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DISCLAIMER

This document does not claim any originality and cannot be used as a substitute for
prescribedtextbooks. The information presented here is merely a collection by the committee
members fotheir respective teaching assignments. Various sourcegasoned at the end of
the document awell as freely available material from internet were consulted for preparing this
document. Theownership of the information lies with the respective authors or institutions.
Further, this document is not intendedlde used for commercial purpose and the committee
members are not accountalite any issues, legal or otherwise, arising out of the use of this
document. The committee membenske no representations or warranties with respect to the
accuracy or completess of the contentd this document and specifically disclaim any implied
warranties of merchantability or fitness farparticular purpose. The committee members shall
not be liable for any loss of profit or any otleemmercial damages, including buitdimited to
special, incidental, consequential, or ottiamages.
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SYLLABUS

SWITCHGEAR AND PROTECTIVE DEVICES (3 -1-0)
MODULE -1 (10 HOURS)
Protective Devices: Philosophy of protection, Nature, Causes and consequences of faults, Zone of
protection, Requirements of a protective scheme, Basic terminology components of protection scheme.
Relay classification, Principle of different types of electromagnetic relay. General equation of phase and
magnitude comparators, Duality of comparators, Electroetagrelays, over current relays Directional
relays, Distance relaympedance, Reactance and Mho type, Differential relays.
MODULE -II (10 HOURS)
Feeder: Protection: Over current and earth fault protection, Distance protection, Pilot wire protection,
Carrier current protection.
Generator Protection: Biased differential protection, restricted earth fault protection, Field suppression,
Negative sequence protection, Earth fault detection in rotor circuit
Power transformer Protection: Biased differentialtections, restricted earth fault protection, Buchholz
relay Protection of combined transformer and alternator.
Bus Zone Protection: frame leakage and circulating current sehsenefTranslay relay.
MODULE -lIl (10 HOURS)
Circuit Breakers: Formation @frc during circuit breaking. Characteristics of electric arc. Theories of arc
Interruption. Recovery and restriking voltage, interruption of capacitive and inductive currents. Current
chopping. Principle of A.C. and D.C. circuit breaking requirement®od gircuit breaker circuit breaker
rating.
Different types of circuit breakers. Air break and Air blast circuit breaker. Plain break and controlled
break all circuit breakers. Minimum oil circuit breakers. Vacuum circuit breaker, SF6 circuit breaker.
D.C. Circuit breaker.
H.R.C. Fuse: Construction and characteristics
MODULE -1V (10 HOURS)
Static Relays : Development and classification of static relays, Different types of phase and amplitude
capacitors, Basic static relays used in protective scheme,eBiary idea about digital & numerical
protection. Testing and maintenance of protective gear, Protection againsswggebsorber, Surge
diverter.
Arrangement of Bus bar, Circuit breaker and isolator. Current limiting reactors in power systemrand thei

arrangement calculation of fault MVA for symmetrical short circuits. Circuit breaker capacity.
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MODULE -

Lesson Plan

1.1Fundamentals of Power System Protection

1.2 Consequences of occurrence fzult

1.3Zones of Protection

1.4 Protection System Requirements and some basic terminologies used
1.5Classification and principle of different types of electromagnetic relays
1.6 Over current relays

1.7 Directional relay

1.8 Distance relay

1.9 Differential relay

1.10 General equation of Comparators and the duality principle
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1.1 Fundamentals of Power System Protection

The purpose of an Electric Power System is to generate and supply electrical energy to
consumers. The power system should be designed and rdatwagdeliver this energy to the
utilization points with both reliability and economically

The capital investment involved ipower system for the generation, transmissemd
distribution is so great that the proper precautions must be taken to enstine ggatipment not

only operates as nearly as possible to pdfgiency, butalso must be protected from accidents

The normal path of the electric current is from the power source through copper (or aluminium)
conductors in generators, transformers aadgmission lines to the load and it is confined to this
path by insulationThe insulation, however, may break down, either by the effect of temperature
and age or by a physical accident, so that the current then follows an abnormal path generally
known & Short Circuit or Fault

A Any abnormal operating state of a power system is knowAaH T. Faults in general
consist of short circuits as well as open circuipen circuit faults are less frequent than

short circuit faults, and often they are transfadme to short circuits by subsequent

events
Classification of switchgear
Low voltage switbhgear High voltage switchgear

b4 A4
3 Switches (Air break type) - i switches
--—% |golators —# |solators:
¥ Fuses I Circuit breakers

b Relays ¥ HRC fuses upto medium

* voltage
¥ Circuit breakers -
’ Lightning arresters

-—— Current transformer &

potential transformers
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1.2 Consequences of occurrence of Faults
Faults are of two type

1 Short circuit fauklt current

1 Open circuit fauk voltage

In terms of seriousness of consequences of a fault , short circuits aregoédter concern
than open circuits, although some open circuits present some potential hazards to personnel

Classification of short circuited Faults
A Three phase faults (with or without earth connection)
A Two phase faults (with or without earth connecion
A Single phase to earth faults
Classification of Open Circuit Faults
A Single Phase open Circuit
A Two phase open circuit
A Three phase open circuit
Consequences

A Damage to the equipment due to abnormally large and unbalanced currents and low

voltages produced by the short circuits

A Explosions may occur in the equipments which have insulating oil, particularly during
short circuits. This may result in fire and hazardous conditions to personnel and

equipments

A Individual generators with reduced voleagn a power station or a group of generators
operating at low voltage may lead to loss of synchronism, subsequently resulting in

islanding.
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A Risk of synchronous motors in large industrial premises falling out of step and tripping

out.

