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ABSTRACT: The effect of transients on the operating time of_.
fast r~~ays is important in determining the effectiveness of the
-. .' ,~-o--'-~'=-

pOwer system protective devices. The operating time is a function

•
of the circuit parameters including the instrlllDentation. the gap

spacing as we11 as switching transients.

Analytical eJqlressions of transient current have been

developed. The effects of transients on the operating time of

overcurrent re lay are cietermined experimentally. Operating times

for botll transient and steady states condition bave been found.

il:xperimental observations establish that operating t1me of the

relay is reduced by a wide margin 3.6" to 20.8" due te transients

from tile steady state value for the overcurrent relay of lEC make

128.~~-::!,~the normal steady state value.
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CHAP'JER - I

1.1 INmODuCTION

•
,The extens ive use of electric energy in the diverse

branches of the natural economics has made the reliability of

operation of electrical equipment in power generating and

distributing systems and in electric power consumer installations

a problem of special importance.

Ever present in the every day operation of electric power

system is the pQssibility of disturbances in normal operatien and

the appearance of faults in the separate parts of their equipment.

The most commonform of disturbance in normal operation of

electrical equipment is overloading, due to which the flow of

curren t exceeds rated val ue•

The most severe and commonform of faults are the short

circuits. The magnitude of a short-circuit current depends on the

kind and character of tbe sbort circuit, the power capacity and

circuit arrangements of the system, tbe method of connection and

operation of tbe transformer neutz:als, th!l<1_istance of the fault

from tbe generating units, the ratings of tbe main equipment and----~--._----
the current limiting devices, tbe duration of the sbort circuit,

"- - - - -

the speed of action of the regulating and switcbing apparatus in

tbe system and other. factors.
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As a rul~, the short circuit current considerably exceeds

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
-~--

drop in voltage and frequency_at which stable parallel operation of
r--_~--~-~-".- --~
the power units is hampered. Shor t c ircui t may, further more, cause

meters to draw large currents, lead to switch off of a series of

power consumers, increase the energy HaSS'" losses in all parts of

the power system etc.

The characteristic high degree of interconnection and

interdependence existing between the various elements of an electric

system and its conditions of operation creates a need for the use of

protective devices and arrangements that will automatically and very

quickly disconnect the faulty section from the system, or initiate

an alarm of disturbances in normal operating conditions. In electric

power systems these functions are performed by system of protective

relays, each constituting a relay protection scheme. Historically,

protective relays were one of the first forms of automatic control

in power engineer ing and at the present time are one of the basic

forms of automatic control employed in electric system.
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The term protection relaying applies to tbe arrangement.. _. -, . ~--..,.., - - -._- -, ::- . -- - "":"" ---:-,- '. - - ~-~- ---

of devices set up in scbemes capable of response to tbe appearance

of a fault or a disturbance in normal operating conditions in any

•
section of the electric system and of automatically acting on

disconnecting apparatus or an alarm device.

Depending on the form and parameters of tbe circuit element

to be protected as we11 as its functions in the system, the protective

relay scheme will bave to satisfy various requirements.

It is the latter tbat determine what operating principle

and protective relay scbeme should be selected. As a rule on tbe

occurance of sbort circuit which may lead to heavy disturbance

in normal system operation (damage to equipment. impermissible drop

in voltage etc.). the protective relay scheme is designed to

disconnect tbe damaged system element.

The protective scheme is designed to energise an alarm or

signal whenever .the overloads and short circuits 4e not present a

direct danager to the faulted circuit element and tbe entire installa-

tion for ellample, an occurance of a single phase fault to earth in

overhead circuits operated with an insulated newtral. In such cases

it is possible for the operating personnel to take the necessary

measures for removal of the abnormality. and pre lent any interruption

in power supply to consumers •

•
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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 rel".ys of diverse type and construction etc.

