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ABSTRACT 3 The effect of transients on the operating time of

fast relays is important in determining the effectiveness of the

e A P

-~ L

pbuer system protective devices., The operating time is a function

of the circuit parameters 1nclud1ng the instrumentation, the gap

spacing as well as switching transients,

Analytical ezpressions of transient current have been

develeped. The effects of transients on the operating time of .

overcurrent relay are determined experimentally. Operating timas

for both transient and steady states condition have been found.

Expcrimental observations establish that operating time of the

relay is reduced by & wide margin 3.6% to 20, 8% dus to transients

from the steady state valus for the overcurrent relay of EC maku

type. Switchlng transients for the re]ay circuits are_ 18?.5% te

12§&g§:g§ the normal steady state value.,
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CHAPTER = I

1.1 INTRODUCTION

@he extensive use of eleciric energy in the diverge
branches of the natural economics has made the reliability of
;peration of electrical equipment in power generéting ;nd
distributing syst;ms and in electric pﬁw;r ;onsumer installations
a problem of special importance;

Ever present in fhe every day operation of electric power
system is the possibility of dis£urban;os in #érmal operatien and
the appsarance of faults in the separate parts of their oéuipmant.

The most common form of disturbange iﬁ normal o#eratioﬁ of
e lactrical eéuipﬁent ié overloading, due to which the flow of
current exceeds rated valua;

The most severe and common form of faults are the short
cirquits. The magni#qde of a short=circuit current depends on the

;L

kind and character of the short circuit, the power capacity and

—-—

¢ircuit arrangements of the system, the method of connesction and

operation of the transformer neutrals, the distance of the fault

—

from the generating units, the ratingg of the main equipment and

the current %}m%ting devices, the duration of the short circuit,

the speed of action of the regulating and switching apparatus in

the system and other, factors,



As a rule, the short circuit current considerably exceeds

tQE‘rated gygzggﬁ_oﬁ_thoﬁgffected'installatlon and can materially

————— T e e ———

disturb the normal operation of an electric power system., In fact,

the short circuit cannot only lead to damage of equipment or the

circuit element in which it develops, but also cause a considerable

- —
——— - -
et . - - e

drop in voltage and frequency at which stable parallel 0perat10n of
e — i S
the power units is hampered, Short circuit may, further more, cause
neters to draw large currents; lead to switch off of a series of
power consumers, increase the energy Xsawxax losses in all paris of
the power system etc;

The characteristic high degree of interconnection and
interdependence existin.g be tween the lvarious ei;;ents of an electric
system and its conditions of operation creates a need for the use of
protecti&e devices and arrangements that will automatically and very
éuickly disconnect the faulty section from the system, or initiate
an aiérm of disturban;es in norﬁal operating conditioné; In ;lectric
power systems these functions are performed by system of protective
relays; each constituting a relay protection schem;; Hi;torically.
protective relays were one of the first forms of autoaatic c;ntrol

in power engineering and at the present time are one of the basic

forms of automatic control employed in electric system.



The term protection relaying applies to the arrangement

[ C e

of devices set up in schemég capable of response to the appearance
of a fault or g_dis;q;baﬁce in normal operati;é c;nditio;; in any
sectfsn of the electric system and of automaticall& aéti#g on
disconnecting apparatus or an alarm device.

Depending on the form and parameters of the circuit element
to be protected as wall as its functiions iﬁ the system, the protective
rélay scheme will hav; to satisfy various requirément;.

It is the latter that determiﬁe what operati;g principle
and prote;tiv; rélay sch;mé should be select;d. As a rﬁle on th;
occurance of short circuit which may lead to heavy disturbance
in normal system operation (damage to equipment; impermissible drop
in voltage etc;); the prote;tive relay sch;mé is designed to
disconnect fhe damaged sysiem element;

The érotective schéme is designed to energise an alarm or
signal whenever the overloads and short circ;itg ie not present a
direct danager to the faulted circuit element and the éntire installa-
tion for example, an occurance of a single phase fault to earth in
oferhead circuit; oéerated with an insulated newfral; In such cases
it is possible for the operating personnel to take the necessary

measures for removal of the abnormality. and preggnt any interruption

in power supply to consumers, : : .

»
L]



1.2

The protective relay, scheme can consist of one or several
relays designed to operate not only instant taneously, but also with

time delay, can employ relays of diverse type and construction etc.

Cause of Faults: Insulation is usually either air or high resistivity

material which may also be used as a mechanical support. Air insulation

e —
e

can accidentally bes short circuited by birds, redents, snakes, kite

strings, tree limbs etc. or reduced in dnsulation strength by ionisa-

—

—

tion gus to lightning or a fire., Organic insulation can deteriorate
due to heat or ag;i;; ;r éag be broken down by over voltage dus to
lightning,switchings surges etc, Porecalain insulators can b; bridged
by moisture with dirt or salt and can become cracked. In all thess
cases the initial lowering of insulation resistance causes a small
current to be divﬁrted‘which hastens detericratien or ionisation;

@xxx causing this current further to increase in a progressive manner
until a power fault occurs. Further more, hea;g faﬁlts; if not ;uickly

interrupted may heat conducters sufficiently te cause deterieration

of other insulation which was previously in a healthy state.

— -
———

édne and apparatus.insulation may be subjected to transient

oy ——— — T = — B -

sver=-voltages whenever current is started er stepped. These surges
are a component of the recovery voltages. The mest severe switching

surges occur when current which lags or leads the applied veltage by

- - — —_—— e — T — e

-

99° degrees is (such.as short circuit current er line charging current)



interrupted. During unloaded line dropping on a grounded system,

,fhe line voltage may go to erest line te neutral voltage on the

first interruptien; three times this valus on the first restrike;

five times this valus on the scond restrike; and se en as the are

resirikes on succeeding half cycles. The magnitude of these

switching surges 1s appreciably greater for systems that are not

solidly grounded,Thus system insulation may be subjected te serious

=

ever=-voliages with breaker recovery voltages that are still higher

hl PR —

when line charging current is interrupted,

13 _Economics of Relayings

The cost of protective relays is generally small( % to 2%)
compared with the cost ef the equipment pretected. This is particularly

trus in the case of generators, transformers,amd high tension linmes,

Inspite of this there is a tendency to treat pretection not as a

small percentage insurance charge but as a separate item and then to
price the cbea;;st reiay or rélay scheﬁg; Co;sideriﬁé th; saving in

repalir co;t aff;rded bé higg grada; higﬁ spo;d ralé&iﬁé é#épa?ed wi;h
;h;p;er slow;séeeda£raﬁgem;nts; it astonis;; ;a;§ ?ﬁé;;;e¥$ £hat £he
$esf érotection.is ;§£ alwé&s choseﬁ the cos; ;f o;e ﬁajor repair to

a gensrator for instance would be many times the cost of the best

protective relay schemes. - . .



Similarly, the cost of one day's loss of productien in a copper

mine or oil refinery may exceed the cost of adequate relaying,

On the other hand un-necessarily expensive and complex protectien

scheme are sometimes used for important lines so that the likelihoed

of an outage due to trouble in the protection gear may be comparable
with the likelihood of an actual fault,
It is the duty of the protection Engineer teo checoese the

most economical scheme which will give complete protection and
isolate faults selectively in thé shortest ;;;s;;blé ;iae; Go;é
eleetrical service i;;; continuity of supply; d;;ends t; a éreat
extent on adeéuate pfotectiun. This is soﬁa;imes diffiegi; to
aéhi;v; bécaﬁse of the te;;;n;y ;é system glaﬁ;;rs ts ;gieé;te the
relaying consideratioﬁs untii tﬁQ ;ystem arrangemén# ha; been

decided on and the equipment ordered; this often creates conditions
that make it almost impossible to find anything on which the relay

can base its selective measurement, In short; protection must be

cons idered before the power system layout is finalised,



PROTECTION SCHEME EQUIBEMENTS:

Fundamental requirements which protective relay
schemes must meet are the following:

1. Quickness of action: Quick disconnection on occurence of

a short circuit decreases the amount of damage incurred; hplps
maintainiﬂg the stability of machines oéeratiﬁg i; ;;rallel;

be tters céﬁditions for p#iling ;;£ers iﬁte sgﬁchoroﬁiéation

and allows them to salf—s£ar;; ansu¥;s maint;;;;ce ;f normal
operating cond;£ions in the unfaulted sections of the systen,
decreases total cutage of power consumers and total non-delivery
of electric power.

The time intervalwithin which a faulted circuit section
ig disconnected from power is a sum consisting of the operating
times of tﬁe protection schemes (t;‘S; and of tﬁ? ;grcéit
breager toéether Qith its ;éérati#é_;é;haﬁi;; ( tcb); ﬁamely;

toper = tp M t;b-
To raise the reliabilits of power system eperation,

as a rule, the more gquick acting protection schemes should be

employed in conjuction with quick acting circuit braaksrsi



Protection schemes incorporating time delay are used whenever
protective acti;n must b; co-ordinat;d ﬁ;twééﬁ ;djacént circuit
.zoges.and whenever system operating conditions éermit time délay

i# the event of a ghort circ;it.
On the other hand, application of éuick ;éting ciréuit

breakers sometimes prove to be impracticable. For instance, if
e . -a;_

on an overhead transmission line equipped with tubular-type lightning

- -~ - - [ R——y TR e —

arrestors the latter operate, quick-acting protection scheme may
disconnect the line: No 1£tentional increas; ;ﬁ prote;tion operating
times is necessary whenever the line is eéui#ped wi£h ground wi;es
and automatic reclosing controls; The presen;e ;f the grou;d wires
limits the probabilit& of surge faulting with subseé#ent lightning
arrestor operation, aﬁd any possible im#ro;er switch out o% thé liﬁe
will be ere;ted by the automatic reclosi#é controls;

Another example of where éuick %cting #rotectio; cénnot be

used is when the protection schemes of adjacend circuit sections

must be co-ordinated for selective cperation,



2e BSelectivity or discriminating action:

The ability of the protection to *select' (search out) the

point at which the fault appears and switch it out of the circuit by

tripping the nearest of the circuit breakers, Protection scheme
selectivity is accomplished by accordingly co=ordinating the pick
e uE _ .

up (operating) current or time setting in the corresponding protections

";t the consecutively connected circuit sections. This involves having
the\largest pick=up (Operating)_current or time settings in ths protec-
tions ;f the circuit zones located clesest to power supply; In order to
éuickly and with selectivity clear a fault on s;;tions ne ar thé source
of power supply, it becomes necessary to empioy the protections to be
studied further beloé; the over current cut;offs; §r more complicated
iypes of protection, such as for example the distance protections.

- It may alse be come necessary to resort ‘o nénwswitching

carrected by autogatic reclosing controls or automatic stand by

connection controls.,
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3« Sensitivity: Ths capability. of the protection to respond

to abnormalities in normal operating conditlons, and to the short
circuit for which the prote;tion has been d;signed. It 1s accepted
thaé the sensi£ivity of a $rotection can be ex%fessad b# a sé;siti;it;
factor KS « The g;nsitivity of % protection is eééy £o ;nderstand
by reference to overcurrent aml under voltage protections.

For overcurrent protections where resééﬁs; ?a#es glace on
an increase in current,

I.SC min
Ks:

I .
. PP

wvhera 1 . min = The calculated minimum short circuit current of a
s .
so0lid metallic gshort circuit (i.o. transition resistance at fault

taken equal to zerc) at far end oi_protected circuit section Ipp
Primarp pick up (or operating) current of the proection,

For undervoltage protections where the protection operates

on drop in drop during short circuit:

vV e
p
K e
s = ,v. max.
r
where V = Voltage at which protection operates

po

Vr max = Calculated Max" residential voltage at point
where protection is installed when shart circuit secures

at far end of protected circuit section.
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It is usually requirad that the sensitivity factor should

not be leass the 1.5 to 2.0 in value.

Fi

4. Reliability: Reliability in operation on occurance of all the
faults for which the protéétionﬁQas!been designed. In examining
éuestions of protectionsgh!m scheme reliability it is necessary to
take into consideration the difficult conditioﬁs and séecific cperat-
ing requirements which must be met by protective relay schemes and
consisting in that the protective relay scheme ﬁust continuously be
on the alért over long intarvai of times (month and years) and
operatle reliably; The mome#t the occasion arises the siméler the
protectign scheme aﬁd less the number of relays, circuits and
contacts it contains, the greater is relaibility; Simplicity of
construction and adeéuate éﬁality.of the relays; corre;tn;ss of
design and installation; as well as,éualified ﬁaigtenanca and
supervision are also facts whiqh iéfluence protection scheme reliabi-
A, ;
lity. Protection scheme reliability, as generally accepted, is

evaluated on the basis of percentage of correct operations has

reached a value of 98 to 99 % in power system,
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In selecting a type* of protective scheme it is necessary

to s trive to make it as simple and reliable as possible. Faults and

conditions of operation frac?icéﬁly improbable of occurence should
- LI -
not be taken into coﬁﬁideratibp;

Proective rslay schemés‘?érving t0 energise a signalling
circuit, with the exception of'ﬁuick action, must ﬁeet reéuireﬁents
similar to those faced by schemes serving to energise a trip circuit.
But in view of the fact that signal eneréising érotectioﬁ schemes bear

less responsibility their requirsmmits are less stringest and are

usually not prescribed in standardised regulations are rules.

1.5 DEFINITIONS OF IMPORTANT ERMS:
1. Stability: The quality in a power system which enables it to
maintain a state of equilibrium and regain it after &ikmx

. . disturbance;

2. Sensitivity : It Is the quality of the device to pick~up the
smallest value of detected iﬁpulse for its operation.
3. Selectivity: It is the quality of the device to assess if the

detected impulse requires its co-opération for minimum outage

on the systen,

&. %4, Co-ordination: Setiing of one relay with reference to another
e g - -

to give disconnection and provide sensitive and selective
B TN

operations,

- .
—~
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5. System : Transmission and or distribution network of lines,

. transformers and gensrators,

. i
6. Voltage surge P It is a sudden deviation of voltage from
normal conditions and may be caused by lightning, switching

operation and/or faults.

7. Reserve capacity: It is the generating capacity available in
reserve which can be brought on bar as and when required.

8. Auto-reclosing: The ability incorporated in a circuit breaker

to reclose itseld it has tripped under fault without the system

-
k)

falling apart. :\_

9. Automatic-voltage regulators:

=

s

v
Auxiliary equipment which-regulates voltage within limit

by itself, without external manipulation.

10. QOperating time: The time which elapsed from the moment when
the attracting quantity attains a value equal to the pick up
value until the rdlay operates its contacts.

11, Reach: The remote limit of the zone of protection provided
by the relay; used mostly in cohhection with distance relays to

- indicate how far along -a lins the tripping zeone of the relay

extends, s

-
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12. Over=-reach:

Under reach Errors ,jin mxpk relay measurement re?ultlng in

wrong operation or failure to operate respectively.
13, Blocking: Preventing the protective relay from tripping,

either due to its own characteristic or to an additional relay,
14, Tapped Line: One which has one or more tapped lines connected
to it for supplying loads.

.

15, Multi~terminal Lines: One with three or more terminals which

can be power sourcesa.

16, Flag or Target: A visual device, usually spring or gravity

operated, for indicating the operation of the relay.

17, Instantaneous relay: One which has no intentional time delay

and operates in less than 0.1 second.

18. Time delay relay unit: One wﬁich is designed with a delaying
unlt A self% contained relay “lunit Which; iﬁ conjuctioﬁ with
one or more other relay unitskﬁn a relay case, constitute a
complete protective rélay.

19. Blemant: A part of a relay unit, such as an electromagnet
or damping magnet 6:1§n inﬁug?ive disc;

20, Burden

TPower Consumption) The powgr absorbed by the circuits of the

relay, expressed in volt-amperes if alternative current(a.c.)
_.-/
and in watts if direct current (dec.) at the rated current

or voltage. .
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21, Consis tangy: The accuracy with which the relay can repeat.

L

its electrical or time bhagacteristics;

22, Power Switching: An oscillation betwsen groups of synchronous

&,c, machines cquseg-by an abrupt change in load conditions.
\' ) . . .

23, Backwup relay: A ;elay which operates, usually after a slight
delay, if the normal relay does not operate to trip its circuit
breaker.

24, Primary Relays: These which are connected to the protected

N .
cirduit through current transfermers (C & t's) and potential

transformers (P.t's).

I -

25« Seal=in-relay: Similar jo reinforcing relay except connected to

stay until its qul circuit is interrupted by a switch on the
circuit breaker. -

\ -

26. Dropout or reset (level):The value of current or voltage, which

is the thresholdlbelow which the relay will open lts contacts and

-

.“ LI \-
return to normalSpos&tiopjor state.

27. Pick=up (Level): fhe value of current or voltage etc. which

is the thresholdfﬁéiow which the relay will open its contacts
o - .

and return to normal position or statey

28, Operating force: That which tends to close the contacts of the
or torgue

relay.
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29. Restraining Force. %hat which opposes the 0perating |
_or Torque S ‘
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1;6 CLASSIFICATION OF RELAYS:

Rel##s ma& be classed as electrical, mechanical,optical,
accoustical a;d oth;:'forms of relays. H;Qo w; are coné;rnéd only
with electrical reléys.