The general layout & protection system may be viewed as given in the following figure

r—— T - T == q

I |

I |

Protection i Trip i I;:riggliiér i

-IH Equipment ! coil ‘ Mechanism !
p— | :

I |

o | |
I |

i S |

____________________________________________________________________________

1.3 Zones and types of Protection system
1.3.1 Zones of Protection system

A An electric power system is divided into several zones of protection. Each zone of
protection, contains one arore components of a power system in addition to two circuit

breakers.

A When a fault occurs within the boundary of a particular zone, then the protection system
responsible for the protection of the zone acts to isolate (by tripping the Circuit Breakers)
every equipment within that zone from the rest of the system.

A The circuit Breakers are inserted between the component of the zone and the rest of the
power system. Thus, the location of the circuit breaker helps to define the boundaries of

the zones of prettion.
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A Different neighbouring zones of protection are made to overlap each other, which ensure
that no part of the power system remains without protection. However, occurrence of
the fault with in the overlapped region will initiate a tripping sequesfcdifferent

circuit breakers so that the minimum necessary to disconnect the faulty element

| —— | ral=t o |

Feed=r 1 E Feed=r 2 1 Feeder 2
T ©

Zone 1 Zone2 Zone 4

1.3.2 Types of Protection (Primary and Baakg Protection)
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1.3.2.1 Primary Protection

T The primary protection scheme ensures fast and selective clearing caudny f
within the boundaries of the circuit element, that the zone is required to protect.
Primary Protection as a rule is provided for each section of an electrical

installation.

However, the primary protection may fail. The primary cause of failure d?tineary Protection

system are enumerated below.
1. Current or voltage supply to the relay.
2. D.C. tripping voltage supply
3. Protective relays
4. Tripping circuit
5. Circuit Breaker
1.3.2.2 Backup Protection

Backup protection is the name given to a protection which backsptimeary
protection whenever the later fails in operation. The haxlprotection by definition is slower
than the primary protection systemThe design of the baeakp protection needs to be
coordinated with the design of the primary protection and daa#ignt is the second line of
defence after the primary protection system.

1.4 Protection System Requirements and some basic terminologies used
A The fundamental requirements for a protection system are as follows:

1.4.1 Reliability: It is the ability of the priction system to operate correctly. The reliability
feature has two basic elements, whichdependabilityandsecurity The dependability
feature demands the certainty of a correct operation of the designed system, on
occurrence of any fault. Similatlyhe security feature can be defined as the ability of the

designed system to avoid incorrect operation during faults. A comprehensive statistical
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method based reliability study is required before the protection system may be
commissioned. The factors vahi affect this feature of any protection system depends

on some of the following few factors.
a) Quality of Component used
b) Maintenance schedule
c) The supply and availability of spare parts and stocks
d) The design principle

e) Electrical and mechanical stress to @hithe protected part of the system is
subjected to.

1.4.2 SpeedMinimum operating time to clear a fault in order to avoid damage to equipment.

The speed of the protection system consists primarily of two time intervals of interest.

a) The Relay TimeThis is thetime between the instant of occurrence of the fault to the

instant at which the relay contacts open.

b) The Breaker TimeThis is the time between the instant of closing of relay contacts to

the instant of final arc extinction inside the medium and remdtalecfault.

1.4.3 Selectivity This feature aims at maintaining the continuity of supply system by
disconnecting the minimum section of the network necessary to isolate the fault. The
property of selective tripping iresormaforso k n
which the entire system is divided into several protective zones so that minimum protion
of network is isolated with accuracy. Two examples of utilization of this feature in a

relaying scheme are as follows
a) Time graded systems
b) Unit systems

1.4.4. SensitivityThe sensitivity of a relay refers to the smallest value of the actuating quantity

at which the relay operates detecting any abnormal condition. In case of an overcurrent
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relay, mathematically this can be defined as the ratio betweendhecsbuit fault current
(Is) and the relay operating currend)(IThe value ofd, should not be too small or large so

that the relay is either too sensitive or slow in responding.

1.4.5 Stability. It is the quality of any protection system to remain stalitlein a set of defined
operating scenarios and procedures. For example the biased differential scheme of
differential protection is more stable towards switching transients compared to the more

simple and basic Merz Price scheme in differential protection

1.4.6 Adequacylt is economically unviable to have a 100% protection of the entire system in
concern. Therefore, the cost of the designed protection system varies with the criticality

and importance of the protected zone. The protection system for mord potittans

is generally costly, as all the features of a good protection system is maximized here.
But a small motor can be protected by a simple thermally operated relay, which is
simple and cheap. Therefore, the cost of the protection system shouledoatadin its

cost.
1.4.7 Some basic terminologies used in protection system
Some basic terminologies commonly used in the protection system are enlisted below.

i) Measuring Relay ii) Fault Clearing Time iii) Auxilliary relay iv) Relay TimeRick up
value vi) Reset Value vii) Drop out viii) Reach ( under and over reaches) ix) Relay
Burden x) Unit/ Non unit protection xi) All or Nothing relay

1.5 Classification and construction of relays
1.5.1 Classification

Protection relays can be primigrclassified in accordance with their construction, the actuating
signal and application and function

1.5.1.1 According to the Construction principle
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Depending upon the principle of construction, the following four brad categories are found.
A Electromechaical
A Solid State
A Microprocessor
A Numerical
1.5.1.2 According to the actuating signals

