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FOREWORD PREFACE TO THE THIRTEENTH EDITION
There has been, a long-felt need of a book giving , . The widespread acceptance of the earlier Editions promoted this revised and enlarged edition.

W1 c &ear and Protection and Power System Studies" (

e,nsiveaa systematic information of The book presents in-depth knowledge about the principles and practices of modern power system
-
1® ne®dJ^y publishing a book. I am proud that Shri Su °rlf, ° e congratulated for fulfilling engineering. It gives an integrated approach to the complex phenomena related with Switchgear,s u en o mine and I am very happy to write this foreword ° &U °P ° ^°°^’ *S an Protection, Fault-Calculations, Power System Analysis-Operation-Control-Automation, Digital relays,

a brillin < ; Micro-processor based Relays and Microprocessor based Integrated Control and Protection Systems,
Engineering of Karnataka Uhivnrsiiw'an^^fu?!)

311^ k°!ds a first-class B.E. degree in Electrical Energy Systems.
University. He has good practical '

ur . class degree in ‘Power Systems’ of Poona The k°°k wifi serve as a regular text book for electrical engineering courses to prepare the
Organisations like Hindustan Brown rf ^erieace m many of the reputed Electrical Firms and students for the careers in power sector. The book will also serve as a reference book to electrical
State Electricity Boards of Knrrmfoi Tl6” Baroaa> Kirlosker Electrical Co Ltd Bangalore * engineers working in power sector, electrical manufacturing industry, academic and testing
College of Technology, BhopalITTUct * etaHeisWOrkinZ 'atMaulana .AzadRegional! institutions, etc.
“Switchgear Protection and Power Systems^ m ectrica^ Engineering, and has been teaching Since the publication of the first edition of the book Switchgear and Protection in 1973, many

; advances have occured in field of the Switchgear, Protection and Power System Automation. While
the conventional protection and switching devices will continue to serve, entirely new type of devices
and techniques are now available. The development of SF6 and Vacuum circuit-breakers have made
the other types nearly obsolete. The static relays have replaced the electro-mechanical relays. EHV-
AC and HVDC transmission are now commercially successful. Large interconnected networks are
being automatically controlled from load control centres by means of on-line SCADA, AGC and EMS
Systems. The developments in power electronics have resulted in the successful use of static VAR
Sources (SVS), HVDC Convertors etc. Digital computers and microprocessors are being increasingly
used for protection and automation. Fibre-optic cables have been successfully used for data
transmission.

Due to the energy crisis and increasing capital costs of power projects, there is a world-wide
trend towards interconnecting adjacent AC Networks by means of EHV-AC or HVDC links.

The techniques of testing and maintenance have advanced with an aim of increased reliability
and availability of electrical power supply. Knowledge of specifications, testing, maintenance,
commissioning has gained significance. The power system analysis techniques have also advanced
significantly.

India and other developing countries have ambitions development plans in power sector. Some
landmarks in the power sector of India include indigenous capability of design, manufacture and
commissioning of EHV-AC Sub-stations and apparatus, establishment of 400 kV. AC network,
introduction of HVDC Systems, interconnections between Regional Grids, introduction of static
relays and static protection systems, increasing use of digital computers and microprocessors,
expansion of testing facilities, etc.

The technology of protection and automation have been revolutionised by the introduction of
microprocessor based combined protection, control, monitoring systems. Such systems have been
introduced for substation protection, generator protection, HVDC protection. This book covers the
principles and applications of this latest technology and the important topics in Interconnected
Power Systems. The new chapters include EHV-AC Transmission, HVDC Transmission Systems,
Interconnections, Power System Automation with SCADA Systems, Power System Planning, Latest
Power map of India, Microprocessor based Protection. Energy Technology-Renewable and
Nonconventional and Conventional. The Corelation between Energy Sector and Power sector has
been illustrated.

Chapters on Power system Calculations and Load Flow Studies, The principles and procedures
of network calculations and load flow studies have been simplified and explained by a few solved
examples. 'Recent Advances’ in Intelligent Circuit Brep kers, Fiber-optic Cable Applicaions, Compact
Intelligent Substations, ISO-9000 and TQMI are covered ip Appendix-A, while Appendix-B highlights
overall system description of Distribution Management System.

The patronage of Academic Institutions and Power System Engineers to this book is herebygratefully acknowledged. J

The author has

over 59 chapters. Section
u^wxuwuiicu oi various,—..... iuciuamg SI16 circuit breakers, vacuum circuit breakers, and discusses about the:choice, erection, maintenance and testing of high voltage/low voltage switchgear and EHV;apparatus.EHV A.C. Transmission and HVDC transmission.Section IIdeals with fault current calculations, role of network analysers and digitalin the calculation of fault current of complicated system networks.Section III deals with constructional and operational aspects of electromagnetic protective;

relays and protective systems for generators, transformers, motors and transmission lines.with fundamentals of static relays and static protection schemes.Section V deals with advanced topics in power system controls, applications of digital computer *
and microprocessors for load- frequency control and back-up protection, Power-System Stability.Load Frequency Control, Voltage control and compensation of Reactive Power, Voltage Stability,Power System Network Automation have been explained.

computers

Section IV deals

The matter is presented in a very lucid style and simple English. The book is profusely illustratedby neat, clear sketches and diagrams and graphs. The author is to be congratulated for havingconsulted the leading technical journals in the field and presenting the information regarding“Switchgear Protection and Power Systems” up-to-date, in his book. The author has exhibited amatureart of teachingin thepresentation of thesubjectmatter inspiteof his short teachingexperience.Some typical solved problems are given throughout the book.With addition of some unsolved problems, summary and provocative questions at the end of eachchapter, the book may serve as a text book, in universities for a course in “Switchgear Protection andPower Systems” in the under-graduate and postgraduate curriculum. The book should also serve as ‘a useful guide and reference to Power Engineers, considering the volume of practical information itprovides.
I am very proud of the young author and express my sincere thanks to him for giving me the privilegeof writing the Foreward to this book of his.

H.11.KARAKARADI)]
B.Sc. (Hons.), D.I.I.Sc. iB.Sc. (Tech.) (Munch.), F.I.E.

Sen. M„ I.E.E.E. ;
Principal jKarnataka Regional Engg. College \Suratkal, (S.K. ) 1

Karnataka. — Author
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1
Introduction

Significance —Energy Management System—Switchgear Protection and Network Automation—Power

Svetlans - Network Phenomena—Normal and Abnormal Conditions—Faults-Fault.clearing—Network
Configiirations—Switchgear—Circuit Breakers—Protective Relays —Substations—EHV AC
Transmission Systems—HVDC Transmission Systems —Interconnected Systems—Load Flow
cjt ,Kli ,.s_Grounding of Neutrals—Transient Overvoltages and Surge Arresters—Static

relays Microprocessor based integrated protection and control—Power System Calculations—Load

Flow Calculations—Computer and Microprocessor in Energy System Studies—Scope of Subject.

of Switchgear, Protection and Power Systems

Electrical Energy Management system ensures supply of energy to every consumer at all times

at rated voltage, rated frequency and specified wave form, at lowest cost and with minimum en-
vironmental degradation. The Switchgear, Protection and Network Automation are integral part

of the Modern Energy Management System and National Economy. The modern 3 phase, 50 Hz,

A( 1 interconnected power system has several conventional and non-conventional power plants, EHV
AC and HVDC Transmission Systems, Back-to-back HVDC Coupling Stations, HV Transmission

network , Substations, MV and LV Distribution Systems, and Connected Electrical Loads. The ener-
gy in electrical form is supplied to various consumers located in a vast geographical area, instantly,
automatically and safely with required quality at all times. The service continuity and high-quality
of power supply have become very important.

Cenerution Planning, Transmission Planning, System Expansion, Installation, Operation Con-
trol mid Maintenance of Electrical EnergySystems, Fault Calculations, Network Calculations, Load
Flow Studies have become very essential functions of Modern Power Engineers. Switchgear and
Controlgear are also essential with every power consuming devices at Utilization Level.

Switchgear and Protection/Control-Panels are installed at each voltage levels at each switching
point for

(1) normal routine switching, control and monitoring and
i '2 ) automatic switching during abnormal and faulty operating conditions such as short circuits,

undorvoltage, overloads.
The Computer Controlled Network Automation by Load Control Centre, Power Station Control

Rooms and Substation Control Rooms and communication channels together ensures the Control
of National and Regional Grids and control of Voltage, frequency, Power and waveform under
prevailing and ever changing load conditions. This Text-Book covers the principles and practice in
Modern Power Systems, Switchgear. Protection, Fault Calculation. Load Flow Calculations and
Computer Aided Energy Management Systems. This Chapter gives an Overview and the Scope.

1.1 . SWITCHGEAR AND PROTECTION
Everyone is familiar with low voltage switches and rewirable fuses. A switch is used for opening

and closing in electric circuit and a fuse is used for over-current protection. Every electric circuit
needs a switching device and a protective device. The switching and protective devices have been
developed in various forms. Switchgear is a general term covering a wide range of equipment con-
cerned with switching and protection.-



3
2 SWITCHGEAR AND PROTECTS;INTRODUCTION

A circuit-breaker is a switching and current-interrupting device in a switchgear. The circujapplications’ the requirements of switchgear vary depending upon the location, ratings and switch-

breaker serves two basic purposes:
' j|ng duty. Besides the supply network, switchgear is necessary in industrial works, industrial

(1) Switching during normal operating conditions for the purpose of operation and maintenan %rojects’ domestic and commercial buildings. A controlgear is used for switching and controlling

. reJf S”tchi"E ^normal conditions such as short circuits and interrupting the fault c„ power-consuming devices.

T, toT„tfernrCun0tnTTenti“1 “ relati ,lj simPle “ il Selves >) currents whi, 1*SUB-STATION EQUIPMENT

thev should be iniprrnnf iSecan ction is complex as the fault currents are relatively high aif In every electrical sub-station, there are generally various indoor and outdoor switchgear equip-
in 50 Hz svstem takes

^

1/^n mu ,
Wlt“n a short time of the order of a few cycles. One cycjjment. Each equipment has a certain functional requirement (Ref. Table 1.1). The equipment

fault currents can dnmncro FV, °n ' aei? ara several types of faults and abnormal conditions. Tljfeither indoor or outdoor, depending upon the voltage rating and local conditions. Generally indoor

duration In order to avoir]
e e1ulPment and the supply installation if allowed to flow for a long* equipment is preferred for voltages up to 33 kV. For voltage of 33 kV and above, outdoor switchgear

and
SUC S- every part of the power system is provided with a protejfis generally preferred. However, in heavily polluted areas indoor equipment may be preferred even

lb„vet3rkV0ltaSBS'^ 035 InSUl“tei SubS*ati0nS <GIS> are “’arge C“ieS f°r V°ltageS

converted by the term ‘Switchgear’ Swkrtwinirto!) If " ^ault clearing process a§ The outdoor equipment is installed under the open sky. The indoor switchgear is generally in

of'any electric circuit. In addition to circuit-breaker and nr
a p0Afer system and also th|form 0f metal enclosed factory assembled units called metal-clad switchgear,

for controlling, regulating and measuring can also be considered
"
as t w b H y J l p1 sfCircuit-breakers are the switching and current interrupting devices. Basically a circuit-breaker

includes switches, fuses, circuits-breakers isolators relavs mnimi r,,nni v m- •
• owitchgea comprises a set of fixed and movable contacts. The contacts can be separated by means of an operat-

rent transformers and various associated equipments ’ P s> nmg arresters, cm jng mechanism. The separation of current carrying contacts produces an arc. The arc is extin-
Switchgear are necessary at every switching point in AC nower svsW . . guished by a suitable medium such as dielectric oil, air, vacuum, SF6 gas. The circuit-breakers are

station and final load point, thore aro several"Tag" lovtla and fluhTela H c"tat^SWiichi“®^” AC (Ref. Fig. 1.1)

’ * Isolators are disconnecting switches which can be used for disconnecting a circuit under no cur-
rent condition. They are generally installed along with the circuit breaker. An isolator, can be
opened after the circuit breaker. After opening the isolator, the earthing switch can be closed to
discharge the trapped electrical charges to the ground. The current transformers and potential
transformers are used for transforming the current and voltage to a lower value for the purpose of

measurement, protection and control. Lightning arresters (surge arresters) divert the over-voltages

to earth and protect the sub-station equipment from over-voltages. The further details about the
sub-station equipment are given in Section I of this book.

Table 1.1
AC Sub-station equipment*

a

are are

live relaying system i

/

, , , AUXUMRYi x i SWITCHGEAR
9
ft

i -X- SWITCHGEAR 3
^ AUXILIARY “QD-TRANSFORMER
TRANSFORMER

GENERATOR!;
MAIN

TRANSFORMER

w

O- GENERATOR c
2

/MAIN SWITCHGEAR I
.7- X - 1TT I l yX X 3

Hi FunctionSymbol Equipment >
ITSUB-STATION Switching during normal and abnormal

conditions, interrupt the fault currents.Circuit-breaker
rf

i__ XtXK3D^>x-^ISTRI-1 X4-X-C1D-X-LV _ BUTION
aDisconnecting a part of the system from live

parts under no load condition.2 . Isolator
(Disconnecting switch)

nsTRANS-MISSION -X — 3. Earthing-switch Discharge the voltage on the lines to earth after
disconnecting them. <

H x 1—iA SWITCHING 1f STATION X
H x—y

Diverting the high voltage surges to earth and
maintaining continuity during normal voltage.4. Surge arrester

1 TIB 5. Stepping down the current for measurement
protection and control.Current transformer

GENERATING
STATION Stepping down the voltage for the purpose of

protection, measurement and control.6 . Potential transformer
(Voltage transformer)( oL),

A aiijinIt SUB-
STATiiON f f

MH T * For 400 kV, and above Series Capacitors are used for increasing power transfer ability. Shunt reactors are

used for compensation of reactive power.U DISTRIBUTION
'owerFig. 1.1. Location of Switchgear in Typical P ISystem (Single line, simplified diagram).
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jg tHE FAULT CLEARING PROCESS

A fault in an electrical equipment is defined as a defect in its electrical circuit due to whicj The protective relays are connected in the secondary circuits or current transformers and/orthe current is diverted from the intended path. Faults are generally caused by breaking of conduc. , tiai transformers. The relays sense the abnormal conditions and close the trip circuit of thetors or failure of insulation The other causes of faults include mechanical failure, accidents, exces p° nciated circuit-breaker The circuit-breaker opens its contacts. An arc is drawn between the con-

affected. Voltage becomes unbalanced. — transient variation of the short-circuit currents.— transient variation of the voltage after final arc interruption (transient recovery voltage)The faults can be minimised by improving the system, design, quality of the equipment antmaintenance. However the faults cannot be eliminated completely.
For the purpose of analysis, AC faults can be classified as— single line to ground fault— double line to ground fault— three phase fault
The other abnormal conditions in AC system include:
— voltage and current unbalance— under frequency— temperature rise— instability, etc.

the arc extinguishing phenomenon
After final arc extinction and final current zero, a high voltage wave appears across the dr-

. This transient voltage wave is called Transientcuit-breaker contacts tending to re-establish the
Recovery Voltage (TRV). The TRV comprises a high frequency transient component superimposed

power-frequency recovery voltage.
These phenomena have a profound influence on

associated equipment (Ref. Ch. 3, 4).

arc— line to line fault— simultaneous fault on a
the behaviour of the circuit-breakers and the— open circuit., etc.