Electrical rélays in tu%n ﬁéy be s;b;dividea i; the
following ways; |
(a) As to the principle of action on the relay system:E lectro-
magnetic; mo;ing coil; induction, eleciro=dynamic, p;larised;
electronic; thermal relayéi :

(b) As to the nature of éﬁénﬁit& to which the rela& resgonds;

Current; voltage; power reactfnce; impedance; fr;éueﬁc&; bhase~

shift relays; |

(c) As to the method of sensing element connection (i) primary

relays (ii) Secondary relays;

(d) As to the methﬁd by which th; control‘éléme;t ;;ts upo# the

di;conne;tiné devic;.(i) Diréct acfiné rela;s (ii) Igdire;t
acting rela&é;
(e} As to the degre;fof %;boétance (i) Mai; (ii) Suépleme#tary:
(f) As to the time oi‘ action 1'('1) Rela;}s Qitho;t tim.e- delay
(ii) Re lays éith tim; delayi |
( (g) As to the kind sf ;éﬁtaét (i) Normall# opeﬁ (n;e;) (ii)Nérmally

closed (neCe).
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INDUETION-TYPE
OVER CURRENT RELAY

FIG- 1.
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1.7 OFERATION OF AN OVER CURRENT BELAY:

3
LR

An over ourrent relmy consist of two magnets as shown

N ) I J .
in the fig, A It is essentially similar in censtruction to

3

an induction type of meter. The upper electromagnst consistis of

-1

tvo winding. One is supplied from a durrent transformer in the

1ins which is o be protected. This winding has got tappings at

Ny
an interval and ars‘c?nnactei”ﬁo a plug=setting, tharaby giving

_— N 1
the dasired curren: setiirng. This winding energises a second ceil

an the magnet by induction‘bhs current from the second winding

passing through coil in thi-gﬁwer electromagnet, In this way,

ths lsakage flux from the u;;;r and the flux produced by the

lower are displaced in phase to get up a rotational torque on

the matal disc suspsnded between the two magnets., The disc epindle
earries a moving contact uhicé bridge two fixed contacts where the
dis¢ has rotated through an qggle vwhich can be adjustad..Any
‘designd time setting can bg q;ven to the rslay by adjusting the
angle. The dcfinito minimum ﬁ%me characteristics is obtained by
alliowing the irom in.}he uppe? electro magnet to saturate so that
thers is practicallﬁ no inc%aase in flux after the current has

i

raached a cortain value,
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1.8 TDE CURRENT CHARACTERISTICS
A General expression for the opsrating time of a time
current relay is
KM .
v = 5 0

o

vhere I is the multiple of tap current; Ip is the multiple of
tap current at vhich pick-up occurs, K a design constant of the
relay and M is the time multiplier setting, If the relay picks

' X ' KM
at tap valus of current, then equ (1) becomes t+ = —— Deperding

B S

on two design factor, linearity of B = H curve of the magnet

desired slope of the value of K and M and n vary, For standard
IDMT rélay ; zih1 ané for fery inverse # ; 1 éné f;r e#tr;moly
iﬁ%erse characteristi; n is greétar than one; Differe;t
countries use diffierent value of n and X for IDMT overcurrent
ralay.

For our FXII;VpurpOSéS-th cur%e will b; asiﬁptotic in
nature, The time s?ﬁti#g only shifts the cﬁr;; as sho#n in th;

Fige 3A.



- 23 -

1.9 REVIEW OF LITERATURES: , ."\

About a century age, g_gower system usually consisted
of a small generat;r sugflyigg,éouer; The station atfendant in
an eﬁe?éaﬁcy used to open\swiééhé#jmanually; The size §f power
;ystem began t; double and éuadrhb&e per decade., Industrial

revolution in different countries brought about a drastic change

S

in the power system; They began to use integrated Power Systems

'

among thams&lves.'Engiﬂeers, gla;éers and designers began to use

max more and more automatiC'switch'ge#r with the increase in the
size of power plant and its traﬁsmission; Such apparatus must
operat; 1# a small fraction of a Qecond of the systeg is to
avoid destruction.

Fuses were used as a first stop of automatic devices

to Imxkxkx isolate the faulted equipment quickly. These were

| —

i \
used widely and mainly for distriﬁution circuits., The great

disadgantage was that these needed replacement before the supply

]

could be restored. These inconveniences were overcome by the use

of automatic circuit breaker with a trip device.Finally protective

relays came into picture which began to control the trip coil of

the breaker;



-

Initially the relays were designed to operate in responseé
to short circuit conditions';f the system; These relays were attracted
ar.matui'e type with or witho;£ a definite time dela;} ;)rovid;d b,{r a dash
pot mechanisﬁ; The greater éize of the system dém;n;ad m;fe ér;;is;
relay mecﬁanism; The only de%ice was the wait hour meter which was
turned inte a relay by substitutiﬁg contacts for the indicating
reglister, This resulted in the i;Verse time overcurre;t rela; thch
is still in use although in an improved and modif ied for;.

The induction disc inverse ¥elay was introduced in early
1526'5 and high spe;d differential type in late 1520'5. Greater
sené;tiQifg aﬁd acéurac& ha;; heeﬂracgieved particuiarl# ;i;ce
1939=45 War by the use of polgris;dq;c. relays en;rgised thréﬁg#
, rectifier bridgeﬁi - | \

During 1520 to 1540 ;50 a large nﬁmb#r of res;arch work
have besn done on ;onstrﬁctiéﬁ aﬁd.tyﬁe of rela#éi

Repxid development of complic;ted and integrated power system

and increasing use of automation compelled engineers design more

rapid and sensitive type of relays;
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// ( Transients before this were of no importance because it did not
o . :

{

{

affected the operating time of the relays. This was because transients

gkt died down before_the operation of the relays, Relays which

operate in fraction of seconds are affected most with the switching

p—— —— - [ — —————

-

transients, Although some works on transients of power sysiem have

[

e ——— ——— =TT

been done sine 1950 till today; but their scope were limited. Some

- -

of the works are being mentioned below,

-—

"Tran<isnt characteristics of Current Transformers during

' 1
faults"by C. Concordia, C,N. Weygandt and H.S.Scott. M

This work dealt mainlywith the dynamic characteristic of current
transformers during fawult in the power system., The paper did not
touch at all on the effect of transient on replay operating time.
"Current Transfbrmers and Relays for High sgeed Differential
Protection with partiqﬁlar reference to offset transient cﬁrrents"
by W.K.Sonnemapn aﬁd C; Wentz (2? also dealt with transients
characteristics of curreﬁt transformers in a power system with relays
for High Speed Differential Protection. Some deerivatives were made
of the circuit parameters. The paper did not deal with the change in

operating time of relay_dpewﬁq transient;



"Transient Characteristics of Eleciromagnetic Relays" by

(3)

Charles Cameron and D.D. Lingelbach has considerably dealt

.with the dynamic characteristic of a d;c. operate electromagnetic

re]ays;_Effects of non-linerity in the B = H curve have been taken

[

into consideration., The presence of the discharge resistance in the
circuit accidentdd or pianned has been considered and it has been
shown that it increases the release’ time of relay, This paper also

did not touch on the effect of transient on the operating time of

a relay; Further more relays coperated by A.C.Supply has not been
cons idered at all, oo

® Transient in distance protection" by P.Mathews and

B‘D.N. (4)‘;

Analysis of the beshaviour of distance relays in transient

conditions from stand point of redhcing relaying times. kkthawgh

-,

Alternate means of eliminatien or equating transient secondery

L —— g 1

e e e ~ — N

current and voltage slgnals, use of secondary replica impedances,
effect of relaxation transient in voliage transformer secondary

circuits are considered,
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" An analysis of transignt phenomonon in eleciro-magneis"

(5)

by V.A.Karasev

All purpose familiea\ef curves have been plotéed by means
of computer so thét maénet operatint time a£d synam;c charécteristics
can be found; This p;p;r.has o§;¥looked the effeact of powsr system
transient on the oé;ratigg time of a relaf}

n Approach to the analysis of the dynamic phenomena occuring

at contact make in a supply Maw built flaxure operated relay
: o _ S A : &)

spring assembly with springs of a geometric form" by Goran Wikell .
deals with mathematical analysis 6f force on simply built operated

relay spring during “Chatter";'Dynamic phenomena occuring at contact

Jp—

-4

make has heen fully considered.
n yltra-Rapid Static Relay for Distance Protection®

~=by M,Soullard 2

gives a detailed study of relays for measuring
transient state values of inductance and resistance,

The papers deals with the technigue of transient state values

of inductence and resistance,
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(8)

#Control Circuit Transient by W.C.Kotheimer

deal$x with the causes 6f surges and how the design engineer can
deal with them in ERV power circuits and contrel circuits;

".The reéuirements made of Curront Transformers by High Speed
Protective Relays" = by N.Korpany and H.Ungrad (9);

Performance of current transﬁormérs is discussed including
transient and overcurrent characteristics sélection of current
transformers based on the requirements of static relays have bsen
consﬁdered:

"Suppressession Enxmxpmui?mtiun Protects Solid State Eéuipment

(10)

by "W.C.Robert Battery transient suppressor protects solid state

equipment against damage or misoperation due to transient high voltageé;

(11)
"Transient Voltages in Relay Control Circuits"™ by W.R.Sonnemann. .

Typical cases to serve'as guideffor trouble shooting when
transient overvoltage cccassioned by circuit interruption is experienced

in control circuits. Informations on.peasurement technique is also includedi
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Fa
»

. From the available literatures and reference on relays
iy\Bangladesh it is quite apparent that no work seems to have

. - - ', - LS .
been done on systematiésdeterﬁinéﬁi&n of the effect of transient

s e o = 4 ey — e

-—

— T

on relay cperating time. Ouwr work therefore is the first of its

U - ,
kind is Bangladesh, AR hunble' attempt has been made for

e

experimentally determing the effects of switching transient in

a system on the operating time of an overcurrent relay. The relay
used in experimentation was of GEC make type. Lack of suitable

facilities have compelled us to g@ve the results of only cne

I
t

relay.
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CHAPTER -IT

2. MATHEMATICAL ANALYSIS.

2.1 Linear Tratement

Let us suppdde that the resistance and inductance
of a power system is lumpeé in a single series resistance R
and inducténce L., The series inductance L includes the
inductance of the relay coil, The expression for dynamic
eé;illhrium will therefore be

En Siﬁ (Wt + ) ;L %.%_ + Ry (D

The inductance is the above equation is being

considéred contant. The symbol Adenotes the phase of the

—

voltage wave at which the switch of the fig. "Z,ﬁ is closed,
—./

_ R
é E 8in (- wt+ A) Lo
_/

l m

Fig 3B

The phase angle A , as will be shown in the solution

of the differential equation, determines the magnitude of the

“

ac transient and prevides & convenient means of examining
7 . ——— - —— s S e D e m e e, s T

a = ¢ transient conditions,
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The time of cyle Eixt which the switching operation is performed,
determines in genérgl the magnitl;zde of an a = ¢ transient,

Most switching operations are performed with no regard for, or
rather .no knowledge of, the‘ point on the voltage wave at which

R

the transient per iod begins.'

The equitions (1) is a simple differential equation
of the order one. Hence its solulion consists of o complementary
function and a particular intagral.

The complementary function is given by

L %j////éi #Ri =6 i.e. _gé_ = - _%i_

Cdi R

i0@0 e = —dt
i L
i.e. Ln(i) =Ry ¢
e T 1
i;e.{ C = Ae :%_ t (2)

Particular integral:

Since we are dealing here steady state case it is expected
that the final current in the circuit could vary according to
sinu;oidal function oi‘- thé time with the same freéuency as the
impressed esm;f; But the c.urrent and e.m.f. may not kx alter

in the same phase-i , .
\ )

M
]
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Let the solution be of the form. .

. i = B sin (wt +7\-9) ; (3)

where B is the ampl:.tude and @ is the phase constant

'\.:

to be detsrmined.

If equation (3) is the solution of the differential
equation then it must satisfy the léqn. (1.

From equation (3) we have

di
dt

Equatien (1), (3) and (4) y:l.eld.

LBw Cos (wt+?\-9)+R1 =EmSin (wt + A )

i.e; LBw Cos (wt + A = 9 )+_.1;\;B sin(wt +7\-é )
; Eﬁ sin (wt + 27)
or LBw {Cos (wt +2) Cos 9 +Sin}(wt +X) Sin 9}
+ RB {sin (vt +}) Cos é ;-Cosgwt +A) Sin e}
=E Sin (wi; +A)

or Cos(wt +7~) {LBW (Cos @ - RB Sin e}

+ Sin (wt +7\)iRB CosG-—E +LBw S:mQ}

= 0

—— = By Cos (wt + A= 8 ) 4)

5
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Eqne {5) is satisfied for all values of t if the expressions

under brackets are individually zero. Thus we must have

wLBCos € =-RB - Sin @ =0
and RBCos © -Em + LBw Sin © =0
i.e. WL Cos @ =R sin ©

Sin @

le®¢ 2 = = tan 0
. R . Cos & -
i;eo e = t&n "'1 wL sse e (6)
. . R -
RB Cos @ + LBw Sin @ = Em
Oor BB R + LBw wlL - Em
J waL2+ R2 ' \/w2L2+ Ra
or R2 + Wz L2 .
m
R +wl R+ wl
2 : 2.2 .
or B = R . WL |- E_
‘| + v L rR2+ w2 La
2 2 '
or B) R + R S GO W
fRz + W 21.2 , " R2,+ w2 L2 R2+ 14 2L2
OrB.R2+w2L2 = Em
\R2+w2L2 i J‘Eﬁz-i-sz2
Or B = o

czrs (7)
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el C)

sd from eqn; (3) i =

which 1s the steady current under these conditions. The actual
current is the sum of the currents given in eqn (2) and (8)

The value of A in eqn.(2) can easily be determined

from initial value of current,

51- B' Sin (wt + =0 )

‘ ~Rt
i = Ae(

[v5
i

pe (=Rt y . Pg Sin (wt + A-tan—ge-) (9)
L,

At t = 0, the current is zero. This gives us from the

above agne (9).

0 = _En sin (s 4 2 tan _—1wL 3
R
\/ ; i f/“ -
1,0. A= - 8in (7\ tan-'lﬂ‘L)
\)R + w L
.Q_ {= Em Sln (wt +7\ “tan "1“1‘)
R
R2+ sza
S Rt
E ) . 1wl -]
- m Sin (A = tan ) L
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S . - B i . -1 wLRt
8.1 = m__ Sin (wt +A =9 ) 37_—@7'2“1 (A= tan' pler
R + W ' - ) ) R + w L
whers © = tan _-1;'1' (10)
The second term ﬁmmmt represents the transient current

which decays expenentially. It has an initial value equal and
opposite to that of the a.ce component at the time of switching
( 50 that the initial current is more).

If the circuit is very inductive WLZ R

and we may put J,Raf R2 L2 —— L
and tan ! -gl‘— = I

2

The current then beconmes

I = B sin (wtaa= 2y oe =Rtgin (A= IL)
Wi -2 L 2

The current then becomes,
- . \ '

i = ( E ){Sin(wtf)&-i

E_ -_I.;_)'-e:%.t.smm-_Lr_J}
v kL -2 L

E §, =Rt Cos ™ « Cos (wt +7\)}
wi L N,
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During the early period &w after switching e -'-'%3 does

not decaymmspikix rapidly from the value of unity, and the

current is therefore approximately.
(.

i = (-E ){Cos?\- Cos (wt +7\)} (11)

and varies between the value _i__éCOS)\ -1)
. W

and EET.'-( Cos + 1 )7. The peak is thus

_wEL——( 1?- 1 Cos ?\1 )

i.e. (1 + \ cos )U‘ ) times the normal peak valus.
The maximum peak is thus obtained when A =0 and is twice
the normal peak. This condition occurs when the circuit is

closed at zero voltage and the current is 1 = B (1 =~Cos wt )...(12)

wL
which varies between zero ( at t = 0 ) and _?I_.." ( at = 'TIIL' )

It can bo shown that whatever the power factor of the

circuit may be the maximum "doubling effect" is obtained when the
i ' . - .
circuit is closed at zero voltage.
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2.2 PDetermination of timeé constants.

A.

_ v 25 o
Z = T = '—4.—,?' = 47,872

R '=1;1+12_+ 6;490 = 1_;20_2

§;ﬁca 2.2 w2

N F o= 22;R2=(Z+R) (Z;R)
) (47;872 + ;;;'902 ) ¢ 4_?;872 _ 1:;902)

= (49.778 ) (.45.970) = 2278,11478

5 X = [2278A78 = 47.73
L = —IMB ="126.6m henry

377

'», Time constant = -;_ = %-;—%; = 0,06659 sec

¥

Be

2 =L =222 = 39,166

2" 2 ' '
Z-% ) =(2+R) (z-R)

(39,166 + 1.719 ) { 392166 = 1,719)

It

n

(40,885 ) (37,447 ) = 1518.755

o



e

C. Since 2
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n

4518755

38.97

= 3837 . 400.3% mh
377

'
‘- P
i -

Time éonstant = 100.37 «x 10-3 = _0.10037
' 1.719 1,719

0,0585 sacs

€+ B

1% = 22~ R (Z+R) (2Z=R)

Heee 2 = 2;0 = 48

Tima

-

(48 + 1,498 ) (48-1.498)

(49,498 ) ( 464502)

227TE?566 ;
L. [

47.66

= 42566 _ e
_ 377: dl126¢? mh

o -3
1?2.;38 x 10 = 0,0845 sacs,.

Constant-

H]

; .
4
fy



Since A XIZJ + R® }

msme 2 Y. = 210 - 26,25
8
t XZL = 2.2 - R2

(2 +R) (2~R)

u

]

{ 26.250 + 1.0865) (26.250 - 1,0865)

H

27.3365 ) ( 26,1638 )

215,248

=

715,218

i

X = 26.7%
L

........x....._ - 260 74

= 70,93 mh

ane 37
: 720,93 x19 g
Time constant = e = 0,0653 sacs

1.0865

(Z+R) (2 ~R)



Here 2 = -_L = _‘!ﬂi -__: 39 =
I 5

(39 + 1.280 ) ( 39-1,280)

e
1%

[

(40,280 )  37.72 ) -

= 1519,.3616
- 38.98 - i
38,98 .
L =i = ...3..._.2 =z 103,13 mh

oTI £ 377

Time constant = _%§§;13 = 0.0807 secs

2+3 Non-Linear Treatmenty

1 L]

The mathemﬁtical-anﬁlysis given in eén. (10) on
page 35~ for the cass of constant R and L cannot in general
be applied to a circuit where L.dOes not remain constant; This
ma& ﬁe the case either in an iron clad circuit or an R and L
circuit where the inductance core is saturated. The fact that L

is variable makes both the co-efficients of ean (1) variable,
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The solution of s;ch kind of differential eéuation
is difficult. As a matter of facflthe solution is impossible if
tﬁe variation of L is not defined.

L beiné eéﬁal to _gﬂiﬂ depends on the P ; i
characteristics of the ﬁagnetic ﬁaterial that surro##ds the
L c¢oil. The value of inductance:thgrefore depends on the exact
degree of magnetisation saturatio£ of the surroundiné magnetic
material. Under any a = ¢ conditiqn the degree of sat;ration
varies considerably with %ime andﬁunder tra#sient conditions these
variations are wvery of£éh;;#aggerq¢ed. Referring to any typi;al

Be~Horf=1icurve will show that

L ] Nd 2‘.

is much greater over the 5£raight portion of the cwrve
th;n it is after the upper bend is:reached.
Step;by;ste; ;etﬁod éa;'beiused for sgl;iné cir;uit
problems involviné éariable ééféﬁéiers pro;ided the ;#ﬁét ;;riation
. R . P ! . .. . .
of the parameters are known, Therefore in our case the variation of

L is known if NP characteristics of the surrounding magnetic
oo S |

material is known;
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Substituting L ~8i by H&P ineqi (1)

d -

the basic equation beconess
N _g‘...ti.i-lii =B, Sin (wt +}) (13)

where © 1is expressed in webers if other éuantities are
express;d i# fr;ctiéal units.