1,2 Cause of Faults: Insulation is usually either air or high resistivity

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

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

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

tion due to lightning or a fire. Organic insulation can deteriorate

due to heat or ageing or can be broken downby over voltage due to

lightning,switchings surges etc. Porecalain insulators can be bridged

by moisture with dirt or salt and can become cracked. In all these

cases the initial lowering of insulation resistance causes a small

current to be diverted which hasten" deterioration or ionisation,

lIID[J[ causing this current further to increase in a progressive manner

until a power fault occurs, Further more, heavy faults, if not quickly

interrupted may heat conductors sufficiently to cause deteriQration

.f other insulation which was previously in a healthy state.

~ine and apparatus, insulation may be subjected to transient
- --------- . ----- -

ever-vo ltages whenever current is started or stopped. These surges
~. ....-._-

are a_component of the recovery voltages. The mo~t severe switching

surges occur when current which lag" or leads the applied voltage by
-, -- ~-----

90- degrees is (such~s short circuit current or line charging current)
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interrupted. During unloaded line dropping on a grounded system,

the line voltage may go to erest line to neutral voltage on the. -- - - -

first interrupti.n; three times this value on the first restrike;

five times this value on the tlcond restrike; and s. en as the are

restrikes on succeeding half cycles. The magnitude of these

switching surges is appreciably greater for systellls that are not

solidly grounded. Thus systelll insulation may be subjected to serious

ever-voltages with breaker recovery voltages that are still higher

when line cbar.e:in.e:current is interrupted.

1.3 Economics of Helaying:

The cost of protective re lays is generally small( 12 te 2%)

compared with the cost of the equipment protected. This is particularly

true in the case of generators, transformers,aa4 high tension lines.

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

small percentage insurance charge but as a separate item and then to

price the cheapest relay er relay scheme. Considering the saving in

repa ir cos t afferded by high grade. high speed re layinf?: compared with

ch.pper slow-speed arrangements, it astenises lIIanyengineers that the

best protection is not always chosen the cost of one major repair to

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

protective relay schemes•

•
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Similarly, the cost of one day's loss of production in a Copper

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

•

On the other hand un-necessarily expensive and complex protectisn

scheme are sometimes used for important lines so that the likelihood

lilf an outage due to trouble in the protection gear may be comparable

with the like lihood of an actual fault'.

It is the duty of the protection Engineer to choose the

most economical scheme which will give complete protection and

isolate faults selectively in the shortest ppossible time. Good

electrical service i,e. continuity of supply, depends to a great

extent on adequate protection, This is sometimes difficult to

achieVe because of the tendency of system planners to releRate the

relaying cons iderations until the sys tem arrangement has 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

clmsidered before the power system layout is finalised •

•
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1.4 PRO'lECTION SCHEMEEQUIJIBMENTS:

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, helps

maintaining the stability of machines operating in parallel,

betters conditions for puiling meters inte synchoronisation

and allows them to self-start, onsures maintenance of normal

operating conditions in the unfaulted sections of the system,

decreases total outage of power consumers and total non-delivery

of electric power.

The time interval within wlliclla faulted circuit section

is disconnected from power is a sum consisting of the operating

times of the protection schemes (tp~, and of the circuit
tbreaker togetller witll its operating mecllanism ( cb), namely;

To raise the reliability of power system operation,

as a rule, the more quick acting protection schemes sllould be

employed in conjuction witll quick acting circuit breakers~
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Protection schemes incorporating time de lay are used whenever

protective action must be co-ordinated between adjacent circuit
•
zOI}es and whenever system operating conditions permit time de lay

in the event of a short circuit.

