

Cenerally the generating stations are housed in big buildings while the substations
are housed in switchyvard or outdoor. To protect these structures from direct strokes,
three important requirements viz.  interception, conduction and dissipation must be
fulfilled. It requires an object in good electrical connection with the earth having low
impedance path to attract the leader stroke. [t also requires a low resistance
connection with the body of the earth.

For having a good electrical connection, the upper portion of metal structure may
be used. Instead of this, a separate metallic system called shield mounted on the
structure or near to it may be used. The total switchyard is provided with earthed
overhead shielding screen.

The earthing screen consists of a network of copper conductors mounted all over
the electrical equipment in the plant or substation. This shield is appropriately
connected to the earth on atleast two points with the help of low impedance path,
Occurrence of any direct stroke is directly diverted to the earth as the shield provides
low resistance path. Thus the costly station equipments are protected from damage.
This is designed in such a way that out of 1000 strokes, 999 will be diverted to earth
through this shield while only 1 stroke may strike on the protected equipment which
is called 0.1 % exposure.

Transmission line conductors are protected with the help of overhead earthed
shield. A vertical line if drawn from the earth wire and angle a is plotted on its both
sides then this angle a is called shielding angle while envelope within angle 2 a is
called zone of protection. The clearance between line conductor and overhead
shielding should be more than minimum clearance between phase and earth.
Lightning mast is an independent structure which is installed at specific locations in
the switchyard.

In outdoor switchyards, lightning masts are preferred up to 33 kV. With increase
in voltage, it becomes tall and uneconomical. In this case, overhead shielding wires are
employed as height of the structure required is less.
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12.7 Protection of Transmission Lines Against Direct Strokes

with the hne conductor.

The transmission lines are effectively protected against direct lightning strokes
with the use of ground wires. The ground wire is a conductor which runs in parallel

It is placed at the top of tower structure. For horizontal
configuration of line conductors there are two ground wires whereas for wvertical
configuration there is only one ground wire.

The ground wire is made up of galvanised steel or recently ACSR conductor of the
same size as that of line conductor is used. The material and size of conductor
required for ground wire needs more mechanical considerations in its design rather
than the electrical. With the help of simple and economical methods, the effective
resistance of the ground wire can be decreased.

The use of ground wire is to provide shielding of line conductors against direct
lightning strokes.

Also whenever a stroke appears on a tower, the ground wire on
both sides of tower provide parallel paths for stroke reducing effective impedance and

the potential at tower top is cnmparativc]y less. As the gmum:l wire and power lirve
conductors are coupled electrically and magnetically, chances of failure of insulation
are :aigniﬁu:antl:; reduced.

For the sake of simplicity and understanding, one ground wire and one conductor
is shown in the Fig. 12.6.

T e e e e e e e e S

Ling conducios

A

Fig. 12.6
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The height of ground wire is such that practically all the lightning strokes are
intercepted by them. These ground wires are earthed at every tower or pole through
low resistance,

Whenever any stroke strikes on the line, it will be taken up by ground wire. The
heavy current flows to the ground from the ground wire. The extent to which
protection is provided by the ground wire depends on footing resistance of the tower.
Let us consider this resistance as say R, and the lightning stroke current is say [ ..
then potential of the tower top Vi, with respect to earth is given by,

Vigwer = laoe By
This is the approximate voltage between tower and line conductor which also
appears across string of imsulators present on the tower. It this voltage is less than
that required for insulator flash over then no damage or harmful effects can be
observed. But if its value is greater then insulator flash over may take place resulting
in its damage. Hence the footing resistance of the tower should be kept as low as
possible to limit the value of voltage which will avoid tlash over of insulator.

It is important to consider that the voltage to which the tower is raised during
lightning stroke, is not dependent on the system voltage. Hence the design of
transmission line against lightning for specific performance has nothing to do with the
system voltage.

12.7.1 Requirements of Ground Wire
The requirements for the design of the line against lighining strokes are given
bl e,

i) The ground wires used for protection of transmission line should be
mechanically strong and should be suitably located to provide the protection.

ii) There must be sufficdent clearance between power line conductors and ground

wire for the given system voltage.

iii) The footing resistance of the tower should be as low as possible and

economically justifiable.

The first requirement is met by use of galvanised steel wire or ACSR wire and the
protective angle or shielding angle decides the location of ground wire for effective
shielding. Protective angle is the angle between the vertical line passing through the
ground wire and the line passing through the outermost line conductor. It is shown
in the Fig. 12.7.
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Ground
wirg

If two or more than two ground wires are used then the protective zone between
the two adjacent wires can be taken as semi-circle with diameter as a line joining the
two ground wires. Experiments by research scientists show that a single wire
provides effective shielding to a line conductor that lies below a quarter circle with its
centre at the height of ground wire and radius equal to height of ground wire from
the groundlevel. The proved shielding angle for adequate protecton is about 30° for
plain areas while it decreases by an amount of slope of hill in case of hilly regions.

The second requirement of sufficient clearance between tower and conductor is
met by suitable design of cross arm in such a way that when a string of insulators is
given a swing of about 30° towards the tower structure then the air gap between the
conductor and tower structure should be in such a way as to withstand the switching
voltage (normally four times line to ground voltage) that may appear on the system.
The clearances between conductors can also be adjusted by adjusting the sag in such a
way as to avoid the midspan flash overs.