It R ilsig\negligible in comparism t; N;%% a#;
if it is assumed éhatl}\ - 0.
;heﬁ eé;ation (13) faco;géf

N3 ‘= E_ Sin wt.
S T i

- g -
8 = B f Sin wt dt == _B_ cost wt +C
N wN 1

(4)
Th; coﬁstént of i#tegratién C1 may be evaluated in térms
ef resid;al marne tism ﬁ méy be either positive or negative residual
values at t = O énd in most cases the residual magnetism is
unknown. Therefore assﬁming P =0at t = 0 (unless max® inrush
current is to be détermined)

0 = = om_4¢




2.4

g "= - m Cos wt + m
wN - wi
E-- '
P = B (1= cost wt)
wh
p = P, (1=cos wt) (15)

Since cos wt varies from 4w =1 to + 1, it is therefore

apparent that flux varies from zero at t = 0 to 2 @y at

p
t T ' A

B o L]

2

L

The ordinary iron-core transformer with open secondary

operats as simple iron-case RL circuit.

THE METHOD OF FINITE DIFFERENCE

.The me thod of fin¥te difference ié usuall& eméloye; i; a
clrcuit soluticn where tﬁé parameiers are variahl;; This methed
involves step by step caiculatio;. The step by step calcﬁlations
;re haséd on tae fact that the garameters remain almost ;onstégf
over the small finite internal of time: The circuit voltaée and
current are then assumed io remain constant over én arbitraty

assigned increment of time ¢, Writing finite difference of @ and t,

the equition (13) takes the form

N %%—TRi =Fn sin Eoat + N)

A

= Em Sin (tbf’-l-))
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whare Z‘AF =ZuA'.f, the angular displacement along the voltage

wave of the point under investigation from the point of t =

Let E Sin (s:A(>+7~) = e
We have NA_L-l-Ri'-:e
At

o AP = ( e=Ri ) At yebers

0

- !
Calculating step by step the values of i can easily be Lew=:t

1
+

from p =1 curve., The datas may be tabulated in the following

form. o

_______________ E _szn;: I R,J Kilo Jkilo ¥
d
Period %:Zei % egree I Pf J Lines X Lines

- AF- [ voltl ¥ Aﬂ EZAEP

amperes
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2.5 Determination of Phase angls at

which Switching occurs:

From equation (10) we have

- E _ "- v . E—. " ‘ o
i = B sin (wt+7\'-9)-_2_(7\"° ) e Rt
2 . z L

where'Z = ’RI + %W L, @ =fa-ﬁ1"’_112-'_

A t t = 0, the magnitudic of steady state and

transient current .= "'%"" sin (A= @)

! -
Doubling effect occurs at A = 0, but since from the

hY
I

;)hotograph the pea.I_c is not double therefore we can say that
swit;hing has occured at ‘ce‘rt.ain valun; of A . From the
magﬁitude of the peak of the current wave of the pho‘hograph- it
a;é;pears that peak is 1;875 1:.-imes of the ll;orm-al peak--.

Therefore we can say;

2 Sin (@ =) 1.875

Sin (@ «A) = 0,9375 = Sin 69.,65°
8 =Nz 69.65° | |
L o gan=1( 314)(100.30)x107° -1 31,50676

But & = tan n: 1,519 = tan "
. :

= tan =1 18,328 = 86.490°

Je @ = 86,90° . .
P = @ = 69.65° = 86,90 = 69.65° = 17,25°

a

Hence transient occured at = 17.25°



SCHEMATIC DIAGRAM OF THE EXPERIMENTAL SETUP .
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CHAPTER = III

3. BXRRIMENTATION:

r

In order to determine the effect of transient on the

operating time of a relay, & simple R-L circuit in series with the

T - —_—

relay coil is used. Since the time constant of an R-L circuit

depends on the ratio L/R the resistance is kept at minimum. In the
experiment the resistance was the resistance of the coll itself and
the resistanca of the auto-transformer; To have a prominent transient

-

wvave of the current flowing thro&gh';he R;L circuit three sets of
loading inductors having rating'é)KVA and 3 KVA is connected in
series of current wave shgbé. Simultaneous recording was possible with
the circuit as shown in the_schematié line diagram Fig. &,
A storage oscilloscope and & time interval meter served the punpose
of recording of transient occﬁring due to switching and measuring
the tiﬁe taken to operate tﬁe relay ﬁndef different conditicns
respectively.

In order to differentiate the transient and non~transient

operating time an auto=transformer which served the dual purpose of

variable voltage source as well as the shunt inductance is used,

A



Since the value of the inductance was very high l.e. {about
6,67 henry), transient éue to switching éf switch A as shown in
Fig.5’ has been almost fully suppréssed and wave currant flowing
in the relay circuit were alsmost completely free from d.ceoffset.
3.2 PROCEDURE:
(1) Relay has.been checked, Time dial has been met in such a way
that the gap is small,
(2) Storage oscilloscope has been calibrated.
(3) Connections have been madg-ag\shown in the line diagram.
(4) A lov ampere measuring am;;te; (C - 5 A) bas been connected
in the secondary of?the C.;. The input to the storage oscillos=
cope was connectedléoitheJaﬁh;ter terminal as shown in the line
diagram;
(5) The auto-transformer has been adjusted so that at least a
correct of 4,00 amperes £low in the circuit,
(6) Switch A has been operated for a number of times 1o get
non=transient operating time-és indicated by the Time Interval
Meter.

(7) Switch B has been operated for a number of times te get the

fransient operating time as indicated by the Time Interval Meter.
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Transient and non=-transient waves were stored by the storage
oscilloscope and this still photographs of the wavesshape
were taken with the help of oscilloscope camera,

MEASUREMENT CF TRANSIENT BY O§CILLOSCOPE:

The type 54§-storage Oscilloscopé of TETRONIX was
used for the reéording of trénsient waves occuring dﬁe to
switching; A small signal ( oé the order of 0.05 V) has
bean glven to the input terminal of channel A; Sensitivity
knob has been set at 0,05 V/cm and the input selector switch

to AC. The type 549 frontpanel controls has been set as

3

follows:

HORIZONTAL DISPLAY A

NORM ~ SINGIE. SWEEP NORM

ATIME / CM . , 50 m SEC

VARIABIE - - CAL

STABILITY = PRE SEX

LEVEL - ' MID-RANGE
STORAGE CONTROLS B
UPPER AND LOWER , OFF.
SCREEN STORAGE o ' _
SCRBEN SEIECTOR FULL
AUTO ERASE - _ * OFF
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1. Power switch is turned on.

Ze INEHSITY,?OCUAS and ASTIG ct;ntrols is adjusted for a well=
defined display w;th no@inal brightmeﬁ.

3, The diplay is positioned in the middle of thé screen.

4, fhe 1EVEL and STABILITY knob are adjusted in such a ;ay that
£he display just diséppears.

S. NORM =~ SINGLE SWEEP switch is set at PRESET position.

6; STORE bottons of ﬁPPER SCREEN STCRAGE and LOWER SCREEN STORAGE
were preased for storing the di;play; |

9. As the switch B of the schematic diagram ( Fig.5 ) was operated
th; £ransien£ wave was stored and the photog;aéh ta#e#.

8, ERASE aﬁd RESET bﬁtton is pressed, the stored display goes ocut.

9. The ﬁEVEL and éTABILITY knob is adjusted ( if needed) for next
£ransient displayli . |

16. Switcﬁ B of the scﬁéﬁétic diagram ( Fig. 5' ) is again operated,
the transient wave is stored again and the phétograph taken. The
process is repeated for differenj transient a#d no;-transient

d isp 1ays .
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CHAPTER =~ IV
RESULTS:
4. INTRODUCTION: In any R=L circuit transient operating

time of a relay can easily be found out by simply switching
on/off the switch witﬁ the help of a TIM. But non-transieﬁt
operating time for a relay in a series R-Licircuit is difficult
to find out because any switching is always associated with
transient or D.C. offset. In order to have the operating time
for a steady state value of the current we must eliminate

the transient from the circuit. This has been done in our case
by using an iron-core voltage regulaior which has got a very
high Vaiuo of inductance. This inductdon has served the purpose
of a shunt inductance which in turn pjas suppressed the transient;
Therefore when switch A used before the volitage regulator is
closed the current flawing in the relay coil is almost free
from transient wave or D.C, offset., The experimental results

of using the voltage regulator in shunt on operating time has
been shown in Table ; The operating time of the ;ame relay

without using the voltage regulaior has been shown in Table 2 .
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When switch A has been used the standard deviation of the operating
times of the relay is only 0.0227. On the other hand the standard
deviation of operating times of the relay when swit;h B has been
used is 0.0521; This value of standara deviation is near to 0;0548
when the voltage regulator has no£ beer used at all, This is therefore
the transisnt operating time. The different photograpﬁs of the voltage
wave as stored by the s torage oscillo;cope also ;onfirms the above
statement,

TABLE Zi shows & that the minimum transient operating time is
9&3 0.83 #éc and the maximum transient operating time is 0,915 sec.

of | 85 parod 0102

The aka photographs Plate 1, No.1 and %ﬁshow that the pea# of thé
transient is 175.6% in the former case and the peak of the transient
is 128,1% in the second case. The standard deviation of trans;ant
operating time for ten number ;f such switching is 0,0258 which is
about 4.3 times than the standard deviation of non-transient operating
time i.e. 0,00603 . The variation of non-transient operating time f;r
eleven number of switching is quite small, The minimum value is 0.92
gsec and the maximum value is 0,94 sec. Although theoretically for

a steady state value, the operating time of the relay should have been

the same in all cases but



the slight difference in opérating time is mainly for two
reasons, namely a little bit of transient exists even after the
suppression of the transient by the voltage regulator. The 2nd

reason is the fact that the recording instrument namely time

interval meter has got its own error. Further more TIM (Time
Interval Meter) being an electro mechanical device the error
therefore is not very small., Use of an electronic device in this
case would have given a far better result and the difference in

ma Ximum ahd minimum value of non=transient operating time would

have besen narrower. The smallest value of diviéiqn in the TIM is

10 m sec. Eye estimation has been madg on a number of readings which
are not free from errors.

Similarly for different set of inductive value standard
deviations‘for transient operating time and non-transient operating
time are 0.0183 and 0;0074§ ( Table 4A 5; The difference in different
valua pf transient operating time is due ;o phasg angle at which
switching occurs;'Switching at different phase angle causes different
peak valus of transient wave which in turn is responsible for different
valge of opérating time of the relay. Table”4e,to 7 gives different

values of standard deviation for transient and non-transient operating

time.
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Switching at different angle has given different types of
transients having different peaks. The greater the peak the greater
is the transient or D.C., offset, The grggtgrn§§_§pe peak of the

transient smaller is the operating time of the relay, hence peak

- =

value of the transient is most important in ouwr case._Th??@?tically

o ——

it has been shown in Chapter~II that the maximum transientican be
200% the steady state value. From the photographs of transients
we have been that the maximum_peak has peen 187.5% i.é; switching
has occ;red at angle 17.25%; Switching at zero anéle of phase is
impossible in practical cases.

Peak values of transients have been divided into two parts
(i) éositive peak and (ii) negative peaks. Two different OGIVE CURVES
have been plotted for positive and negative peak resPectiveiy..All the
peak; have been arranged in descending order of its value, The number
of times it has occured has been counted and a table has been prepared.

Comulative frequency of occurance has been calculated and t?ﬁle tabulated

as shown in Table VIIIA and TableVIIIB of the Appendix,
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Peak Vs cumulative‘frequency has been plotted in F;g. 16
and Fig, 15 for positive and negative peaks., From Table fIIIA d E??f{;
it i; clear that 174.3% of neéativa peak has ;ccured 9 times and
positive peak of 174.3-has occured 4 times. It can therefore be
said that for 17#.3 % j;)eak has occured maximum numbed of times &
therefore dué consideration should be taken in the design and

co-ordination of a relay for 174.3% transient,
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Plate 1 gives sthe photographs of non-transient and transient

wave shapes of the current flowing in the circuit in series with

the relay coils The value of the internal resistance of the ceil

was 1,412 ohms, and the inductance calculated as shown in the

aricle 2;2A was 126.6“mH; The internal resistance of the voltage
regulator §a5-0.490 ohmg. fhe applied voltage and the cﬁrrent flowing
through the relay coil_ﬁer; 225 V and 4.7A respectively. Pages g9 to 404
contain the photographs of the wave shape of the current flowing through °
the relay coillﬁheﬁ switch A is operated i.e. non-transient operation.

( as shown in the schematic diagram of F;g.s ) The speed and
sensitivity were 0.16 sec/cm and 6.05 V)cm resp;c£ive1y. The relay
operating time for non=transient operations are shown belsw the
photographs respectively. Page..{@é‘, to 103 contain the wave shapes of

the current flowing through the circuit under the same conditions as
above when switch B was,ogerated i.ey transient operation, Speed,
Jsensitivity, relay Opérating time and the peak of the transioﬁt wave

in terms of percent of the steady st§te value of the current are also
mentioned respe;tivelj under each photographs as shown in the plate 1
from page 4o 10 103 . Ths operating times; its mean value and the

standard deviations for transient and non-iransient operating times

are given in Table 3;,
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Plate 24 gives the phétographs of transient and non-transient
wave shapes of the current flowing through an R=L circult in serjes with

the relay coil. The value ¢of the internal resistance of the three

1bading inductors was 1Q229 ohms. The inductance calculated as shown

is article 2,28 was 100,34 mH. The applied voltage and the current

- flowdgg through the circuit were 235 V and €A respectively, Pages

104+ to4qpe contain the-photographs oflthe wave shapes of the current
fldwing through the relay coil when sﬁitch B was operated i;e. transient
o?eration ( as shown in the schematic diagram of Fig., § ); fﬁ; épeed

aﬁd the sensitivity were 50 m sec/cm ana 0,05 V);;; The speoé.
sensitivity, reiay ope?éting time and t:ansient peaké in terms of tbe
percent of the steady state valuesare shown below each photo, paéo 107

10109 contadn the wave shapes of the current flowing through the reiay'

~tircult under the same conditions as above vwhen switch A was operated

i.e, non-transient operation, Speed, sensitivity and relay operating

time are snown be low eaca photograph; The operating £iﬁe for transio#f
operation and non—transien£ operation are showé in Table 4A. Arithmetic
means and standa;h deviations of the operating ti;es for trans;;n; and

nonwtransient operations are shown in the same Table,
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Plate 2B gives the phdtographs of transient and non-transient
wave shapes of the current flowing thr ough the relay céil; The value
of the interhal resistance was 1,412 ohms and the inductance calculated
as shown in article 2.2A was 126.6 mH pages qqg° 10 qqq give the
photographs of the wave shapes of thé current flowing throuéh the
relay ceil when switch B was operated ice, transiént operatiqn ( as
shown in the schematic ﬁiagrams of Fige 5 ). The speed and sensitivity
ara 50 m sec/cm and 6;05 V/cm; The ;elay o;eréting\tima aﬁd pesak of
the transient in terms of.éerceﬁt 65 £he steady state value are shown
below each photograph; Page 1493 10 415 give the wave shapes of the
curreﬁ£ flowiné through the relay circuit under the same_condition; as
above when switch A was operated i.e; non~-transient 0pe;ation. Speed;
sensitivity and relay operating time are shown below each photo. The
operating time for transien£ and non—transienﬁrpperations. its means
and sta;dard deviations are sho;n in Table 43;

Platé 3A gives the phot;ér;phs:of the wave shapes cof transien£
and non;transien£ current flowing through the relay coil, The value of
the internal resistance of the inductive coil was 1,229 ohms and the
inductance calculated as shown in article é;ZB was 1Q0;34 mf. The

internal resistance of the voltage regulator was 0.490 ohms. The

applied voltage and the current flowing through the relay circuit

-
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circuit were 180 V and ke3> Ae Page 1hg31m /446 cgnéain the
photographs of the wave shapes of the current flowing throﬁgh the
relay coil when switch B was operated i.e. transient operation

( as shown in the schematic diagram of Fig.§ ). The speed and
;ensitivity of the oscilloscope were 50 m sec)cm and 0;05 V)cm.

The relay operating times and the peaks of the transient in percent
of the steady state value are shown below each photo page 117 to 119
give the wave shapes of the current flowing through the circuit under
the same conditions as above when switch A was o#érated i;e; non=
transient operation; Speed, sensitivity and the relay dperafiné time-
are shown below each photo; The operating times, i£s mean values and
the standard deviations for transient and non~transient operations
are shown in Table 5A.

Piade 3B gives the photoéraphs of the wave shapé of the transient
and non=transient cﬁrrent floﬁings through the relay coil; Thé falue
of the internal resistance of thé inductive coil was ﬂ;OOB ;hms aﬁd
the inductance calculated as shown in article 2,2C was 126.5 mH; The
aéplied voltaée,aﬁd the current flowiﬁg through the relay circuit
w;re 240 V and 5A respecti;ely page126 to 4pq contain th; éhé%égraphs
of the ;ave shape of the currént flowing throﬁgh the reia# ;;ii wh;#
éwit;ﬁ B Qas operated i.é. transient operation; The sp;ed and

sensitivity were 50 m sec and 0.05 V/cm; The relay operating times
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Of the transieht in percent.of the steady state values are shown
below each photo, Page 124 toﬁﬁ?& give the wave shapes of the
curreﬁt flowing through the ;ircuit under the same conditions as
above wheﬁ switch A ié operat;d i.e, non~transient operation.Speed;
sensitivity of the osciiloscope ;nd the relay operatiﬁg tiﬁe are
shown below each photo. The operatiﬁg times; its mea;s values and
and standard deviations for transient and non-traﬁsient operations
are shown in Table S5B.