The actuating signal may be any of the following signals including a numbers of different
combinations of these signals depending upon whether the designed relag eegirigle or

multiple inputs for its realization.
A Current

Voltage

Power

Frequency

Temperature

Pressure

o Do o o Do o

Speed
A Others
1.5.1.3 Function

The functions for which the protection system is designed classify the relays in the following few

categories.
A Directional Over current

A Distance
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A Over voltage
A Differential

A Reverse Power
A Others

It is important to notice that the same set of input actuating signals may be utilized to design to
relays having different function or application. For example, the voltagewneht input relays

can be designed both aPetance and/ or eReverse Powaelay.
Electromechanical relays

These relays are constructed with electrical, magnetic & mechanical components & have an
operating coil & various contacts,& are very robustréiable. Based on the construction,

characteristics, these are classified in three groups.
Attraction relays

Attraction relays can be AC & DC and operate by the movement of a piece of iron when it is

attracted by the magnetic field produced by a ddikre are two main types of relays:
1. The attracted armature type
2. Solenoid type relay
Attracted armature relays
A Consists of a bar or plate (made of iron) that pivots when it is attracted towards the coil.

A The armature carries the moving pdrthe contact ,which is closed or opened, according

to the design, when the armature is attracted to the coil.
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— —
— g R

- Hinged armature relay

Solenoid type relays

In this a plunger or a piston is attracted axially within the field of the solenoid.slcdke, the

piston carries the moving contacts.

Fixed contact e

Piston

Moving contact e
- Restraining

spring

Solenoid-type relay

2
The force of attraction = K- - K,
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Where, K depends on

A The number of turns of the coil

A The air gap

A The effective area

A The reluctance of the magnetic circuit

K2 is therestraining force, usuallyroduced by spring

For threshold or balanced condition, the resultant force is zero.

—_—

r

<17 =K

In order to control the value of current at which relay operates, the parameterd K; may
adjusted. Attraction relays effectively haveno time delay and are widely used when

instantaneousperation is required
Relays withmovablecoils

This type of relay consists of a rotating movement with a small coil suspended or pivoted with
the freedom to rotate between the poles of a permanaghet.The coil is restrained by two

special springs which also serve as connections to carry the current to.the coil

Moving coil Moving coil

Magnet

™™

Contact arm !
e~
[
4 \
Ligaments & Spring

Spring

e e

Mild steel yoke

Moving-coil relay for protection schemes
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The torque produced in the coil is
T — BlalnN\i
Where, T= Torque
B= flux density
I= length of the cib
a= distance between the two sides of the coll
i=current flowing through the coll
N=number of turns in the coil
A The relay has inverse type characteristic
Induction relays
A An induction relay works only with AC

A It consists of an electromagnetic system Which operates on a moving conductor,

generally in the form of a DISC or CUP

Production of actuating torque

Electromagnetic forces in induction relays
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Various quantities are shown at instant when

A Both fluxes are directed downward
A Are increasing in mgnitude
Let
ZAO—, L L.
@, (1) = @, sin(ewt + &)

It may be assumed with negligible error that the paths in which rotor current flow have

negligible self inductance.
F=F ¥+

o ¢, ()i, (1) — &, ()i, (1)

o ¢ @, [sin(ewt + & )cos(wi)

—sin{wt)cos(@rt + & )]

sin &

- & Qj me 1 Qj‘ me 2
Since sinusoidal flux waves are assumed, we may substitute the rms values of the fluxes for the

crest values in the alle equation.

==& o

Alt may be noted that the net force is same at every instant.

AThe net force is directed from the point where the leading flux process the rotor towards
the point where the lagging flux pierces the rotor.

A Actuating force is produckin the presence of out of phase fluxes.
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A Maximum force is®°produced when d=90
Classification of induction relays
1. Shaded pole relay
2. Watthour meter type relay
3. Cup type relay

The air gap flux produced by the current flowing in a single coplis iato two out of
phase components by a so called O6Shading Ring

b

pole face of each pole at the air gap.

A The shading ring may be replaced by coils if control of operation of the shaded pole relay

is desired

A The inertia of the disc provides the time delay characteristics.

Disc
i Coil

Disc

Shaded-pole relay Shaded'PO/e indUCtion'diSC re/ay
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Watt houri meter structure

A This structure gets its name from the fact that it is used in watt hour meters.

A As shown in the top figure below,dontains two separate coils avot different magnetic

circuit, each of which produces one of two necessary fluxes for driving the rotor, which is

also a disc
Upper T Plug
electromagnet bridge
I
=3
Pri RS
rimary <
winding 9 ¢
1.\
|
L
2 Q\P
p D
Secondary
po—— 1 winding
— —=— Disc
4
——l Lower
——
j} electromagnet

Winding arrangement

i
Z4 124,

N

i_\
o
S
AN

Four pole cup relay Fixed
core
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Inductioncup

A This type of relay has a cylinder similar to a cup which can rotate in the annular air gap

betweerthe poles & the fixed central corEhe figure is shown above.

A The operation of this relay is similar to that of an induction motor with salient poles for

the windings of the stator
A The movement of the cup is limited to a small amount by the contact &dps.
A A special spring provides restraining torque.

A The cup type of relay has a small inertia & is therefore principally used when high speed

operation is required, faxample in instantaneous units.
General Torque equation of Relay

Before understandg about different otherelays it is first necessary to know the

general torgue equation that defines any relag following equation defindsrque in general.
T=K,I2+K,V?+KVICogg- t)+K,
Where dis the power factor angle atliis the angle of maximum torque.