On the other hand, application of quick acting circuit

breakers sometimes prove to be impracticable. For instance, if--
on an overhead transmission line equipped with tubular-type lightning-

•

arrestors the latter operate, quick-acting protection scheme may- -..
disconnect the line. No intentiona 1 increase in protection operating

times is necessary whenever the line is equipped with ground wires

and automatic reclosing controls. The presence of the ground wires

limits the probability of surge faulting with subsequent lightning

arrestor operation, and any possible improper switch out of the line

will be erected by the automatic reclosing controls •

Another example of where quick acting protection cannot be

used is when the protection schemes of adjacens circuit sections

must be co-ordinated for selective operation.
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2. Selectivity 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_byacc~rd:i.ng11 co"ordinating the pick.
- .,r ..' .....- .. .-.

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

at the consecutively connected circuit sections. This involves having

the largest pick-up (operating) current or time settings in the protec-

tions of the circuit zones located closest to power supply. In order to

quickly and 'lithselectivity clear a fault on sections near the source

of power supply, it becomes necessary to emp~oy the protections to be

studied further below, the over current cut-ofis, or more complicated

types of protection, such as for example the distance protections.

It may also be come necessary to resort to non-switching

corrected by auto~tic reclosing controls or automatic stand by

connection controls.
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The capability, of the protection to respond

to abnormalities in normal operating conditions, and to the short

eircuit for which the protection has been designed. It is accepted
•

that the sensitivity of a protection can be expressed by a sensitivity

factor Ks' The sensitivity of a protection is easy to understand

by reference to overcurrent and under voltage protections.

For overcurrent protections where response takes place on

an increase in current,

Ks
Isc min

= I:"':"
,pp

where The calculated minimum short circuit current of a

max.

solid metallic short circuit (i.o" transition resistance at fault

taken equal to zero) at far end of,protected circuit section Ipp_

Primar~ pick up (or operating) current of the proection.

For undervoltage protections'where the protection operates

on drop in drop during short circuit:
Vp9

= V
r

where = Voltage at which protection operates
mVr max - Calculated Max residential voltage at point

where protection is installed when short circuit secures

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

not be less the 1.5 to 2.0 in value •
•4. Reliability: Reliability in operation on occurance of all the

Ifaults for which the protection ~as'been designed. In examining

questions of protections"!'.'.scheme re liabili ty it is necessary to

take into consideration the difficult conditions and specific operat-

ing requirements which must be met by protective relay schemes and

consisting in that the protective relay scheme must continuously be

on the alert over long interval of times (month and years) and

operate reliably. The moment the occasion arises the simpler the

protection scheme and less ,the num?er of relays. circuits and

contacts it contains, the greater is relaibility. Simplicity of

construction and adequate quality, of the relays. correctness of

design and installation. as well as qualified maintenance and

supervision are also fac,ts which i~fluence protection scheme reliabi-
.\;

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 Ilrotective scheme it is necessary

to strive to make it as simple and reliable as possible. Faults and
•
cond~tions of operation practica]ly improbable of occurence should

<' I. \ /.

not be taken into con'sideration.
-Proective relay schemes serving to energise a signallingi:

-circuit, with the exception of-quick action, must meet requirements

similar to those faced by schemes serving to energise a trip circuit.

But in view of the fact that signal energising protection schemes bear

less responsibility their requir ••••ts are less stringest and are

usually not prescribed in standardised regulations are rules.

1.5 tEFINITIONS OF IMPORTANT 'lERMS:

1. Stability: The quality in a power system which enables it to

maintain a state of equilibrium and regain it after ~

disturbance'.
2. Sensitivity: It 15 the quality of the device to pick-up the

,
smallest value of detected impulse for its operation.

3. Selectivity: It is the quality of the device to assess if the

detected impulse requires its co-operation for minimum outage

on the system.

~. 4. Co-ordination: Setting of one relay with reference to another
-... -'> -.- '=--

to give disconnection and provide sensitive and selective-'operations.
"'---..::...



5.

•

6.
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System: Transmission and or distribution network of lines,

transformers and generators •
IVoltage surge f 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-rec losing: The ability incqrporated in a circuit breaker

to reclose itselt it has tripped under fault without the system, '

,
falling apart. "

Automatic-voltage regulators:
Ii

\ ,-JAuxiliary equipment which'regulates voltage within limit

by itself, without external manipulation.