— over-voltages
— reversal of power— power swings

1.6. PROTECTIVE RELAYING
AC power system is covered by several protective

components of the system. The neighbouring protective zones overlap so that no part of the system
Some of the abnormal conditions are not serious enough to call for tripping of the circuit- is left unprotected. Each component of the power system is protected by a protective system corn-

breaker. In such cases the protective relaying is arranged for giving an alarm In more serioi prising protective transformers, protective relays, all-or-nothing relays, auxihanes, tnp-circmt, trip
cases, the continuation of the abnormal condition (such as a faifitl can be £*^11?^«,« "oil etc' Duringthe abnormal conditi°n’ the Protectb^elaying 8611865 tl ^the faulty part should be disconnected the system without any delay. This function is performed triP circuit of the circuit-breaker. Thereby the circuit-breaker opens and the faulty part of the y
by protective relaying and switchgear. tem is disconnected from the remaining system.

srnr The - ^ ^During- the fault the mrrsnf ana , . , , difference between two or more similar electrical quantities.
observed are called ‘transient phenomena’. Thewrd r̂anSient^̂ The protective schemes for large electrical equipment comprise several types of protective systems,
which lasts for a short duration of time. The fault current varies with time During the first one For low voltage eTuiPment of relatively small ratings, fuses and thermal relays are generally adequat .
to three cycles, the fault current is very high but decreases verv ranidlv This 7nne in whinh fh« The protective schemes of large power system-equipment are generally designed with due regards to
current is very high, but decreases very rapidly is called the Sub-transient State . After the fimt power swings> power system stabiUty and associated problems. (Ref. Sec. Ill and IV).
current is called the Transient State. TheTransient^tatSs forleverarcycleT Aft^htTransient 1-7- NEUTRAL GROUNDING (EARTHING) AND EQUIPMENT GROUNDINGstate. Steady State is reached. During the Steady State the r.m.s value of the short-circuitremains almost constant.

The circuit-breakers operate during the Transient State.
1.4. FAULT CALCULATIONS

Each protective zone covers one or twozones. fc
f
i
l

3
is

i
i
l
i

The term Grounding or Earthing refers to the connecting of a conductor to earth. The neutral
points of generator and transformer are deliberately connected to the earth. In 3 phase a.c. systems
the earthing is provided at each voltage level. If a neutral point is not available, a special Earthing
Transformer is installed to obtain the neutral point for the purpose of earthing. Neutral points of
star connected VTs and CTs are earthed. The neutral earthing has several advantages such as :

— Freedom from persistent arcing grounds. The capacitance between the line and earth gets
charged from supply voltage. During the flash-over the capacitance get discharged to the
earth. The supply voltage charges it again. Such alternate charging and discharging
produces repeated arcs called Arcing Grounds.The neutral grounding eliminates the prob-

current

The knowledge of the fault currents is necessary for selecting the circuit-breakers of adequaterating designing the sub-station equipment, determining the relay settings, etc. The fault calcula-tions provide the information about the fault currents and the voltages at various points of thepower system under different fault conditions.
The per-unit system is normally used for fault calculations. The symmetrical faults such as three

The neutral grounding stabilises the neutral point. The voltages of healthy phases wiphase faults are analyzed on per phase basis.For calculations on unsymmetrical faults, the method 6
t to neutral are stabilised by neutral earthing.

.
of Symmetrical Components is adopted. The network analyzer and digital computers are used for SP6C ° , . . f i jn discharging over-voltages due to lightning to the earth,fault calculations of larger systems. (Ref. Sec. II). — The neu ra ear mg
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— Simplified design of earth fault protection.— The grounded systems require relatively lower insulati

grounded systems.
The modern

Lighting Arrester (Surge Arresters). The equipment connected between the conductor and

around to discharge the excessive voltages to earth.
Fault Clearing Time. The time elapsed between the instant of the occurrence of a fault and

power sysW are s phase a, systems Wlth grounded^

restore theservice continuity after interrupting a transient fault. High voltage circuit-breakers used

for controlling overhead transmission lines are provided with such a feature.
Contactor. Contactor is a switching; device capable of making carrying and breaking electric

causes such as : lightnim current under normal and overload conditions.
HRC Fuse. High rupturing capacity cartridge fuse is used for over-current protection of low

mSU!atl°n levels of various power system elements are gradedln such a wa of the power system against abnormal conditions, e.g., generator protection scheme, transformer

Irte rr-V0lta^es is min and the design of insulation of the equip. Protecti°n SChem6’ etC'

economical. The protective measures against over-voltages due to lightning include

on levels as compared with u?,

1.8. OVER-VOLTAGES AND INSULATION CO-ORDINATION
The over-voltage surges in

switching resonance etc.
power systems are caused by various

of overhead ground wires— low tower footing resistance . . , , „ and other substation equipment. Standards have been published

the switching over-voltages depend upon thevalues of equivalent inductance, capacitance and resis- _
terms and definitions (vocabulary)tance in the system, the magnitude of the current to be interrupted and other local conditions. Over-voltages are produced during opening of a circuit-breaker. The amplitude of such over-voltages canbe reduced by incorporating opening resistors across the circuit-breaker interrupters. Over-voltagesalso produced during the closing operation of circuit-breaker especially while closing on un-loaded transmission lines. Such over-voltage can be minimized by incorporating pre-closingtors across the interrupters of the circuit-breakers.

The surge arresters offer low resistance to

SOME TERMS IN THE TEST

use 1.10. STANDARD SPECIFICATIONS

The various standards institutions in the world publish the standards specifications of high
use

fc
ft
a
Ic— ratings

— conditions of service

— constructional details

— tests to be performed, standard test procedures, methods of evaluation of the test results.

— guidelines for selection, erection and maintenance.
The standards are generally drafted for a wider application and they generally do not cover

specific cases. IEC (International Elector-Technical Commission) recommendations are generally

accepted all over the world and the IS (Indian standards) specifications Published by Bureau of

Indian Standards (BIS) are generally based on IEC recommendations.
Quality Standards

The following Standards Organisations are associated with the Standards on Quality.

—- International Standards Organisation (ISO), Headquarters: Geneva, Switzerland.

— Bureau of Indian Standards, New Delhi (BIS)

— Bureau Veritas Quality International (BVQI)

The ISO and IS Standards on Quality are:

are

resis-
over-voltages and divert and over-voltages to earth.

5v

1.9.
Controlgear. Controlgear is a general term covering switching devices and their combinationwith associated control, measuring and protective equipment intended for control of power consum-ing devices. (Ch. 15)
Circuit-breaker. A device capable of making, breaking an electric circuit under normal andabnormal conditions such as short circuits.

%
*

Isolator (Disconnecting Switch). A switching device which can be opened or closed onlyunder no current condition. It provides isolation of a circuit for the purpose of maintenance.Earthing Switch. It is a switch which connects a conductor to the earth so athe charges on the conductor to the earth. Earthing switches are generally installedof the isolators.
so as to discharge

. on the frames
Relay. An automatic device which closes its contacts when the actuating quantity/quantitiesreach a certain predetermined magnitude/phase.Current Transformer (CT). The current ratio of current transformers is generally high (e.g.500 A/5A) and volt-ampere capacity is relatively low ( e.g. 50 VA) as compared with that of the powertransformers.
Potential Transformer (PT), Voltage Transformer (VT), The volt-ampere capacity of apotential transformer is low (e.g. 100 VA) and the voltage ratio is relatively high (e.g. 132 kV/lOOV).The protective relays are connected in the secondary circuits of CTs and PTs.

ISO TitleIS

ISO: 9000 Quality Management and Quality Assurance Standard. Selection and Use: 20
System Elements

IS: 14000

ISO: 9001 Level 1: Design/Development Production, Testing in factory, installation and
Servicing

IS: 14001

ISO: 9002 Level 2: Production and installation all elements, some less stringentIS: 14002
ISO: 9003 Level 3: Final Inspection and Tests-half the elements, low stringencyIS: 14003
ISO: 9004 Guidelines: Maximising benefits and minimising costs.IS: 14004
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ons. It should hav, Data transmission (telemetry)
J Data monitoring equipment

either fixed wire or programmableare

Switchgear and Protection are vital equipment in the electrical installatiPerfect Quality. -— Man-machine interface.
The Data includes current, power, voltage, status etc. Load Control Centre receives the following— Data regarding generating stations— Data regarding major sub-stations— Data regarding receiving stations,

The variables are scanned periodically and conveyed to load control centres as required.
The data is collected at sources by transducers, it is processed in data loggers. It is transmitted

to load control centres through one or more of following channels:— Power line carrier communication channels
. . Pilot wire communication— Microwave communication— Satellite communication

Now fibre-optics is being used for short lengths of upto 50 km for dat
based converted into digital form in A/D convertors.

Applications of Digital computers and microprocessors in power system protection are described
in Section V,

1.13. INTERCONNECTED POWER SYSTEM
Modern electrical power systems are large interconnected AC Networks. The total network is

divided a few regional zones (Areas). Each Area controls its own loud, frequency and generation.
Adjacent independently controlled areas are interconnected to from a Regional/National Grid.

For example, the Power Map of India is covered by the following five regional— Western zone— Northern zone

1.11. ELECTRO-MECHANICAL RELAYS AND STATIC RELAYS
The electromechanical relays, are based on the comparison between operating torque/force an|restraining torque/force. The VA burden of such relays is high. The characteristics have limitation!Each relay unit can perform only one protective function. Such relays are used for simple and lesjcostly protection purposes. For important and costly equipment and installation, static relays artpreferred.
In static relays the sensing, comparison and measurement are made by static (electronic) cir-cuits having no moving parts. Static relays were developed during 1960’s and have been acceptedall over the world for almost all protective relaying, control and automation purposes.— Static relays have versatile characteristics, offer low burden, and incorporate several pratertive/control/monitoring functions in one compact unit. Recently (1980’s) programmablestatic relays incorporating microprocessor have been introduced. Microprorelays have several superior features such— Indication or operating values on demand and thereby no need of separate indicating in-;struments on panel.— A single relay can perform 10 or more different protective functions thereby reducingber of separate relays and increasing reliability.— Internal monitoring of own relays circuit. ,— Memory function e.g. a relay which has tripped on fault can remember and flash on thedisplay, the magnitude of current and instant of time at the time of tripping,— Better properties and extended range of application for generation, transmission, distribu-tion and industrial application.

The range of static relays in rapidly spreading. Details about static relays are covered in sectionIV.

a transmission. Data is
cessor £as :

Isnum*

i
3
4zones:

i— Central zone— Southern zone s
% 1— North eastern zone

Some zones are already interconnected to form the Regional Grids. Each zone has its load
trol centre. National load control centre is in Delhi. However the total National Grid is under

con- iCTATicraoTOrTX̂ 1[GITAL C0MPUTEES MICROPROCESSORS ANDSTATIC PROTECTIVE/CONTROL DEVICES IN POWER SYSTEM
development.

Complex tasks associated with data loa ' • *n an Interconnected network, the National Load Control Centre determines the exchange

automation are now being performed witlf th ’’ m.ani*ormgi measurements, protection, control and between Regional Zones. Regional load control centres control generation in the respective zone to

including oh-line digital computers, microproc
31 °* nfW- tyP° °,

n"^ne Programmable devices match the prevailing load so as to maintain the regional frequency within target limits (49-51 Hz.)

transmission and processing devices etc Th «
e.SS°rs’, static protective and control devices, data During the low frequency/high load; the region imports power from adjacent surplus region. During

e e as ts include. low load/high frequency, the region exports power.I — Checking fault levels periodically— Loading of plants for economical and reliable operation— Protection analysis, setting of trip levels to suit network configuration and loading status.— Back-up protection.— Real-time energy management from National Load Control Centre, Regional Load ControlCentre.

Advantages of Interconnections
— During the period of need, a Region (Area) imports power from adjacent region and main-

tains stability and frequency.— The transient stability limit of each region is increased without increasing the installed
capacity as the rotating reserve of adjacent region is used by interconnection.

— Optimum economic loading of hydro/thermal/nuclear generating stations depending upon

energy reserves. Economic loading of power plants.
— Bulk transfer of energy as per agreed schedule.
Peak loads of each region may occur at different hours during the day. During this period, the

region imports the power.

::
The task of power system protection control and automation performed by SCADA systems*.are

* Supervisory Control And Data Acquisition Systems (Ref. Ch. 50).
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After 1975, the Back-to-Back HVDC Coupling stations have become extremely successful f0, ^f^sed in frequency relay for segregation action,interconnections between adjacent AC Grids. The rating of HVDC Coupling Stations are in %

1S
range of 500 MW, 1000 MW. By means of an HVDC Coupling Station, power exchange betwee, , VOLTAGE LEVELS IN NETWORK AND SUB-STATIONS

'
The network has various voltage levels for generation, transmission distribution, utihsation,

Economic Load Despatch. The economic operation of large AC grid can be controlled fret _ Eadtbone transmission network is by EHV AC transmission lines (400 kV AC),a centraheed load control centre' or load despatch centre'. __ “ stribution is at lower AC voltages between 132 kV AC and 3.3 kV AC.he load control centre determines the allocation of generation by various plants on the basis _ Utilisation is at low voltage (up to 1 kV) and medium voltages upto 33 lcV.ot economic load distribution considering incremental operating costs X and penalty factors ft, __
Th factorv sub-stations receive power at distribution voltage upto 33 kV and step it down

rnnf-rTSS1°n losses (Ln) fo? eac^ Plant; The load control centre sends command to power stations to 440 Volts AC Larger factories receive power at 132 kV and have internal distribution at 4?control rooms periodically by telemetric data transmission. The automatic load-frequency control T TkV to 440 volts ACin the control system of Generator-Turbine-Governor basically aims at maintaining constant fre- ’quency/speed as a primary control. But the setting of governor to turbines (secondary load frequencecontrol) is changed according to the instructions of the load control centre. Thus the input to tur-bines of generators gets automatically adjusted by primary load-frequency control and the frequen-cy is maintained. And the governor setting is determined by economy load dispatch instructions. 400 kVThe total load frequency control is achieved jointly by: 66 kV(a) Load Control Centre 3 3 kV

Drop in frequency and rate of drop (df / dt )zones.

I

.1

TABLE 1
Reference Values of Nominal Voltages in AC. and HVDC Sub-stations

A.C. Sub-stations
132 kV
22 kV

ri
5 :

110 kV
11 kV

220 kV
33 kV
400 V a.c. rms. phase to phase.