As seen from the equation, the component of torques may be proportional to current,
voltage power and combination of the three quantities. The conktaist meant for the spring
constanbf the relay. Depending upon the type of relay, the one or several of the four constants
K1l K4 are either zero or non zero. In the subsequent discussions this will be elaborated when

different types of relays are discussed.
1.6 Overcurrent Relays
A Protection against excess current was naturally the earliest protection systems to evolve

A From this basic principlbas beemvolved the graded over current system, a discriminate

fault protection.

A Aover currento protectiononos. different f
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A Overload protectiomakes use of relays that operate in a time related in some degree to
the thermatapability of the plant to be protected.

A Over current protectignon the other hand, is directentirely to the clearance of the
faults, although wh the settings usually adopted some measure of overload protection is
obtained.

A In terms of the general torque equation dver current relay has botonstant, and

Kz equal to zeroTherefore, the equation becomes
T=KI?+K,
1.6.1Types of ovecurrent relays

A Based on the relay operating characteristics , overcurrent relays can be classified into
three groups

T Definite current or instantaneous

T Definite time

T Inverse time
DEFINITE-CURRENT RELAYS

A This type of relay operates instargansly when the current reaches a predetermined

value.
F'y

T timeT
time

Definite

T Definite tlme
current current >
Definite b it
DEFINITE TIME CURRENT RELAYS current
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A This type of relay operates after a definite time when the current reaches a pre

determined value.
INVERSE TIME RELAYS

A The fundamental property of these relays is thay operate in a time that is inversely
proportional to the faulturrent.Inverse time relays are generally classified in accordance

with their characteristicurve that indicatethe speed of operation.

A Inversetime relays are also referred as inversdinite minimum time or IDMT over

current relays
SETTING THE PARAMETERS OF TIME DELAY OVERCURRENT RELAY
Pick-up setting

The pickup setting, or plug setting, is used to define the -piglkcurrent of the relay, and

fault currents seen by the relay areregged as multiples of plug setting.

A Plug setting multiplier (PSM) is defined as the ratio of the fault current in secondary

Amps to the relay plug setting.

A For phase relays the pitlp setting is determined by allowing a margin for overload

above the nomial current, as in the following expression
Pick-up setting= (OLF X hom) / CTR
Where, OLF = Overload factor that depends on &ement being protected.
nom= Nominal circuit current ratinggnd  CTR = CT Ratio
Time dial seihg

A The timedial setting adjusts the tinielelay before the relay operates whenever the fault
current reaches a value equal to, or greater than the relay setting.

A The timedial setting is also referred to as time multiplier setting (TMS)

DISCRIMINATION BYTIME

23| Page



SWITCHGEAR AND PROTECTIVE DEVIi 2015

In this method an appropriate time interval is given by each of the relays controlling the CBs

in apower systento ensure that thiereaker nearesb the faultlocationopens first.

A simple radial distribution system is considered to illustrateghinciple

E D C B A

l'.‘-'-'_-\-\I\ﬁl\l\'l | -\:\"‘" -Lh"'\-\.\_l.f‘_-\?::i_xl | -Hx""\- |"f.-_‘?ﬁ-_

=/ ] N, [ 7NN T
TTT / Lo =

A radial distributionsystem withtime-discrimination

A The main disadvantage of thisethod ofdiscrimination is that the longest fault clearance
time occurs for faults in the section closest to the power source, where the fault level is

highest.
DISCRIMINATION BY CURRENT

A Discrimination by current relies on the fact that the fault cuvaries withthe position
of the fault, because of the difference in impedance values betweesotitee andhe

fault.

A The relays controlling CBs are getoperateat suitably tapered values such that only the

relay nearest the fault trips its circuit breaker.

11k 200 metres 200 metres AN A
2E0MNWA 240mm2 P.I.LC. 240mm?2 P.I.LC. 11/3.3kV
Source Cable Cable 70k
.’ 7 W 7 7 N I 4
C / B / / A /
Fy F; b by

Inverse time over current relagharacteristic is evolved to overcome the limitations imposed by

the independent use of either time or over curreotdipation.
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1.7 Directional Over Current Relays

1. When fault current can flow in both thdirectiors through the relayat its location.
Therefore,t is necessary to make the rel@gpond for a particular definetirection so
that proper discrimination gossible. This can be achievéy introduction of directional

control elements.

2. These are basically power measuring devices in which the system voltage is used as a

reference for establishing the relative phase of the fault current.

Basically, an AC diretional relay can recognize certain difference in phase angle between

two quantities, just as a D.C. directional relay recognize difference in polarity
1.7.1The polarizing quantity of a directional relay

1. It is the reference against which the phase anglth® other quantity is compared.
Consequently the phase angle of the polarizing quantity must remain fixed when other

guantity suffers wide change in phase angle.