10. Operating time: The time whicn e lapsed from the moment wnen

the attracting quantity attains a value equal to the pick up
'" , : I

value until the rilay operates its contacts.

11. Reach: The remote limit of the zone of protection provided
,

by the relay; used mostly in co~ection with distance relays to

indicate how far along a line the tripping zone of tne re lay

extencis.
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to it for supplying loads.,
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12. Over-reach:
Under reach

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

/
15. Multi-terminal Lines: One with three or more terminals which

can be po\~er sources.

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

operated, for indicating the ~peration 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 wqich is designed with a delaying

unit. A selfx contained relaY,unit which, in conjuction with

one or more other relay units 'in a relay case, constitute a

complete protective relay.

19. Element: '.A part of a,relay unlt, such as an electromagnet

The power absorbed by the circuits of the

or damping magnet or, an in~uctive disc.
, .

20. Burden
(Power Consumption)

relay, expressed in volt-amperes if alternative current(a.c.),

and in watts if direct current (d.c.) at the rated current

or voltage. •



21. Consis tanSY:
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The accuracy with which the re lay can repeat

•

its electrical or tiine .characteristics.

22. Power Switching: An oscillation between groups of synchronous
•

~.c. machines caused' by an abrupt change in load conditions.
" '\ ,I--23. Back-up relay: A relay 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

"cirdui t through current transformers (C & t's) and potential

transformers (P.t'S)~
-'

I "
25. Seal-in-relay:. Similar ~o reinforcing relay except connected to

stay until its c~il circuit is interrupted by a switch on the

"circuit breaker. '

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

is the threshold below which the relay will open its contacts and
, .-
1,\ I.t. t treturn to normapos';L ;Lonor s a e.

,
27. Pick-up (Level): The value of current or voltage etc. which

is the threshold 'below which the relay will open its contacts
~.'-

and return to normal position or state-.'

28. Operating force: That which tends to close the contacts of the
or torque

relay.

\ .
•

•
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1.6 CLASSIFICATIONOFRELAYS:

Relays may be classed as electrical, mechanical,optical,

• accoustical and other forms of relays. H.Be we are concerned only

with e lec tr ica 1 re lays •

Electrical relays in turn may be sub-divided in the

following ways.

(a) As to the principle of action on the relay system:Electro-

magnetic, moving coil, induction, electro-dynamic, polarised,

electronic, thermal relays"." "

(b) As to the nature of qUantity to which the re lay responds.

Current, voltage, power reactance, impedance, frequency, phase-,

shift re lays.

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

relays (ii) Secondary relays.

(d) As to the method by which, the control element acts upon the

disconnecting device. (i) Direct acting re lays (ii) Indirect

ac ting re lays.

(e) As to the degree' of iniportance (i) Main (11) Supplementary.

(f) As to the time of action (i) Relays without time delay

(11) Relays with time delay.

( (g) As to the kind of contact (i) Normally open (n.o.) (ii)Normally

closed (n.c.). ,
•
'"
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1.7 OmRATIOlT OF AN OVSR CURR&N'l I!ljiLAt:
,, ,

Anover current relay cons1st of two IIlI'J.gnetlllas shtWn
•

1n th. fig. h , I
It is essent1ally similar in construction to

1 ~,
an 1nduct1on type of meter. Tl¥' upper electromagnet consists of

.' ;,
t.wowinding. One is supplied 'from a current transformer in the

line whicn is to be protected.; This winding has got tappings at
, I

an lnterval and are' c'onnected'to a plug-sotting, thereby giving
l ", :1

the desired cilrr$nt s.tt1rlg. ,This winding energises a second cdl
, '

an the magnet by induction'the current from th. second winding

. - ,~
passing through coil in the lower electromagnet. In this way,

•... /--'
the leakago flux from the upper and the flux produced by the

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

tll.e metal disc suspended betwe.n the two magnets. 'fhe disc spindle

carJ,'ies a movingcontact whic~ hr idge two fiXltd contacts where tne

disc has rotated through lin ~gle which can be adjusted. Any

.c1esi.,.d time setting can be given to the relay by adjusting the, ,

I
liUlSle. The clef inito minimumtim" cnaracteristics is obtained by,

allowing the iron in the upper electro I:lagnet to saturate GO that,

there is practically no increase in £lu~ after the current has

reached a cortain value•

.'