The third requirement is already discussed earlier. For 66 kV line, the standard
acceptable value of footing resistance is nearly 10 £2. It increases as the system voltage
rises. For a line with operating voltage of 400 kV, its typical value is 80 (2. The tower
footing resistance is its value when measured at a frequency of supply which is 50 Hz
in our country. The performance of the line in context with lightning stroke depends
on impulse value of resistance which is a function of soil resistivity, critical
breakdown gradient of soil, length and type of driven grounds and magnitude of
stroke current.
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Fig. 12.9 Various counterpoises arrangements

The ground wire in addition to
give protection against  direct

Cloud
strokes also provides electrostatic
screening by reducing the voltage ; !
induced in the conductors by Cyx - olm ( Cy )v
L g
discharge of a neighbouring cloud. _ | CxtCy
Consider €, as capacitance of m:‘éﬁ[ﬂr T ; v
cloud to  line while C, as 1 .,
capacitance of line to ground as Cy === (E:g&,-)"’f
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shown in the Fig. 12.10. T T e

The voltage across the line and Fig. 12.10

C

the ground is | —Yeo | V. V is

8 (cx + Cy ]

the cloud voltage. As the ground wire is above the line conductor, there will be
appreciable increase in Cy which results in reduction of line induced voltage.
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With a single ground wire the induced voltage is reduced to half of that without
ground wire. With two ground wires, this reduction is about one third while for three
ground wires, it is one fourth. These results are at favourable conditions of good
earths and low impedance of earth connection as obtained by conducting experiments
in the laboratory. The ground wire is also helpful in attenuating any travelling waves
which may set up in the lines by acting short circuited secondary of line conductors.

12.7.4 Advantages of Ground Wire

i} Direct lightning strokes on the transmission line are well protected by ground
wire.

ii) There is damping effect of the ground wire on the disturbance travelling along
the line as it acts as a short circuited secondary.

iii) For external fields, it provides electrostatic shields to certain extent which
reduces the voltage induced in the line conductors due to discharge of a
neighbouring cloud.

12.7.5 Disadvantages of Ground Wire

1} It requires extra cost.

ii} It may be possible that due to breaking of ground wire and falling on the line
conductors can cause a direct short-circuit fault. But this situation is rare to
occur as mechanically strong galvanized steel stranded conductors are used.
Due to this the ground wires bear sufficient strength.

12.7.6 Use of Ground Wire

Ground wires are extensively used for protection against direct lightning strokes
for voltages ranging from 110 kV to 500 kV. They are used on all the important
transmission lines and on all sections of transmission lines running through regions
which subject to frequent lightning storms.

12.8 Protection of Transmission Line by Auxiliary Devices

The alternative way of protecting transmission line against lightning is by making
use of auxiliary devices. In these

Cross arm . _
ways of protection, discharge path
String is controlled and some device is
ofinsulators  psed to  extinguish the arc so
S:uT;:u;g Line conductor furn_'led. .The most commonly usted
Protector device is protector tube which
tube consists of fibre tube with an

electrode in each end. It is shown
in the Fig. 12.11,

Fig. 12.11
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It is mounted below each line in such a way that the upper electrode is connected
to horn which is arc shaped at appropriate distance below the line forming a series
gap with it. The lower electrode is etfectively grounded.

With the appearance of the surge on the line the series gap is spanned. An arc is
formed between the electrodes in the tube. Some of the fibre of tube walls is
vapourized due to heat in the arc. The natural gas from this reaction violently enters
into the arc to deionize it which prevents restriking of the arc after first zero point of
the current.

12.9 Protection of Electrical Apparatus Against Travelling Waves
{(Indirect Strokes)

The earthing screen and the ground wire discussed earlier provide protechion
against direct lightning strokes but does not provide any protection against travelling
waves which may reach the electrical apparatus. The lightning arresters or the surge
arresters are the one who provide protection against the travelling waves.

There are basically two main sources of causing overvoltages viz. external
overvoltages mainly due to lightning and internal overvoltages due to switching
operations, The protection against external overvoltages due to lightning can be
provided by methods which are known as shielding methods.

The shielding methods do not allow an arc path to form between line and ground
thus giving protection in line design. For protection against internal overvoltages
non-shielding methods are employed which allow an arc path between line and
ground. There is special provision of extinction of arc in these methods.

Use of ground wire for protection that has been described earlier is a shielding
method while use of spark gaps and lightning arresters are non-shielding methods.
Sometimes the non-shielding methods are also uwsed for giving protection against
external overvoltages.

The non shielding methods are based on the principle of insulation breakdown.
When the overvoltage is incident on protective device, a part of energy content in it is
discharged to ground through the protective device.

The breakdown of insulation is function of voltage as well as time of its
application alongwith shape and size of the electrodes used. More steeper is the
voltage wave, the larger will be magnitude of voltage required for breakdown as
expenditure of energy is required for breakdown of dielectric in any form requires
time. This energy criterion for different insulators can be compared with the help of
term called Impulse ratio which is defined as the ratio of breakdown voltage due to
impulse of specified shape to the breakdown voltage at power frequency. For sphere
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The most commonly

T employed  protective  device

I ndtial . against travelling waves is a

Voltage peak r:' ) sUrge diverter which 1%

\ i connected between line and
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e This provides a conducting

path of low impedance between
ling and earth. The residual or
discharge  voltage will be
controlled to a safe value which
could be withstood by
insulation by the flow of

Fig. 12.13 current to earth through surge
impedance of the line.