Plate 4 gives the photographs of the transient and

noen=transient wa%e sh;pes of the current flowing tﬁrougg ?he relay
coil. The valueof the internal resistance of the i;dﬁétaﬁée ééil
was 0.596570hms, and the inductance calculatad as shown in article 2.,2D
was 76;93 ;H. The applied voltage and the current flowing through the
R;L circuit in series with %be réla& coil weré 216 v aﬁd 84A, Bage 424
to 425 coﬁtain tﬁé éh;t;graphs of £he wafeshaées of the c;rrent
flowiﬁg through the relay coil when switch B was oéerated i;e. transient
operation, The speed and the z#x sensiti;iéy of the oescilloscope were
5§ m sec and the peaks of the transient in percent of thelsteady
gtate value are shown b;log ;ach ﬁhotograph. Page 126 10128 give the

waveshapes of the current flowing through the circuit under the same

conditions as above.
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when switch. A is operated ?.e. non-transient operation. Speed,
sensitivity of the oscilloscope and the relay operating £ime are
shown below each photographs. The Opérating times; its mean Qal;es
and standard deviations for transient and non-£ransient operations
are shown in Table 6:

Plate 5 gives the photographs of the waveshaps of transient
and non-transient current flowing through the relay ;oil; The ;alﬁa
of the internal resistance of the inductivé coil as d.?90 ohms and
the inductance calculated as shown in article 2,2 E was 103;ﬂ3 mH;
Tﬁé aé#lied voltage ana the current flowing throﬁgh the rela# cireuit
Qore 195 V ar;d SA respectively. Pa;ge 430 toq3z2 giw-re the ph;:toéraphs
Qf the wa;eshaps of the current flowing through the relay égil Qﬁeﬁ
swit;h B ;as operatéd; i.e; transieﬁt operatioﬁ; The rela& oéarating
times and the peak%-of the transient in percent of the steédy state
valﬁs are sh0wﬁ below each photograph; Page 429 %0429 gi;é thé wa;ebba;es
of the cﬁrrent flgwiné through the circuit ﬁnder the_saae pgﬁditiogs as
above when switch A was operated i;e. non=transient operati;;. Speed,
sensitivity of the oscilloscope and the relay operatiné tim; a?e shown
below each #hotograph; The operating times, its meén ;al;; and the

standard deviations for transient and non-transient operations are

shown in Table 7;
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5,1 DISCUSSIONS: An R-L circuit in series with the relay coil
had beeﬁ used to éi;; a éf&minaﬁt transient wave shabe gf £h;
current flowing through the relay colil circuit. The resistance
R is the in£erna1 resist;nce of the variable loading inductors
used. The measurement of internal resistance of the coil & had
been done with the help of a wheatstone bridge. The value of
resistancé measured were not freevfr;ﬁ arrors; The Valgé of
variab}e inductors used was measured by volt-ampere method. The
exact value of inductance used iﬁ the exﬁeriﬁent was no£ knowﬁ;
Therefore its measurement by volt ampere method were also not
frees from errors. Since we did not use any external resistance,
we had to use ; C.Te, A low resistance ammeter had been conneéted
across the secondary of the C;T; This serviced double purppse of
suﬁpressing C.T; transienis if an# to distort the m;i; tra;sieﬁt in
tﬁx circuit; Sgcondary; a low voltage drop was possible ( of the order
of 0,05 V) which was giveﬂ as én imput signal to the %torage
050111°SC°PBE The transients thus measured cannot be said to be
100% free from C.T. transient;. The switches used in our experiments
were mechanical and old. The contacts due to on/aﬁd ofé of such
switches did not giye perfect connection or disconnection; This

is evident from photographs of page 446 and 125.



The discannect}on in the middle of the transient wave was dus

to imperfect contact of the mechanical switch '"B' of the shhematic
diagram of Fig. 5; These had been some over shoois as can be seen

from -the photographs of page 424 .« These overshoois may be atiributed
to iéperfeéts contact of switch 'A'.

Time intefval meter had ﬁaen used to measure operating
time of the relay., The device was an electro-mechanical one and
therefore errors had crepts in the measuremeni of operating time,

Had we used an electronic device the response would have been far
more éuick. Fur thermore the minimum time measured with this device
was 10 m sec; Therefore our measurements of operating time could not
be accurate., An elesctronic device would have given a more accurate
resulis,

The relay used for experimental purpose was an overcurrent
relay, It does not operate below 4 ampere; This was another limitation
of the experiment; Had the rélay been operatable below & amp;rs Qe
could have used more loading inductors for more better transients;

Fur thermore the voltagé regulator could not give more than 235 V,

The higher the inductance value the lower is the circuit current.

The circuit current below 4 ampere would not operate the relay,



Lowering the indﬁ;tance would not give a better transisnt., Thess were
the limitations of the ex¥eriment5; For better results we need a high
range voltage regulator.

For our expdrimental purposes we had used-an over current
relay having operating range for current 4;16 ampher., A fast relay
witp low range of ;urrent would give remarkable differen;e in ;éerating
time for transient and non=transient oéerations.

Table 1 gives remarkable difference in operatiﬁ; time
when switch 'A' and switch 'B' were used., ( as show# i; scrematic
diagram of Fige 5 ). The arifhmetic mean for twenty sets of reading
of operating time for a éarticﬁlar gap seﬁting ;f th; réléy was 2;57 sec,
when swiich 'A' is useds. The arthmetic mean fér simiiar reédiﬁgs
when switch 'B' was used was 2,496 secs. This we called it transient
operating time, \

Table 2 gives the seis of readings of operating time when

no regular had been used., The arithmatic mean in this case was 2,50

secs which was very mean te 2;496 secs when switch 'B' was operated,

rs



- 67 - -

Table 3 gives ten sets of roading when switch 'B' was
¥zs;¢ ;sed as 2,496 secs. This we called it tra#sﬂent operating
time; |

Table 2 gives the sets of reading of oﬁerating time whan no
regulakor had been usea; The arithmstic mean in tbis case was 2.50
secs which was very mean to 2.456 secs when switch 'B' operated,

Table 3 gives ten sets of reading when switch 'B' was
operated the arithmetic aean was 0,865 sec and the standérd deviation
0.0258.

Oéeration of switcﬁ tA' gdve eleven s;ch ;ettings; The
arithmatic msan and the ;tandard defiations wer; 6;53 ;;c-and
6;60605 raspécti#ely. The effect of transient oﬁ the ;;er;ti#g tiﬁ;
is thesrefore éuite proﬁinent i;e; an ;arly operatio; of th; r;las 5;
0.065 sec, Tsa indu;tance aﬂd the resistence in the circuit used Qere
126 46 ;ﬁ and 1,412 ohms respectively.

Tabl; 4a aﬁd 4B éave another sets of reading for tramsient
and non=transient operation; Tge arithme tic me;nt of te# é;#g of
reading are 0.880 sec and 1;671 sec respectively. Transient operatien

therefore actuals the relay 0,191 sec earlier’, Standard deviations are

0.0237 and 0,007 respectively,
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\
Phis clearly shows that the variation in operating l\

BN

transient operation is appreciable in comparison to th
N

N\
in operating time for non-transient operation. This is du Py

that switching occurs at different value of phase angle whié, gives
different peaks of transients the higher the peaﬁ of transiant; lower
is the operating time;

Table S5A and SB givesn another sets of operating time for
transient and non—transienﬁ operatién; Here the induc?anée and r;sistance
have gé; values 100,34 mH and 1,719 ohms respectively in the circuit.
Arithmatic means of operating times for transi;ant aﬁd non;transien;
oéeration Noe1 +90 sec and 1;573 respectively, The difference in
ﬁperating time of the mean values is 6;0?3 sep; standard de%iati;#s
are 0.021§ and 0;00?81 respectively; For Table 5B where the iﬁdustance
égd reéistance used were 126.6 mH aﬁd 1;498 ;hﬁs r;spec£ivel§; The
airthmatic means are 1.433 sec and 1;529 sec res#ectively f;r transient
and non~transient operation; The difference in the meaﬁ values of
oéerating time is d;6§6 sec o Standard deviations are 0.01é5 ana 0.011
respeéti#eléi

Similarly for Table € and 7 where inductance and resistance
#sed ;ére 70,93 mH, 1;0865 ohms; 153.13 mH and 1,280 ohms respectively,
the ﬁeaﬁ éferating time f;r transient operatioﬁs were 0;659 sec and

0.3 sec and for non~transjent operations were 0,708 sec & 0.4295 sec
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respectively, The transient operation in the two cases actuals the
réla} 0;058 sec aﬁd 0;6895 sec earlier. Plate 1 gives eight photographs
of £he tra;;ient ;pération ;f the relay in series ;hich the c;r;ﬁit
where inducténce and resistance had been ﬂ26;6 mH and 1.502 ohms
respectively, The maximum and minimum current peaks were + 1?5.6%

aﬁd + 128.1% of the normal steady state value respe;ti;ely.

Inlgiate 24 ghétograph No; 6 gives a tra#;ieﬁt Qhere éeak
is ;185;7% of the normal steady staté value. It can easily be s;en
that traﬁsient persisté f;r éui#é a few cycle ;;é; ;bo;t 6 c#cies;

In the same plate éhotograph No;4 gave a tail which way due t;
imgerfe;t éo#tact of the switch; Similar tail had o;c;red in few
more places in the non=transient operation of the relay. All these
had besen due t§ ;mperfect switch contact,

In Platé 3A ph;tograph No;s gave a saéar;tion i; ;he ;iddi;
of the transient wa%é; This was due ts inmperf;ct ;Onta;t of the
switch, The peak of the transient was + 18?;5% of the no;ﬁal Steady
stat; ;al;s; The inducta#ce a;d resistance used were 100;34 QH ;;d
1:71§ ohms respectively. The operating time had been 1.86 sec; Thi;
w;s th; Qinimum operating tim; for thé same set of readings as shown

in Table 5A;
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Tables 9 to 15 (Page 52 to 98) gives the relatioﬁship of the
transient occurence angle aﬁd the operating time of the relay.
The calculatiéﬁs of transient occur;n;e angle ha%g béeﬁ shoﬁnriﬁ
the tables from IX to XV of the Appendix. The tramsient occurence
engle !7N ' ana the corresponding operatiné time of ihe relay
has baen plotted in the graphs from page 71 to page 77. It is
éuite clear that the relationship is ﬁo;;liﬁear and similar to
magnetization curve. This is éuite evident in view of the fact
that relay has go% a magnetic cone through which the current
responsible for ﬁhe operation of the relay passes; Traﬁsient
operation of the relay has reduced the o?erating time from 3.6% to

20,84 as shown in the Appendix XVI.
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5.2 CONCLUSIONS:

Transients current waves have been obtained using

loading inductors and its internal resistance in series with

the coil of an over current relay. Iransient and non-transient
o?eratiﬁg £imés of the relay ha;e b;;; ;b;ained.Pho;og;ap;;

of different ty&:es of tra;lsients a.r;d n;;x-transi;é;t:; ﬁ;v; be?n
taken. Operatiﬁg times for transieﬁt gnd #og;tra;sie#;

operations have been recorded simultaneously by a time interwval

mater. Analytical ezpress:l.ons hava been daveloped for the

transient current. A comprehensive analyses of the experimental

resulis is given.
It is seen from the two ogive curves that the number of

switching faults exneeding 180% of maximum peak value of current

are very few. Almost al) the peaks of the transients of the

faults considered were therefore obtainad betuoon 125% to 180%

of the maximum pea.k value and data obtained can therefore be

considered to be based on randomly occuring faults with rTespect

to ) , the angle at which faults occur,.
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Experimentaly it has been found that a non-=linear relation

ex;st-.s be tween operating time of the relay ani the angle of occurance
of the tra#sienf ' >\? . From ;he nature oi’ the curns it appoa.rs

to be sin;xlar to tiu-; usual magnei-:izatxon cuv;s t;uf ;ag;x;tic ;naterials.
This s;ems to ba as ééected in view of the f#ct that t.he rela,vs

have magnetic materials as c&es which are magnetized by the operating
colls through currel;ts érop.rtional to the tram%ient currents i.n 'r;l;e
cir;t;if; However the d.c. ;oméonant of tra;xsian; l;t;l'l;eilt; wonld éﬁe
rise to ‘vanous deérees ﬁf Isa'.turation f§r each fa#l# a.nd ;heréfore
the ;:oint of the satﬁration curve at whiéh the re 19.:; s;;:tu;ily
operates for each transient would be variable., The exact nature of
non;lﬁeulty and. 1;.he correiation of actuai ﬁ#era#inlg' fiﬁes. co:;;sidor-
1;13 dé&rées of séﬁratioﬁ a..nd the magnxtudes of current ;:eégs ﬁ;eds
careful investigation in order to establish the operating
charactt;ristics of very fast relays 1;1nd9r ';.rla'nsie;at ;O#Aitions-.

It is observed that #ower system tra.nsients dua t; switéhing
on/off the load affect the operating time of the oﬁar éurrent relay
consid;rably.

Fﬁrther work may be done by taking into account of shunt
cépaci‘l.'.ance'i’ Th; .ozéaeriﬁenta]; vork has beaen lill;ited to one ;Jvérot-trr;n;

relay only. More works may therefore be done using different types

of relays. v .
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* TABLE -I

Operating time of the relay
when switch B is closed
(with voltage regulators)

51, Operating time of the relay 31
Ko. I when switch A is closed No.
(with voltage regulators). )

1. 2.54 sec. ' 1. 2.50 sec.

2. 2,54 . 4y 2, 2.48  ,,
3. 2:565 ,, 3 2.445 ,,
4e 2.575 4, 2.58 4,
S 2,57  us 5. 249 o,
6. 27.60 ’s 6, ' 2,455 '
Te 2,58 a9 7. 24585 4,
8. 2.56 4 8. 247 4,
9. 24585 ,, 9. 2,495 ,,
10, 2,60 ., 10. 2,45
1, 259 4 11, 243 4,
12, 2‘-58 X 12. 2,50 X
13, 2.595 ae 13. 2458 '3
14, 2,57 44 14, 2456 4y
15, 2.565 o, 15, 2,54 4,
16, 2.575 s 16, 2,56 4,
17, 256 4, 17, 2:445
18, 2:53  as 18, 245
19. 2,52 4, 19. 2,445
20. 2:60 ,, 20. 244,
Arithmetic Mean = E: 2;57 Arithmetic Mean‘:r-}-{‘ = 2,496
Standard.deviatiocn Standard deviation

= a_ = 0,0227 = a_= 0,0521
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TABLE =2

51.No. Operating time of the relay

{ without voltage regulator)
1. 2;45 s8C,
2, 249 4
3 2.44  ,,
4, 2.48 ,,
5. 2,55 4,
6, 2,50  ,,
7. 2,50 4,
8. 2,58 44
9. 253 4y
10, 2:,59 4.
1. 2,43 4,
12, 2,55 44
13. 2,45 1
1. 2447 44
15. 243 4y
16, 2,45
17. 2,43 ,,
8. 2,56 4,
19. 2.58 'y
20. | 254 4,

.

Arithmetlc Mean = X = 2,50.
Standard deviation = &.= 0,0548
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TABLE =3

Sl.Ne. Operating time of the 51, Operating timé of the -

relay for transient No. relay Jf.'or"non-transient
operation. operation.
1, 0.83 sec. 1. 0.935 sec.
2. 0.88 ,, 2e 0.935 ,
30 0.915 ,, 3. 0.93 4,
4. 0,90 ,, 4 0.93 2
S5a 0.845 ,, 5 0.94 i
6o 0.8 ,, 6o 0.93 '
Te 0,87 ,, Te 0.92 1
8. 0.,85 ,, . 8. 0.935 4,
9,. 0.85 ,, (exposed) 9.. 0.9 '
10, 0.87 44 4y 10, 0.93 4
Tix ’ 11 0.935 170
Arithmetic Mean = -}?z 0;865 Arithmetic Mean = X = 0.93 soc;
Standard. deviation . Standard.deviation

it

= @ = 0,0258 a_= 0,00603
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E -4Ac

B L
s1. Operating time of the si. Operating time of the ~
No. relay fgr‘transiant No. relay for'non-transient
oparation, cperation.

1, 6;66 sec. 1. 9369 sec.

2 03625 T 2. 0,68 4,

5. 0:625 44 3e 0.69 4,

b 0.63 s e 0.68 4,

3. 0.625 4y 2e 0.69 .,

6. 0.58  ,, 6. 0.68 ,

e 0.63  4» e 0,67 11

8 0.63 1 8 0.67 4s

9. 0.63 94, 0.68 ,

10, 0.625 ,, 10. 0.69 .,

Arithmetic Mean X = 0.626 Arithmetic Mean = X = 0,682

Standard deviation

= Q\= 0.0"83

Standard dev i_ation

= a_= 0,00749
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TABLE -4B

Sl. Operating time of the relay
Noe. for non=~transient operation.

sl. Operating time of the relay
No. for transient operation.
Ts 0,87 sec

2e 0.84 44

3¢ 0.90 4

4. 0.86 4y

5 0.89

6. 0:85 4y

7. 0,88

8. 0s89 4,

9., 0.90 4,

10, 0.92  4a

Arithmetic Mean = X

Standarq deyiation

= ea_= 0.0237

0.880

1. 1,07 sec.

2 1.06 4,
3e 106y,
4 1207 4y
2 108,
6. 1.07 4y
7. 1,08 4y
& 1.08 4,
9. 1,07

10. 1,07 ,, (exposed)

Arithme tic Mean = i?ﬂ=‘ﬁ.071
Standard deviation

= e = 0.007
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TABLE -54A

S1. Operating time of the Sl. Operatihg time of the relay

No. relay for transient No. for non~transient operation,
. operation.

. " sec. _ )

1o 1.92 (exposed) 1e 1.97  sec.

2. 1.89 sec ,, - 2. 1,98 ,,

3 192 4y oy - 3. 1496 4,

e 190 5 4y e 1297

5 1.87 |, 54 1,98 ,,

6. 14885 4, s 6. 1,98 ,,
) 7 1895 50 o 7 1.98 4,

8. .86 v, 8 1297 s

9. .88 7, %, 1298 o,

10. 1.88 1 lexp) - 10. 1.9é -

Arithmetic Mean = X = 1,90 Arithmetic Mean = i= 1,973

.St_andgrd_t:levj.ation : Sta;lda:g-c_i. deviation

= &_= 0.0219 =&a_= 0,00781




- 88 -

- 5B

sl. Operating time of the

Arithmetic Mean = X = 1.433 sec
Standard deviation

= 0.0195

TABLE
’Sl' Operating time of the relay
Ef;& for transient operation
1. 1.46 sec.
e 1,
5; 141,
. 142 4,
2 1,40 ,, (exposed)
6. 146  ,, v
7. 142, '
8 1244 ??- 1
2 143 s '
10, 145 ,, v
Tk,

No. relay for non-transient
operation.