2. The voltage is chosen as t heltagé ipdudtianrtypez i ng o

directional relay.
3. Four pole induction cup construction is normally used.
1.8 Distance relay
Distance relay is used for the protection of transmission line & feeders

In a distance relay, instead of comparing the local line current with the curreneatfar
of line, the relay compares the local current with the local voltage in the corresponding

phase or suitable components of them
1.8.1Principle of operation of distance relay

1. The basic principle of measurement involves the comparison of fatdintiseen by the

relay with the voltage at relaying point; by comparing these two quantities.
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2. ltis possible to determine whether the  impedance of the line up to the point of fault is
greater than or less than the predetermined reach point impedance

There are two types of torques

1. Restraining torque
T.aVZ
2. Operating torque
Toalz
The relay trips whengl' greater than [T

KIZ =>\V7
\Ii <JVvK
|:

The constant K depends on the design ottbetromagnets.
1.8.2 TWypes of distance relay

Distance relays are classified depending on their operating characteristic in-¥e R

plane
A Impedance Relay
A Mho Relay
A Reactance Relay
IMPEDANCE RELAY

The torque equation T, for such a relay the currentades the operating torque and

the voltage actuates the restraining torque, with the usual spring cdfstant
T=K/|I*+KNV?+K,
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Considering K to be negative (as it produces the restraining torque) egigcting the torque

component due tgsing, the equation represents a circle in the flane.
DISADVANTAGE OF IMPEDANCE RELAY

1. Itis not directional.

2. ltis affected by the Arc resistance

3. ltis highly sensitive to oscillations on the power system, due to large area covered by its

circular claracteristic
REACTANCE RELAY

The reactance relay is basically a directional restrained overcurrent relay. Therefore, the

actuating quantity is current and the equation becomes as follows, where the d¢tnistaeto.

T=K,2+KVICogg- t) +K,
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In the above equation, constaKy is positive as the current produces operating torque
and K3 is negative as the power direction produces restraining torque. In the above
equationtheangld i s c o n 9. iSalteeregqudtionadsrived ®

T=K,]?%- KVICogg-90)+K,2 0
Simplified to

V.. K K
I—Sln67¢K—z, which gives 2519 = X ¢K_: in the RX plane The characteristics

resembles a horizontal line parallel to theas with constant Xvalue. The portion

below the line gives the operating zone of the relay.
1. The reactance relay is designed to measure only reactive component of the line reactance.
2. The fault resistance has no affect on the reactance relay
MHO RELAY

The Mho relay combirgethe properties of impedance and directional relays. Its characteristic is
inherently directional and the relay only operates for faults in front of the relay lodati@nms

of the torque equation the relay characteristics can be obtained by makicgngtanK; equal

to zero. It is basically a voltage restrained directional relay and the torque equation becomes.

T=KNVICogg- t)- KV2-K,20

Simplifying,

K, K Vv
~3Codq- )2 ZH—2 i Z=—
K, 0490 K,vI » Since =

Further,neglecting the spring constaky,
Z¢Z,Cos(g-t)
The above equation actualk/defined by circle, whose circle is offset from the origin which has

—_ KS
a diameter of4r = K_2 This relay has a larger coverage oiXRplaneand therefore it is least

affect ted by condition gbower swing. The characteristics is shown below.
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1.9 Differential Relay

One of themostprevalent and successfulethod of protecting a circuit is to arrange relays to
compare the currents entering and leaving it, which should be the same undaraomditions
and during an external fault. Any difference current must be flowing in to a fault within the

protected circuit
1.9.1Principle of circulating current differential (MERZRIZE) protection

The figure belowillustrates the principle of ifferential protection of generator and
transformer, X is the winding of the protected machine. Where there is no internal fault, the
current entering in X is equal in phase and magnitude to current leaving X. Thea@dssich a
ratio that during the namal conditions or for external faults (Through Faults) the secondary
current of CT's are equal. These current sagnd } circulate in the pilot wire. The polarity
connections are such the currepand b are in the same direction of pilot wire duringrmal
condition or external faults. Relay operation coil is connected at the middle of pilot wires. Relay

unit is of over current type.
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Fig.  1(a). Principle of circulating current relay of

generators, transformers.
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-

Fig. 1(b). Internal Fault: I, -Iz20.

During normal condition and external fault the protection system is balanced and the CT's ratios

are such thatezondary currents are equal. These current circulate in pilot wires. The vector

differential current4 I, which flow through the relay coil is zero.

l1-12 = 0 (normal condition or external faults)

This balance is disturbed for internal faults. WHiault occurs in the protected zone, the

current entering the protected winding is no more equal to the leaving the winding because some

current flows to the fault. The differential-l flows through the relay operagrcoil and the

relay operates if #tnoperating torque is more than the restraining torque.

The current 4 and b circulate in the secondary circuit. Hence CT's does not get damaged.

Polarities of CT's should be proper, otherwise ¢heents { and b would add up even for

normal conditiorand mal operate the relay.
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1.9.2 Differential Protection current balance

A When this system is applied to electrical equipment (Generator stator windings,

Transformer, Bus bars etc.) it is calléiferential current protection.

A When it is applied tdines and cables it is callgulot differential protectiorbecause pilot
wires or an equivalent link or channel is required to bring the current to the relay from the

remote end of the line.

The CTs at both ends of the protected circuit connected soththrough load or through fault
conditions current circulates between the interconnected CTs. Thewvent relay is normally

connected across equipotenti al points and the

A Circulating current balance methods are widely usedparatus protection where CTs
are within the same substation area and interconnecting leads between CTs are short (e.qg.

generator stator windings, Transformer, Bus bars etc.)

A The circulating current balance method is also called longitudinal diffar@motection

or MerzPrice differential protection system.