6.6 kV

5(b) Telemetry and Telecontrol Equipment and
(c) Power Station Control Room.
Automatic Economic Load Despatch is illustrated in Chapter 46-B.

tH.V.D.C. Sub-stations
± 260 lcV,
+ 400 kV, + 500
kV, + 600 kV

s
iStation Auxiliaries

11 kV, 6.6 kV, 3.3 kV
1.14. LOAD-FREQUENCY CONTROL, LOAD SHEDDING

Load-frequency Control of AC grid is achieved by continuous matching of generation (produc-tion) of electrical power with prevailing load conditions by joint action of control rooms in generatingstations. Voltage control is achieved by appropriate tap-changing and shunt compensation intive sub-stations.
The regulations of power supply insist that the supply frequency variation shouldwithin 2% about the declared frequency of 50 Hz.
The frequency of a generator and generating station is controlled partly by the action of themechanical governors controlling the turbine speed and partly by changes in load conditions. Theplants output is increased by increasing input. How much load the plant should share is decidedby grid control loading engineer.

dAuxiliary A.C. supply :
400 V, 3 ph, phase to phase

.230 V a.c. single phase
Auxiliary L.V.D.C, : 220 V, 110 V, 48 V.D.C. 1respec|

remain 116 VOLTAGE CONTROL OF AC NETWORK
Voltages of various sub-stations buses should be held within specified limits, the variation al-

lowed ± 10% (Refer Table 2).
Whereas the active power flow (P ) determines directly the frequency (/), it does not affect the

voltages significantly.
Voltages are affected significantly by the flow of reactive power Q.Load Shedding. When the load increases beyond limits of generation, the system frequencystarts dropping. Drop in frequency below 49 Hz is not permitted. To control the further drop offrequency, load is shed (disconnected) at distribution level. Load shedding may cause voltage rise.Tap changing should be arranged to prevent voltage rise beyond safe limits.

= _Q^LI AV | I V* |
where | VR | = Receiving end voltage of the line, magnitude

Q = Reactive power flow through the line
X = Series reactance of line

| AV | = Voltage drop in line, [Vs] - [Vjj], magnitude

Reduced frequency causes vibrations and failures of stream turbine blades, overfluxing of trans-former cores, drop in synchronous speed, error in clock time etc. Excellent power system operateswithin targetted frequency continuously.
Network Segregation (Islanding). In case of major fault or outage,dency of cascade tripping and large blackout. It is difficult to resynchronise.

the network has a ten-
To avoid such happen- Voltages are controlled by supplying reactive power (Q). This is called compensation.
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Basic Methods of Voltages Control 17 STATIC VAr SOURCES (SVS)

Static VAr sources are installed in receiving sub-stations, load sub-stations for fast stepless
, _ £ of readdve power compensation for voltage control. In conventional switched schemes the

, r
are used fif control “ ^switched in/out by circuit-breakers. In SVS, the capacitors/reactors

v u ,, ed for daily load variation. BJ fS^v controlling the delay angle of thyristor triggering. The duration and magnitude of current
. . . Nl / N2 the voltages ratio IVV2 is changed. trolled y

reactor/capacitor is controlled. Thereby amount of compensation is controlled. Fast

thTltoB°(KPTS ‘°n rie,S‘Tcit»rs>^** tong lines. The inductive reactance drop i, "Sc^Compensation schemes are used for controlling voltage of AC buses m EHV AC sub-stat.ons.

ue (By compensated by the drop in series capacitors I IK, c Series capacitors „ Dimerly synchronous compensators were used for similar purpose ,

generally used for long extra high voltage transmission lines. voltage control techniques are described in Chapter 45 B.— Shunt Capacitors are used for voltage control in transmission and distribution network,

r “i a ofrotat,ng masn

P = X
where |V| = Terminal voltage, magnitude; |E j = Induced emf, magnitude

5 = angle between V and E vectors; X = Synchronous reactance.
Steady state stability limit occur at 8 = 90° and is equal to

1— Voltages Regulators and Excitation Control of Synchronous Generators.— Tap-changing transformers at various sub-stations. Off-load tap changersseasonal voltage variations. On load tap changerchanging the turns ratio of the transfo

are con-
s are

rmer

Class

ph. to ph. R.M. S. sin 5ph. to ph. R.M.S. ph. to ph. R.M. S .
LV(1 ph) 240 V i264 V 216 V
MV 415 V 457 V m347 V
M.H.V. 33.3 kV 3.6 kV 3 kV | V | - | 2S |m - m *M.H.V. 6.6 kV s i n 9 0° =7.2 kV 0pss =

1lowever, if a sudden disturbance occurs, the angle delta overshoots beyond 90° and the stability

he lost. Hence the limit of loading permitted (Pts) for given amount of disturbance AP is defined.
It is called Transient Stability Limit (Pts ) A synchronous generator can be loaded safely upto its

transient stability limit. The transient stability limit (Pts) is much lesser than steady state stability

limit. Assuming safe load angle of 30° electrical,
I V| • | E |

6 kV XXM.H.V. 8 .
11 kV 12 kV 10 kV

M.H. V. s22 kV 24 kV 20 kV may 5M.H.V. 33 kV 36 kV 330 kV
H.V. 66 kV a72.5 kV 60 kV
H.V. 132 kV P145 kV 1 v i • \ E 1 1120 kVE.H.V. 5n220 kV sin 30° =Pts -245 kV 2X200 kV XE.H.V. 400 kV i,, Pt, = 1/2 Pss.

Transient state stability limit is half of steady state limit.
A similar analysis is applied to power transfer through an AC interconnecting transmission

420 kV for critical 5 = 30°380 kVU.H.V. 760 kV 800 kV 750 kV
Note. L.V. = Low Voltage M.V. = Medium VoltageM.H.V. = Medium High Voltage H.V. = High VoltageE.H.V. = Extra High Voltage U.H.V. = Ultra High VoltagePermissible variation is approximately ± 10% Nominal value.— Shunt reactors are used with EHV AC lines for compensation of reactive power during lowloads.

Compensation of Long Li

lino
I Vi | | V2 | sin 8Pst - X

whore j Vj j,|V2|= Sending and receiving voltage magnitudes

X = Series reactance of line ; 8 = Angle between vectors Vp V2

thods associated with switchgear andnes
Transient stability lmit can be improved by several

prut ection. These include the following :— Use of faster and superior protection system,

-- Use of faster circuit-breakers.— Use of rapid auto-reclosing of circuit-breakers.
By improving transient stability limit, the installed generating stations can be loaded to higher

ioveis resulting in major economy.
Details about transient stability limit are covered in Chapter 44.

meDuring Low Loads and
High Receiving Voltage Switch-off shunt capacitors.

Shunt-reactors-unswitched
During High Loads and
Low Receiving Voltage Switch-in shunt capacitors at load endshunt-reactors-unswitched

Static VAr Source (SVS)
Varying Load

The voltage control of each sub-station bus is achieved by appropriate action in that sub-station,
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1 ?,\ POWER SYSTEM NETWORK CALCULATIONS AND LOAD FLOW

kV aVC'transmission iinks and sub-stations were established in India during 1970V. Tin. '

numerical problems in power System Analysis deal with the power system variables V, I,f C Projects have been executed (1992). By the year 2000, about five HVDC projects arv like , f sTnd network constants Z, Y, R. A network has several and buses and interconnectingto be commissioned in India. HVDC transmission systems are selected as an alternative t .. fill 1 (}’ Basic Kirchoffs laws network theorems, fundamentals electrical equations and mathe-and UHV a.c transmission system for any one of the following reasons only for specific projects. 1, l'ill!ch
1‘ ?n ls are applied to solve numerical problems in power systems. The Network Calculations— Long distance high power transmission lines (say above 1000 MW and 800 km) for econon, nl.! .•molified by writing the Kirchoffs Current Law in terms of Nodal Voltage Equations,advantage. HVDC links are economical for long distance high power transmission lin;

,lM I = YbusVwhen the saving in line cost is more than the additional cost of conversion sub-station. F r , v are current and Voltage matrices. Y bus is the Bus-Admittance Matrix for the givenbackbone AC network, generation transmission and distribution AC is definitely super* . 1 vand continues. lie
methods of Network Calculations have been explained dearly Ch. 19 to 24 and in Ch. 57Asynchronous interconnection (Tie) between two a.c. systems having their own load-fV. the help of several solved numerical problems.quen'ycontroUjsle . Ld Flow CalculationsBack-to-back asynchronous tie sub-stations between two a.c. systems without tie-line. d Flow Studies deal with calculation of the following variables for the various busses andUnderground/submarine cables at voltages above 66 kV and length more than 25 km ft branches of the given network (power system) under given steady state operating conditions oftechnical reasons.

generation and load.
Variables associated with a Load flow study are:
Vk Bus voltage magnitude P/( Real Power entering/leaving bus-k
8k Phase angle of voltage Qk Reactive Power entering Leaving bus
Complex power = P + jQ Pmn Real power flow in branch mn

Imn Branch Current Qmn Imaginary power flow in branch

These variables influence each other and their co-relation is expressed in terms of the Load
Flow Equations. Load Flow Studies are the used for evaluating the steady state performance and

Three Phase, 50 Hz AC Systems will continued universally for power system generation, trail' provide valuable data to power system engineers for operation, control and system planning andmission and distribution networks as it has natural tendency for load-frequency stability ar design.The Gauss Siedel Interactive Method and Newton Raphson Interactive Method of Load Flowseveral economical AC Voltages Levels through Transformers. ‘

studies have been clearly explained in Ch. 58 with the help of solved numerical problems.
Modern Power System is a combination of Interconnected AC Systems with a few HVDC ConP mg Stations ; a few Long Distance 2 Terminal Bipolar HVDC Links and possibly a high powe 1.22. OBJECTIVE AND TASKSMulti Terminal 2-Pole HVDC Interconnecting System.
Switchgear; Protection and Control of HVDC Transmission Systems and their interaction wit!AC system have been illustrated in Ch. 47.

1.19. HVDC OBTION

I

— Multi-Terminal HVDC Systems.
The HVDC obtion introduced in electrical network during early 1970’s provides.— faster and accurate control of real power (e.g. 30 MW/minute),— higher power system stability-limit for transmission of power without limit of sin 8, amimproved stability of the connected AC Networks.— HVDC line has no reactive power flow and therefore no need of intermediate compensatingsubstations. The line losses are reduced. HVDC Line losses are about 5% of power transftas against 25% line losses for equivalent AC power Transmission.

a

II
M1 1Every electricity supply company aims at the following:— Supply of required electrical power to all the consumers continuously at all times.— Maximum possible coverage of the supply network.— Energy conservation and use of Renewable energy sources.— Maximum security of supply.— Shortest possible fault-duration.— Optimum efficiency of plants and the network.— Supply of electrical power at specified frequency and waveform.— Supply of electrical power within specified voltage limits.— Supply of electrical energy to the consumers at the lowest cost.

The work of a power engineer is to cover a wide range of activities such as:— design and development of the products, systems stations for systems stations, products— research and development— manufacturing, testing, quality control.— project planning, monitoring, execution— purchase sale of equipment, specifications— Erection, testing and commissioning, safety.— Operation and maintenance, energy conservation.— Power system control, operation, automation.
This book covers the basis aspects. For gaining expertise in the activities further study and

experience is necessary.

i i
IUO.POWER SYSTEM ANALYSIS

/ Power System Analysis deals with: various network phenomena, interaction between the network and the machines, stresses on equipment. The System Studies evaluate the present and futurtpower system operating performance/reliability/availability and to provide data and guidelines fo:•
(
satisfactory operation and control. Thescope includes the following topics which have been coveredf in separate chapters of this book:— Load flow calculations— Load Frequency Control— Short circuit calculations— Transient overvoltage studies.— Insulation-coordination, Neutral grounding.— Stability studies— Reliability Studies— Voltage Control and Reactive Power Flow Control— HVDC and EHV-AC Transmission Systems, Interaction with Network.— Economic Operation of the Power System— Computer Aided Power System Studies

5
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Arc is drawn between the beaker contacts. The arc is extinguished in the circuit-breaker by

suitable techniques. The current reaches final zero as the arc is extinguished.

THE TRIP-CIRCUIT
2.1illustrates the basic connections of the circuit-breaker control for the opening operation.s Fig.

High-voltage AC. Circuit-Breakers 7
1. Circuit-breaker
2. Relay
3. Trip coil of c.b. (Shunt Release)

4. Trip circuit
5. Battery
6. Relay Contacts
7. Potential transformer
8. Current transformer
a Auxiliary switch contacts
* Protected element.

The fault clearing process-Types of circuit break
mechanism-—Materials—Summary —Circuit-breaker assembly—Operatingers

6

2.1. INTRODUCTION
s

fc*ofcircuit-breakers have
the various of circuit-break

( 4
been briefly discussed. T|

variation of current and voltage, arc extinction process anhave-been described in detail in subsequent chapters.
The circuit-breakers are automatic switches which can interrupt fault currents. Inplications like single phase traction system, Single pole circuit-breakers are used. The part of tlcircuit-breakers connected in one phase is called the pole. A circuit-breaker suitable for three phassystem is called a‘triple-pole circuit-breakers’.

Iers b 5
X isome a;

Fig. 2.1. Simplified diagram of circuit-breaker control for the opening operation.
_ The Protected circuit * is shown by dashed line. When a fault occurs m the protected circuit,

, E^h ?°!e of thfe circuit-breaker comprises one or more interrupters or arc-extinguishing char the relay (2) connected to the CT. and PT actuates and closes its contacts (6) Current Amiram

m PHhim n n H W^H ^ u
by of current carrying contacts is interrupted by a suitably d nV'CFNT ADVANCESmedium and by adopting suitable techniques for arc extinction. The circuit-breaker can be classifie ^,4' RECENTADVANCLb

• , , . „ „on the basis of the arc extinction medium. Before 1970s in medium voltage range and high voltage range, air-break, bulk-oil, minimum

OO Oil, air blast circuit breakers ruled the world market. During 1970s vacuum circuit-breakers were
2.2. THE FAULT CLEARING PROCESS introduced for applications up to rated voltages of 36 kV. Single pressure puffer type SF6 breakers

During the normal operating condition the circuit-breaker can be opened or closed bv a statin w*'re introduced for rated voltages from 3.3 kV to 760 kV. SF6 Gas Insulated Substations (GIS)

operator for the purpose of switching and maintenance. During the abnormal or faulty conditio- were introduced for 12 kV to 760 kV. Fault levels * and rated voltages m the system have increased,

the relays sense the fault and close the trip circuit of the circuit-breaker. Thereafter the circuil ** The bulk-oil breakers, minimum oil breakers, air-blast breakers have become obsolete. However
breaker opens. The circuit-breaker has two working positions, open and closed.These correspond y°u wil1 find them in the existing installations during 1990s.
o open circuit-breaker contacts and closed circuit-breaker contacts respectively. The operation o: The vacuum breakers and SF6 breakers are maintenance-free and of superior switching per-

automatac opemng and closing the contacts is achieved by means of the operating mechanism a formance They are now preferred for various switching duties in new installations. In low voltage

mechanism nftherLuil h
cl°se’ the trip circuit is closed and the operatic range Air-break circuit-breakers and contactors rule the market._ _ . h . bf6fker Sta

1
rts the °Penind operation. The contacts of the circuit-breakei nnrin„ i q70„ anH 1980s the research and development was focussed on in various switching

current reaches final zero value. The fault when the arc is extinguished and the current reache; CBs’ SF(3’ GIS' . . . . trirr(,final zero value. The fault is said to be cleared. The process of fault-clearing has the following se The Standards on circuit breakers were totally revised with the introduction of TRY concept

a<c
9
C
5
w

I
3

isr-$
I

quence: , a„d „gmo»s testing. Sheet circuit— Fault occurs. As the fault occurs the fault impedance being low, the currents increase ano insulated Ŝubstations (GIS) are now manufactured and installed in India for various ratedthe relay gets actuated. The moving part of the relay move because of the increase in the D 6 voperating torque. The relay takes some time to close its contacts. voltages from d.b kV to AZU >CV .— Relay contacts close, the trip circuit of the circuit-breaker closes— The operating mechanism starts
contacts separate.

and trip coil is energized
operating for the opening operations. The circuit-break 43 x V x!ei. * Fault MVA = , where V is the service voltage in volts and I is the fault current in amperes.
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Table 2.1 Comparison of Circuit-breakers
Voltage-Breaking

Capacity
430-600V, 5-15-35
MVA recently 3,6-12
kV, 500 MVA

18

In low voltage range air-break circuit breakers/contactors ; miniature circuit breakers, moulds
case circuit breakers and solid state switching devices, HRC fuses have been developed to meet tl p—requirements of control gear.