It is clear that the path of low impedance exists only when overvoltage occurs in
case of surge diverter while it comes to normal state immediately to offer high
impedance for normal working system voltage.

12.10 Requirements of Surge Diverter

The ideal surge diverter has F{:]lnwing requirements.

i} It should not carry any current at normal system voltage ie. its breakdown
voltage should be above any normal or abnormal fundamental frequency
voltage that may occur on the system.

ii) The transient voltage wave whose peak value is greater than the spark over or
breakdown voltage of surge diverter should breakdown as fast as possible to
provide path for surge to earth

ni) After the breakdewn, the surge diverbes =wuld be capable of carrving
discharge current without damage to it and the voltage should not be more
than its breakdown value.
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iv) When the transient voltage reduces below its breakdown wvalue, the power
frequency current fAowing through the diverter should be interrupted as

quickly as possible.

12.11 Operation of a Typical Surge Diverter (Lightning Arrester)
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Fig. 12.14 (a)

The basic form of any type of surge
diverter is shown in the Fig. 12.14 {a).

It consists of a spark gap which is in
series with a non linear resistor, The
terminal of the protected equipment is
connected on end of the diverter. The other
end of the diverter is solidly grounded
through non-linear resistor.

The length of a spark gap is set in such
a way that the normal system voltage is not
sufficient to initiate arc across the gap while
very high voltage will cause break down of
air insulation and arc is initiated.

The non-linear resistor bears a property
of decrease in its resistance as the voltage
increases and vice versa. The x-'nlt-ﬁmp

characteristics for a non linear resistor is shown in the Fig. 12.14 (b).

Under normal condition, the diverter
is off without conducting any current or
very small negligible current due to
capacitive effect (Non-linear resistor
offers very high resistance to this current
hence it is negligible) Hence the gap is
not conducting.

Whenever high voltage occurs, there

is breakdown of air insulation initiating
the arc. Thus a low resistance path is

Fig. 12.14 (b)

» offered for the surge to the earth.

Excess charge on the line because of
surge is conducted to the earth through
the arrester which prevents the surge
being sent back on line.
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As there is breakdown of spark gap due to over voltage, the arc would be short
circuit on the system and may cause power follow current in the diverter. After the
surge is over, the resistor offers very high resistance to prevent the effect of short
circuit which makes the spark gap non-conducting,

It should be observed that the arc in the gap should immediately cease after the
surge is over to avoid the current flowing through gap and resistor which would be
damaged otherwise. The voltage drop across the arrester should be less than the
breakdown strength of the insulation of the equipment to be protected.

Presently tollowing types of surge arresters are commonly used.
1. Valve type or gapped silicon-carbide surge arresters consisting of silicon
carbide discs in series with spark gap units.

2. Zinc oxide gapless arresters or metal oxide arresters. These are gapless and
consisting of Zn0 (Linc Oxide) discs in series. These arresters are having
good volt-amp characteristics. The energy absorption level is also high and
these arresters are preferred for EHV and HVDC installations.

12.12 Classification of Surge Arresters

Based on current, voltage and energy capability the surge arresters are classified as
follows.

1) Station type surge arresters :

This type of arrester has the highest capacity for energy dissipation while lowest
level of protection. The peak discharge current that can carry is 10 kA while ils

voltage range for operation is 3.3 kV to 245 kV (rms). They are employed normally in
large power stations and substations.

2) Line type surge arresters :

These arresters are mainly used for protection of large transformers, intermediate
sub stations and medium and large power stations. They are smaller than station
transformers. The standard discharge current carried safely by them is about 5 kA
while the working voltage range is 3.3 kV to 123 kV {rms).

3) Distribution type and secondary type surge arresters :

These type of arresters are used for protection of distribution transformers in
distribution circuits mounted on poles. The standard peak discharge current for its
operation is 2.5 kA and 1.5 kA. While its voltage range is up to 3.3 kV {rms).

There are three general types of surge diverters with each having its field of
application. They are

i} the rod gap

i1} the protector tube or Expulsion type lightning arrester
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iti} the conventional valve type lightning arrester.

12.13 Terms and Specifications used in Surge Arresters

Following terms and specifications are generally used in reference with surge
arrester.

i} Non-linear resistor :

This is a part of arrester offering low resistance to the flow of discharge current of
the surge limiting the voltage across arrester terminals while offering high resistance
to the flow of power frequency currents (inoperative for normal power frequency
voltage).