A The current in the differential relay would be proportional to the phasor difference
between the currents that enter and leave the protected circuit. If the current through the

relay exceedthe pickup value, then the relay will operate.
1.9.3 Demerits of a Differential Relay( Merz Price Scheme)

1. Unmatched characteristics of C.T.s Though the saturation is avoided, there exist difference
in the C.T. characteristics due to ratio errdnigh 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 yelln this relay, the
difference in current due to the ratio error exists and flows through relay coil. But at the same
time the average current { + 1,/2) flows through the restraining coil which produces enough

restraining torque. Hence relay beconmexperative for the through faults.
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2. Ratio change due to tagchange 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 trdasmer. This equipment effectively alters the turns ratio. This
causes unbalance on both sides. To compensate for this effect, the tapping 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.

The percentage differential relays ensure 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 pilotwires: Due to the difference in lengtltd 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 resistgrequipotential poits on the pilot wires can be adjusted. In percentage
differential relays the taps are provided on the operating coil and restraining coil to ahieve
accuratebalance.
4. Magnetizing current inrush: When the transformer is energized, the condition ifytia of
zero inducedE.m.f. A transient iflow of magnetizing currendccursin to the transformer. This
current is called magnetizinigrush currentThis current may be as great as 10 times the full
load current of the transformer. This decays verybiaand is bound to operate differential
protedion of the transformer falsely, because of the temporary difference in magnittige of
primary and secondary currents.

The factors which affect the magnitude and direction of the magnetizing icursimt can
be one of the following reasons.
a. Size of the transformer.
b. Size of the power system
c. Type of magnetic material used for the core.
d. The amount of residual flux existing before energizing the transformer.
e. The method by which transformerenergized.

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 flux should be maximum
in highly inductive circuit. And in a half wave flux ressal 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

32| Page



SWITCHGEAR AND PROTECTIVE DEVI1 2015

opposite direction. Due to this magnetizing current inrush is less or more. If it is more, it is
responsible to satuethe 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 coe. 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 phagshown in thedigure bdow.
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The reason for using this modificatiamthe circulating currenschemejs to overcome the
trouble arising out of differences in CT ratios for high values of external short circuit currents.
The percentage differential relay has an additional restraining coil connected in the pilot wire as
shown inthe above figure.

In this relay the operating coil is connected to themaiht of the restraining coillhe
restraining torque therefore is proportionathhe sum of ampere turns in tigo halves, i.e
(11N/2) + (IN/2) which gives the average restraining current of (b)/2 in N turns. For external
faults both { and b increase and thereby the restraining torque increases which prevents-the mal
operation.The operating characteristic thierelay is given irthe figure below.

The ratio of differential operating curretataverage restraining currentadixed percentage
and the value of which decides the nature of the characteristics. Thetledarelay isalsocalled
‘percentage differential relay' The relay isalso calledBiaseddifferential relay becausehe

restraining coil bias coi) biases the main flux by sonaéditional flux.

CHARACTERISTIC

POSITIVE TORQUE
REGION

EFFECT OF AL R v ey

SPRING g g 2 a0 o seineled oy
ol NEGATIVE -TORQUE - . -
A REGION,

o DM o
AP L SRR
R K B D

.
o a3 St ey

DEFERENTIAL OPERATING CURRENT
I~I,

-”% AVARAGE RESTRAINING CURRENT

Fi 4. Operating characteristic of differential relay.

S

The percentage of biased differential relay has a rising single pick up characteristic. As
the magnitude of through current increases, the restraining cdeemgases.

1.9.5 Setting of differentiaélay:
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The circulating current differential relay has tow principle settings namely,

- Setting of operating coil circuit.

- Setting of restraining coil circuit.

Setting of operating codircuit (Bast setting). The percentage setting of (Basic setting) of

operating coil circuit is defined as thagio:

Smallest current in oprerating coil to cause operation
A1t 1n oprerating coil to cause operation

% Basic Setting = -
’ . Rated current of the operating coil

100

(when the current in r&®ining coil is zero)

Setting of restraining coil circuffpick up value). It is defined as the ratio :

_ Current in operating coil for causing operation
Current in restraining coil

x 100

: I -1
9’ - ) o c—
oPick-up Value Ty +1p)/2 x 100

While determining this settg the factorsvhich needs to beonsidered include

- CT Errors -Tap-changing

- Resistance of pilot wires - Stability of through faults

In case of power transformers, percentage basic settinghie ofder of 20 % and
percentage pickip value of the order of 25%.
1.9.6 Harmonic restraint Feature in Differential Relay

Thus more the harmonic contents in the inrush current, more is the restraining torque and the
relay does not operate. So use afcpatage 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 figeire below.

35| Page



SWITCHGEAR AND PROTECTIVE DEVIi 2015

Restraining
codls

Magnetizing current compensation

The filter R is designed to pass the fundamental 50 Hz component which excites the
operating coil B The magnetizingurrent has large third harmonic component. There is an
additional restraining coil RThe filter F is designed to pass the third harmonic component
which energizes the additional restraining il The current passing through normal restraining
coil and current passing through additional restraining ceipf@duce 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 diffeéaénelay 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 compond is maximum and thus blocking relay is blocked with its contacts remain
open.

In short circuit case, the harmonic component is negligible and 50 Hz compensated is
dominant. Hence the blocking relay operates to close its contact. This principéled
harmonic blocking.

1.10 Comparators

Looking at the general torque equation and any of the other relaysitusad be seen that the
net operating torque component can be derived by comparing the operatimgsaacing

torques. Therefore inladtatic relays, the comparator is the primary component.