1. 155 sec.

2 1654 1

3 154 4,

* 152 '?((exposed)

5 1535 40 4,

6o 1.535 4y 2

- 1545 4 s

8. 156 4

% 152 4,

10. 152 4y

1. 1.52 ,,(exposed)

12, 155 |

13 151 4y

14, 1,51 4,

Arithmetic Mean = f: 1.529 sec
Stan@ard_deviation

= 0.011
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TABLE =6

S1. Operating time of the relay Sl. Operating time of the

No. for transient operation No. relay for non-transient
— QOperation.

1 0.65 sec 1. 0.70 sec
2 0.66 ., " 2 0.7 1
3 0,65 4y 34 070y
b 0166 4, “e 0.72 4,
5. 0.63 4, 5 0,70,
& 0.63 s 6. 0.71 4
7 0.63 & 0.73 4
8. 0.65 4, 8. 0.725 ,,
e 0.64  (exph 9. 0.71 4y
10. 0.68 . 10. 0.705 ,,
14? 0'70 -!?
12 0.70 4,

S Ba 00 Llep)
Arithmetic Mean = 0,659 Arithmetic Mean = 0,708
Standard c_!.evig:tion Standard deviation

= a_ = 0,011 = a_= 0.01008
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TABLE =27

Sli Operating time of the relay Sl. . Operation time of the relay

No. for transient operation, No. for non-transient overation,
1 0.35 sec (expozed) T o3
2. 0,36 ' . 24 0425 (e;posed)
3 035 1, 3 043 as
b 0,33 4, s 0435 4,
5s 0.36 4, 2 02 4y
6. 0.36 ,,(exposed) 6. 0,43,
& 0:38 4y 7 0.425 4y
8. 032, 8 OBy,
2, 037 4y 9. Ok,
qoe o}32 ?! 10. 0.42 ’e
1, 0,32 4,
12, Oe35 1o
13. 0.33 4,
ot 0.30 4,
15, 0.3 é,
Arithmetic Mean = X = 0,34 Arithmetic Mean = X = 0.4205

Standard deviation Standard deviation

= & = 0,025 = O = 0,00687



TABLE - 8

F 4

TRANSIENT PEAKS IN TRRMS OF FERCENT
OF PEAK OF STEADY STATE VALE

S1. Positive peaks Slf" Nagative peaks 4 S1.’ Negative peaks
No. No. ' Ko.

1, 187.5 1. 185.7 2. 16646
24 185.5 2. 180.0 25. 165
3e 184 .6 ' 3. 1774 26. 165
4. 18343 4. 1774 27, 164.3
5% 18343 5. 176.9 28. 16443
6. 180.0 6. 175 257 1643
7 168 -7 175 | 30. 16345
8, 178,5 8. 175 3. 162
9. 178.5 9. 175 32. 157
10, 178 0. 1% . 33. 156 o4
1. 17546 11, 175 . 155.2
12, 175 1. 175, 5. 140
13. 175 13, 17443 36. 135
1. 17443 e 17443

15. 474,3 - 15, 1.3

16, 17443 16, 174.3

17. %43 17. 1743

18. 472 18. 14942

19. 170 19, 17442

20, 166.7 20. 17,2

21, 163 .21, 1742

22? 158 22, 169f5

23.

128 23. 166.6



5.
6.
7.

8.

-92-

TABLE =9

Trans ient occurance

. Opérating time of

angle ' A

25.85
35475
47445
36.35
30,75
29.45
32,65

31.95

' in degress

the relay in secs.
0.915
0,90
0,845
0.84
0.87

0485
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T ABLE - 10
i g omrie s on
Bo. angle ¢ » ! in degrees relay in secs.
1 30465 0.66 socs
2 24;8.5 0;625
3. 24485 - 0.625
N ' ‘24-;85 ' 0;63
5. | 24485 ‘ | 0.625
6. 17,25 , 0,56
N e
8. 24,85 . 0,63
9. 24.85 ' _ 0.63
16; 2#;85 | o 6;625



- 94 -

TABLE - 11
515 Trasis fent,_ocoursnce Operdting tims of the
~ No. apgle ' 7\ ‘'in degrees  relay in secs.
1. 24,25 B 0.87
2. 19.85 . 0.8k
3. | 26;85 090
o 24405 0.86
5; 26.65 6’;85
6 205 | 0.85
70 25.55 0.88
8. | 72.67;65 6;85
5. 2665 090
10. 30,80 o2



S1l.No.

2.
3,

by

- 05 -

TABLE ~12

Transient occurance

angle ' A\ 'in degrees ’

2442
34,7
17,3

24,2

Operating time of the
relay in secs.

1.885
1,895

4,86



Sl.No.

1.
2.
3e

4,

Transient occurance”

- 96 -

TABLE =13

angle * ‘A & in ddgress
‘36;‘1
3.7
19.6
2.7

Operating timé of the

re}qx,in gecs,
1,46
1,44
141

1,42



S_l.No .

3
4o
5.
6
7o
8.

-97-

Trahsient occurance

angle' X, 'in degress

3651
iy
2651
261
20.8
2644
20,8

2644

Operating timé of the
relay in secs.

0,665
9?65
0,66
0.63
0.65
0,63
0465



- 98 - :

TABLE =15

s1.No. Transient occurance =~ Oparating tlme of the

angle ' A *in degrees relay In secs.
. '32‘;15‘ 0.35
2 28;35 0.33
5 35;65 0.3
4i 45;25 ' : 6;38
A v ox
6. 43425 . 0.37
7. 26';65 ! 0.32
8. 26465 - 0.32
| 5. 32,15 0.5
16; 29.55 0,33
11; 23;55 | 6;36

42, 25.85 0.31
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PLATE -1
(NON-TRANSTERT)

tewssddibp

NEAArTEARd)

+rerfei b

'lili
|

4

v
t

1.902 ohms

RESISTANCE =

INDUCTANCE = 126.,6 mH
SPEBD = 0.1 sec/cm
SENSITIVITY = Q.05 V/cm

RE LAY OPERATING
TIME (2) - = 0.935 sec

RE S ISTANCE
- SPRED

TIME

INDUCTANCE

SENSITIVITY
RE LAY OPERATING

(O N

1.902 ohms
126.6 mH
Q1 sec/cm

0405 V/cn
0.935 sec

| B I N

S E—

RE SISTANCE 1.902 ohms

INDUCTANCE = 126,6 nll

SIEED = 0.1 sec/cn
SENSITIVITY = 0,05 V/cem

RELAY OFERATIRG

TIME = 04,93 sac

(4)

RE SIS TANCE
INDUC TANCE
SPEED
SENSITIVITY
RELAY OPERATING
TDME

(3)

1

1.902 ochms
126,.6 mi

.0.1 sec/em
0,05 V/cm

0093 sec










PLATE - I : .

( NON-TRANSIENT )

r

RE SISTAKCE

= 1,902 ohms
INDUCTANCE = 126,6 mH
SPEED = 0.1 sec/cm
SERSITIVITY = 0,05 V/em
FELAY OPERATING
TIMVE (6) z 0,93 sec

1. 902 ohms

-
A

T

e Yowm

RE SISTANCE = 1,902 cohms
SNDUCTANCE = 126.,6 nlH
SPEED = 0,1 sec/cm
SENSETIVITY = 0.05 V/cm
RELAY OPERATING

TIME = 0.935 sec

(8)

RESISTANCE =
INDUCTANCE = “126.6 mH
SFBED = 0.1 sec/cm
SENSITIVITY = 0.05 V/cn
FELAY OFPERATING -
TIME (5) = 0.94 saC

4
RESISTARCE = 1,902 ohms
INDUCTANCE = 126.6 mH
SPEED = 0.1 sac/cem
SENSETIVITY = 0.05 V/cm
RELAY OPERATING'
TIMNE = 0,92 sec *

(7)




—{ol —

‘PLATE~-1
(NON~-TRANSIENT)

w4

Yy

RESISTANCE =
INDUCTANCE =
SPEED =
SENSETIVITY =

1,902 ohms
12606 mH

0.1 sec/cn
0.05 V/cm

RE SISTANCE

= 1,902 ohms
INDUC TANCE = 126.6 mi
SPEED = 0.1 sec/c,
SENSETIVITY = 0.05 V/cm
BE LAY OPERATING ’
TIME = 0.9 sec
(9)

KB SISTAKNCE
INDUCTANCE
SPEED
SENSE TIVITY
RELAY OFERATI
TIMB

(11)

=n

G

1,902 ohms
126.6 uH
0.1 sec/cm
0.05 V/cm

0.935 sec




— /02~

PLATE -~ %
(TRANSIENT )

RESISTANCE = 1.902 OhIIIS RESISTANCE = 1,902 chms
INDUCTANCE = 126,6 mH"- INDUCTARCE = 126.6 mH
SPEBED = 60 m sec/cm SPFEE 8 = 60 m sec/cy
SERSETIVITY = 0. 05 v/cm SENSETIVITY = 0,05 V/cm
RELAY OPRRATING RELAY OPERATING ™
TIMS = 0,88 sec TIME = 0,83 sec
PE AK ==156 .4% PE AK = +175,.6%

(2) 1)

l - ]
H RUUYUVRY LY
‘n umu

. | |
-.. ——

503 ohms RESISTANCE = 1,902 ohms
26.6

RESISTAN(E

= 1.
INDUCTANCE =1 mH INDUCTANCE = 126.,6 mH °
SFEED = 60 m sec/cm SPEED = 60 m sec/cm
n SENSETIVITY = 0,05 V/cm SENSETIVITY = 0,05 V/cm
‘ RELAY OFERATING ~ RELAY OFERATING
TIME £ 0,90 sec TIME & 0,915 sec
 PRAK = 155.2% . PE AK = + 128.1%

*) | - (3)



J — [fo03 —

PLAR - I
( TRANSIENT )

RRSISTANCE = 1,902 ohms
INDUCTANCE = 126.6 mH
SPEED = 0,1 Whox sec/cm
SENSETIVITY = 0,05 V/cm
RE LAY OFERATING
TIME = 0,84 sec
PR AK = =169,3%
(6)

RE SISTARCE = 1.902 ohms
INDUC TANCE = 126,6mi
SPBED = 0,1 Whxx sec/cm
SENSETIVITY = 0.05 V/cm
RELAY OPERATING
TIME = 0.845 sec
PEAK = + 166.7%

(5)

NI

11111

b

uw} i

I

v - o = = - e
]
N ..u- biry ---\-u 1 ] | I
o 11
1) ] * -y
—— E—— _

B a— 4
'
- ——

REIIEE L)

RE SISTANCE = 1.902 chms
INDUCTANCE = 126.6 mH
SPEE D = 0.1 sec/cp

SENSETIVITY § 0.05 V/cm

RELAY OPSRATING

TIME = wEaxs% 0.85 sec

PEAK = =164 4% .
(8)

RE SISTANCE = 1,902 ohns
INDUCTANCE ='126.,6 mH -
SFEED &x% 0,1 sec/cm
SENSETIVITY = 0,05 V/cm
RELAY OPERATING

TIME = 0,87 sec
FEAK = 163,0%

(7)




— /04‘ J—
PLATE 2A
{ TRANSIENT )

i
1

.
e _

mﬂlnll HH!IH

RESISTANCE = 1,719 ohms FESISTANCE = 1,719 chms

INDUCTANCE = 100,34 mH " INDUCTANCE = 100,34 mH

SFEED = 50 m sec/cm SPEED = 50 m sec/cm

SENSETIVITY = 0,05 V/cm ETNSETIVITY = 0,05 V/em

RELAY OFERATING ’ RE LAY OPERATING

TIME = 0,625 sec TIME = 0,66 sec

P8 AK = +17443% PBRK = «163,5%
(2) M)

l’"l;

s "0 [XNAN

RESISTANCE = 1.719 chnms RESISTANCE = 1.719 ohms
INDUCTANCE = 100.34 mH INDUCTANCE = 100,34 mH
SPEED = 50 m sec/cm SPEED = 50 m sec/cm
SANSETIVITY = O 05 V/cm SENSETIVITY = 0,05 V/enm
RE LAY OPERATING’ RELAY OPBRATING

TIME = 0,63 sec TT™E = 0.625 sec
PEAK = =174,3% PEAK = 174 ,3%

(&) . (3




Lo 1L

(I

— /05‘__‘
PLATE - 24
(TRANSIENT )

AR

1.719 chms

RESISTANCE =

INDUCTANCE = 100,34 'mH ~

SPEED $ 50'm sec/cp
SNSITIVITY = 0,05 V/em

TR TAY OPERATIRG

TIMS = 0,58 sac

E AK = «185.7%

(6}

= 1,719 ohms

E8 SISTANCE = 1,719 chms
INDUC TANCE = 100,34 mH
SPEED = 50 m sec/cm
SENSITIVITY = 0,05 V/cm
RE LAY .OFSRATING

PE AK = 4+ 174.3%

(8)

FE SISTANCE
INDUCTANCE = 100,33 mH
SPEED = 50 m sec/cp
SENSITIVITY = 0,05 V/cm
RELAY OPERATING
TIME = 0,625 sec.
FBAK = =17%,3%
(5)
u |
b
RESISTANCE = 1,712 ohms
INDUC TANCE = 100.% mH -
SPEED = 50 m sec/cm
SENSITIVITY = 0,05 V/cm
RELAY OFERATING -
TIME = 0,63 sec
' . PEAK = +17%,3%

(7)

T



-~ Job —

PLATE =-2A
(Transient)

1,719 ohnms

RE SISTANCE =
INDUCTANCE = 100,34 mH
SFEED = 50 m sec/cm
SENSITIVITY = 0.05 V/em
RELAY OPERATIRG -
TIME = 0,625 sec
PE AK ’ = "17403%

(10 )

s ‘-:‘32!
i ' .
k

""t.""totfvﬁvo-:-—
B :

RESISTANCE = 1,719 ohms
INDUCTANCE = 100.34 mH
SPEED # 50 m sec/cem
SENSITIVITY = 0,05 V/cm
RELAY OPERATING

TTME = 0,63 sec

FEAK C o om @1%4,3%
(9)
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PLATE 2A
(FON=-TRANSIENT)

RESISTANCE = 1,719 ohms

INDUCTANCE = 100,34 nmH

SPFERD = 50 m sec/cnm

SENSETIVITY = 0,05 V/cnm

RELAY OPERATING

TIMB = 0,68 sec
(2)

RESISTANCE = 1.719 ohms

INDUCTANCE = 100,34 mH

SPRED = 50 m sec/cm

SENSETIVITY = 0.05 V/cm

RELAY OFBRATING ~ =

- TIME . = 0,69 sec
1)

e e S N

RE SIBANCE & 1,719 ohms

INDUCTANCE = 100,34 mH

SFEED = 50 m sec/cm

SENSITIVITY = 0,05 V/cm

RELAY OPERATING -

TIMS = 0,68 seac
(4)

RE SISTANCE = 1,719 ohms
INDUCTARCE = 100,33 mH
SFEED =50 m sec/cm
SENSITIVITY =0,05 V/cm
RBELAY OPERATING o
T]I'E = 0.69 SaC.

(3)




J [ ] - ZO g —_— -
PLATE - 2A .
(NON-TRANSIENT)

RESISTANGE = 1,719 ohus RESISTANCE = 1.719 ohms

INDUCTANCE = 100,34 mH INDUCTANCE = 100,34 mH

SPEED = 50 m sec/cm SFEED = 50 m sec/cm

SERSITIVITY = 0.05 V/cm SENSITIVITY = 0.05 V/om

BE LAY OPERATING RELAY OFERATING '

TDE = 0.68 sec TIME = 0,69 sec
(6) (5)

RE SISTANCE = 1,719 chms AR SISTANCE = 1,719 chms

INDUCTANCE = 100%% nH INDUCTANCE = 100,34 mH

SPEED. = 50 m sec/cm SPEED = 50 m sec/ca

SENSITIVITY = 0,05 V/cm SENSITIVITY = 0,05 V/cm,
“ RELAY OFERATING RELAY OPERATING ~

TIME . = 0,67 sac TIME = 0,67 sec

. €))
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PLATE 2A

SFEED % 50 m sec/cm

SENSITIVITY= 0.05 V/cm

BRELAY OPERATING’

TIME = 0,69 sec
(10)

(NOR-TRANSIENT )

- 1-: e S -
& " ’

[0"}
1

‘l..’

SPEED = 50 m sec/cm

SENSIPIVITY= 0,05 V/cm

RELAY OPFERATING

TIME =
9

0.68 sac



— [to —

PLATE 2B
(TRANSIENT )

;902 ohms

RESISTANCE = RESISTANCE = .902 ohms
INDUCTANCE = 126.6 nmH INDUCTANCE = 126.6 mH """
SPEED. = 50 m sec/cm SPEED = 50 'm sadé/cn
SENSITPIVITY = 0,05 V/cm  SENSITIVITY = 0.05 V/cm
RELAY OFERATING . RELAY OPERATING T
TIME = .84 sac TIME £ 0,87 sec
PBAK = #1846 PEAK = +178.5
(2) ' (1)
ERESISTANCE = 1,902 ohms RESISTANCE = 1,902 ohms
INDUCTANCE = 126.6 mH INDUCTANCE 2 12646 mH "~
SPEED = 50 m sec/cm SPEED = 50'm sec/ch
SENSITIVITY = O. 05 V/cm SENSITIVITY = 0,05 V/cm,
" RELAY .OPERATING . RE LAY OPERATIRG ) )

TDE = O. 36;:1500 TIME - = 0,90 sec
FE AK = +178.5% PEAK = 174,04

(4) h (3)



PLATE 2B
(TRANSIENT )

g 4n g e

RE SISTANCE = 1,902 ohms RE SISTANCE = 1.902 ohms T
INDUCTANCE = 126.,6 nmH INDUCTANCE = 126,6 mH
SPEED = 50 m sec/cm SPEED = 50 m sec/cm
SMHESITIVITY = 0,0 V/cm SENSITIVITY = 0.05 V/cm
RELAY OFSRATING RELAY OPERATING °
TIME = 0,85 sec TIMB = 0,89 sec
PBAK = +178.5% PE AX = =1744,2%

(6) ' (5)

>

RESISTANCE = 4.992 ohms RESISTAE = 1,902 ohms
INDUCTANCE = 126,6 mH INDUCTANCE = 126,6 mH
SFEED = 50 m sec/cm SPEED = 50 m sec/cm
SENSITIVITY = 0.05 V/cm SENSITIVITY = 0.05 V/cm
RELAY OPERATIRG = - RELAY OPERATING
TDVE = 0.89 sec . TIME = 0.88 sec

79N &)
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PLATE 2B
(TRANSIENT )

e =

v
.- ]

i hAzZAM VAL

afag

I ZEEERNENET]

..