1) Rated voltage of the arrester :

It is defined as the maximum permissible power frequency RMS voltage between
the line terminal and earth terminal of the arrester as specified by the manufacturer at
which surge arrester can perform its rated duty. Generally for all other equipments
rated voltage is between phase to phase while for surge arresters it is between phase
and ground.

iii) Follow current :

It is defined as the current that flows from connected power source through
lightning arrester following the passage of the discharge current.

ivl Normal dischargn current

It is defined as that current which is flowing through the surge arrester after the
spark over. It is expressed as crest or peak value for a specified wave. These values
are given for various types of lightning arresters described in previous section.

v) Discharge current :

The surge current which flows through the arrester after the spark over is called
discharge current.

vi) Power frequency spark over voltage :

It iz defined as the rms value of power frequenc],r vnltage that is app]i(:d between
line and earth terminals of the arrester causing the spark over of the series gap.

vii) Impulse spark over voltage :

The highest value of the voltage attained during an impulse of given polarity of
specified wave shape applied between line terminal and earth terminal of an arrester
before the flow of discharge current is called impulse spark over voltage.

viii) Residual or discharge voltage :

It is defined as the voltage which appears across line and earth terminal during
the flow or passage of discharge current.
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ix) Rated current :

It is the maximum impulse current at which the peak discharge residual voltage is
determined,

k) Co-efficient of Earthing :

It is defined as the ratio of highest rms voltage of healthy phase to earth to the
phase to phase normal voltage. Mathematically it is given by,

Highnﬂt rms un]tage of health}r phasr: to earth 100
x

Coefficient of earthing = Phase to phase normal rms voltage

12.14 Horn Gap Arrester

This type of arrester has two horn shaped metal rods separated by a small
distance. One end is connected to the line while the other is connected to the

earth. It is shown in the Fig. 12.15.

Ta the Choke
Epmmmg "'ﬁﬂ'ﬁ:ﬂ""‘ * L
to be protected Series
induclancs
Hesistance g
R -~
b Ham
a I“,.

Fig. 12.15 Horn gap arrester

The horns are constructed in such manner that the distance between them
gradually increases towards the top. The homs are mounted on porcelain insulators.
The resistance R limits the follow current to a small value. The choke connected
between equipment to be protected and horm gap is designed in such a way as to
offer small reactance at normal power frequency while high reactance at transient
frequency. Hence the choke does not allow any transients to enter the apparatus to be
protected. By using the choke the steepness of the wave incident on the equipment to
be protected is reduced. While the choke also reflects the voltage surge back on to the
horn. The gap between the homs is adjusted in such a way that normal supply
voltage will not be sufficient to initiate arc across the gap.
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Under normal conditions, the gap is non-conducting whenever there is an
overvoltage in the system and its value is more then breakdown value of gap, spark
over takes place across small gap. The arc formed may be maintained by the normal
voltage also. The heated air around the arc and the magnetic effect of the arc cause it
to move up in the gap. The arc acts like a fHexible conductor. The arc moves
gradually through positions a, b, ¢ respectively. At some position (say c). lengthening
of arc takes place as distance between the homns is too large. Thus the voltage is not
enough to maintain the are and it is extinguished. The excessive charge on the line is
theretore travelled to the earth through the arrester.

12.14.1 Advantages

1. After the surge is over, this type of arrester does not cause short circuiting of
the system as the arc is cleared by itself.

2. The tollow current is maintained to a small value with the help of series

reststance,

12.14.2 Disadvantages

. If the gap is bridged due to some external factors (such as birds} the device
will not work properly.

2. The setting of horn gap is required to be changed due to corrosion and pitting
which can affect its performance.

3. The time required for its operation is relatively more (about 3 seconds) than
recent fast operating devices.
4. It is harmful to employ this type of arrester on isolated neutral system.

Due to above limitations, the hom gap arrester is rarely used in practice. Also it
has low reliability and hence used as secondary protection,

12.15 Rod Gap Arrester or Spark Gap Arrester

It is the simplest, cheapest and most rugged form of surge diverter used for
protection of insulators in line, equipments and bushings. It is shown in the Fig. 12.16.

Please refer Fi;._;. 1216 on mnext page.

The conducting rods are provided between the line terminal and earthed terminal
of the insulator with an adjustable gap. The medium present in the gap is air. The
rods are either square or round with diameter approximately 12 mm and bent at right
angles. One rod is connected to the line circuit while the other rod is connected to
the earth. The gap between the rods may be in the form of horns or arcing rings.
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Under  normal operating

! conditions the gap 18

I non-conducting.  When the h:igh
Voltage voltage surge occurs on the line,
in kY there is spark over in the gap and

current in surge is diverted to the
earth. Thus excessive charge on
the line is passed to the earth

- through this arrester. The
Timein volt-time characteristics for a rod
microseconds

gap is shown in the Fig. 12.17.

Fig. 1217 With the given gap and the

wave shape of the woltage, the
time required for the breakdown varies inversely with the voltage. The time for flash
over for positive polarity is less than that for negative polarity. Upto certain extent
the flash over voltage depends on the length of grounded rod. There is considerable
difference between positive and negative flash over voltages for low values of this
lengeth.  If the length is about 1.5 to 2 times the gap spacing then it is sufficient to
reduce this difference applicably. The gap setting is in such a way that its breakdown
voltage should be more than 30% below the voltage level of the equipment to be

pmtnc'md that it can withstand.

12.15.1 Limitations
Following are limitations of rod gap arrester.

1. Precise protection is not achieved and is not reliable so it can not be used as
main protection against surge in high voltage systems. But as it is cheap it can
be a good choice for second line of defence.

2. Tt gives protection against waves with comparatively small sloping front. Also
the breakdown wvoltage varies with polarity, steepness and waveshape. The
performance is affected by polarity of surge.

3. The rods may get damaged due to excess heat produced by arc. This is an
important consideration in high voltage systems.