In a general two input comparator
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S, =KV +Zg Iy

S, =KV +Zg;, |,

Where K and K are real constantszsZand Z. are the complex impedances
1.10.1Classification of comparators

A Amplitude Comparator

A Phase Comparator

A Hybrid Comparators

Phase comparator gives outpullif t he phase d$, farfds,satisfiese
a1 O U, O =
Amplitude Comparatogives output if
S1> S
Amplitude Comparator classification
Amplitude Comparators can be classified into several catsguch as
a)Integrating Type b) Instantaneous type c) Sampling Type
The Integrating type is further classified into
i) Circulating current type ii) Voltage opposed type
Similarly the Instantaneous type is further classified into
I) Averaging type iiPhase splitting type

1.10.2General equation of phase comparator

S =KV +Zpy Iy

=a+jb=S]l a,

Let
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u =GU
ac+bd

JI(ac+bd)?® + (be- ad)?]

cosa =

Let
V_L =V, 10 Z_R’:I. =Zp 0
EZILT -f Z_RzzszT d.

The phase comparator can be categorized into several categories. They are as given below.
i) Coincident type ii) Block and spikes type iii)Phase splitting type
iv) Integrating type v) Integrating type with rectifier afdND gate.

vi) Vector product type vii) Cosine type

1.10.3 Cosine type phase comparator
The cosine type phase comparator gives output for
-2 O U O "2
The criterion for operation thus d@mes

Cos U O o

1.10.4 The Duality Principle of Phase/Amplitude Comparators

A comparatofamplitude/phase) can be utilized as a phase or amplitude comparator. If the
original two inputs are changed to the inputs which signals are derived by addlisgparacting
the original signals.

Iftwo inputsare pand Swi t h phase angle between t+H5gm i s «,
S-S

«=§ 0 [5,+S)|=[5,- S|

(< Y90 [5,+S)[<[S;- |
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« >80 S, +S,|> S, - S

S, KT T3 S +S,|

S-S

1.10.5: Hybrid type of comparator

These comparators are those which are formulating by combining the circuits of both amplitude
and phase comparators. These comparators can achieve many of the complex relaying actions.
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MODULE-II

OUTLINE OF LESSON PLAN

PROTECTION OF FEEDERS

2.1 Over current and earth fault protection

2.2 Pilot wire protection
2.3 Carrier current protection
GENERATOR PROTECTION

2 4 Biased differential protection

2.5 Earth fault protection

2.6 Negative sequence protection
TRANSFORMER PROTECTION

2.7 Transformer Differential protection

2.8Buchholz Relay
BUSBAR PROTECTION

2.9 Frame-earth Protection
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PROTECTION OF FEEDERS
2.1 Over current and earth fault protection

It is customary to have two elements of over current and one element of earth fault protection
system in the most elementary form of protection of three phase fe&iifesent types of feeders
employ the over current protection along with the directional relay so that proper discrimination of an
internal fault is possible. Some examples are illustrated below.

2.1.1Application of directional relays to parallel feeders

It may be seen from the belayiven parallel feeders that the relays placed at the load side of both the
lines use directional element which respond to a direction away from the bus bars. Similarly, the

relays placed at the source side do not require any directional element.
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2.1.2Application of directional relays to ring mains
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A similar concept of discrimination is also utilized in the below given ring main feeder and a feeder
fed from both the sides. It can be observed that relays placed near the bus connectimggbhedsm not
have any directional feature, where as the rest of the buses, respond to a direction always away from the
source. It is good practice to locate a fault any where among different sections of the feeders and check
whether that particular séan only is isolated without disrupting the power flow in other sections.

2.1.30ver current protectioradial system

1Tk 200 metres 200 metres BT
250MWA 240mm2 PI.L.C. 240mm2 PLLC. 11/3.3kV
Source Cable Cable T

'@{*‘“ /"“‘“‘/ ran G s e
o A S A

Ly ) L ¥y

2.2 Pilot wire schemes for feeder protection

In differential protection scheme, the current entering at one end of the line and leaving
from other end of the line is compared. The pilot wires are used to connect the relays. Under
normal working condition, the two currents at both ends are equal and pilot wires do not carry
any current, keeping relays inoperative. Underinternalfault condition, the two currents at
both theends are no longer same, this causes circulating current flow through pilotawites
makes theelayto trip.

The various schemes used with this method of protection are,
1. MerzPriceVoltageBalanceSystem
2. TranslayScheme

2.2.1MerzPrice Voltage Balance System

Thefigure belowshows MerzPrice voltage balance system used for the three phase feeders.
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Under normal condition, current entering the line at one end is equal to cea@ngl from the
other endThereforeequal and opposite voltages are induced in the secondaries of C.T.s. at the
two endgesulting in nacurrent flow,throughtherelay.

Under fault condition, two currents at the two ends are different. Thusettendary
voltages ofboth the endC.T.s differ from each otherThis circulates a circulating current
through the pilot wires and the relays. Thus the relays trip the circuit breakers to isolate the faulty
section.

Theadvantagesof this method ares follows
1. It can be used for parallel as well as ring main system.
2. It provides instantaneous protection to ground faults
Thelimitations of this method aras follows
1. The C.T.s used must match accurately.
2. The pilot wires must be healthy withaliscontinuity.
3. Economically not suitable as the cost is high due to long pilot wires.
4. Due to long pilbwires, capacitive effects adversely bilas operation of the relays.