The Circuit Breaker technology has matured and circuit-breakers are available for every fault
level*, rated voltage** and switching duty in power system.

RemarksDesign Features
MediumType

Pi Air-break-
circuit-beaker

Used for medium low
voltages A.C. D.C.
Industrial
circuit-breakers.
Have current
limiting features.

"

Used for Low and
Medium Voltages.

Incorporates :
Arc runners arc
splitters
magnetic coils

Air at
atmospheric
pressure

2.5. CLASSIFICATION BASED ON ARC QUENCHING MEDIUM
The a.c circuit-breakers can be classified on the basis of rated voltages. Circuit-breakers beloy

rated voltage of 1000 V are called low voltage circuit-breakers and above 1000 V are called hipi
voltage a.c. circuit-breakers.

The type of the circuit-breaker is usually identified according to the medium of arc extinction
The classification of the circuit breakers based on the medium of arc extinction is as follows:

(1) Air break circuit-breaker/Miniature circuit-breaker.
(2) Oil circuit-breaker (tank type of bulk oil)
(3) Minimum oil circuit-breaker.
(4) Air blast circuit-breaker,

(5) Sulphur hexafluoride circuit-breaker. (Single pressure or Double Pressure).
(6) Vacuum circuit-breaker.
Each circuit-breaker will be studied thoroughly in the subsequent chapters. These circuit-

breakers employ various techniques to extinguish the arc resulting from separation of the cunvi:-
carrying contacts. The mode of arc extinction is either ‘high resistance interruption’ or ‘zero-poini |
interruption’.

High Resistance Interruption. In this process the resistance of the arc is increased 1.1
lengthening and cooling it to such and extent that the system voltage is no longer able to mainla;, |
the arc and the arc gets extinguished. The technique is employed in airbreak circuit-breakers and \d.c. circuit-breakers.

Low Resistance or Zero Point Interruption. In this process, the arc gets extinguished a;
natural current zero of the alternating current wave and is prevented from restriking again by
rapid build up of dielectric strength of the contact space. This process is employed in almost all a.c, )
circuit-breakers. HVDC circuit-breakers employ‘artificial current zero method.’.

Each leading manufacturer of circuit-breaker develops two or more types of circuit-breaker
for every voltage class. (Ref. Table 2.1). The construction of the circuit-breakers depends upon its )
type (arc-quenching medium), voltage rating and structural form.

Air-break Circuit-breakers. Utilize air at atmospheric pressure for arc-extinction (Ref. Ch. 5).
Air-blast Circuit-breakers. Utilize high pressure compressed air for arc extinction (Ref. Ch. 6).

They need compressed air plant.
Bulk-oil and Minimum-oil Circuit-breakers. Utilize Dielectric oil (Transformer oil) for

extinction. In Bulk-oil circuit breakers, the contacts are separated inside a steel tank filled with
dielectric oil. In minimum oil circuit-breakers the contacts are separated in an insulating housing
(interrupter) filled with dielectric oil.

SF(j Circuit-breakers. Sulphur-hexa-fluoride gas is used for arc extinction. There are two types
— Single Pressure puffer type SFe Circuit-breakers, in which the entire circuit-breakers

is filled with SF6 gas at single pressure (4 to 6 kgf/cm2). The pressure and gas flow required?
for arc extinction is obtained by piston action.

— Double pressure type SF6 Circuit-breaker, in which the gas from high-pressure system ?
is released into low pressure system over the arc during the arc quenching process.

* Fault MVA =

Small size,
current limiting
feature
One tank upto 36
kV, 3 tanks
above 36 kV,
fitted with arc
control devices
The circuit
breaking
chamber is
separate from
supporting
chamber. Small
size, Arc control
device used.

430-600 V
Miniature C.B. Air at

atmospheric
Getting

^

obsolete used
upto 12 kV, 500 MVA.

pressure
12 kV, 3.6 kVDielectric oil

2 Bulk-Oil
circuit-breaker

Used for metal
enclosed switchgear
upto 36 kV, Outdoors
type between 36 and
245 kV, Now
superseded by SFg

Preferred for 3.6 kV
to 145 kVDielectric oil' Minimum oil

circuit-breaker3.

aCB. 9

!SuitabiefiwaSTEHV
applications, fast
opening closing. Also
for Arc Furnace
Duty. Now
Superseded by SF6

CB for 145 kV, and
above

Unit type
construction
several units per
pole, auxiliary
compressed air
system required.

245 kV, 35,000 MVA
upto 1100 kV,
50,000 MVA

.1
'AhfokudT Compressed air

circuit-breaker (20-30) kg/cm

1
Suitable for SFg

iOne interrupter
pole upto 245 kV145 kV, 7500 MVA

245 kV, 10,000 MVA
12 kV, 1000 MVA
36 kV, 2000 MVA
420 kV, 40 kA

SF6 gas
(5 kg/cm2)

switchgear and
Medium voltage

EHV circuit
5. SF6 circuit-

breaker Single
pressure
puffer type
SF6 GIS

swgr.
breaker.
Maintenance free.
Suitable for a variety
of application from
3.6 kV to 36 kV

Variety of
designs, long life,
modest
maintenance.

’Artificial current
zero by switching
in capacitors.

Preferred for indoor
switchgear rated
upto 36 kV, 750
MVA

Vacuum(i. Vacuum
circuit-breaker

Used for Metallic
Return Transfer
Breaker,

an
33 kV, 2kAOil or Air-Blast7. H.V.D.C. !

Circuit-breaker

This type has been superseded by single pressure puffer type.
In Vacuum circuit-breakers, the fixed and moving contacts are housed inside a permanently

scaled Vacuum interrupter. The arc is quenched as the contacts are separated in high vacuum.

(Ref. Ch. 9)

2.6. TECHNICAL PARTICULARS OF A CIRCUIT-BREAKER

A circuit-breaker is identified by the following particulars :

(1) Type of medium for arc-extinction.
(2) Rated voltage. This corresponds to highest power-frequency voltage between phase to

phase, e.g. 3.6 kV, 7.2 kV, 12 kV, 36 kV, 72.5 kV, 145 kV, 245 kV.
f x F x / where V is the service voltage in volts and I is the fault current in amperes.

¥ V Rated Voltages of circuit-breakers refer to higher system voltage e.g. 3.6 kV, 12 kV, 36 kV, 145 kV,
245 kV, 420 kV, 800 kV, rms ph. to ph.

106



T
20 SWITCHGEAR AND PROTECTION 21

HIGH-VOLTAGE A.C. CIRCUIT-BREAKERS

Motor Switching SF6 or VCB with RC Suppressors

In Fig. 2.3 we see three identical poles of a circuit breaker assembled

distance between the poles is determined by the voltage between their conducting parts. The current

carrying parts are supported by dielectric materials. The current is interrupted in closed chamber

Known as arc extinction chamber (Fig. 2.3, item 3) or interrupter.

(3) Rated breaking current
(4) Other rated characteristics, (Ref. Ch. 3)
(5) Type of construction :— Indoor metal-clad type, draw-out type— outdoor type— Metal-clad SF6 gas insulated type.
(6) Type of operating mechanism.
(7) Total break-time e.g. 2 cycle, 3 cycle, 5 cycle.
(8) Structural form

on a common frame. The

The contacts (10) are generally in pairs of fixed contact and moving contact. The moving contact

is moved mechanically. To achieve this operation of closing and opening, an Operating Mechanism

is necessary. The function of operating mechanism is to open and close the contact when desired.

The operating mechanism may be common for the three poles or may be separate one for each

pole. In addition to the operating mechanism, there is Control Cabinet or what is known as Switch

Cubicle, The various control interlocking, indicating connections are through this control cabinet

placed near the breaker.
Thus a complete three-phase circuit-phase circuit breaker consists of the following sub-as-

semblies.— Three poles
•— control cabinet

*7

(9) Additional feature for overvoltage limiting.— Surge suppressor — Switching resistor.

2.7. ASSEMBLY OF OUTDOOR CIRCUIT-BREAKERS
The design features of an individual circuit-breaker depends upon its voltage, other ratingsand the type. The circuit-breakers manufactured by different companies may have quite differentdesign patterns. However, a general description of an EHV circuit breaker can be given to coverthe various types. The low voltage circuit-breakers, have different design features as the voltage,capacity and frequency of operation is different from that of the EHV circuit-breakers. The part ofthe circuit-breaker connected in one phase is called ‘Pole of the circuit-breaker’. A circuit-breakerfor power systems is called ‘Triple pole circuit breaker’. In single phase traction systems, single!pole circuit breakers are employed.

— operating mechanism support structure

— auxiliaries

& -f iS-*-
IIIilZ 1 S2m 3z

I

2H5Z
«84

3
5Z£ 2£ 4/Fig. 2.2. Structural form of a triple outdoor cir cuit-breaker with one iterrupter per pole.

TABLE 2.2. Present Trends in Choice of Circuit-Breakers

c7
? 5 sm

•-1 aRated Voltage Preferred type Remarks
Below 1 kV
(low voltage) — Air break Circuit-breaker — Metal-enclosed switchgear— Metal-enclosed control gear— Metal-enclosed Switchgear, Indoor use with :— Vacuum Switchgear preferred— Single Pressure SF6 preferred

Outdoor Type or in Kiosk MOCB becoming
obsolete.

3.6 kV to
12 kV — Vacuum Circuit-breakers— SFg C.B.

End View

1. Circuit-breaker pole
4. Support porcelain
7. Operating rod
10. Contacts
12. Linkage

36 kV — Minimum Oil Circuit-Breaker— Vacuum C.B. SF6 Circuit Breaker— Minimum Oil Circuit-Breaker out door— SF6 Outdoor Puffer type

Front View

145 kV and
245 kV* 3. Interrupter

6. Terminals
9. Frame

— SF6 Circuit Breaker Preferred— MOCB becoming obsolete.
— SF6 Circuit-Breaker Preferred.

2. Operating mechanism
5. Conductor
8. Insulating operating rod
11. Transfer contacts between moving

contacts and terminal.
Fig. 2.3. Diagram illustrating the assembly of an outdoor circuit-breaker.

420 kV* — SFg Outdoor Puffer type

* Puffer type out-door SF6 C.B. installed in India 1980-1981. f Capacitor Switching VCB or SFg** Vacuum Switchgear introduced in India 1980-81. Motor Switching SF6 or VCB with RC* Vacuum contactors introduced in India 1980. Suppressors Arc Furnace Duty. VCB/SFg/ABCB
Repeated operations VCB/SF6
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The operating should be fast, in order to reduce circuit-breaker time. The operating time be-
instant of receiving trip signal and final contact separation is of the order of 0.03 second, i.e.

ycles in modern EHV circuits-breakers. In slow circuit-breakers used in distribution system
can be about 3 cycles.

While closing, the contact closure should be fast, sure without hesitation, with adequate contact
pressure at the end of contact travel. If these conditions are not satisfied, contact welding can result.

'I’lie operating mechanisms should be capable of giving the specified duty of the breaker (se-
quence of opening and closing as specified in standard specification). The breaker should also pass
t he operational tests which ascertain the capability Of the operating mechanism. The interlocks are
provided between breaker, isolator and earthing switch, so as to avoid wrong operation and to as-
sure operation in a correct sequence. The functions of the operating mechanisms can be summarised
:ls follows:

(1) To provide means whereby the circuit-breaker can be closed rapidly without hesitation at
all currents from zero to rated making current capacity.

(2) To hold the circuit-breaker in closed position by toggles or latches till tripping signal is
received.

(3) To allow the circuit-breaker to open without delay immediately on receiving tripping signal.
(4) To perform the auto reclosure cycle.
(5) To perform the related functions such as indication control.
2.9.1. Closing Operation (C)
Normally, closing the circuit-breaker contacts during normal load does not cause any difficulty.

The operating Mechanism has to overcome friction and accelerate the moving masses. However,
when the circuit-breaker has to close against a short circuit, additional thermal stresses and
electromagnetic stresses are involved.

In EHV circuit-breakers, the arc is established prior to final contact touch. This is known as
pre-arcing. Pre-arcing causes higher temperature stresses and pressure due to vaporisation of oil.
The contacts should close with sufficient speed to minimise the prearcing.

As soon as the contacts close on an existing short-circuit, breaker is subjected to making cur-
rent.The electromagnetic forces set-up by the making current tend to repel the contacts . The circuit
breaker should have rated making capacity, i.e. the highest peak current against which the circuit

CIRCUIT-BREAKERS
Of »peL“;haiSS£ depends its type, rated voltage type of design, type

on
iwoeu
1.5 G
time

In indoor, metal clad switchgear, the three poles of the circuit-breaker are mounted on a
withdrawable truck. Such configuration is commonly used for rated voltages unto 24 kV (Ref. Cb,

15).
For 36 kV and above, outdoor circuit-breaker are preferred. The structural form of outdoor cir-

cuit-breaker depends of rated voltage, number of interrupters of per pole and type of operating
mechanism. Circuit-breakers of rated voltages upto and 145 kV generally have a single interrupter
per pole (Ref. Fig. 2.3) In such a structural form, the interrupter porcelain and support porcelain
should withstand the power-frequency and impulse test voltages internally and externally < Ref.
Ch. 12).