T b .
!! A ‘.l..u
4&4;@”‘...' :

l’lllfl‘i'

RESISTANCE = 1,902 ohms
INDUC TANCE = 126,6 mE
SPEED = 50 m sec/cm
SENSITIVITY = 0,05 V/cm
RELAY OPERATING

TIME = 0,92 sec
PEAK = =166,6%

(10

1.902 ohms

RESISTANCE =
INDUCTANCE = 126.,6 mH
SPERD = 50 m sec/cm

SENSITIVITY = 0.05 V/cm

RELAY OPERATING'
TDE
FE AX

nn

(9

0,90 s8¢
=174, 2%
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PLATE 2B .
(NON=TRANSIENT) .

RBSISTANCE = 1,902 ohms RE SISTANCE = 1,902 ohms

INDUCTANCE = 126.6 mH ~ INDUCTANCE = 126.6 mHE

SPEED = 50 m sec/cm SPEED = 50 m sec/cm

SENSITIVITY = 0,05 V/cnm SENSITIVITY = 0,05 V/cm

RELAY OPBRATION.. - HELAY OPERATION = =

TIME = 1,06 sec TIME = 1,07 sec
(2) (1)

RN EYY YT Yes

RESISTAKCE = 1.902 olms RESISTANCE = 1,902 ohms
INDUCTANCE = 126.6% mH C INDUCTANCE = 126.6 nH
SPEED = 50 m sec¢/cm SPFEED. = 50.m sec/cnm
SENSITIVITY = 0,05 V/cm SENSITIVITY = 0.05 V/em
FEELAY OFERATING. RE LAY OPERATIRG ~~
TIME = 1,07 sec . TIMS = 1,06 sec

(4) o (3)



. - {Ilf"" :

PLATE 2B .
(NON~-TRANSIENT) .

1,902 ohms " RE SISTANCE 1,902 ohms

RESISTANCE = =
INDUCTANCE = 126,6 mA INDUCTANCE = 126,6 nH
SFEED = 50 m sec/cnm SPEED = 50 m sec/cm
SENSITIVITY = 0,05 V/cm SENSITIVITY = 0,05 V/cm
RELAY OFERATING ° RELAY OFERATING
TIME = 1,07 sec TG = 1,08 sec
(6) : (5)
RE SISTANCE = 1,902 chns RESISTANCE = 1,902 nhns
INDUCTANCE = 126,6 nmH INDUC TANCE = 126,6 nH
SPERD = 50 m sec/cm SFEED . = 50 m ‘sec/cm
SENSITIVITY = 0,05 V/co SENSITIVITY = Q.05 V/cm*
RELAY OQFERATING -~ ' RELAY COFERATIRG - ’
TINR = 1,08 sec . TIMG = 1,08 sac

(8) (7
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PLAE 2B .
(NON=-TRANSIENT) *

RESISTANCE = 1.902 ohms
INDUCTANCE = 126.6 mH
SPEED =50 m sec/cnm

SENSITIVITY = 0,05 V/cm

RELAY OPERATING ’

TDE = 1,07 sec.
(9)
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PLATE 3A
( TRANSIENT ) .

|

5 e % Iﬁ o
Ny lﬂJ 4,
1.
Wi ]U"n '
4 4 v
- = . __J _ -
RESISTANCE = 1,719 ohms RESISTANCE = 1.719 ohms
INDUC TANCE = 100,34 mH INDUCTANCE = 100.34 mH
SPEED = 50 m sec/cm SPEED = 50 m sec/cm
SENSITIVITY = 0,05 V/cm SENSITIVITY = 0,05 V/cm
RELAY OPERATING RELAY OPERATING
TR = 1,895 sec TIME = 1.885 sec
FE AK = +158% PR AK = =177, 7%
(2) 13
‘annﬂﬂ nona

m, J
b Muyé u U WL

Sy

IS
,'.‘v‘\ﬁr—\.‘\ﬁ—u—\f-\fr\
T, ,

T R
ik, A 3

719 ohnms BRESISTANCE = 1.719 ohms

RE SISTANCE =1,

INDUCTANCE = 100,34 mA INDUCTANCE = 100,34 mH
SPEED = 50 m sec/cm SPEED =50 m sec/cm
SENSITIVITY = 0,05 V/cnm SENSITIVITY = Q0,05 V/cm
RELAY OPERATING RELAY OPRRATING

TIME = 1.88 sec ' TIMG = & 1,86 sec
PEAK = "17707% PEAK = +18705%

=N
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PLATE 3A .
(NON~-TRANSIENT)

1.719 ohms RESISTANCE

RESISTARCE = = 1.7M9 ohms

INDUCTANCE = 100,34 mH INDUCTANCE = 100,34 mH "~

SPEED = 50 m sec/cn SPEED = 50 m sec/cnm

SENSITIVITY = 0.05 V/cm SENSITIVITY= 0,05 V/cm

RELAY OFBRATING’ RELAY OPERATING

TIME = 1,98 sec TIME = 1.97 sec
(2) M

4-
! :
t e
: T
‘ :
RESISTANCE = 1.719 ohnms RESISTANCE = 1,719 ohms
INDUCTARCE = 100,34 mH INDUCTANCE = 100.34 mH :
SPEED = 50 m sec/cm SFEED = 50'm sec/cn *
SENSITIVITY = 0,05 V/cm SENSITIVITY = 0,05 V/cm
RRLAY OPERATING . RELAY OFERATING )
TIME = 1,97 sec e .= 1.96 sec.

(4 {3y
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PLATE 3A .
(NON-TRANSIENT) -

(6)

INE
T ] ;
3 ‘-—j sm
“\‘L' Hif
T TE T
! ] - %
i
- ;l‘ J 35
RESISTANCE = 1,719 ohms
INDUC TANCE = 100,34 mH"-
SFERD = 50 m ssc/cm
SENSITIVITY = 0 05 V/cm
RELAY CPERATING .
TIMBE = .98 sec

RE SISTANCE
INDUCTANCE
SFEED

SERSITIVITY

Inn u -

1.719 ohms
100.34 mH
50 m sec/cm
0,05 V/cm

RELAY OPERATING "~

TDE

(52

1.98 sec

T

(8

(7)

| ] -
= T D - S T
i S N T B
T R N
RESISTANGS '= 1,719 ohns RESISTANCE = 1.719 ohms
INDUCTACE 100.34 nH INDUCTANGE = 100,34 mH °
SPEBD =50m sec/cm SPEED = 50 m sec/cm
SENSITIVITY = 0,05 V/cm SENSITIVITY= 0,05 V/cnm .
RETAY OPERATING - RELAY OPERATING '
TIME = .97 sec TIME = 1,98 sec.




. — N9 _

"PLATE 3A .
(NON=-TRANSENT ) .

- "RESISTANCE = 1.719 cohms RESISTANCE = 1,719 ohms
INDUCTANCE = 100.34 mH INDUC TANCE = 100,34 mH
SFEED = 50 m sec/cm SFEED = 50 m sec/cm
SENSITIVITY = 0,05 V/cm SENSITIVITY = 0,05 V/cm
RELAY QFERATING - RELAY OPSRATING ’
TIME = 1,96 sec TIME = 1,98 sec,
(10) 9)
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PLATE 3B
( TRANSMIENT)

BE SISTANCE

= 1,498 ohms
INDUCTANCE = 126.5 mH
SPEED = 50 m sec/cn
SENSITIVITY = 0,05 V/cm
RELAY OFERATING -
TIME = 10"’4 5a¢C
B AK = “16403%

(2}

RESISTANCE = 1,498 ohms
INDUCTANCE = 126,5 mH
SPEED = 50 m sec/cm
SENSITIVITY = 0,05 V/cm
BE LAY OPERATING
TIME = 1,46 sec
FE AK = 157.1%

(M

t

"JJJ'JJ i JJJUUWU i

RESISTANCE = 1,498 ohms
INDUC TANCE = 126,5 nH
SPERD = 50 m sec/cm
SENSITIVITY = 0, 05 V/cm
RELAY OPERATING .
TIME = 1.42'590 .
PEAK = +178.5%

4y

RE SISTANCE

= 1,498 ohms.
INDUCTANCE = 126,5 mH
SPEED = 50 m sec/cn
SENSITIVITY = 0,05 V/cnm
RELAY OPERATING'
7TV 2 1,41 sec

2y
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PLATE BB

M

ERER
A

I

-

RE SISTANCE
INDUCTANCE
SPEED
SENSITIVITY

-d;498 Dhm;
126,5 mH
50 m sec/cm

0.05 V/cm

RELAY OFERATING’

TE (2

= 1,54 sec

RE SIS TANCE

INDUC TANCE
SPEED
SENSITIVITY

126,5 mH
50 m sec/cm
= 0.05 V/cm

H-B "

TR (1)

= 1,53 sec

RN
HRERERNRES
W

WLLLLALLEA L

RE SISTANCE
INDUC TANCE
SPEED
SENSITIVITY

1.498 ohms
126.5 mH
50 m sec/cm
= 0005 V/cm

u 1 N

RELAY OPRRATING . -

TIME
4)

= 1‘535 sec

FE SISTANCE
INDUC TANCE
SPEED
SENSITIVITY

nen

1.498 ohms
126.5'mH.,”
50 m sec/cnm
0.05 V/cm

TTME
(3

= 1.54 sec
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PLATE 3B
{NON=-TRANS IENT)

RESISTANCE = 1,498 ohms

INDUCTANCE = 126,5 mH

SPFEED = 50 m sec/cn

SENSITIVITY = 0,05 V/cm

RELAY OFERATING

TIE = 1,54 sec
(5)

RESISTANCE & 1,498 ohus

INDUCTANCE 126.5 mH

SPFEED = 50 m sec/cm

SENSITIVITY = 0.05 V/cm

RELAY OPERATING .

TIME = 152 sec
"M

RE SISTANCE = 1,498 ohms
INDUCTANCE = 126,5 mH *
SFEED = 50 m sec/gnm
SENSITIVITY = 0,05 mx=wak V/on
RELAY OPERATING

TIME = 1,54 sme

: (6)
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PLATE 3B
(NOR=TRANSIENT)

+498 ohms RESISTANCE = 1,498 e¢hms

RE SISTANCE =1

INDUC TANCE = 126,5 mH IRDUCTANCE = 126.5 nH

SPEED = 50 m sec/cm SPRED . = 50 m sec/cn

SENSITIVITY = 0,05 V/cm SENSITIVITY = 0,05 V/cm

RELAY QOPERATING - RE LAY OPERATING

TIDE = 1.5"‘ S58cC TINE - ‘|.5¢ sec
(9) €))

NEEEERES
AR
VI

LLLLLAY

BB SISTAKCE = 1,498 ohms RESISTANCE = 1.498 ehms
IRDUCTANCE = 126,5 mH INDUCTANCE = 12645 mH
SFEE D = 50 m sec/cm SFEED . = 50 m sac/cm
SENSITIVITY = 0.05 V/cn SENSITIVITY = 0,05 V/cm
RELAY OPERATING RELAY OPERATING' ]
TIME =z 1,51 sec TIME : = 1,51 sec

D . : (10)
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PLATE 4
(TRANSENT _)

RESISTANCE = 17;.9865' ohms RESISTANCE = 1.0865'ﬂohms

INDUCTANCE = 70,93 mH ~ INDUCTARCE = 70,93 mH
SFEED = 50 m sec/cm : SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em SBNSITIVITY = 0,05 V/cm
RELAY OFEBRATING.. RE LAY OPERATIHG ,
TIVE = 0,66 sec TIME = 0,69 sec
PE AK = =166,6% FEAK = =175,1%

(2) D

T HHH
Y QWWW\J’LF
"HW‘{'M Mm M‘? %Mmtlrlyﬁﬁ"

Lo 0 4|

RESISTANCE = 1.0865 ohms RESISTANCE = 41,0865 ohms

INDUCTANCE = & 70.93 mH INDUCTANCE = 70,93 mH
SPEED . =50 m sec/cm SPEE D *=z 50 m sec/cm
SENSITIVITY = 0,05 V/cnm SENSITIVITY = 0,05 V/em
RELAY OMERATING. RELAY OPFERATING’

TIE = 0,66. sec TDE & 0,66 sec
PEAK = =17501% . FE AK = ~175.1%

(4) (3
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PLATE &
{ TRANSIENT )

RE SISTANCE = 41,0865 ohms
INDUCTANCE = 70,93 mH
SPEED # 50 m sec/cnm
SENSITIVITY = 0,05 V/cm
RELAY OPERATING .

TR = 0,65 sec

FE AK = «175.,1%

RESISTANCE = 1.0865 ohms
INDUCTANCE = 70,93 mi
SPEED = 50 m sec/cnm
SENSITIVITY = 0,05 V/cn
RELAY OPERATING

TIMB = 0.63 sec
PEAK = +183.3%

HEE |
LAMARRARAAMA ANAAA

R AL LA LU
HEERN NN
SEEN

41,0865 ohms

FE SISTANCRE =

IRDUC TANCE = 70.93 mH

SPEED = 60 m sec/cm

SENSITIVITY = 0,05 V/cm

RELAY OFERATING -

TIME = 0,65 sec

PE AX = =175.,1% .
(8)

RESISTANCE = 1,0865 ohms
INDUCTANCE = 70,93 mH
SPRED. = 50 m sec/cm

SENSITIVITY = 0.05 V/cm
RELAY OFSRATING’

TIME 0 63 56C,
FE AX 183,3%

(D
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¢ PLATE & .
* (WON-TRANS IENT) .

RE SISTANCE = 1,0865 ohms RESISTANCE = 1,0865 ohms

INDUC TANCE = 70,93 mH INDUCTANCE = 70.93 mH

SPEED = 50 m sec/cm SPEED = 50 m sec/cm

SENSITIVITY = 0,05 V/cm SNSITIVITY = 0.05 V/cm

RELAY OPERATING . RE LAY OPERATING

TIMG = 0,71 sec TIME = 0,70 sec
(2 &)

RESISTANCE = 1,0865 phms RESISTANCE & 1,0865 ohms
INDUCTANCE = 70,93 mH" . INDUCTANCE = 70.93 mH _°
SPEED = 50 m sec/cm SPEED = 50 m sec/cm
SENSITIVITY = 0,05 V/cm SENSITIVITY = 0,05 V/cm
RELAY OPERATING &~ RELAY OPERATING'

TIME .= 0,72 sec TIME .= 0,70 sec

(4) ‘ (3)
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PLATE 4
(NON-TRANS E NT) .

RESISTANCE = 1.0865 ohms RESISTANCE = 41,0865 ohms

INDUCTANCE = 70,93 mH INDUCTANCE = 70,93 mH

SPEED. = 50 m sec/cm SPEED = 50 m sec/cm

SENSITIVITY = 0,05 V/cm SENSITIVITY = 0.05 V/cm

RELAY OFRRATING . RELAY OFERATING'

TDE = 0.71 sec TOF = 0,70 sec
(@) : (5)

e

RESISTANCE
INDUCTANCE
SPEED
SENSITIVITY
RELAY OPERATIRG
THE @

n '21 nun

1.,0865 ohms
70,93 mH

50 m sec/cm

0,05 V/cm
0-?2 sec

RESISTANCE =
INDUCTANCE = 70,93 mH
SPEED =S50 m sec/cm
SENSITIVITY = 0,05 V/cm
RELAY OPERATING'

T (7) = 0'73 BacC
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PLATE 4
(NON-TRANSIENT )

1)
‘ #;'_:._-..-,-.-] Jil 1...m: (fh L;mw
[ TR AKARRNAY
| s
.4.
1
RESISTANCE = 1.0865 ohms RESISTANCE = 11,0865 ohms
INDUCTANCE = 70,93 mH INDUCTANCE = 70,93 mH
SFEED = 50 m sec/cm SPEED = 50 m sec/ém
SENSITIVITY = 0.06 V/cm SENSITIRITY = 0,05 V/cp
RELAY OFERATING RE LAY OFERATING® )
TIVE = 0,70550c TIVE " = 0,71 sec
(10) (9)

F oL
e
1—"- -
4
| .
p— -
— Y R
- .
Y S—

T ] =

=
=)
=
1
e
==
=

r
l

M : N o = i ]
J | H : ! i
4Ir. —_— e — . - .- —-— d‘f au_ J - ]
' :
“ ’]

.
]

RESISTANCE = 1,0865 ohns RESISTANCE = 1,0865 ohns
INDUCTANCE = 70.93 mH INDUCTANCE = 70.93 mH .
SEEED = 50 m sec/cm SPEED = 50 m sec/cm
SENSITIVITY = 0,06 V/cm SENSITIVITY = 0,05 V/cm'

RELAY OPERATING RELAY OPERATING'

DR = 0.70 soc TIVE = 0,70 sec

(12) y (11)
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PLATE 5
( NON-TRANS IENT)

BESISTANCE = 1.280 ohms
INDUCTANCE = 103413 mH
SPEED = 50 m sec/cm

SENSITIVITY = 0.02 V/cm

FELAY OPERATING

TIMB = 0.43 sec
(&)
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[ ]
. PLATE 5
(TRANSIERT )
&
‘v"_ ooy {.—\E " ";1 R lﬁ R
I T C
RN N i}i"’l i { b
ey ‘l"' f‘t H '?,! ] HEE RS
Ty SR Vi
“'UJMU*‘ cligle Vg
R S
) RESISTANCE = 414280 ohms RESISTANCE = 1.280 ohms
INDUCTANCE = 103,13 mH ° INDUCTANCE = 103,13 mH
SFEED. =50 m sac/cm SFEED = 50 m sec/cm
SENSITIVITY = 0.02 V/cm SENSITIVITY = 0,02 V/cn
RELAY OPERATING . BRELAY OFSRATING
TIME = 0,33 sec RE = 0.35 sec
PEAK = +172.0% FE AK = «165%
(2) 1)

ca !
T k.
fad it o
K .:F'Iii‘lli'}r.i.f T 3
'“J 1,” I !. | ! N U
; :JUUL‘:J y VRY: i
R T
é -
. . . I« T
RESISTANCE = 1.280 ohms . RESISTANCE = 1,280 ohms
INDUCTANCE = 103,13 mH DNDUCTANCE = 103,13 mH
SPEED. = 50 m sec/cm SPEED z 50 m sec/ém
SENSITIVITY = 0,02 V/cm SENSITIVITY = 0,02 V/¢nm
RELAY.OPERATI'NG ' RE LAY OPERATIRG ™ =
TNE = 0.38 sec TIME = Rx® 0.36 sec
PEAK = =135% N PE AK = =162%
(&) (3)
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PLATE 5 .
(TRANSIENT)

o nandniAANARA Y
T NN I AR T I Y O
R 1 € !él‘*h’i"!M"M'Aw’um i’
o THIIy S AR
r “.".UL}UJUU Jyu Uguvue .
: P e
RESISTANCE = 14280 ohms RESISTANCE = 1,280 otims
INDUCTANCE = 103,13 mH INDUCTANCE = 103.13 mH
SPERED. = 50 m sec/cm SFEED. = 50 m sec/cm
SENSITIVITY = 0,02 V/cm SENSITIVITY = 0,02 V/cenm
RE LAY OPERATING. FE LAY OPERATING ’
TIME = 0,37 sec TIMS = 0,32 sec
PE AK = «14,0% E AK = «175%
(6) (5) '

o
e

1 «- ,. -
1 X l.'ﬁLur'u
U || W !