4. The performance is affected adversely due to climatic conditions such as
humidity, temperature pressure.

5. The power frequency follow current is not interrupted by this type of arrester
and it continues, to flow even after the high voltage surge is over. This creates
a line to ground (or earth fault) fault which is to be interrupted by circuit
breaker. Thus the operation of rod gap results in interruption of supply and
breakers must operate to de-energize the circuit to clear the flash over. The
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arc set up across the gap due to surge current ionizes the surrounding air
which affects the insulation strength of the gap. Also sufficient time must be
provided for deionization of arc path betore the reclosure of circuit breaker for
restoring supply. Hence it is generally used as back up protection,

There are some improvements in rod gap such as fused gap and control gap
which are also used in practice sometimes. The fused gap is simply a rod gap along
with a ftuse in series with it to cut the power follow current. But it requires
replacement and maintenance of fuse. Also for its effective operation it requires
proper co-ordination between blowing of fuse and adjacent relay timing.

The control gap consists of a double gap arrangement to get sphere gap
characteristics. Compared to rod gap its volt-time characteristics are better. It can be
used with or without fuses and used as a back up or secondary protection.

12.16 Multigap Arrester

It consists of a series of metallic cylinders
Line made up of alloy of zinc generally insulated
from one another and separated by small air
gaps as shown in the Fig. 12.18.

O Cylinder 1 is connected in series with the

line while cylinder 3 is connected to earth

2 through a series resistance. The series resistance

St limits the arc. The protection against travelling

resistance O waves is reduced due to series resistance. To

overcome this difficulty shunt resistance is
included in some of the gaps.

Under normal operating conditions, cylinder
Series g 2 is at earth potential and it is not possible to
resistance breakdown the series gaps h_',' normal unttage-

When  overvoltage occurs, there is
= breakdown of the gap between 1 and 2. The
' large current will pass through the gaps instead
of choosing an altermate path through shunt
resistance and will divert to the earth.

Fig. 12.18

After the surge is over, there is no arc in between 2 and 3, the power follow
current is limited by shunt and series resistances as they are now in series. The
current is not enpugh to maintain arc in the gap between 1 and 2 and normal
conditions are restored. These arresters are used for system voltages upto 33 kV.
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iti} The internal gap inside the tube.

iv) It has an open vent at the bottom for releasing the gases.

It consists of a series gap in series with internal gap inside a fibre tube. This gap
in the fibre tube is made up of two electrodes. The upper electrode is connected to
the series gap while the lower electrode is connected to the earth. One such arrester is

placed under each line conductor. It is reguired that the breakdown voltage of the
tube should be less than that of the insulation for which it is used.

Whenever Over voltage occurs on the line, there is breakdown in the series gap
and arc s formed between the electrodes in the tube. Thus providing a low
impedance path for lightning current to earth.

The heat produced by the arc vapourizes some of the organic material in the tube.
The resulting natural gas builds up high pressure in short ame and expelled out
through the bottom vent after producing lot of turbulance in the tube. After the gas
leaving rom the tube violently, it carries ionized air around the arc.

Due to this strong de-ionizing effect, the arc is extinguished without restriking
making current zero.  The arc extinction time is about one or two half cycles which is
very short interval for protective relays to act. Hence circuit breakers remain closed
and line is kept in operation. After the expelling of gases and arc suppression, the
tube is ready for new operation. The power follow current is safely interrupted by
this type of arrester.

With each operation of
! the tube the diameter of the
fibre tube is increased as

T K some part of fibre lining is
Positive 34.5 kY vapourized every ttme wh.u:h
potarity \__ lowers insulation
W"Eﬂﬂ \\__ =Ll characteristics of tube. The
m . . .

13.8 kV volt-time characteristics are

better than rod gap type and
are shown in the Fig. 12.20.

Excessive current flowing
Time in

P P through the tube may cause

its bursting while a small

current will be  insufficient

Fig. 12.20

tor producing necessary pressure to extinguish the arc.  Also as the gas producing
material is utilized each time when arrester operates, there is limitation of number of
operations which can be safely carried by this arrester. Since there is gaseous
discharge, it is not suitable for mounting near other equipments.
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12.17.1 Advantages
1} They are cheaper and can be installed easily,

2) They are capable of interrupting power follow current immediately after the
SUrge 15 OVer.

12.17.2 Disadvantages

1} The volt-amp characteristics for this arrester is poor and hence can not be used

for protection of expensive station equipments.

2) It can not be mounted in an enclosed equipment because of discharge of gas

during its operation.

3) It can perform limited number of operations as some of the fibre 15 used in

every operation to produce gas for extinguishing the arc.

These type of lightning arresters are used on transmission towers near to the
stations in certain cases to make the station lightning arrester free from its duty o
certain extent by reducing the magnitude of surges coming on the line.

They are also used for protection against surges for transformers in rural areas as

they are cheap than valve type arresters. These arresters are also employed in some
special cases such as transmission towers with more height wherein there are more

chances of lightening strokes,

Expulsion type arresters are either transmission type used for transmission line
insulators or distribution type ftor the protection of distribution transtormer and
similar apparatus on distribution networks.