Fig. 2.4. Structural from of 145 kV,245 kV circuit-breakers have two or more identical interrupter units (elements) per pole. The
number of interrupters per pole depends upon the rated voltage and rated breaking current of the
circuit-breaker. Such circuit-breaker pole comprises identical twintinterrupter units mounted on a
single support porcelain column in T or Y formation (Ref. Fig. 2.4). Such a structural form is
preferred in outdoor minimum oil circuit breakers, air blast circuit-breaker and live tank type out-
door SFg circuit-breakers. While MOCBs and ABCDs require two to six interrupters per pole; the
SFg circuit-breakers are with one or two interrupters per pole for 245 kV and with two int
per pole for 420 kV. The SFg breakers are therefore more economical.In multi-break type construction voltage-grading capacitor is connected across each interr
for equalizing the voltage shared by the interrupter during interruption process (Ref. Ch

Pre-closing resistors are also connected in parallel whresistors (Preclosing resistors) are necessary to limitloaded transmission lines (Ref. Ch. 18).Circuit-breakers for rated voltage above 245 kV generally have independent pole operation. The
operating mechanism of each pole is independent and each pole can be tripped independently by a
separate relay. Independent pole operation is desirable for improving the stability of the
system (Ref, Sec 44.8).Structural form of EHV metal-clad SFg insulated switchgear is quite different th
tional equipment discussed above (Ref. Ch. 7).
2.9. OPERATING MECHANISMS

Circuit-breakers have two working positions-open and close. During the closing operation, the
circuit-breaker contacts close against opposing forces. During the opening operation, the closed con-
tacts are separated as early as possible. Operating mechanisms are provided to achieve the opening
and closing operations. Operating mechanisms are also necessary for isolator. The circuit breaker
operating mechanisms must be capable of dealing with large forces at high speeds with complete
reliability even if the circuit breaker has remained idle for a prolonged duration.

245 kV and 420 kV C.B. Pole.

errupters

breaker can be closed at a given voltage. The making capacity of the circuit-breaker depends upon
the force and speed with which the closing operation is carried out.

While closing the circuit-breaker, the operating mechanism should have enough power to over-
come the opposing forces and accelerate the moving contact assembly rapidly within specified short
time.
The opposing forces during closing operation

(а ) Electromagnetic forces between contacts. When the contacts touch during the closing
operation, electromagnetic forces appear at the instant of contact touch, their magnitude being
proportional to square of the current and the direction being opposite to the direction closing. Theseforces are large if the breaker is closing on existing short circuit. Breaker should be capable of clos-ing on short circuit ,

(б) Action of operating spring. The moving contacts of circuit-breakers are opened by springpressure. While closing these spring oppose the closure.
(c) Inertia of movable subassembly. The movable parts are contacts their holders tensionrods, operating links of operating mechanisms, etc. The mass of these sub-assemblies is quite largein EHV circuit-breakers. And their inertia tries to oppose rapid acceleration. In modern EHV cir-cuit-breakers, these parts are made as light as possible.
(d ) Opposing forces due to medium such as oil, SFe gas. The movable sub-assembly has

t o move in dielectric medium which is, in some cases, compressed air/gas/oil at high pressure and
density.

upter
6 ).enever

on
un-

power-
an conven-
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st'ircd energy type operating mechanisms are called independent operating mechanisms as

llu.v am independent of continuity of power supply or the skill of the operator. In such mechanisms

the energy required for closing in stored in a charged spring or in compressed gas-hydraulic oil.

Stored energy type independent automatic operating mechanisms are used in all high voltage

cirniit-breakers above 200 MVA. These can be classified as follows :

— Spring opened, spring closed Mechanism.
-- Solenoid closed, spring opened Mechanism

SWITCHGEAR AND PROTECTI®
The total forces of the operating mechanism should be more than the sum of the above mentioned opposing forces.
(e) Friction. Static and dynamic.

i l lCH - Vf

;
2.9.2. Opening Operation (O)
The opening operation is significant in the fault-clearing prothe opening operation is initiated. The

one of the following methods :

As the trip coil is energizergy required for the opening operation is obtained fi-0Ir
"

cess.
ene

— Opening springs charged during the closing operation— High pressure hydraulic oil stored in accumulators— High pressure compressed air stored in auxiliary air receivers.
The functional requirements of the opening mechanism are
(1) To accelerate the moving

opening characteristic (Fig. 2.6).
(2) To achieve desired speed of contact atto 7 m/s).

Hydraulic Mechanisms
A- Pneumatic Mechanisms etc.

SpringOpened Spring closed Mechanism.In such a mechanism the opening and closing

operations are achieved by means of separate springs.
The closing spring is of higher energy level and is charged by motor driven gear. When closing

signals is given to the closing coil, the closingspring energy is utilized in closing the moving contacts

and also for charging the opening springs. During the openingoperation, the opening signal is given

to I rip-coil. The movable system is unlatched and the energy of the opening spring is released to

obtain the opening. The closing spring is automatically charged after each closing operation. Hence

em'i'gy is always available for reclosing the breaker. The oil-dashpots are provided for damping the

forci-K at the beginning of opening and closing strokes. Springs have maximum force at the begin-

ning of travel and the force reduces at the end of the travel. This is disadvantageous in closing

operation. Both opening and closing operations are initiated by high speed, electromagnetic

opera!ed latches.
16) Pneumatically-closed spring-opened Mechanism.Pneumatically closed spring-tripped

mechanism are used for extra-high voltage minimum oil circuit breakers and SF@ circuit-breakers,

hi such mechanisms, the circuit breakers is closed by means of pneumatic cylinder and piston. The

jssed air required for the closing operation is obtained from a local air-receiver mounted in-

side the mechanism cubicle. During the closing stroke, the tripping springs are charged. The trip-
ping spring is released by a latch operated by high speed electromagnetic energized by the trip coil.

The closing operation is initiated by operation of a solenoid operated pneumatic value, which admits

( lie compressed air into pneumatic cylinder. Damping is provided in pneumatic cylinder.

(c) Solenoid-closed Spring-opened Mechanism. In such mechanism the closing operation

is obtained by energising a solenoid by direct current. When direct current is passed through the

solenoid, the plunger is attracted. The plunger sets into motion the link mechanism resulting in

closing of the breaker. The opening springs are charged during the closing operation. Solenoid has

maximum force of attraction when plunger is fully inserted and the air-gap is minimum. This is

advantageous in closing operation.
The solenoid requires d.c., supply which it takes from battery or

plied at 110 or 220 V d.c. The current taken by solenoid is relatively high. Solenoid mechanism
be suitable for auto-reclosing.

Solenoid operating mechanism is a separate unit mounted on
When current is passed through the solenoid it attracts the plunger which in turn sets into motion

the link mechanisms resulting in closing of breaker.
When the breaker is closed, it is held in latched or toggled position, When the tripping signal

is received, the latch is released and the breaker opens by spring action. Generally the links have

three positions—tripped, reset, closed.
Solenoid closing mechanisms are used with low voltage and medium voltage circuit-breakers.

On FHVcircuit-breakers, the power requirement of solenoid mechanism tends to be too large (above

50 kW in some cases). Hence they are not preferable.
id) Pneumatic Operating Mechanism. Pneumatic operating mechanisms are preferred in

stations where compressed air supply is available i .e. where air blast circuit-breakers are installed.

(a) mfollows:
including contacts and linkages rapidly to achieve desired Imasses

acontact separation and during the opening stroke (3

I(3) To damp the speed at the end of the travel by damp ,rgy should be adequate to overcome the following:
Opposing forces during opening operating

(a) Electromagnetic forces due to contact-grip. The current transfer from fixed finger-con-tacts to movable contact is illustrated in Sec. 8.9. The finger contacts are spring-loaded and theirgrip oppose the movement of moving contact. During the short-circuit condition, the electromagneticforces tend to increase the grip of the finger-contact assembly. The forces of contact grip increasesin proportion to square of current. Hence it is significant during higher short-circuit currents.( b ) Friction. The various operating links, bearing surfaces mating surfaces between movabWand fixed parts, etc. offer static friction. The frictional component depends upon the coefficient olfriction, smoothness of mating surfaces, configuration of moving parts etc. High friction can reducethe initial speed of moving contact which may result in disastrous consequence of failure of thecircuit-breaker to quench the arc.

ers.
The forces and ene

3 . 1
8
3
*at
l il
d

movable sub-ass^mbirehto êJuifeTs^ed.^ °peratmg mechanism is utiIised in accelerating the
S

5 :
The operating mechanisms should be capable of overcoming these opposing forces and shouldachieve desired opening characteristic of contact travel during normal and short-circuit openingoperations. (Refer Note at the end of this Chapter)
2.9.3. Closing followed by Opening Operating (CO)
The rated operating sequence of the circuit-breaker (Sec. 3.19.8) demands the operation ‘CO’.The operating mechanism should have enough stored energy and capability to perform CO opera-tion and rated operating sequence under short-circuit condition.

rectifier. The solenoid is sup-
can

the front of the circuit-breaker.

2.9.4. Types of Mechanisms
The operating mechanisms in circuit-breakers are either ‘dependable’ or ‘storedDependent operating mechanisms dependclosing. They are accordingly called

energy type’,on continuity of power supply or manual forces duringas :— dependable manual operating mechanisms
dependable power mechanisms.
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Air blast circuit-breakers are invariably provided with pneumatic operating mechanisms Tin Indicator or indicating device indicates whether the switching device is in ’open’ or ‘closed’operating rod is linked with the piston in pnenniatic cylinder in the controi cubicle of the opera,I, S meansrf

Compressed air at thigh pressure is used for closing. High pressure air is stored in the ai, '“"If IXeake”? PaneTta instaliS iJceSroomT U'e P°Sltl“ of clrcu,t'breakerS and
receiver of the breaker. The air comes m the reservoir from the compressed air system. While closinj lsol^xn^ry switches have standard number of pairs of contacts (6, 8, 12). Auxiliary switch hasthe air at high pressure (18-30 kgf/cm ) is admitted in the pneumatic cylinder. The closing pistor f n positions ‘open’ and ‘close’ corresponding to the position of the circuit-breaker. In each position,is pushed by compressed air. Thereby the levers move the closing operation is obtained The auto TIP auxiliary circuits are opened and some are closed. The auxiliary circuits serve several pur-matic operations are achieved by means of solenoid operated pneumatic valves. ' Ssuch as:In SF6 circuit-breakers spring assisted pneumatic mechanisms are preferred for opening ano ( D Indication. Breaker open or closed by lamps, near circuit-breaker and at a remote place.

(2) Electrical Interlocks. The breaker is interlocked electrically with isolators. The
tions to solenoids in operating mechanisms are made through the auxiliary switch.

(3) Connections for relaying, auxiliary circuits of operating mechanisms.
The various terminals are connected in a terminal blocks in the operating cubical.

26

mechanisms.

connec-
closing.

In air blast circuit-breakers the high pressure air is admitted in arc extinction chambers. Themoving contacts are pushed against spring pressure (Details in Ch. 6).Pneumatic operating mechanisms require the auxiliary set up for the supply of high pressure-
In some

air.

2.11 . CIRCUIT-BREAKER TIME (TOTAL BREAK TIME) (Ref. Sec. 3.19.23)

Fault clearing time is the sum of relay time and circuit-breaker time. Circuit-breaker time is
also called total break time.

The rapid fault clearing of extra-high-voltages transmission lines improves the power system
stability. Hence faster relaying and fast circuit-breakers are preferred for extra-high-voltage trans-
mission lines, the circuit-breaker time being of the order of 2.5 cycles, 2 cycles.

For distribution system such a fast clearing is not necessary. Discrimination is obtained by
graded time-lag. Hence Slower Circuit breakers, 3 to 5 cycles are used.

Remember the Time Events :

hybrid-operating mechanisms, the pneumatic pressure is utilized to charge the closingspring. Then the stored energy of the spring is utilized for closing the breaker. Such operatic,mechanisms are called pneumo-spring mechanisms.
(e) Hydraulic mechanisms. The hydraulic system comprises the following essential com-

K
ponents:

— motor driven hydraulic pump, accumulators— Hydraulic valves and piping— Oil tank— Hydraulic cylinder, piston, etc.
+ [Circuit-breaker Time]
to [Closure of Trip Circuit]

rcuit-Breaker Time] = [Closure of Trip Circuit] to [Final Arc Extinction]
= [Opening Time + Arcing Time]

[Fault clearing Time] = [Relay Time]
= [Instant to fault]

The oil is maintained high pressure in the accumulators (300 to 350 kgf/cm2). The piston can J [Relay Time]be moved with high pressure by opening of hydraulic, valves and letting in the hydraulic oil from jQj
the accumulator into the cylinder. This movement is utilized to operate the links so as to close thecircuit-breaker contacts. mm

iDuring opening, the high pressure oil acts upper area of piston and opening stroke is eb-on
Relay time is the time elapsed between the instant of occurrence of fault and instant of closure

of relay contacts i.e. closure of trip circuit.
Circuit-breaker time is the time elapsed between the instant of closure ot trip circuit and the

•instant of final current zero. Circuit-breaker time is the sum of time required for operating
chanism to open the contacts and the arcing time. Total break time is equal to the sum of opening

time and the arcing time.
Thus the fault clearing time is elapsed time between the instant of occurrence of fault and the

F1 , . . ant of final arc interruption,

provided foTthe1
onera Hn oiln^ bet7fv n remote equipment, mechanical interlock can be The circuit-breaker time is of the order of a few cycles. One cycle equals 1/50 seconds in 50

comprises coil end^nlt- i v °f th° ,two adJacent equipments. The electrical interlock c/cles Per second, system. Circuit-breaker time of EHV circuit-breaker of the order of 2.5 cycles.
” "Tx ^ ‘ Citcait.breakers of time more than 5 cycles can be considered ns slow .

switch to ensure the following sequence :
P Detween circuit-breaker, isolator and earthing:

While opening 1
First to open: Circuit-breaker — Next to open- Isolator Many faults oh overhead transmission lines are transient in nature. Statistical evidence shows— Then the earthing switch (if any) to close l 'i;'t about 90% of faults are used by lightning, birds, vines, tree branches etc. These conditionsWhile closing : result in arcing faults and the arc in the fault can be extinguished by de-energizing the line by— Open earthing switch Close isolator simultaneous opening of circuit-breakers on both ends of the line or on one end of the line. Since— Then close circuit-breaker °r ^ie cause °f transient faults mentioned above disappears after a short time the circuit-breakers

This seauence must h f 11 J u T von be reclosed as soon as the arc in fault has been extinguished and the path has regained its
not have breaking- canaritv

6
n Tib e^au8e solators are no load disconnecting devices. They do dielectric strength. Reclosing of lines restores the supply continuity of service is the major ad-

and closing duty
y» n r o ey ave making capacity. Hence breaker performs the opening vantage of Auto-enclosure. If the fault is transient one the normal condition is restored by auto

tained.