•
J '
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TIME CURRENT CHARACTARISTICS

EXTREMELY INVERSE r2t:K

DEFINITE TIME r.t: K

Log. r.

IlNVERSE.DEFINITE &
I.D.M.T.CHARACTERISTIC OF RELAYS ."

FIG. 2"0

•
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Multiples of Minimum Closing Cur rent

Fig. :3A~.,

'"c
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1.8 TOO CURRENTCHARACERISTICS

A General expression ,for. the operating time of a time..
current re lay is

1 L

t = KM

~-ttp
(1)

where I is the multiple of tap current, Ip is the multiple of

tap current at which pick-up occurs. K a design constant of the

relay and M is the time multiplier setting. If the relay picks

at tap value of current., then equ (1) becomes t,
KM

- ---- Depending
~ - 1

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

IDMTre lay n 1-.1 and for very inverse n = 1 and for extremely

inverse characteristic n is greater than one. Different

countries use diffierent value of nand K for IDMTovercurrent

rela:,r.

For our ptXDqlt purposes the curve will be asymptotic in

nature. The time setting only shifts the curve as shown in the

Fig. 3A.

•
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1.9 REVIEW OF LI'lERATURES:

About a century age, ~ power system usually consisted
•
of a small generator supplying, power. The station attendant in

an emergency used to open switcbes'manually. The size of power

system began to double and quadruple per decade. Industrial

revolution in different countries brought about a drastic cbange

in the power system. They began to use integrated Power Systems
, ,

among themsslves. Engineers, Planners and designers began to use
, -' .\

max more and more automaticswitcb gear witb the increase in the

size of power plant and its transmission. Such apparatus must

operate in a small fraction of a ~econd of the system is to

avoid destruction.

Fuses were used as a first stop of automatic devices

to toor~ isolate the faulted equipment quickly. These were
.' \used widely and mainly for distribution circuits. The great,

4isadgantage was that these needed replacement before tbe supply

could be restored. These inconveniences were overcome by the use

of automatic circuit breaker witb a trip device.Finally protective

relays came into picture whicb began to control tbe trip coil of

the breaker.
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Initially the relays were designed to operate in responses

to short circuit conditions'of the system. These relays were attracted

armature type with or without a definite time delay provided by a dash
•

pot mechanism. The greater size of the system demanded more precise

relay mechanism. The only device was the wait hour meter which was

turned into a relay by substituting contacts for the indicating

register. This resulted in the inverse time over current relay which

is still in use although in an improved and modified form.

The induction disc inverse relay was introduced in early

1920's and high speed differential type in late 1920's. Greater

sensitivity and accuracy have been,'aC~ieved particularly since

1939-45 War by the use of pol~is~d d:c. relays energised through

rectifier br idges'.

During 1920 to 1940 -50 a large number of research work

have been done on construction and type of relays .•

Rep~id development of complicated and integrated power system

and increasing use of automation compelled engineers design more

rapid and sensitive type of relays.
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I (Tr~m~ients before this werE\,of no importance because it did not

\ affected ~he operating time of.the re lays. This was because transients
•

oIdAit died down before the operation of the relays. Relays which•..

operate in fraction of seconds are affected most with the switching- ------------ ._----- _. - ------
transients. Although some works on transients of power system have

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

"Tran~ient characteristics of Current Transformers during

faults"by C. Concordia, C.N. Weygandt and H.S.Scott. (1 )

This work dealt mainly with the dynamic characteristic of current

transformers during fault in the power system. The paper did not

touch at all on the effect of transient on replay operating time.