UUu

1: Wy W A fu’srmrmw Roona

* *hﬁ hﬂ *'M i"L:I:I'IﬂlI '4' ; . )
JJ$UJUUJ‘ Hfﬂiii,

°“fnN o
+ -

----

w b E

‘H

. X
RESISTANCE = 1,280 ohnms RESISTANCE = 1,280 ohms
INDUCTANCE = 103,13 mH INDUCTANCE = 103,13 mH
SFEED = 50'm sec/cm SFEED E=50m sec/.cm
SENSIRIVITY = 0.02 V/cm SENSITIVITY ‘= 0,02 V/cm
RELAY OPERATING ' RELAY OPERATING'
TIME = 0.32 sec TIME = 0.32

PE AKX = +175% PEAK = +175%
(8} . (7 :
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: PIAE 5 Y
(TRANSIENT ) Yoo

! ‘H
i

'»ﬁHu

4 'i’h' ‘hk
"'5? it
) Ll T

(i : 4
J J &“i *ﬁlil"isl II* “t I | _‘u'; :.1 1‘}‘ o w g'E s -fxi!}? "I= .'}RI‘.;‘.: '
SuduluBlbous, SRRy
‘}; J “1. L \\: IJJUJU IUJL}UUG{ZJJJUJ} o
- - G
g g o ewor . sl ) : - :

- — : . a2 - e
RESISTANCE = 1.280 ohms BESISTANCE = 1,280 ohms
INDUCTANCE = 103,13 mH INDUCTANEE = 103,13 oH ~
SFEED = 50 m sec/cm SPEED = 50 m sec/cm
SENSITIVITY = O, 02 V/crn SRNSIPIVITY = 0,02 V/em
FEE LAY OPERATING. EELAY OPERATING o
TIME = wAP0%x 0.33 sec TIME = ®% 0,35 sec
PEAK : = +170% FBAK = =165%

(10) (9)
7]
2

1.280 ohms

103,13 nH "~
50 m sec/en
= 0.02 V/Cm

RELAY OPBRATING =~

RE SISTANCE
INDUC TANCE
SFEED
SENSITIVITY

nnn

TINE = 0,31 sec
FB AK = +178%

. Fad}

a0 .'1 f e Fi

i Jw*

T

kg g e

i

:u:;

T R
RESISTANCE = 1,280 ohms
INDUCTANCE = 403.13 mH " °
SPERD = 50 m sec/cp
SRNSITIVITY = 0.02 V/cm
RELAY OPERATING’

TIMS = 0,30 sec
B AK = =180%

-
-
-

L
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APPERDIX

TABLE 1

DETERMINATION OF STANDARD DEVIATION.

-

. — 2 . . i -——
$l. | Operating YX - X) (x.X ) Sl. Operating (X*~ X) (X - X )

No. time , _No. time
1. 2.54 - 0.03 0.0009 1. 2,50 0.004 0.000016
2, 2,54 - 0.03 0.0009 2 2.48 0.016 0.000256
3. 24565 - 0,005 0.000025 3. = 2,445 0.051 0.092661
4, 2.575 + 0.005 0,000025 &, 2,58 0.084 0,007056
5. 2,57 . O 0 5. 2.49 0.006 0.000036
6. 2.60 + 0,03 00,0009 6. 2.455 0.041 0.001687
LT 2.58 + 0.01 0.0001 7. 2,585 0.089 0,008021
8. 2,56 < 0.01 0,0001 8. 2.47  0.026 0.000676
9. 2,585 + 0,015 0.000225 9. 2.495 0.001 0,000001
10. 2.60 + 0,03 0,0009 10. 2.45 0.046 0,002116
11, 2.59 0.02 0.0004 11. 2.43 0.066 0.004356
12, 2.58 0.01 0.0001 12, 2.50 0.004 0.000016
13. - 2.595 0.025 0.000625 13, 2.58 0.084 0.007056
14. 2.57 0 o 14, 2.56 0.064 0.004096
15, 2,565 - 0.005 0,000025 15, 2,54 0.044 0.001936
16. 2.575  + 0,005 0,000025 16, 2,56 0,064 0.004096
17. 2.56 - 0,01 0.,0001 17. 2.445 0.051 0.002601
18, 2.53 - 0,04 0.0016 18, 2.45 0.046 0.002116
19. 2.52 - 0.05 0.0025. .19. 2.445 0.051 0.00260
20, 2,60 +# 0.03 0.0009 20,  2.44  0.056 0,003136
’ 0.010350 0.054470
Arithmetic Mean = X o S1:400 - Arithmetic Mean = X = __2‘_:6.232_[
R = 2.57 =0 = 2,496
Standard’-dé—iriation Standard deviation .
- X ) .010 . -X)° .05
- e (X SX)T 0.01005 ,o\,\/(XNXI - roozﬂohz.b
= 0,0005175 = 0,0227 = 0.0521 )

S Ow = 0,0227 S = 0.052)



( (ii)

TABLE « I1

S1. Operating time (x-X) (x-X)2
No. of[the relay :
-~ £ thout‘ reg____tor) ‘'
1. 2,‘65 sec. - 0.05 0.0625
2. 2.49 ,, - 0.01 0.0001
34 2,44 ), ~ 0.06 0.0036
4. 2,48 ,, - 0.02 0.000%4
5. 2,55 + 0.05 0.0025
6. 2,50 ,, 0 o
7. 2.50 ,, o o
8. 2.58 ,, § 0.08 0. oosu
9. " 2.53 ,, + 0,03 0. 0009
10. 2.59 o, + 0,09 0.0081
11, 2,43 ,, -~ 0.07 0.0049
12. 2,55 4, 4 0.05 0.0025
13 2,43 4 - 0,05 0.9025
14, 2.47 ., - 0.03 0.0009
15 2.43 ,, - 0.07 0.0049
16. 2.45 ,, - 0.05 0.0025
17. 2.43 ,, - 0.07 0.0049
18, 2.56 ,, + 0.06 0.0036
19. 2,58 ,, + 0,08 0.,0064
20, 2,54 ,, + 0.04 0.0016
. 50.00 sec 0.0602
Arithmetic Mean X = —20:90° Standard deviation
20 = o = \/ ‘x - !
= 2.50

- . 0.0602
. : 20

= J 0000301
. 0.054%



~ 4&LCULATION OF STANDARD DEVIATION
L} : .
Oparating time Operating time
of the relay of the relay
S1l, for transient Sl. for non-tran-
Nmsaer_az-:t.ge____(x-X) x-%° NO-MMM
1a 0.83 secs. -0.035 0,001225 1. 0.935 +0.005 0.000025
2, 0.88 ,, +0.015 0.000225 2. 0.935 +0.005 0.000025
3. 0.915 ,, +0.050 0.002500 3. 0.93 0 0
4, 0.90 ,, +0.035 0.001225 4, 0.93 0 0
5 0.845, ,, -0.02 0.,000400 5, 0.94 +0.030 0,000100
6. 0.84 ,, =0,025 0.000625 6, 0.93 0 0
7. 0.87 ,, +0,005 0.000025 7. 0.92 «0.010 0.000100
8. 0.85 ,, =0.015 0.000225 8. 0.935 ~ 40,005 0.000025"
9. 0.8 ,, -0,015 0.000225 9, 0.94 +0.010 0.000100
10. 0,87 ,, +0.005 0,000025 10. 0.93 (o] 0
11z 1t. 0.935 +0.005 0.000025
8.65 0.006700 10.23 0.000400
Arithmetic Mean = X e -5%%2 Arithmetic Mean = X = 3%%33

Standard deviation

gou\(ﬁ

=\{m

(ii

T ABLE~ II1

i)

a 0,865 sec.

= 0.0258

0. 006700

Standard deviation

N = \j (x;i 12

- 0.0004
e

.J.o.ooooadgs" = 0.

= 0.9) sec.

00603



' 1 (1) . .

" ABLE - IV A

\~\ ULATION OF STANDARD DEVIATION
. ‘ ) . '“
Operating ~ ° ' Operating time
time for S . for relay for ..
S1. transient - - S1. non-~transient - 2
No. operation (X -~ X) ( X - x)z No. operation (X_-_X) (X - X)
1. 0.66 sed. +0.03% 0,001156 1, 0.69 sec. +0.008 0.000064
2. 0.625 ,, =0.001 0,000001 2, 0.68 ,, =0.002 0,00000%"
3. 0.625 ,, =0.001 0,000001 3e 0.69 ,,  +0.008 0,000064
h. 0.63 ,, +0.004 0,000016 4, 0.68 ,, -0.002 0.000004
Se 0.625 ,, =0.,001 0.000001 5e 0.69 ,, +0.008 0.000064
6. 0.58 ,, "-0.046 0,002116 6. 0.68 ,,  =0.002 0.000004
7e 0.03 ., 4+0.004 0,000016 7. 0.67 4, -0.012  0.000147
8. 0.63 ,, +0.004 0,000016 8. 0.67 ,,» -0,012 0.000147
9. 0.63 ,, +0.004 0,000016 9~ 0.68 ,, -0.002 0,.000004
10. 0.625 ,, =0,001 0,000001 10, 0.69 ,, +0.008 0,000064
S — 1 —
6.260 0.003340 6482 0.000560
Arithmetic Mean = X = _é:%é_?_, Arithmetic Mean = X = _115_33_2_
1
= 0,626 = 0,682
Standard deviation Standar-d Deviation

’ (x-%)?
. N = O = (X - x)2 )
\‘ N
= | _0.003340 . : =| 0.,000560 E
10 10
= W ' =\{o.oo0056-

= 0.0183 | = 0.00749




(v) .

TABLE-IVDH

CALYULATION OF STANDARD DEVIATION

\ .
. \ | .

Operating . Operating time

time for for non-tran-
S1. transient - - 2 g1, sient
No. operation (X - X) (X - X ) No. operation (x - X) ( X - X)z
1» 0,87 sec. =0,01 0.0001 Te 1.07 sec. =0,001 0,000001
24 0.84 -+, =0,04 0.0016 2. 1.06 ,, =0,011 0.000121
3. 0.90 ,, +0,02 0.0004 3. 1.06 ,, -0.011 0,000121
4, 0.86 ,, =0,02 0.0004 L, 1.07 ,, =-0.001 0.000001
S5 0,89 ,, «0.,0 0.0001 5. 1,08 ,, +0.009 0,000081
6. 0.851 ,,°-0,03 0,0009 6.  1.07 ,, =0,001 0.000001
7 o.88 ,, 0 0 e 1.08 ,, +0,009 0,.000081
8. 0.89 ,, +0.01 0.0001 8.  1.08 ,, 40,009 0.000081%
e 0.90 ,, +0.02 0.0004 ' 9. 1.07 ,, =0.001 0.000001
10. 0.92 ,, +0.04 0.0016 "10. 1.07 ,, -0,001 . 0,000001

. (exposed)
8.80 ~ 0.0056 ‘ 10.71 ~‘d.oooh9
Arithmetic Mean = X » _8:80 . Arithmetic Mean = ;i- 10.71
10 " 10
= 0.880 : - = 1.071
Standard deviation - Standard dewiation
————— .
e | (x-%)° (x - X)?
N

\[ 504 oooh9
, 0.0000h49

= 0.007 . .

n
o’ 4?:\
9
o
&
=3
\n
o

n
.
=
N
\w
~2



(vi)

TABLE-YA

\ ALCULATION OF STANDARD DEVIATION
\ -
\ .
Oplrating Operating time
time for for non-tran-
S51. transient Sl. sient - _
No. operation . ( X - X ) {X - x ) No. operation (X - x)“ix ‘J&i??'
1. 1.92 sec, +0,02 0.000"‘ 1. 1097 8€C. -0, 003 00000009
2e 1.89 ) 0,04 000001 24 1.98 %] +00°07 00000049
e 192 ,, +0,02 0.0004. 3. 1.96 ,, =0.013 0.000169
5. 1.90 ,, 0 o 4, 1.97 5, =0,003 0.000009
5e 1'87 9 -0.03 0.0009 5‘ . 1.98 'Y ) +0.007 0.000049
'60 1.885 P -00015 0.000225 6. 1.98 »s +000°7 Q. 000049
7 1.895 ,, =0.005 0,000025 7. 1.98 ,, +0.007 0,000049
80 1086 [ K] "0.04 000016 8. 1097 LIS ] -0.003 00000009
90 1088 'Y} -0.02 00000"‘ 9. 1.98 9 +000°7 0.0000“9
10. 1.88 ,, =0.02 0.0004 10. 1.96 ,, -0,013 0.000169
19,00 0.004450 19.73 0.000610
Arithmetic Mean = i = M Ar:l.‘thmet:l.c Mean = X = 12&13_
. 10 : 10
= 190 sec. &= 1.973 BecC.
Standard deviation ' Standard deviation
- 9 = A= M -
= 0\ = x - x * N ' .
. N ’
a | 0.,00445 . 0,000610
¥ 10 - 10

=W5 - ’0.0000610 .

.
= 0.0219 = 0.00781
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(vii)

-V B

TABLE

CALCULATION OF STANDARD ]EVIATION_.

Sl. Opgrating Wime \

No. for transient
operation.

1 1,46

2. 1,44

3. 1.4 .

4, 142

Se 1440«

6. 1,46

e 1.42

8. 1.44

9 1.43

10, b5
14433

Arithme tic Mgan

(X = E) { X~ _.}.02 51. Operating t:l.me -
} Nos for non=trans. ( X=X )(X -x)
operation.
+0,027  0,000729 1. 1453 +0.001  0,000001
+0,007  0,000049 2. 1.54 +0,01  0,000121
%o}gz; 0.000529 3. 154 40,011 0,000121
=0,013  0.000169 4. 1.52 ~0.009  0.000081
-0,033  0.001089 5. .535 +0.006  0.000036
#0,027  0,000729 6. 1.535 +0é006 0.000036
-0.043  0.000169 7. 1,54 +0.01  0.000121
+0,007  0.00049 8. 154 +0.011  0.000121
-0.003 0.000009 9. 1,52 ~0,009 (000081
+0,017  0.,000289 10 1,52 -0,009  0,000081
0,00381 1. 1.52 ~0,009  0,000084
12, 1.5 +0,011  0,000121
13. 1,51 -0,019  0,000361
- I o -
= X = jﬁﬁg;“ Arithmetic Mean = X = ‘ggﬁégg

= ‘1.433

Standard deviation

=‘ (X - J{!'

N

2

=| 0,00381

10

W

= 0.0195

= 1l..5 29

Standard deviation

J"__'XA

d 0,001724
14
z} 0.00012315

0,011



Sl.

No. operation

Te
2.
3.
L,
56
6.
7
8.

10,

Operating
time for
transient

0.65
0.66
0.65
0.66
0.63
0.65
0.63
0.65

6,50

(viii)

T ABLE

ULATION OF

- VI

Arithmetic Mean n-i o

(x - X) (x - X)°
0 0
+0.01 00,0001
0o’ 0
#0.01 0.0001
-0,02 0.0004
0 0
-0.02 0.0004
0 0
-0.,01 0.0001
+0,03 0.0009
00,0020
6,450
10

= 0.65

Standgrd deviation

P
"

n

o
L}
o
o
o
o

= 0,00020

0.0141

STANDARD DEVIATION

Operating time
for non-~tran-

sient

Sl. - - .2
No. operation  (X-X) (X - X )
1. 0.70 -0,008 0.000064
2. 0.71 +0.002 0.000004
3. 0.70 -0,008 0.000064
L, 0.72 +0.012 0,000144
S5 0,70 -0,008 0.000064
60 0.71 +0.002 0.000004
70 0. 73 +0.022 0.000“8“
8. 0.725% +0.017 0.000289
9. O0.71 +0,002 0.000004
10. 0.705 =-0,003 0.000009
1. 0,70 -0,008 0,000064
12, 0.70 -0,008 0,000064
9,21 0.00132
drithmetic Mean = X w 3+21
. 13,
= 0.708
Standard de#iation
= 2
= o = ( X - x )
N .
= 0,00132
13 .
T[6.0001017
= 0.01008



-S1:
No.

11,
12,
13,
1,

15,

Operating time
for transient
operation,

TABLE

(ix) .

- Vi1

\\h CALCULATION OF STANDARD DEVIATION.