12.10. INTERLOCKS, INDICATION AND AUXILIARY SWITCH. (Ref. Sec. 26.3)Interlocking devices are those which make to operation of the switching device dependent uponthe position or operation of other equipment. Interlocks are provided as a safety measure againsterroneous operation of a switching device. The interlocks are of the following forms: Electrical In-terlock, Mechanical Interlock.

me

insl

2.12. AUTO RECLOSURE (Ref. Sec. 44.5 and 44.132)

reclosure.
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( i jj.’s at both ends of the line should reclose simultaneously.
.... Deionization time for arc space in fault on overs-head line depends on several aspects such

;is magnitude of fault current, service voltage, length of line wind condition, spacing of con-
etc. Generally the time allowed is based on rated voltage of line and is as follows:

Fault Occurs

Breaker Trips duct— 1'he circuit-breakers should be capable of withstanding the electrodynamic stress in case

they are reclosing on an existing short circuit. The pressure in the reservoir generally

reduces after the first opening, thereby there is a reduction in breaking capacity for the
' sequent opening. This aspect should be taken care of while designing the circuit-breakers

:able for auto-reclosure.

ors

Breaker Reeloses

If fault persists St
<—OR—> <-If fault is cleared su

Voltage of Transmission line (kV)rjTRTpSQPl̂ N
Minimum Deionization time

necessary, CyclesRated voltage of C,B, (kV)
REMAINS CLOSED

Fig. 2.5. Sequence of Auto reclosure for EHV, bulk of power transmission lines. Single Shot SchHigh speed tripping and high speed reclosing improves the stability of power system*. Hem,
the circuit-breakers and relaying on EHV lines are provided with auto reclosing feature. Tests n-
high voltage systems have shown that a reclosure in 12 cycles (0.24 sec) is practical the porio:
depending upon the time necessary to dissipate the ionised air of arc path.The Auto-reclosing of EHV lines is high speed and single shot, i.e,. onlytempted.

572.566
eme. 9145132

14245220
420 18400

2. i 4. AUTO RECLOSURE FOR DISTRIBUTION LINES (upto 33kV)

la rural distribution overhead lines are used. The spacing between conductors is relatively

close. The disturbance on such lines are generally trasient, as described earlier. Auto reclosure is

therefore, suitable in improving the continuity of service. The usual procedure was to reclose cir-

cuit-breaker three times between 15 to 120 seconds.

reclosing is al.one
2.13. AUTO RECLOSURE OF EHV CIRCUIT BREAKERS FOR TRANSMISSION LINESThe timing of EHV Auto-reclosure is based on the following requirements (Ref. Sec. 44, 121— It is a single-shot Reclosure.— the arc in the fault should de-ionise before allowing reclosure. Hence certain ’Dead Time’ of

the order of 0,2 seconds is provided between opening and reclosing of C.B. *— the operating mechanisms of c.b. to open and to close as per desired operatingLooking Fig. 2.6 the following sequence can be observed:
Table 2.2

g. 2.6) (Ref. Sec. 3.19.23)

8asSHORT CIRCUIT
4

INSTANTANEOUSsequence, TIME DELAY TIME DELAY
CLOSED $ m(Refers to Fi

Time in
Sequence 1/ 100

Second
wm
l - I3

Operation
Remarks

1 0 Fault occurs
Relay time
Trip circuit closed
Opening time of breaker
Total break time
Dead time

Cjrcuit-brealcer closedTProtoctive ,
Fast relaying
Operating mechanism

2 OPEN0-4 gear starts operating. 1 SEC 1 SEC LOCKED
OPEN

1 SEC
3 4
4 4-9 starts to open. Fig. 2.7. Auto reclosure cycle of a 12 kV c.b. for rural distribution.

If the breaker trips after the third reclosure, it opens and remains open. The attendant thereby
knows that the fault is permanent and sends electricians to locate and correct the fault. The auto
rvi'lnsure cycle is illustrated in Fig. 2.7, but the sequence may vary in other cases. This practice is
no more favoured in modern distribution systems.

5 9-12
Breaker is of 4 cycles
12 cycles for deionization. CB

6 12-36
7 27 Contacts start closing

36 Contact touch for reclose
Circuit-breaker reclosed Will be opened again if fault persists and will loci10 Single shot is complete, the circuit-breaker will remain closed, if fault haagain if fault persists and will remain loclced-open.

remains open.
8
9 40 2- 15. WEIGHT OPERATED RECLOSING, POLE MOUNTED CIRCUIT-BREAKERS

Much circuit-breakers were used in rural distribution. An endless chain passes over a pulley
on the end of ah operating shaft. The operating shaft is brought out through the side of the breaker
top plane. A weight is attached to the chain. The energy required to reclose the breaker is derived
from the weight falling due to gravity. The timing mechanism controls the open-circuit time (about
30 sec.)

c-open,
8 vanished CB will open

a for strongly
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Remarks
2.16. TRIP-FREE FEATURE

Suppose the breaker has been instructed to close by manual instruction by pushing of pushbutton. The operating mechanism will start operating for closing operation. Meanwhile a fault hastaken place and a relay close the trip circuit of the breaker. The Trip-Free mechanisms, permitsthe circuit-breaker to be tripped by the protective relay even if it is under the process of closing.This feature is called Trip Free feature. Another feature of operating mechanisms is to prevent‘Pumping’, i.e. alternate tripping and closing if the closing button is held closed during a fault.In oil circuit-breakers and puffer type SFg circuit-breakers, the contacts should be allowed totouch during the end of the closing stroke before the start of the opening operation.

Applications
Bus-bars Main contacts conducting
parts, terminals
Busbar, conducting parts, casting,
terminals Enclosures of SF6 GIS,
Enclosures of busbars Eclosures of
busducts

Material
Ref. Sec. 17.16Electrolytic Copper

(99.9% purity)

Ref. Sec. 17.16( j metrical grade
aluminium

80% Tungsten, 20% copper , sintered
material

Arcing contacts7. 'fungsten Copper

Enclosures of SF6 GIS parts enclosed
circuits

Main Contacts of vacuum
interrupters, Contactors

Stainless Steel8.2.17. MATERIALS

lowHigh conductivity,
welding-tendency. Ref. Sec. 9.9.59 Copper-bismuth,

Copper-Chromium,
Copper-berrylium

The materials are important in switchgear manufacturing. Normally all the incomingmal. ri;,|,tested in the factory before acceptance. The manufacturer maintains with him all the necessnnstandards of material specifications. , •

are

Currents Carrying Parts
These include contacts, contact stems, flanges bus-bars, bushing-conductors connectors etc. Thedesign of conducting parts is based on the following requirements:— temperature rise during normal continuous current.— temperature stresses during short-time current, (rated duration of short-circuits) j— mechanical stress during opening and closing operation.— mechanical stresses due to electromagnetic forces under short-circuit conditions. :Insulating Parts
These include interrupter-enclosures, insulating supports for interrupters, supports to bus-barsinsulating pull-rods connecting the operating mechanism to the moving contacts, insulating tubihenclosing the arc-control devices etc.

2.18. DESIGN AND DEVELOPMENT
The development of a new circuit-breaker comprises the following major activities (Ref. Sec)12.3).

quenching techniques, various thermal, electrical, mechani-cal stresses under various switching conditions, design principle for arc quenching etc. This is cur-ried out in research laboratories.
Table 2.3 Material Used in Circuit-Breakers and Metal Enclosed Switchgear, Controlgear

The structural configuration (Sec. 2.8) is
designed and finally the complete breaker is

( 21 Design and development of Prototypes,

decided first. Then the various sub-assemblies are '

designed. Full scale prototypes are manufactured.
(3) Development Testing. Various development tests (Sec. 10.1)

semblies poles, mechanism and complete breaker.
(4) Type Tests for Certifications (Sec 10.1) These
(5) Actual Installation in system for observing performance.

are carried-out on sub-as-

exhaustive test as per standards.are

Summary
Circuit breakers are classified on the basis of the arc quenching medium as: Air break; bulk-oil;

Minimum oil; Air blast; vacuum ; SF6. While various types are in service; the trends in new instal-
lation is in favour of;

Low voltage (upto 1000 V): Air-Break CB and Contractors
Medium Voltage (upto 33 kV): VCB and SF6 CB
High Voltage (33 kV and above): SF6 and SF6

QUESTIONS
1. With the help of a neat sketch, describe the configuration of an outdoor, triple pole circuit beaker for

36 kV application. Name the parts and explain the operation of the circuit breaker during fault clear-
ing.

2. Explain the functions of operating mechanism of a circuit breaker and describe the motor Charged
Spring Mechanism.

3. Describe a trip circuit and the fault clearing process.
4. Explain the purpose of Auto Reclosing of an EHV Circuit Breaker controlling

sion line. State the sequential events in a single shot auto reclosing scheme.
5. Explain the functions of isolator, earthing switch and circuit breaker. State the sequence during open-

ing and closing of circuits. State the interlocks necessary to prevent accidents.

insulated GIS.
(1) Research. The research on arc

Material Applications
Enclosures for Interrupter supportProcelain, support for bus-bars )insulating tubes solid rods etc.

Remarks1. Porcelain
Compression strength 6000 kg/cm2.
Tensile Strength 3000 kg/cm2. Ceramicmaterial made by firing clay, glazing a mlfiring again. Suitable for outdoor

an over head transmis-
use,2. Epoxy Resin Support Insulators for indoor]applications, enclosuresencapsulation etc.

Used in solid form. Obtained by maxingwith suitable hardener and curing asuitable temperature, suitable filh ' i -.-used. Not suitable for outdoor

covers

use.3. Glass fibre reinforced
synthetic resin

4. Polytetra
fluroethelene PTFE

Insulating drive rods, insulating ,
tubes for interrupted
Nozzles for SP'6 Breakers, bearings,
Piston lings etc.

High tensile strength, withstandpressure, dielectric strength.
Low friction; arc resistant; can be ,moulded/machined. Pure PTFE is!insulating used with various filters. I
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Energy in inductance L henry at the instant when the current in it is i amp. is given by,

Wm = l / 2Li2 joules .(3.3)

3 (1 joule = 1 watt second)

In an inductive circuit current cannot change instantaneously. Hence when the e.m.f is applied

at. t = 0. The current is zero at the instant of closing the switch. Also we know, that the current lags

lii’dind applied voltage by 90° in the inductance.
Considering sinusoidal voltage applied to an inductance, the current lags by 90°, therefore, the

voltage of the circuit has maximum instantaneous value at the current
While interrupting the current flowing through an inductive circuit such as a transformer on

no load, a transformer loaded by an inductor, etc. the circuit-breaker should interrupt the arc at
natural current zero of the altenating current wave. If the arc extinction takes place at the natural

rent zero, the energy in the inductance (1/2Li2) is
ted before the natural current zero, at the instantaneous value of current, say i amperes, the

energy 1/2Li2 is suddenly interrupted by the chopping of current to an artificial zero value. Due
to such a phenomenon. The interrupting of low magnetising currents of transformers, reactors need
n particular attention. The circuit-breaker should be capable of interrupting such currents without
getting damaged or without giving rise to over voltage above the permissible limits.

(ii ) Capacitance. The well-known definition of the capacitor is: “Two or more conductors
separated by dielectric (insulating) medium.” The capacitance C is given by

C ~ faradsdv
q = charge, coulombs ;

Fundamentals of Fault Clearing, Switching
Phenomena and Circuit-Breaker Ratings

zero.

Transient phenomena during fault clearing-Shortcircuit Current-Transient, Sub-trasient andbteady-otate—Current and voltage variation during arc extinction process—Transient Recoveryvoltage—Switching phenomena—Circuit-breaker ratings. However, if the arc is suddenly inter-zero.cun1

nip
3.1. INTRODUCTION

The following phenomena can be observed during the fault clearing process :
1. As the fault occurs, the current increases to a high value during the first half cycle of thewave and thereafter the amplitude of the wave goes on reducing as the waveform passes throughthe sub-transient, transient and steady state. The waveform of the current is asymmetrical aboutthe normal zero axis. C

Si...(3.4)2. The voltages across the circuit-breaker pole after the final arcextinction (called the transientrecovery voltage) has a relatively high amplitude and rate of rise. The voltage has a high frequencytransient component superimposed on a power frequency component.
In this chapter the above mentioned phenomena have been studied with reference to the be-haviour of circuit-breaker. For the purpose of analysis, simple RLC networks have been considered.The generator has been represented by an e.m.f source. The equations of voltage and current havebeen solved by simple rules of differential calculus.
The analysis of short-circuit current and transient recovery voltage is followed by Circuit -Breaker Ratings (Sec. 3.19)
3. Overvoltages can be generated while closing circuit-breaker on capacitor banks or loadedtransmission lines. These are minimised by pre-closing resistors and surge suppressors.

3.2. NETWORK PARAMETERS :R, L, C
An electrical network comprises the following network parameters:— Capacitance
The resistance can be neglected as a first approximation.
(i) Inductance. Inductance is defined as

L =~ henry
where L = Inductance of circuit, henry.

A = Flux linkage due to current i, weber turns
i = current in the circuit, amp.

The e.m.f. induced in an inductor is given by,
dA T di
di ~ dt

1v = voltage, volts.where C = capacitance farads ;
From the above definition, it is understandable that transmission lines, bushing, circuit-

breakers etc. have inherent capacitance between phase and ground. In some cases the capacitance
may be negligible. In h.v. circuit it becomes important and may not be negligible, In circuit-breaking
phenomenon, capacitance plays an important role. The voltage across capacitor is given by

volts

v =^ j d q = ± j i d t

Qx

l
m

IEnergy in a capacitor is in the form of electric field and is given by

Wc Cv2 joules ...(3.5)

where C is in farads— Inductance — Resistance. v is in volts, q is the charge in coulombs.
There exists a distributed capacitance between conductors and between conductor and ground

in case of transmission lines. The flow of alternating current in the transmission line is associated
with alternate charging and discharging of this capacitance. The currents taken by the capacitance
for charging are i

, r
— 0 called charging currents. The charging current flow in transmission line, even if

the receiving end is open circuited. The voltage across a capacitor cannot change instantaneously.
While closing a circuit-breaker on a predominantly capacitive circuit like a capacitor bank, the

current flowing in the capacitance is given by

i -C —l ~ C dt

...(3.1)

where

dv / dt = Rate of change of voltage, volts/sec.

i = Instantaneous value of current amperesvoltse = ...(3.2)
C = Capacitance farads

!
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log i + J

34 SWITCHGEAR AND PROTECTlofThe current inrush during the closing of capacitive circuit can occur during pre-arcing betweenthe circuit-breaker contacts. The following duties can produce severe stresses on the circuit-breaker— Paralleling of two capacitor banks— Closing and opening capacitor banks.— Closing and opening unloaded transmission lines on no load

I'l’N'O

t - kIntegrating,

logi - - j~ t + k

where, k is a constant of integration given by k

that Joge ex = x Hence
= loge A, where A is some other constant. Further,

3.3. VOLTAGE EQUATION OF AN RLC SERIES CIRCUIT
The voltage equation of an RLC series circuit is given by

L~
t + Ri +^ j idt volts

we know
logt, i = loge e{ R / L) t + logA

'faking anti-log i =A e{ ~ R/ L) 1

This is complementary solution of current i . It is an exponentially decaying component called

. Component. The magnitude of constant A depends on initial conditions. A may be zero, positive

gative depending upon magnitude of e at t = 0.

Particular solution of i (ip) Take a trial solution
i = C cos (co t + 0) + D sin (a) t + 0)

is taken because the R.H.S. of Eq. (3.8) is of the form Em sin (co t + 0).

. . .(3,10)
e = . . . ( 3.6)

where = impressed voltage
L~ = voltage across inductor

Ri = voltage across resistor

^J id t = voltage cross capacitor.