"Current Trans~6rmers and Relays for High Speed Differential

Protection with particular reference to offset transient currents"

by W.K.Sonnemann and C. Wentz (2) also dealt with transients

characteristics of current 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_!1.ue._totransient.---- - ..

•
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"Transient CiJaracteristics of Electromagnetic Relays" by

Charles Cameron and D.O. Lingelbach (3) has considerably dealt

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

relays~ Effects of non-linerity in the B - H curve have been taken

into cons ideration. The presence' .of the discharge resistance in the

circuit accidentti. or planned 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 ope~ating time of

a relay. Further more relays operated by A.C.Supply has not been

considered at all•

••Tram;iAnt in distance protection" by P.Mathews and
(4)

•

Analysis of the behaviour of distance relaYS in transient

conditions from stand point of reducing reJayinR times. kXtk~
""'----

Alternate means of elimination or equating transient secondary

current and voltage signals, use of secondary replica impedances,

effect of relaxation transient in voltage transformer secondary

circuits are considered.
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I'

" An analysis of transiflnt phenomonon in electro-magnets"

by V.A.Karasev
•

•

All purpose families of curves have been plotted by means

of computer so that magnet opera tint time and synamic characteristics

can be found. This paper has overlooked the effect of power system

transient on the operating time of a relay:.

" Approach to the analysis of the dynamic phenomena occuring

at contact make in a supply ••• built flaxure operated relay

spring assembly with springs of a geometric form" by GGran Wikell

deals with mathematical analysis of force on simply built operated

(6)'

•

relay spring during "Chatter". Dynamic phenomena occuring at contact

make has been fully considered.

" Ultra-Rapid Static:,Relay for Distance Protection"

-by M.Soullard (7) gives a detailed study of relays for measuring

transient state values of inductance and res,istance.

The papers deals with the techniqqe of transient state values

of inductance and res istance'•

•
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"Control Circuit Transi~nt by W.C.Kotheimer (8)

dealSllt with the causes of surges and how the design engineer can

deal. with them in ERVpower circuits and control circuits.

"1.The requirements made of Current Transformers by High Speed

Protective Relays" - by N.Korpany and H.Ungrad (9)
•

"Transient Voltages in

Performance of current trans:6ormers is d\scussed including

transient and over current characteristics selection of current

transformers based on the requirements 'of static relays have been

considered.

"Suppressess ion lbrs:Cl:xpJtacktDl:txm Protects Solid State Equipment

by "W.C.Robert (10) Battery transient suppressor protects solid state

equipment against damage or misoperaticin due to transient high voltagei.

(11)
Relay Control Circuits" by W.R.Sonnemann.

Typical cases to serv,! as gui.de ~for trouble shooting when

transient overvoltage occassioned by circuit interruption is experienced

•

in control circuits. Informations on.~easurement technique is also included~

•
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From the available li ie'ratures and reference on re lays
, - ,

if)Bangladesh it is quite, apparent that no work seems to have
,

been done on systematicidetermina~ion of the effect of transient--------~.,...._ ..,.,..-- .....-:,- .~-~-~.~-~.~.~----""--
•••.•__ ." ,f

on relay operating time~ Our work therefore is the first of its

('

kind is Bangladesh. As. humblEr,attempt has been made for

experimentally de terming the effects of switching transient in

a system on the operating time of an over current re lay. The re lay

used in experimentation was of GEe make type. Lack of suitable

facilities have compelled us to give the results of only one
, ,,

re lay.