12.18 Valve Type Lightning Arrester

It is an expensive surge diverbter also known as non-linear surge diverter. The
details of this arrester are shown in the Fig. 12.21. (See Fig. 12.2]1 on next page)
As shown in the figure, there are two assemblies viz.
i) series spark gaps
ii} non linear resistor discs made up of material such as thyrite or matrosil in
BUTICS,
The non linear elements are in series with the gap. Both these assemblies are

contained in tight porcelain container for reliable protection against moisture, humidity
and condensation.
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The interrupting capacity of the spark gaps unit can be increased with the help of
grading resistors. Under normal working conditions, the leakage current is always
less than 0.1 mA approximately which flow through the resistors. This is sufficient to
maintain the enclosures at specified temperature above ambient so as to prevent the
effect of moisture into enclosure.

12.18.2 Non Linear Resistors

lhe non-linear resistors are made of an inorganic compound viz. Thyrite or
Metrosil, These discs are in series to form a block. With the increase in applied voltage
and current, the resistance decreases quickly. The residual voltage is hence maintained
though current is high within limit. The non-linear resistors have the property of
providing high resistance to current flow of normal system voltage but low resistance
to flow of high surge currents i.e. its resistance decreases with increase in current and
vice versa. Hence the power follow current after the surge 15 over can be easily
interrupted with the help of resistor blocks by spark gaps at first current zero.

12.18.3 Working

Under normal operating conditions, the system voltage 15 not enough to cause
breakdown of air gap assembly. Under the condition of over voltage, there is
breakdown of series spark gaps and the surge current quickly reaches to ground
through non linear resistors. The non-linear resistors will offer very small resistance
o the flow of surge current whose magnitude is large. Thus the surge is prevented
from sending back over the line. After the surge is over, the resistor blocks offers
high resistance to the flow of power follow current and the current is interrupted.
After approaching towards the equipment to be protected , the surge takes around

(.25 psec to reach to the arrester
! and the whole operation of
1 arrester takes place in a very short

<

Dynamic
characieristics

Siatic interval of fime in about 20 to 30
characlenstics sec.  The arc is extinguished at
first current zero by cooling and
lengthening of arc and also the
voltage and current are almost in
phase.

The volt-ampere characteristics
of valve tvpe lightning arrester is
shown in the Fig. 12.22.

CUFTEI] =

Fig. 12.22
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The closed curve represents the dynamic characteristics corresponding o
application of voltage surge while the dotted line showing static characteristics. The
horizontal tangent drawn to the dynamic characteristics gives the voltage known as
residual voltage and is the peak voltage during discharge of surge current.

Depending upon the type of the arrester ie. either line type or station type
discharge voltage wvaries from 3 kV to 6 kV. This voltage is also affected by
magnitude and waveshape of discharge current,

The impulse ratio of unity is obtained for this arrester according to design of spark
gaps. Hence high values of surge currents can not be interrupted. The impulse
breakdown strength 15 smaller than residual voltage which decides the protection level
tor insulation co-ordination.

The volt-current relationship for one type of thyrite disc (non-linear resistor} is
given by,

1I|l'l -— H.II:

i K
Resistance of the arrester = — = —— = T = o

K
"
Typical values of K and P are 4650 and 0.72.

With N number of thyrite discs,

Resistance, R = % = MK

R 1P

ME = constant

12.18.4 Advantages
i} The uprri'ltit.:m of this arrester is very fast within a fraction of second.

Th] The}' are suitable for effective p-rnherl‘inn of transformers and cables against
SUTges.

12.18.5 Disadvantages
i} Very steep wave front type of surges are not being protected by these
arresters, Fortunately the lightning surges on the transmission system are
attenuated as they travel over the line towards the substations and they are
within the reach of protection circuits in the substations. But proper care
should be taken to prevent surges of severe intensity and efficient form of
shielding should be used.

1) The performance of this type of arrester may be affected if there 15 entry of
moisture in the enclosure. This problem can be solved by sealing the container
hermetically or enclosures are filled by inert gas and contain some form of
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de-humidifier or ;ll]nwing the ]cak:lg-: current to pass to maintain the
temperature within limits.

12.18.6 Applications
The valve tvpe arrester is classified in following types.
i} Station type :

These arvesters are efficient and expensive which are used for protection of
important equipments with rating from 2.2 kV to 400 kV and higher. It has highest
capability for dissipation of energy.

ii} Line type :

The term "Line” is misleading as these arresters are not used for protection of
lines. Unlike station type, these are also used for protection of plants and substations
which are comparatively less important and economy is to be achieved. They are used
upto 66 kV except in some cases beyond it. They are smaller in cross section, weight
and cost than station type. They provide protection against higher surge voltages than
station type but have less surge current capacity. Typical ratings of these arresters are
upto 5 kA to use in large transformers and intermediate substations,

iii} Arrester for protecting Rotating Machines :

These are specially used for protection of generators and motors with voltage
range from 2.2, kV to 22 kV.

iv) Diistribution type arrester :

These are generally used for protection of pole mounted distribution substations
and are available in the voltage range from 2.2 kV to 15 kV.

v} Secondary arresters :

These are used for protection of low voltage apparatus with the range of 120 V to
750 V.

12.19 Metal Oxide Lightning Arresters

This is a new type of lightning arrester developed and used. It consists of
non-linear resistor block and main element of the arrester is metal oxide or normally
zinc oxide (Zn() which is economical compared to thyrite arresters. There are no
series gap and its degree of non-linearity is more than that of thyrite arrester.