D.C .
or ne

. . .(3.11)

Such a trial solution

Obtain fand^of Eq. (3.11)

ibtitute in Eq. (3.8). Equate the coefficients of like terms

For an alternating e.m. f. the induced voltage e is given by
e = Em sin (ok + 0)

where, Em = V2
~

Erms and co = 2nf. Angle 0 depends
then 0 = 0 if e = Em at t = 0 then 0 = TC/2.

from both the sides to get. . .(3.7)
on magnitude of e at t = 0. If e is Zero at i = 0,

111and
coL . . .(3.12)

C = - Em R2 + co2 L2 3R . . .(3.13) *3.4. SUDDEN SHORT CIRCUIT OF R.L. SERIES CIRCUIT
Let us see, what happens, when switch S of circuit shown in Fig. 3.1 is suddenly closed.

4 a
'THTOW' WW—

e ~- Em Sin(COt+&)

D = E FH?I?
of C and D in Eq. (3.8) we get

0

3Substituting these values

R2 +
hot <j> be the angle of impedance triangle

<j> = tan~ 1

v. . .(3.14)Em sin (co t + 0) 3
S

.3
i &

lAco L COS <J) =
Substituting sin (j> and cos <|> in Eq. (3.14),

~ Em
R2 + CO2L2

The R.H.S. of the above Eq. is of the form
sin (A - B ) = sin A cos B - cos A sin B

Fig. 3.1. RL series circuit under study.

on the basis described in section 3.3,

<4
Writing as equation for current i

sin <j> cos (co t + 0) +^2^2^?cos sin (co f + e) >

LJt + Ri i =Em sin (co t + 0)= e =
.. .(3.8)

We shall solve this equation to obtain an expression for current i .Eq. (3.8) is a non-homogeneous differential equation of first order. The completeof complementary solution, i.e . and particular solution ip i.e .
i = ic + ip

solution is the Emsum .. .(3.16)sin (co t + 0 - <|>)i = + GJ
(3 9)

S.deE
0

q”tZt̂ ZSr0"' ‘V ” 0blai“ed P““”e thS***«
Eq. (3.16) is particular solution of Eq. (3.8). It is sinusoid called A.C. Component.

Complete solution
i — ip + ic

From Eqs. (3.10) and (3.16), we getdii.e . Lf t + R i - 0
~E^Rearranging the terms, ...(3.17)

i = AJ- R/ L)

This is a complete solution ofEq. (3.8). Let us put theTnitial condition to evaluate A.

sin (cot + 0 - <j>)t
d iRLdt = 0i
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Example 3.1. A.C. transient R-L circuit. A 50 Hz sinusoidal voltage of implitude 400 volts

is applied to a series circuit of resistance 10 ohm and inductance of 0.1 H. Find an expression for

the value of the current at any instant after the voltage is applied, assuming the voltage is zero at

the instant of application. Calculate the value of the transient current 0.02 sec after switching on

rp. Sm. )

36 SWITCHGEAR AND PROTECTR i\

At t = 0; i = 0. Because the current in inductive circuit does not change instantaneously.
Assuming R to be too small as compared with coL;

Vi?2 + a)2L2 = coL
l coLand co = tan X = 9°9

Solution. Refer to the derivation in section 3.2
it! = 10 ohm
L = 0.1 henry

f = 50 Hz
2 itf = 314

' fR2 + CO2L2 = VlO2 + (31,4)2 = 33 ohm
Angle 4> = tan” lo)L/R = tan ’SI.I/IO

Case 1. Switch closed at e = 0
Hence ( liven :e = 0 at t = 0

0 = 0.
i = 0 at t = 0.Also

EmFrom Eqr(3.17) 0 = A +

. EA = + — From the mathematical table, we get
GOL

<|> = 73.35° = 1.26 radians
e = Em sin(co t + 0)This is maximum value of A, hence the d.c. component is maximum when switch is closed atvoltage zero. This case is called Doubling Effect. Because peak value is 2Em/ (nL, at the peak offirst current loop. There is as slight drop in the instantaneous value of the current from £ = 0 to

be considered to be approximately 1.8i?m/coL instead o|

£ = 0, e = 0
since1 the switch is closed at voltage zero.

0 = 0

nl
the t = Therefore, the peak value
2Em/ wL.

can
1:[ence
The equation for R-L circuit current is

L^ + Ri = e = Em sin (co £ + 0).

The solution (Eq. 3.17) is i = Ae- (R/ L )t

f v kCase II. Switch closed at e = Emax
e = Emax att = 0.
0 = 7t/2 Em Osin (co t + 0 + (|>)+ Vi?2 + co2L2

Putting the value of i at t = 0 and other given quantities

i = 0 at t = 0 we get 80 = A + Em/ aL sin(7t/2 - n/ 2 ).
A = 0

Hence A is zero, if switch is closed when e = E
Em0 =A(e°) +

A ~ Vi?2 +U2L2 ^ 72'35 =W (0'953) = 12'1 (0-953)

Thereby the d.c. component is also zero.
From cases I and II we observe that the magnitude of initial value of d.c. component Ae~ lK / Lt

depends upon the moment of closure of switch, or voltage at the instant of occurrence of short circuit.Let us interpret result of the solution.
When an R-L series circuit is closed with an alternating voltage source, the resulting current:consists of two components, the d.c. component and a.c. component. The a.c. component is super-imposed on the d.c. component. The magnitude of d.c. component depends upon the voltage at theinstant of closing the switch. When the switch is closed at voltage zero, the d.c. component is max-imum (Fig. 3.2). If the switch is closed at voltage maximum, d.c. component is zero and the!waveform is symmetrical about the normal zero axis as shown in Fig. 3.3.

max-

!100i + sin (314£ -1.26)].i = 12.1(0.953e~fence
ngle in the bracket is given radians. This is the required expression for current. Ans.
he magnitude of (d.c. component)
11 = 0.02 second is given by

idc = Ae ~ {R/ L )t = 12.1 x 0.953e~ 100 x 0 2 = 1.56A, Ans.

I
i

Example 3.2. A 50-cycle alternating voltage is applied to an R-L series circuit by closing a
switch. The resistance is 10 ohm. Inductance is 0.1 Henry. The r.m.s. value of applied voltage is 100
volts.

O.C.COMPONENT t i/i i
(a ) Find the value of d.c. component of current upon closing the switch if instantaneous value

of voltage is 50 at that time
(b ) What value of instantaneous voltage will produce a maximum d.c . component of current upon

closing the switch ?
(c) What is the instantaneous value of voltage which will result in the absence of any d .c .

ponent upon closing the switch ?
(d ) If the switch is closed when instantaneous voltage is zero, find the instantaneous current 0.5,

1.5, 5.5 cycles later.

t -
com-

t
Fig. 3.2 Switch closed at voltage zero,

d.c. component maximum.
Fig. 3.3 Switch closed at voltage maximum,

no d.c. component.
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Solution.Let us calculate the quantities for Eq. (3.17) i.e.

i = Ae^R/L» + Isin (at + 0 + 4»)R9, + ffl2L2

IR = 10Q
L-0.1 H

e- ( R/ L)t _
e- too'

+ co L9 — VlO2 + (0.4)2 = 33 ohm

2n radians = 360°

MAAAAW/L£ £

-'^= 72.35-= tan

72.35° = 1.26 radians
£,.ms = 100 V
Emax =^E, VAAAAA/wuf y= V2 x 100 = 141.3

~ ŝin (314 t + 0 - 1.26)
j. - e- 100 i +

100 «i = Ae~

This is the equation of current in the circuit.(a ) Switch closed at t = 0, when e = 0 and in an inductive circuit, current does not change in-stantaneously. Therefore,

+ 4.3 sin (314 t + Q - 1.26) .. .(«)

PHASES Sai = 0 at t = 0

*
From Eq. (1), we get

00 =A + 4.3 sin (-1.26)
A = 4.3 sin 1.26 (Note 1.26 is angle in radians)= 4.3 x 0.953 = 4.1.'. D.C, component at t = 0 is given by

Ae~ {R/L)t = 4.1c" 1001 = 4.1e° = 4.1 amp(6) The maximum d.c. component will be produced if instantaneousat the instant of closing the switch.

35
Fig. 3.4 Waveforms of currents in 3-phase short circuit of an alternator.

is no definite number, it depends on the machine) cycles is least and the short circuit current is
high. This reactance is called sub-transient reactance and is denoted by X The first few cycles

t!

3
come under sub-transient state.

After a first few cycles the decrement in the r.m.s. value of short circuit current is less rapid
than the decrement during the first few cycles. This state is called theTransient State the reactance
in this state is called transient reactanceX '. The circuit-breaker contacts separate in the transient
state.

ilvalue of applied voltage is
(c) The d.c. component will vanish if e = Emax>

i.e. V2 x 100 = 131.3 V (instantaneous) at the in-stant of closing the switch.
(d ) Like Problem 3.1,

zero

S
\

Finally the transient dies out and the current reaches a steady sinusoidal state called the
Steady State. The reactance in this state is called steady state reactance Xd.The Aid is called direct
axis synchronous reactance.

Since the short circuit current of the alternator lags behind the voltage by 90°, the reactances
involved are direct axis reactance.

Consider Fig. 3.4; the d.c. components in the three phases are different; hence the wave-forms
of the three phases are not identical. If voltage of phase, say, Y, is maximum at the instant of short
circuit, d.c. component of short circuit current is zero. Hence the waveform is symmetrical as shown
in Fig. 3.5.

Referring to Fig. 3.5 draw an envelope enclosing the waveform.
Ixtend the portions of the envelopes as shown in the figure. NM is extrended to meet the zero

time ordinate at point, A. ML is extended to meet the ordinate at B and LC meets the ordinate of
zero time at C. Measure OC, OB and OA.

NM is a portion of envelope in steady state LM is a portion of envelope in trasient state LC is
a portion of the envelope is sub-trasient state and LC is the portion of the envelope in sub-transient

0.5 cycles = 0.5 X 0.02 second
1.5 cycles = 0.03 second
5.5 cycles = 0.11second

Substitute in Eq. (1) taking A = 4.1 from part (a).
3.5.SUB-TRANSIENT, TRANSIENT AND STEADY STATEThe analysis of sudden short-circuit of an R-L series circuit (section 3.4) will now be applied tothree-phase short-circuit of an alternator. An alternator has stator windings having certain resis-tance and reactance. If we neglect the armature reaction and variation in field current, the currentflowing in an altenator phase during the short-circuit has waveform similar to that of an R-L circuitshort-circuit current wavafonn given in Figs. 3.2 and 3.3. However, in the alternator, the waveformis modified by armature reaction. An oscillogram of three-phase currents is shown in Fig, 3.4.When the alternator is short-circuited, the currents in all the three phases rise rapidly to ahigh value (10 to 25 times full load current), during the first quarter cycle. The flux crossing theairgap is large during a first couple of cycles. The reactance during these first two or three (there

state.
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snbtransient, transient and steady-state reactances can be determined experimentally by conduct-
rilioft circuit test.
R is clear from Eqs. (3.20) to (3.22) that while calculating subtransient, transient and steady

state currents; therespective reactances should be considered. The examples of short-circuit current
are given in Section II of the book.

CURRENT INTERRUPTION IN A.C. CIRCUIT-BREAKERS

The waveform of the current and the voltage during the arc interruption process will be studied
in this section. This description applies to the circuit-breakers employing the principle of zero-point
interruption. Every a.c. circuit-breaker generally adopts the zero-point interruption technique.

Consider a circuit-breaker connected to a generator on no load at rated terminal voltage. The
circuit-breaker is in open position and the other side of circuit-breaker is short circuited (Fig. 3.6).

£

41The currents and reactance are given by the followi
, OA Ea

t,= O B K
1 2 X d.

ng expressions :

ing...(3.20)

...(3.21
T"

_ OC Ea1 -^2 ~ X d„
where I = Steady state current, r.m.s. value

I' = Transient current r.m.s. value
= Sub-transient current, r.m.s. value

Ea = Induced e.m.f. per ph
Xd = Direct axis synchronous reactance

Xcf = Direct axis transient reactance
X(l" = Direct axis sub-transient reactance
OA, OB and OC

...(3.22)

I"

ase
C.B.

T
I

are intercepts shown in Fig. 3.5. 3 PHASE
SHORT
CIRCUITk.tZZtTSmT STEAD /

STATE\ esoV"
ft

m
£

0Fig. 3.6 Sudden-3 phase-short circuit of an alternator.
Let the circuit-breaker be closed at the instant when voltage of terminal B w.r.t neutral is zero.

In such a case the short circuit current in phase B will have maximum d.c. component and the
waveform of current If , will be unsymmetrical about normal zero axis as shown in Fig. 3.7. The
figure shows the typical waveform of short circuit current in a phase having maximum d.c. com-
ponent.. The generator is on no load before t = 0. Hence the current is zero before t = 0. At t = 0,
the short circuit is applied and the current increases to a high value during the first quarter cycle.
The peak of the first major current loop (shown hatched) is OM and this is the maximum instan-
taneous value of current during the short-circuit the instantaneous peak value of the first major
current- loop is called the Making current.. In the figure the making current is OM. It is expressed
in kA peak.

Let us come to this making current after covering the remaining process (Sec. 3.19.6).
The circuit-breaker contacts separate after a few cycles since the relay and the operating

mechanism takes atleast a couple of cycles. Let us assume that the circuit-breaker contacts separate
at t Ty The r.m.s. value of short circuit at the instant of contact separation is termed as Breaking
current.

( I
$ f
I IE
* 1

Fig. 3.5 Oscillogram of current is the phase
As the short circuit occurs, the short-circuit current attains high value. The circuit-breaker con-tacts start separating after the operation of the protective relay. The contacts of the circuit-breakerseparate during‘trasient state.’The r.m.s. value of the current at the instant of the contact separa-tion is called the breaking current of the circuit breaker and is expressed in kA.If a circuit-breaker closes on existing fault, the current would increase to a high value duringthe first, half cycle as shown is Figs. 3.2 and 3.3. The highest peak value of the current is reachedduring the peak of the first current loop. “This peak value is called making current of the cirrcuit-breaker and is expressed in kA.” The terms ‘breaking current’ and ‘making current’have been dis-cussed in details in section 3.19.

having zero d.c. component.

After the separation of contacts of the circuit-breaker, an arc is drawn between the contacts.
Tlie arc current varies sinusoidally for a few cycles. At t = T2 a particular current zero, the dielectric
strength of arc space builds up sufficiently so as to prevent the continuation of arc. At the current
zero, this arc is extinguished and is interrupted.

Meanwhile what is happening to the voltage between contacts ? This voltage is recorded in Fig.
3.7. Before t = 0, the contacts are closed and the voltage between them is zero. After the separation
iil' tlie contact ( t = Ty ), the voltage across contact increases. In fact this voltage in the voltage drop

iss the arc during the arcing period. The voltage across arc is in phase with current since the
ore is resistive. The peculiar waveform shape is a result of voltampere characteristic of arc-dis-

Though the short-circuit current varies continuously during the sub-transient and trasientstates, the representative values can be calculated from the equations 3.20, 3.21, and 3.22. The
acn
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After a current zero, the arc gets ex-
if the rate of rise of transient

contacts

42 SWITCHGEAR AND PROTECTION
charge to be studied later. During subsequent half cycles, the voltages across contact increases dm
to increased arc resistance. Finally at t = T% when arc gets extinguished a high frequency voltage
transient appears across the contacts which is superimposed on power frequency system voltage.
This high frequency transient voltage tries to restrike the arc. Hence it is called Restriking Valtages
or Transient Recovery voltage (TRV). The restriking voltage is transient voltage appearing acrossbreaker pole after final current zero. The power frequency system voltage appearing between thepoles after arc extinction is called Recovery voltage. The transient recovery voltage or restrikingvoltage has a profound effect on circuit-breaker behaviour. The current that would flow in the circuitif the circuit-breakers were replaced by solid conductor is called prospective current.