.\—

3% 0,35 sec. 40,01

0,36 4,  +0.02
0.3 4, 0.0
0.33 ,,  ¥0.01
0,36 4y . +0,02
9?36 ve #0,02
0.38 4, 40,04
0,32 ,, 0,02
037 49 +0.05
032 4,  =0,02

0.35 K] *0.01

0.35 ;lg ~0.01
0,33,  =0.01
0,30 4,  =0,04
0.31 L =0.03
5.10

Arithmetic Mean- Ty

Standard deviation

- \2
X

(x=2x)

- 5;10 o 6;34 Arithmetic Mean = EE = 9&;222

(x - x )2 Sl. Operating time T~
. (X=X)(X=-XD

No. Tfor non=tran,

operation.

o AV o -
0,0001 1, 0.43 sec 0,0005  0,00000025
0. 0004 24 0,425 "0.0045  0,00002025
06,0001 3. 043 0.0005  0.00000025
0,0001 4y 0,435 0.0055  0.00003025
0,0004 5 042 0.0095  0.00009025
0.0004 6. 0443 0,005 0,00000025
0.0016 7; 0,425 0,0045 = 0.00002025
0.0004 8. Oulihs | 0.0105  0.00011025
0,0025 9. Oultdh 0.480105 0.00011025
00004 10. 0342 0.0095  0.00009025

‘ 0.4295 0.0004725
0.001 )

0,000
00001
0'0006 . -
0,0009
0,003

15 - R 10
Standard dsviation .

= I (x = % )2
. .. N * .

=| 0,0004725
~ 10, -

=[o.oooo4725 :

= 0.00687



(x) .

TABLE =VIII A

s1. , &P itiva\peaks of F‘rec;t.:enéy of Cx‘zmﬁi'a'r;f;.v';
No. transient occurance frequence
1. 18745 1 1

2. 185,5 1 2

3, 184.6 1 3

k. 183.3 2 5

5 180, 0 1 6

6. " 178.5 3 9

7, 178 ' 1 10

8. 17546 1 11

9e. 175 ‘ 2 13

10, 17443 4 17

11, 172 1 18

12, 170 1 19

13, %66.7 1 20

1. 163 - 1 21

15, 158 1 . 22

16. .

128 1 23



(xi)

T ABLE = VIII B,

S1. Nagative peaks Frequency of comuldtive -
Ho. of transient occurance frequancy.
1 185,7 S 1

2. 180.0 | 1

3. 17744 2 &

4. o 17649 1 5

5. T oars 7 12

6. 1743 9 21

7_' 169?5 1 2_2

8. 166.6 2 24

9 | 155_ 2 26

10.’ 164,3 3 29

‘I“If 163.5 1 30

12, 162 1 31

13 157 1 32

4. 1561;4 1 © 33

15, . 155.2 1 34

16. 140 * 1 35

17 135 1 36



TABLE - IX

1. Frim the ‘photograph the peak is 1,756 times the »npnmal peak,
therefore we have

2 sin (© ‘-7\) = 1,756

Stn (8 =A) = 0.878 = Sin 61.4

| o @ = ‘7\ = 61.4
N 2 0-614 287,25 = 61.40
’ . '->\ = 25.820

2. From the.photograph the peak is 1,564 times the normal
therefore wa have ’

2 sin (9@ =) = 1,564

L sin (@ =A) = 0,782 = Sin 51.5 .
‘ 0-X= 515
s N =8 =515 = 87425 = 51,50

A= me

3. From the photograph the peak is 1,281 times the normal peak,
therefore we have 7 *
2 sin (& =N) = 1,281

Sin (@ ~A)

N

0.6405 = Sin. 39.8
/o N = Agbse

-4+ From the photograph the peak is 1;552 times the normal pdak,
therefore we have. : :
.2 Sin (@ =A) = 1552
5 §in (08 <A) = 0.77 = Sin 50.9°
» 0-): 50,0, . . .

e A =87.25'- 5049 = 36.35°



'

6.

Te

(xiii)

peak% theretore we have
2 sin (@ =X)
B

But ©

\\. 5 From;the photograph the peak is 1.667 times the rormal

o 1.667 -
-1 (314) (126.6):.40 =3

wl
= tan i- tan
1,902
= m"‘“ 20.9

' s e
Sin (8 =A) = 0.8335 = Sin 56.5°

:o 0= 7\ = 56-0-50

So A = @ =56,5 87.25-56.5°

F>\ = 30.?5‘

From the photograph the peak is 1.693 times the normal peak,

therafore we have

2 sin (8 =")\)
Sin (@ =)\)

-
-

From the photograph the peak is 1,630 times

therefore we have

2 Sin (& .=)\Y)

Sin. (@ =)
K D

 87.25 = 57.80 . =

= 1,693 i
= 0.846 = Sin 57,8
29.45

the normal peak.
= .1,630. |

= 0,815 = Sin 54,6

= 5406
87.25 - 5406 3 32.65.

From the photograph the peak is 1. o644 times the normal peak

tharefore we have ..
2 Sin (0-7\)

= 1 644 _':'. Stn (0 ~X) = 0.822
=.5in 5503° PR _-,7\=55.3
o N:87.25 = 55,3 = 31,95



)

N
2.
Se
N l&.
54

(xiv) : )

TABLE - X

|

i
From ;the phptograph the peak i3 1.635 times the .
normail peak' ‘ ¢
2 stn (OeN) = 6
Sin (@ =N) = 08175 = Sin 54,80
;ﬁ ‘Oﬂ-f). = 54 8° ' o
- ﬁl o ey =103 (100.34) x 1072

y N T
- t&n'1 12-51 = 850"’5"

Since -7\=5‘+ 8 n&izﬁw@kx%
"7\=e-54. -85.45-548

A ;:.eﬁo

From the photograph the peak is 1.?43 times the normal

peak : .
251n(9->\) .743_ o y
Sin ( @ = A = 0.8715 = Sin 60,6
o -N = 5026_.'
-l=xﬂx:xxx:zﬁﬂzﬁ3 S !
RAED W 85.45 ~"6046 = 24 85°

From the photograph the peak’ is 1.743 times the normal
28in (@ -b .7#3 «
St (© '-'7\) = 0.8715 = Sin, 60.6

.;. @ -7&- 60.6 .

N = 8545 - 606 = 24.85-
=do- N = = 24.85° .
wdo- N = 24,850



y l
i
%, From thp photograph the peak is 1.857 times the mormal
\ . .
?eak . )

2 5in ( © -)) =' 1.85?

sin (e -3\) =o.9285 = Sin 68,2°

e -7‘_= 63-2",. A

{ >\ = 85045"“' 68072" = 17025"

7. From the photograph the peak is 1 743 times the normal peak

2 sin (O -)) =1.743 | N
Sin ( o -7\) 5 0.8715 = Sin 60.6

- -) = eo.eo

7\ = 85.45 - 60.6 = 24.85°

BQ From the photograph the peak is 14743 times the normal

peak.
25m(9 7\)31743 o
Sin ( © -7\) = 0,815 = Sin 60 6'
' o - A= _60_‘.‘;' . L
© N m @ =60,6 = B85.,45 = 60.6°
9. o= N = 24 ,85°
10. , =do- AN = 24.85° .



( xvi) ‘ .

TABLE -

Y A, From the pho’tograph the peak® is 1,785 times the
, Bormal, peak s

25in (8 =N = 1,785. .
Sin (@ =) =. 0.8925 = Sin 63.2°

e -)\ = 63.2°
i s 825 - 6320 = phaase
Since @ = tan ! '; 2 =1 (3M) (126.6)x10™°
. - - -3 ’ N
=1 (39752.,4) (10 7 ) -
= tan = tan™? 20.9 = 87.25:

1,902
2. From the photograph the peak is 1‘-.846 times the normal
peak o .
25in (@ ~A) =1.846 s,

Sin ( ) -)) ‘-= 00923 = Sin 6704"

9-)=WM_ L
= 0 ="67.4 = 87,25 - 67.4

_‘_, N = 19.85°

3. From the photograph the peak is 1,740 times the normal
peoak .. .. . .
* 25in (@-XN)%=1.7%0 . . _ .
Sin (@ =N = 0.870 = 5in 60.4°

0 =\ = 60.4°. L
A = @ = 604 = 87,25 - 60.4
= 26-82' ) - .

4'.' From thé photograph the peé.k lis 1;;785 times the normal pesk . o . e
2 mn(e-k)=1ﬂw,:.sm(o-x)=mms '
@ =X = 63,20 . . ... = Sim 63.2°
e AN z6a 63.2 ‘= 87.25° - 63.2-

=2405°



( xvii) - .

* 5. From the photograph the peak is 1.742 times the normal

+ peak* '

2 Sin (@ = N) 1,742

Sin (0 = N ) = 0,871 = Sin 60,6°
. e-%=60.8
SN = 87.25 - 60,6 = 26.65°
6. From the pﬁotograph the peak is 1.785 times the normal
peak

. 2 Sin (0.~ A ) = 1,785 '
Sin(é - '?\) = 0,8925 = Sin 63,2°

) "‘7\ = 6302°
A = 87 25 - 63 2 =24.05°

7« From the photograph the peak is 1. ?69 times the normal
peak
2 Sin (94-7\ ) = 1. 769
Sin (@A ).= 0,8845 = Sin 61.7°
0= A= 61,70 o
| * N 287425 - 61,70 = 25,55°
8. From the photograpthhe peak is 1.742
. 2 Sin (@« ) = 1,742
Sin (8 -~ ) = 0,871
8= A = 60,6° C
S A =0 -60,6 = 87,25 - 60.6°
- o D 26.65°
9. ~do= N = 26,65° .

Sin 60,6°

. o
10. From the photograph the peak is 1, 666 times the normal

k
pes ZSin_(O-)\) 1,666 Sin (9-)\):0833

8.- X = 56.45°. 7 = Sin 56.45°
S. = 87,28~ 56,45° = 30,80°"

]



Ce

3,

4.

From the photograph the peak is 1.580 times the normal peak.

peak

Sin

, R L e
From the photograph the peak is 14777 times the norsa} -

(xviii

TABLE -XII

(100,34) - x 107
1,719

= 36‘090

(0 >\) 1,777 )
Sin (@ = A )_= o,aaes = Sin 62.7°
Celh e
Since @ = tan'?gl ] tan-1 (G14)
* R
yan™! 3150676 - ey 18,33
.« . _1.719
0w = 62.7°
I 86.9 - 62.7°

2‘#. 2°

2 Sin (o-)) = 1.580

Sin (e- >\)

2 Sin (.= 2\ )’

Q= = 52.20

)\.

= 0.790 = Sin 52,20

= 86.9 - 52.2 = 3"’.?0

. From the photograph the peak 1s 1 875 times the normal

1.875

Sin ( = A) = 0.,9375 = Sin 69.6°
0 = = 69.6°

A = 8649 = 696 = 17230 |

_From i photograph the peak is 1,777 times the normal -

peak

25in (@=-A)

@ == 62.7°

.
*0

A

=9-62;?=

= 1.977; Sin (@ =M\ ) = 0,8885

= 5in 62.7°

86,9 = 62,7 = 2ly2°



* (xviii)
\ T ABLE~ XIII )
1. ... . From the photograph the peak is 1,571 times the, -
- . .

normal peak. o
2sm<e->\) .571 |
Sin(0-7\)=07855=si.n51.8°
@-7 = 51,8°

o ;-. 77\_=37f9-51.a-35.1 o
2; . From the photograph the peak is 1.643 times the .normal
peak. * ' _
2 Sin ( @ =A\) = 1.643; Sin ( @ =\ ) = 0,8215.-
| o = Sin 55.2°
0= = 55.2 |
5\ =2 0=55.2 = 87.9 - 55.2 = 32,79
3; ... . .From the photograph the peak is 4;855 times the
normal peak o o
2 Sin ( @ ®A) = 1,855 |
Sin (@ =2 ).=.0,9275 = Sin 6844

9=-A= 68.1° ,
. & A 8?.9 - 681 = 19.3-
4; . ...... From the photograph the peak is 1.785 timas the normal

peak. o Ce
2518 (0 =A)=1.75.
Sin ( @ @) ) = 0,8925 = Sin 63,2° .
. R -As= 53-2 o ‘7
S A = 879 - 63.2 = 24,70



. (xix) *

TABLE -XIV

4., . From the photograph the beak is 1,751 times the normal

. peako ® L} b

sm(e-%)-,1.751 L
Sin ( @ -‘7\ ) = 0.875 = Sin 51.1°
. 0-7\.: 61.1° o
A = 87.2 - 611 = zsm

Stnce © = tan Ml = ;,,;'" (34)(70.93) (10) 3

R
‘ 1 . . . 1,0865
= tan __‘z_z’.a 202, = tan™ 20,5 = 87.2°
- .From the photograph the peak is 1.666 times the normal
poak. o
2sm(e 7\)_1666 _
Sin (8 « X\ ) = 0.833 = Sin 56.4°
S 0= A =564
e }\ = 8702 - 5604 = 30 8'
3: .. From the photograph the peak is 1,751 times the normal
peak. L L
2 Sin.( 0.=A) =.14751 :
Sin (o -‘) ) = 0. 875 = Sin 61.,1°
' + N = 87.2 - 611 8 26,10
4, . From the photograph the peak is 1.751 times the normal
peak.,

2 Sin (0.~ ) = 1.751 ,
Sin (@.=A) = 0.875 = Sin 6141°
¢ L *th s 61,1°. . ;
Qo O\ = 8742 = 61,1 = 2641°



(xxj ;

5. . From the photograph ths peak is 1.833 times the normal
peak. ' .

. . '

2 Sin (9-7\) = 1,833

sin (® -7\) 0.9165 = Sin 66.4°
0~ A =66.40 '
o A = 87.2 - 66.40 = 20,89

6. From tLe photograph the peak is 1,751 times the normal
peak ) - o
) 251n(0-)\)=1.?517 |
Sin (0 - >\) 0;875 = Sin 61.1°
e -7\: 61.1°

c.. >\ = 87'2 - 61 1 = 26.1

7+ . From the photograph the peak is 1.833 times the normal
peak.
231n(0 7\).-:1833
Sin (@ =) = 0.9165 = Sin 66.4°

0 - k = 66.4° )
. o D\ = 87.2 = 664 = 20.8°
8. . From the photosraph the peak is 1.?51 times the normal
poak. '
25in X © -.7\..) = 1,751
SiII(O"'?\) 08753311161.1. .
6 <Pe 61,1 | S

O\ = 872 - 61,1 = 26.1°



. (xxi):

TABLE - XV e

1, . From ths photograph the pesk is 1,650 times the,

« normel peak

2 8in ( @ -7\) .650
Sln(O-n’?\) & Sin 55,.6°
8 - 7\ = 55.6°

. h&*tan

n - tan™1 (314) (103.13)10™3
1.280

-1 35,3828
7,380

- .-1 ‘. . . . A
= tan 25,457 = 87,75°

D N 9. - 55.6.
= 87475 = 55.60 = 32,15°

2, .. From the photograph the peak is 1,720 times the normal
peak -
2 Sig (@ = 7\ ) = 1.720
Sln (0 - 7\) = 0,860 = Sin 59.4'

S 8= 59.4° PR
s A = 87.75 = 59,4 = 28.35‘
3. .. From the photograph the peak is 1'.-620 times the normal
poak o e
2 Sin (® =) =.1.620 .
Sin. (@ =A )=z 0,810 = Sin S4.1
0=-As 54_..1’.. . X )
o A = 82,75 = 5441 = 33.65°

4, -From the photograph the peak is 1,350 times the normal
peak. - ‘ '
2Sin(o-.-.?\)=.-1.350 S :
Sin(@ =A ) = 0.675 = Sin 42,5°
Q@ -~ A= 42.5’ '

S N = BRLT5 - 42,50 = 45.25¢



. ) (xxli)- .

\ X
- - . . l. . - - - . - - ..
5.  From the p?otograph the peaks is 1,750 times the normal
Jpeak. . , .’

2 5in (0= N) = 4750 .
Sin (0 =)\) = 0,875 = Sin 61.9°
o - A = 61'.1°
. N = 8775 - 611 = 2-6...'65"

6. - From the photograph the peak is 4;400 times the normal
pe8ke.

2 sin (8 = A ) = 1,400 )
sin(e 7)’); o'.'?oo = Sin 44.5°
. @ ~="A= b&45° '
S A = B7.75 - 44,50 & = 43.25°

7. . From the photograph the peak is 1,750 times the normal

posk. _ o o
2 Stn (6 = M) = 1,7500 .
Si_ln'_(ﬁ - 7\) = 0,875 = Sin 61,1°
0= A=z 61,1 o
. Se A = 87,75 - 61.10 = 26.65°

8. . From the photograph the peak is 1;?50 times the normal

paak. 2 Sin ‘( e -}\) = 10750 :

Sin (@ = ) = 0,875 = Sin 61,19
L @ = A=61.1° .
. & \'= 87,75 ~ 61.1° = 26.65°



9.  From the'

. peakf

10. ... From the
peak. .

(Exx 1i1)

phétograﬁh th; ;ea# is 1;656 tiﬁe% th;_;erp;i
28n (0-n) =165
(9- ))_0825 = Sin 55.6°
.8~ jh = 55.6° |
S A = 87.75 - 55+ 6 = 32.15"
photograph the peak is 1,700 times the ;ormal
2 31£ ( 6 ;?A) ; 1;§06
Sin (9 -7\) = 0.850 = Sin 58,2°
N 9-) %20 “
o A= 8'?.75-58 2 -2955°

11, . From the phbdggraph the peak is 1,800 times the normal

peak

12, .. From the
poake.

2 8in (8 ~ A) .800 .

. Sin (8 =)

0900 = Sin 64.20

&g ->‘=64.2f e
o.o >\ = 9-64. = 87.75-64 2

= 23 55"

B

photograph the peak is 1.780 times the nommal ‘
2 sia ( ,9_'T>‘) = ‘."573‘_’ Ce
Sin (6 = A)
@ 'ﬁ>‘? 62,9° e -; '
S TN = 87,75 = 62,9 = 25.85°

0.890 = Sin 62.9°



. O M
TABLE ~ XWI ' ’
Sl.No. an-'t_rahs"ient relay ' ) ‘1‘ra'n§ ient re iéy Bﬁdqcﬁftiﬁn .of?.q )
A * operating times im sec. operating time . operating time
. in sac. in percentage
1, 0.930 0.865" - 6.98%
2. 0.682 . 0,626 6 . 34%
T3, L 1.0M 0.880 - 17.8%
4, . 1.973 . 1.900 3.6%
S5¢ 1.529 . 1.433 6.2%
6. 1 0.708 0,650 8.2%
7 0.4295 0.340 20,8%
. .
\ 2

F N

¢ ——rr—

e~ o
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