5. The large voltage drop in the pilot wires requiring better insulation.

2.2.2 Translay Scheme

The translay relay is another type of differential relay. The arrangement is similar to
overcurrent relay but the secondary winding is not closed on itself. Additionally copper ring or
copper shading bands are provided onceirgral limb as shown in thgure below.
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Feeder Primary
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|—— Upper electromagnet
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In this scheme, two such relays are employed at the two ends of feeder as showigimehe

below.
(4 A
CT Feeder
:ﬂ— """""""""""""" :ﬁ— Foader
Relay 1 Relay 2
b T~
T+ T+
1~. ‘~,
1““: :'*'b
= &
)| L ]
%8:: %83
-
= = & =+
Pilot
wires

The secondaries of the two relays are connected to each other using pilot wires. Thearonnecti
is such that the voltages induced in the two secondaries oppose each other. The copper coils are
used to compensate the effect of pilot wire capacitance currents and unbalance between two

currents transformers.

44| Page



SWITCHGEAR AND PROTECTIVE DEVIi 2015

Under normal operating conditionthe current at the two ends of the feeder is same. The
primaries of the two relays carry the same currents inducing the same voltage in the secondaries.
As these two voltages are in opposition, no current flows through the two secondaries circuits
and no orque is exerted on the discs of both the relays.

When the fault occurs, the currents at the two ends of the feeder are different. Hence unequal
voltages are induced in the secondaries. Hence the circulating current flows in the secondary
circuit causing torque to be exerted on the disc of each relay. But as the secondaries are in
opposition, hence torque in one relay operates so as to close the trip circuit while in other relay
the torqueaestricts the operatiol€aremust betakensothat at leastone relay operates under the
fault condition.

Role of copperring: Mainly relays may operate because of unbalance in the current
transformers. The copper rings are so adjusted that the torque due to current induced in the
copper ring due to primanyinding of relay is restraining and do not allow the disc to rotate. It is
adjusted just tmeutralizethe effect of unbalancexistingbetweerthe current transformers. The
copper rings alsoeutralizethe effect of pilot capacitive currents. Though feeder current is
same at two ends, capacitive current maffow in the pilots. This current leads the secondary
voltage by 90. The copper rings are adjusted such that no torque is exerted on the disc, due to
such capacitive pilot current$herefore irthis scheme the demerits of pilot relaying scheme is
somewhat taken care of.

Theadvantagesof this scheme are,

1. Only two pilot wires are required.
2. The cost is very low.
3. The current transformers with normal design can be employed.

4. The caacitive effects of pilot wire currents do not affect the operation of the relays.

2.3 Carrier Current unit protection system

45| Page



SWITCHGEAR AND PROTECTIVE DEVI1 2015

2.3.1The basic block diagramnd various components

LINE TRAP LINE TRAP
TRANSMISSION LINE CB cr
Rl 12

LT —

The cT

PT
COUPLING PT
CAPACITOR ;: “ﬁj

1 4
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CARRIERCURRENT | [
RELAY UNIT RECEIVER, TRANSMITTER
POWER AMPLIFIER LINE
TUNNING UNIT, MASTER
OSCILLATOR

Schematic diagram of the carrier current scheme is shown below. Difbargic components of

the same are discussed below.
The Coupling capacitor

Thesecouplingcapacitor{CU) which offer low reactance to the higher frequency carrier signal
and high reactance to the power frequency signal. Therefore, it filters out the dower)
frequency and allows the high frequency carrier waves to the carrier current equipments. A low

inductance is connected to the CU, to form a resonant circuit.

L
ST _
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e O)Cl C U
= 1.5 mega ohms for 50 Hy,
= 150 ohms for 500 kHz,
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-
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Wave Traps

The Wave traps ( also known as Line Trap) are inserted betwedmshar and the connection

of the CU. These traps are L and C elements connected in parallel, and they are tuned in such a
manner that they offer low reactance to the power frequency signals and high reactance to the
carrier waves. They ensure that neitlof these different frequency signals get mixed up before

being received at the bus bar.

Both the CU and the Wave traps are protected from switching and lightening surges, with the

help suitably designe8park Gap®r Varistors
Frequencyspacing

Different frequencies are used in adjacent lines and the wave traps ensure that carrier signals of
other lines do not enter a particular line sectibmerefore, proper choice of frequency bands for

different lines are adopted.
Transmitter Unit

In a Transmitteunit, the carrier frequency in the range of 50 to 500 KHz of constant magnitude

is generated in the oscillajawhich is fed to an amplifier. Amplification is required to overcome

any loss in the coupling equipments, weather conditions, Tee conneatitieslines of different

size and length. The amplifier and the oscillators are constantly energized and a connection is

made between the two with the help of a control unit.

cT
E o

PT EiiE That! COUPLING UNIT

Q-—- LINE TUNNING UNIT
T |
' )

' Q«— POWER AMPLIFIER

—f— {Sv%—— RECEIVER
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Receiver Unit R -

\Y
RELAY UNIT TRANSMITTER AND
RECEIVER UNIT
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The Receiver unit consists of an attenuator and a Bandilp@sswhich restricts the acceptance

of any unwanted signals. The unit also has matching transformer to match the line impedance

and that of the receiver unit. FROM LINE
FILTER

COUPLER
AMPLIFIER
DETECTOR

—

T | MATCHING
ATTENUATOR e iy

A

' CARRIER
' RECEIVER
- ———ap
L)
' OSCILLATOR RELAY
S SUMMATION —=\__{ MODULATOR AMPLIFIER
MODULATOR

The Modulator modulates, the 50 Hz power signals with high frequendgrcasaves and the
modulated signal is fed to an amplifier. The amplifier output is transmitted via a CU. It takes half

a cycle of power signal to produce requigtecks of carrieras shown above.

The Schematic of CCE
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