The transient recovery voltage (TRV) appearing across the circuit-breaker pole immediately
after the final arc interruption causes a high dielectric stress between the circuit-breaker couiucls.If the dielectric strength of the medium between the contacts does not build up faster than the rateof rise of the trasient recovery voltage, the breakdown takes place causing re-establishment of t liearc. If the dielectric strength of the contact-space builds up very rapidly so that it is more than therate of rise of transient recovery voltage the circuit-breaker interrupts the current successfully.The rate of rise of TRV, generally depends on the circuit parameters and the type of the switchingduty involved. The rate of building up of the dielectric strength depends upon the effective designof the interrupter and the circuit-breaker.

While switching capacitive currents, the high voltage appearing across the contact gap cancause reignition of the arc after initial arc extinction. If the contact space breaks down within aperiod of one-fourth of a cycle (0.02 x 0.25) second from initial arc extinction, the phenomenon iscalled Reignition. If the breakdown occurs after one-fourth of a cycle, the phenomena is calledRestrike. (Ref. sec. 3.20)

"Ur-RESTRIK/NG VOLTAGE

recovery voltage between the
Ilian the rate of gain of the dielectric RECOVERY

VOLTAGE
*1 rongth. The voltage appearing between
I he breaker contacts at the moment of
[ m;ll current zero has a profound in- ''
finance on the arc extinction process. The
voltage appearing across contacts after

zero is a trasient voltage of higher
l frequency (restriking voltage).

on the power frequency

VOLTAGE ACROSS
ARC

III
\current

tnatura
superimposed
system voltage (recovery voltage). The
t rasient component vanishes after a short
time! of the order of less than 0.1 mill-sec
mid the normal frequency system voltage
is established voltage. After current

across the

t

111
FINAL CURRENT ZERO

Fig. 3.8 (a) Voltages after final current zero
(TRV) (Simplified). (Ref. Fig. 3.86)

1
ie voltage appearing
;s is composed of transient restriking voltage and power frequency recovery voltage. Illzero t

contm

WMPOWER FREQUENCY RECOVERY
VOCTAGE (50 H*|ARC VOLIAGE |«— 0-002 S —•) I*

\% i% *I « litik sTt
Transient

Fig. 3.8 ( b ) Shape of TRV waveform as seen from Cathode-ray oscillographic record.
O)

I t
S 4 PROSPECTIVE

•RENT
' “Recovery voltage is the voltage which appears across the terminals of a pole of a circuit-breaker

after the breaking of current. It refers to the breaker-pole first to clear.”
'The transient recovery (TRV) or Restriking Voltage is the recovery voltage during the time in

which it has a significant transient character. TRV lasts for a few tens orhundreds of microseconds.
( Ref. Fig. 3.85)

— It may be oscillatory or non-oscillatory or a combination, depending upon the characteristics
of the circuit and the circuit-breaker.— It is the voltage across the first pole to clear, the same is generally higher than across the
two poles which clear later.

ibrr --El l 3S a\0

II

llr i RECOVERY VOLTAGE 3/
Rower Frequency Recovery Voltage is the recovery voltage of power frequency (50 Hz.)

appearing after the transient voltage has been subsided.
The transient Recovery Voltage refers to the voltage across the pole immediatley after arc ex-

tinction. Such voltage has a power-frequency component plus an oscillatory trasient component.
The oscillatory trasient component due to the inductance and capacitance in the circuit. The power
frequency component is due to the system voltage (Ref. Fig. 3.8). The transient oscillatory com-
ponent subsides after a few micro-seconds and the power frequency component continuous. The
frequency of transient component is given by

v
VOLTAGE
ACROSS

RESTRIK,
VOLTA-ARC

t -0 CONTACTS
SEPARATE

t - Tj
CURRENT

ZERO
ARC

INTERRUPTED
Fig. 3.7. Oscillogram of current and voltage during fault-clearing.

3.7. TRANSIENT RECOVERY VOLTAGE (TRV)
In altenating current circuit-breaker, the current interruption takes place invariably at thenatural zero of the current wave.

SHORT CURCUtT
OCCURS

V8 --0 IyHz
whei e fn = frequency of transient recovery voltage, Hz

L = equivalent industance, hency.
C = equivalent capacitance, farad.

fn 1l
11
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.7.3. Effect of Reactance-drop on power-frequency Recovery Voltage

V\ is voltage at the location of the circuit-breaker berfore fault. During the fault the
increase in the voltage drop in the reactance. As a result the voltage

Tr 1 ' i • -1- J-1— 1 i.1

SWITCHGEAR AND PROTE < 'TIONIn actual systems the waveform of the transient recovery voltage has several component fre-quencies ranging from a few hertz to several thousand hertz, depending upon the values of thecircuit parameters.
3.7.1. Effect of natural frequency of TRV
Fig. 3.9 illustrates the slopes of tan-gents to three TRV waveforms of differentfrequencies ( fn

>
f2nt /4,,). With increase in

the natural frequency, the rate of rise of JTRV at current zero increases. m TP

FUNDAI

Suppose
increased current cause an increase m me vonage uiup m wv

.urine at the location of the fault, immediatly after fault clearance say V2 is slightly less than
time for the system voltage to regain the original value Vlt Hence the powerappearing

“i" J ^.3 •2
1 i) TANGENTS

/ NPICATB.
SLOPE OP TRY

^fn ATt=0 -
RECOVERY VOLTAGE— ARC CURRENT

The rate of rise of trasient recovery
voltage across circuit-breaker pole causes
voltage stress on the contact-gap tendingto continue the arc.With higher frequency >
(say fin ), relatively less time is available 0

for the building of dielectric strength ofthe contact gap. Hence higher frequency
is associated with greater stresses. j

t
wt *-

Czrrft )

- ARC VOLTAGE :The breaking capacity of a circuit-breaker (r.m.s. value of current, whichthe circuit-breaker can interrupt) is re-lated with the rate if rise TRV, and,therefore, natural frequency of TRV. The breaking capacity reduces with increquency (Ref. Sec. 3.10. Eq. 3.26).

(b ) Zero power-factor : emax at io.
Fig. 3.10 Effect of power factor on instantaneous value of voltage at current

3.7.4. Effect of Armature Reaction on Recovery Voltage

The short-circuit currents are at lagging power factor and, therefore, have a demagnetising
nrmature reaction in altenators. As a result, the induced e.m.f. of alternators reduces during short-
circuit currents. The e.m.f. requires some time to regain its original value. Hence the power fre-
quency component of recovery voltage is slightly less than the normal value of system voltage.

3.7.5. Effect of the First-Pole-to-Clear
Refer to Fig 3.11illustratinga three

phase fault not involving the earth.
The voltage across the circuit-breaker
pole, first to clear is 1.5 times the
phase voltage. In three-phase a.c. cir- ' I ])——
cuit-breakers, arc extinction in the
three poles is not simultaneous as cur-
rents in three phases are mutually
120° out-of-phase. Hence, the power-fre-
quency recovery voltage of the phase in
which the arc gets extinguished first, is
about 1.5 times the phase voltage. In
practice the recovery voltage of the pole,
lirst-to-extinguish the arc is of the order
of 1.2 to 1.5 times. If the neutral is
grounded through reactor and if the
i'ault involves earth, the recovery volt-
age at the location of the circuit-breaker
is influenced by the equivalent system
reactance and can be calculated by the
method of symmetrical components.

zero.TRY WAVES
Fig. 3.9 Effect of frequency of TRV on the RRRV. o

3ase in natural fre -

“ARC CURRENT RECOVERY VOLTAGE >1
8r\

C.B.Y uj l nrn? •1
3 Ph.FAULTI

Beo
SiTs' At R'1 '0/ 1 « ! 3/

KJ R

V'iARC EXTINCTION— ARC VOLTAGE -
Fig. 3.10. (o) Unity power factor: eo at io.

3.7.2. Effect of Power-Factor on TRV
The voltage appearing across the circuit-breaker pole at the instant of final current zero is in-fluenced by the power-factor of the current. (Fig. 3.10). The arc gets extinguished at current zero.The power-frequency voltage appears across the circuit-breaker pole. The instantaneous value ofthe voltage at the instant of current zero depends upon the phase angle between current and volt-age. For unity power-factor loads, the voltage and current are in phase and both are zero at thesame instant. For zero power-factor currents, the peak of the voltage (Fmax) is impressed on thecircuit-breaker pole at the instant of current zero. Suchsevere transient and has a )

is a difficult switching duty.

>8

Fig. 3.11. Voltage across the phase, first-to-open.

high rate of rise of TRV. Hence Interrruptiri^currents of lmv power-factor 3.7.6. The First-Pole-to-Clear Factor
To consider, the effect of the first-pole-clear on the power frequency component of the recovery

voltage, the following factor has been defined in thestandards on high voltage a.c. circuit breakers.



4743
llTNl )AMKNTALS OF FAULT CLEARINGSWITCHGEAR AND PROTECTION

line-to-line fault
8

C.B.— jTruwwm

o|—JfiRRiTIRRn i_
VRV—nnnygyffSTTY Y

i B ,—-W T-R ARCL
t

*,&**>(* )- N /FAULTB
I GnTFOTBUtn.

1 6o —nnxmm$\.
R

I—nnrwnnnnr
VRN R (b) Single frequency transient.

Fig. 3.13. Explaining single frequency transient of TRV.

M.Li ( rt ).Such a transient is obtained while opening

between the fault and the circuit-breaker is negligible.
I i

Fig. 3.12 Explaining the first-pole-to clear factor (VRY /VRN)..
The first pole to clear factor = h_ealthy_^|ge^faul^hasePhase to netural voltage with fault removedat the location of the circuit-breaker during a phase-to-phase fault.Ref. Fig. 3.12, first-pole-to-clear factor is the ratio of the

Voltage between healthy and faulty phase (V^y)
Normal phase voltage (VIiN )at the location of the circuit-breaker for a phase-to-phase fault (Fig. 3.12).

terminal fault. In such cases the reactanceon a—N

DOUBLE FREQUENCY TRANSIENTS
Tin.' circuit may have L and C on both sides of the circuit-breaker as shown in Fig, 3.14. Before

clearing the fault, both the terminals, 1 and 2 are at the same potential. After arc extinction both

tiie circuits oscillate at their own natural frequencies and a composite double frequency transient

appears across the circuit breaker pole [Fig. 3.14 (b )].

3.9. %

L,
i3.8. SINGLE FREQUENCY TRANSIENT ZThe single frequency restriking voltage transient is produced in the circuit illustrated in Fig.3.13 (6). The frequency of oscillation is given by the natural frequency of the circuit.Le' fn =^LCHz

where L - Inductance, henry ; C - Capacitance, farads.—n— PEAK RESTRIKING
VOLTAGE

/r«—RESTRIKING| VOLTAGE

.1e ic,T;
a B(a)

VOLTAGE

^
S’

/
t

/
/\ j l

t i/

^VOLTAGE (6)
(a) Fig. 3.14. Double frequency transient of TRV,

In general the frequencies and waveform, rate of rise and peak value of the TRV depends upon

several aspects such as— net work configuration

These frequencies are of the order of 10 to 10,000 Hz depending upon the value of L and C.The actual power system is composed of distributed capacitance and inductance. The circuit con-figuration is also complex. The TRV for such circuits can have several component frequencies rang-ing from a few Hertz to several kilohertz. A typical single frequency transient is illustrated in Fig. — type of neutral earthing.— type of fault



1
The TRV wave can be defined by various methods such as— specifying the peak and time to reach the peak.specifying the TRV wave by defining the segment of lines which enclose the TRV waveform,The latter method has been now universally adopted and is described in sec. 3.19.9. I
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zero time at zero currents when t = 0, and further
e = E cos co t

Em= sin cot before opening of c.b.

di Em
dt coL

SWITCHGEAR AND PROTECTION IAssuming

i
3.10. RATE OF RISE OF TRV X co cos COt

The rate of rise of restriking voltage usually abbreviated by R.R.R.V. is a rate expressed involts per micro-second, represents the rate of increase in restriking voltage. The rate of rise ofTrasient Recovery Voltage. (TRV) and the natural frequency of TRV are closely associated. Timrate of the rise of TRV depends on the system Lparameters. The circuit breaker should be capable of in-terrupting its rated short-circuit breaking current under jthe specified conditions of TRV. Hence the foilwing char- |acteristics of TRV are significant:

Substituting in Eq. (3.18), we get

The solution of this standard equation is

e =E».[1 - c<,s^c )
This is an expression for restrikmg voltage in which
/?„, - Peak value of recovery voltage, phase to neutral volts

t -- Time in seconds
L - Inductance in henrys
C -Capacitance, farads
e = Restrildng voltage, volts.

Note.Rate of rise of restriking voltage

dt

=5& sin^c
R.R.R.V. is maximum when it derivative is zero (from maxima theorem of differential calculus)

is maximum when = 0
dt dt2

em d\ ...(3.19)
dt2

(/\r-e— Peak of TRV, time to reach the peak. Hence therate of rise of TRV ...(3.20)— frequency of TRV— Initial rate of rise
The term rate

plained as follows :
If e is restriking voltage volts

R.R.R.V. = volts/p sec.
where t is in p seconds, e is in volts.

The peak restriking voltage is defined as the maxi-mum instantaneous value attained by the restrikingvoltage (em).

of rise of restriking voltage is ex-
ten
a
ito
It M Sec.

Fig. 3.15. Measurement of single frequency
transient.

...(3.211 1Referring to Fig. 3,15, R.R.R.V is given by
R.R.R.V. = ~ . ..V/p sec. 1

itm!. where em = peak restriking voltage, volts
tm - time between voltages

Ern - peak recovery voltage.
Amplitude factor =

r
Em tand peak restriking voltage in pzero

TLC °sec LCC0Si. f . at n
1W 2or whenEm

t =<LC\
maximum R.R.R.V. is the value of de/dt at

VLC|

,103Natural frequency = — kilo cycles/second ...(3.18)
Since f = —~ for any sinusoidal waveform.
Derivation of Restriking Voltage. Consider the circuit shown in Fig. 3.13 when currentreaches zero at final arc extinction, a voltage e is suddenly impressed across capacitor and therefore',across the c.b. contacts. The current i which would flow to the fault is not injected in the capacitorand inductor. Thus

t =
Em ...(3.23)R.R.R.V.i .e . lie

Further, peak restriking voltage occurs when e is maximum
max

i = iL + ic

s-i*4
when

t = it, i .e., t = %^LCwheni.e.
md peaking restriking voltage is equal to

e = Em (1- cos ic) = 2Em ...(3.24)














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