The Zn(} type of arrester provides better surge protection with more stable
protection characteristics and has simple construction similar to valve type but the
valve element is a dense ceramic body made up of Zn0 and other metallic oxides.
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12.20 Location of Lightning Arresters

The lightning arresters are normally located near the equipment to be protected.
Because of this, the chances of surges to enter the circuit between the protective
equipment (arrester) and the equipment to be protected are reduced. Secondly if there
is distance between arrester and protected equipment then a steep fronted wave after
being incident on lightming arresters, after spark over at the appropriate sparkover
voltage, enters the transformer after travelling over the lead between two and suffers
reflection at the terminal. The total voltage at the terminal of transformer is sum of
incident and reflected voltage which is approximately twice the incident voltage. If the
arrester is not at correct location then transformer may experience a surge of twice the
magnitude that on arrester. With L as the inductance of the lead between arrester and
equipment, the voltage incident at transformer terminal is given by,

di
V = IR+ L—
R+ dt
. di
where, prile Rate of change of surge current

If a capacitor is connected at the terminals of protected equipment then steepness
of wave is reduced which decreases rate di/dt which results in less distribution of
stress on winding of protected equipment.

The location of an arrester
in a substation depends on
10 what is the probability of
flashover on the line per one

hundred kilometers in a span
1 of one vyear. The typical
Frobability probability curve of peak
impulse current is shown in
the Fig. 12.23.

The crest or peak value of
Paak surge and the characteristics
impulse of arresters are also important.
It will not be economical and
necessary also to install one
arrester near to each equipment in the substation. The optimum use of arrester to
serve the intended purpose is to install it at the entry of incoming line.

L

Fig. 12.23

For indoor substations, the requirement of lightning arrester is comparatively less
as equipments there are connected by cables which attenuate the surges. Hence the
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duty of arrester in case of medium voltage range indoor substation is reduced
considerably.

12.21 Rating of Lightning Arrester

The discharge current in the surge is very large which is passed through the
arrester. But the time of discharge is less hence the energy dissipated is small. Hence
the important factor in selection of lightning arrester is the line to ground voltage that
the arrester is subjected during operation tor any condition.

Generally 5 % allowance is taken to consider the no-load condition of the line and
sudden loss of load on generators. Thus an arrester of 105% rating is used on a
system where line to ground voltage may reach line to line value during ground fault.

The rated voltage is maximum permissible rms value of power frequency voltage
which is supported by the arrester across its line and earth terminals while shll
carrying out effectively and without damage the automalbic extinchon of follow up
current.

The voltage rating of the arrester must be greater than normal phase to ground
voltage to avoid high current flowing through arrester causing terminal overloading.
In order to get the maximum voltage which can occur on systern phases and ground
during fault on one of the phases, it is required to know system highest voltage and
co-efficient of earthing.

The highest voltage of the system is normally taken as 110 % of nominal system
voltage.

Highest rms voltage of healthy phase to earth

kl

Mo, Coefficient of earthin
& Phase to phaw normal rms voltage

Voltage rating of arrester = Highest phase to phase rms voltage
« coefficient of earthing

I

1.1 = Phase to phase rms voltage
< coefficient of earthing

Voltage rating of arrester

For effectively earthed system, the co-efficient of earthing is 0.5,
If system voltage is 400 kV,
Rating of arrester = 1.1 = 400 = 0.8 = 352 kV

For m:un-uffectivel}f earthed systems, isolated or unearthed neutral system, arresters
are rated at 100 % of system highest voltage.

If phase to phase rms voltage = 400 kV with isolated or unearthed neutral system

1.1 = 400 = 440 kV

Rating of arrester
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The nominal discharge current must have specific wave shape and crest value to
classify arrester with reference to its durability and protection characteristics. Different
ratings are tabulated as below. The wave shape for these ratings is 8/20 us.

Sr. No. |Current Rating (kA) Application

1 10 Protection of impartant and main powes and
substations in areas which are prone fo lightning
strokes more frequently with system voliages
above B8 k.

2 5 Protection of other power and subsiations with
gystem voltages above 66 kW

3 25 Protection of small substations where diverters of
higher ratings are uneconomical with system
vaoltages wplo 22 kW

4 1.5 Protection of rural disiribulion system whera it is
necassary 1o insiall divertars more frequeantly for
protecting small transformers with system vollages
nod maore than 22 kKW

Table 12.3
As per American practice, the wave shape is specified as 10/20 ps,

The power frequency spark over voltage should be 1.6 times the rated voltage of
arrester to avoid frequent sparking over of arrester due to intermal over voltages of
insufficient magnitude. The maximum impulse spark over voltage is the magnitude of
1/50 psec voltage wave on which the arrester sparks over 5 times out of 5. The
residual or discharge voltage depends , for type and nominal voltage of arrester, on
waveform gradient (di/dt) and magnitude of current. For determining this voltage, it
is recommended to use a current wave denoted by 8/20 psec. The discharge voltages
are fixed for a current of 5 kA or 10 kA. Maximum discharge current is referred to a
wave shape given by 5/20 psec.

12.22 Tests on Lightning Arrester

Various tests are performed on lightning arresters to evaluate its performance.
Some of the tests are listed below :

1/50 impulse spark over test

Wave front impulse spark over test

Peak discharge residual voltage at rated diverter current
Impulse current withstand test

Switching impulse voltage test

e m o oE R

Peak discharge residual voltage at low current
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7. Discharge capacity of durability

B. Transmission line discharge test

9. Low current long duration test
10. Power duty cycle test

11. Pressure relief test

12.23 Surge Absorber

The steepness of wave front of travelling waves can cause damage to the
apparatus in addition to magnitude of wave. More steeper is the travelling wave, the
damage to the apparatus is more. Thus to reduce the steepness of wave front of the
surge, surge absorber is used.

The surge absorber is a protective device which can reduce the steepness of wave
front of a surge and absorbs energy contained in travelling wave. Though surge
diverter and surge absorber eliminate the surge, the way in which it is done is
different in two devices. The surge diverter diverts the surge to the carth while surge
absorber absorbs energy contained in the surge.

A capacitor connected between line and earth can reduce the steepness of wave
front. Similarly as the impedance of capacitor is inversely proportional to its
frequency, it gives protection against low voltage high frequency waves. Thus it can
be considered that the lines are connected to the earth so far as discharge at high
frequency is considered.

The capacitor is used for the protection of transformer winding to make it free
from very high stresses that may be set up in the tums. A pure capacitor can not
dissipate the energy in wave front or in high frequency discharge but it just reflects
the energy away from the equipment to be protected while the energy is dissipated in
the resistance of line conductors and earthing resistances. With a series combination of
resistor and capacitor, a part of energy is dissipated in the series combination in
addition to prevent it from approaching to the equipment. The arrangement is shown
in the Fig. 12.24 (i) and (ii). At normal power frequency, the reactance of capacitor is
high and practically no current flows to the ground.

The surge absorber may also be in the form similar to air cored transformer with
low inductance primary and single turn short circuited secondary to act for energy
dissipation. When the travelling wave is incident on the absorber, a part of energy is
dissipated as heat due to transformer action and by eddy currents. Because of series
inductances, the wave front steepness is reduced.
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Ling * Transtormer Ling Transformer

L.
!

(i (if)

Fig. 12.24 Surge absorber using capacitor

In another type of surge absorber, a parallel combination of resistance and
inductance is used as shown in the Fig. 1225 . This combination is placed in series
with the line steep wave fronts or high frequency discharges to find the inductive
path to have more reactance and are forced through resistance where they are
dissipated. The power frequency currents find inductive path of minimum impedance
(X =2nfLlie X; = )and pass through it without much loss.

The Ferranti surge absorber consists of
. inductive coil magnetically coupled but

not electrically to a metal shield and the
$ steel tank containing it. The coil is
Line Transformer cylindrical and currents are induced in

L

metal shield. The absorber is enclosed

cylindrical boiler plate tank and is vacuum

Fig. 12.25 impregnated. It is similar to transformer

with  short circuited secondary. The

inductor is primary while metallic shield acts as short circuited secondary dissipator.

The energy is dissipated as heat generated in a dissipator due to transformer action. It
is used for the protection of transformer. It is shown in the Fig. 12.26.

Due to filter effect, the high frequency currents are prevented from passing freely

through the absorber, The energy transferred through mutual induction is dissipated
in the form of heat in the dissipator.
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Fig. 1226 Ferranti surge absorber

12.24 Summary of Protective Devices Against Lightning Surges

Sr. No. Davice

Fiald of application

i Rod gap lype

Bushing Insulalor, Support Insulatar, Across Insulator
Siring

2 Overhead earthed ground

Above overhead fransmission lines | In the substation

Wil arnea
3 Vertical masts Substations
a2 Earthed Oghtning rods Above tall buildings or structures
o Lightning or surge amesters | Incoming lines in substations, Mear terminals of
transformers and generaiors, Pole mounted distnbution
syslems
6 Surge absorbars Near rotating machings or switchgear, ACTOSS SEMeEs

reaciors

Table 12.3

Review Questions

classified ?

[

1. Expluin the phenontoson of lightning discharge.

2. Wit are various types of lghtning strokes 7 Explain Hwm in detoil,

3. What are e harmful offects of lightning strokes on substation equapments ?

4. What are various methods of protection against lightwing strokes 7

5. How do carthing scroenm and grownd wires provile profection agrinst dorect lighbmone strokus 7

. What &5 a surge diverter 7 What s basic principle of operation of surge diverfer 7 How anr Hiey

Write short moles on the following types of arresters
i} Horn gap arrester i) Bod gap arvester iif} Multigap arrester

ivh Expulsion type arrester o) Valoe bype arrester
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Explmin clearly how rating of lghtwing arvester i selected, How the location of lightming arrester
is depided ¥

Explmin thwe folloroing lerms relabed o dhwe lightwing arrester
a) Rated voltage Iy Fallow current et Discharge current

i} Power frequency spark oter voltage el Impulse spark over volfage

1 Resvdund volfage g} Rated current
Whatt i= tower footing resistance 7 What are the methods to reduce this resistiance 7

Wit e o grodd wire 7 Discuss b location with respect to He line condctors,
Explmin the operation of variows bypes of siwrge absoriers,
Wit do yo mean by coofficient of eartiing 7

What are the basic requeirements of a good lightning arrester ?
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