•
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C HAP T E R -II

2. MATHEMATICALANALYSIS•

•
2.1 Linear Tratement

Let us suppGse that the resistance and inductance

of a power s;'stem is lumped in a single series resistance R

and inductance L. The series inductance L includes the

inductance of the relay coil. The expression for dynamic

equilibrium will therefore be

Em Sin (wt + 1\ ) =L ~ + Ri

The inductance is the above equation is being

considered contant. The symbo1 1\ denotes the phase of the

Em Sin ( wt + /I )e
I

voltage wave at which the swit~h of the fig. :3B: is closed.
-------~.-----~-~

Fig 3B

The phase ang le II , as will be shown in the solution,

of the differential equation, determines the magnitude of the

ac transient and prevides a ~onvenient means of ~~~ining
_ . ----'""-r;-~~.-~,....,.-.,......-~~.

a - c transient conditions •

•
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The time of cyle at which the switching operation is performed,

determines in general the magnitude of an a - c transient •

Most switching operations are performed ,11th no regard for, or

rather no knowledge of, the point on the voltage wave at which

the transient per ,iod begins.

The equitions' (1) is a simple differential equation

of the order one. Hence its solution consists of a complementary

function and a particular intagral.

The complementary function is given by

L +Ri = e i.e. di = _ Rierr r;-

i.e.
di = ~dt
i L

i.e. Ln(i) -R t C1=-y;-

. -Ri.e. (. = A e_ t (2)L

,
Particular integral:

Since we are dealing here steady state case it is expected

that the final current in the circuit could vary according to

sinusoidal function of the time with the same frequency as the

impressed e.m.f. But the current and e.m.f. may not tK alter

in the same phase.
\'
',-• •
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•
Let the solution be of the form. ,

• i :: B sin (wt + )I -9 ) , ,

where B is the amplitude and 9' is tae paase constant

to be determined. . /'

If equation (3) is the solution of the differential

~
equation then it must satisfy the 'eqn.(1).

From equation 0) we have

di~ = Bw Cos (wt + ~- 9 )

Equation (1), 0) and (4) yield.

LBw Cos (wt + ~ - 9 ) + Ri = Em Sin (wt + /'I )

i.e. LBw Cos (wt + /- - 9 )+ ,RBSin(wt +~-e )
'!

= Em Sin (wt + II')

er LBw tcos (wt +/1) Cos 9 +Sin (wt +/1) Sine}

+ RB £ Sin (wt +/I) Cos 9 -Cos(wt +11) Sin 9}

=~ Sin (wt + r. )
or Cos(wt +1-) lLBw(Cos e - RB Sin 9}

+ Sin (wt +).) t RB Cos 9 -Em + LBw Sin e J
= 0

•

(4)
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Eqn. (5) is ~atisfied for all values of t if the expressions

under brackets are individually zero. Thus we must have

•

w 1BCos e -,Rll. Sin e = 0

and RBCos Q - E +1Bw Sin e = 0m

i.e. w1 Cos e = R i sin e

i.e. ~ = Sin e = tan e
R Ct;Se

i.e. e = tan -1 ,.,1 ••••• (6)
lr

RB Cos e + 1Bw Sin e =E m

Or RB R + 1Bw w1 =E

~ w112+ ,).,,212+ R2
m

R2

Or

~

1

~

+ .,~, - E
R + w L R+w1 m

Or { .2 ,.,2 12 =E
B ~ R2 + ,.,2 12 +

~R2+w212
m

.[ .2 w2 12

" }
E

Or + m
-,0'''. . - =

lR2 + '" 2L2 2 2 J R
2
+ w

212'i R+ w
~

R
2

+ w
2

1
2

~
E

Or B = m

\. R2 + w2 L2 J R2 + ",2 12

E
Or B = m

~ R2 + w2 '12
••••• (7)

•
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I

I'

••• from eqn. 0)
E

i = m Sin

'J R
i +w2

L
2

,

(8)

where Q = tan ':" 1 wL
IR

I

'. '

which is 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.

-Rt ) B' Sin (wt + /'1- Q )i = A e (~ +
L'

i A e ( _Rt, )
E Sin A -1WL)= + m (wt + -tan R

L
~f2+ w2L2

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

above eqn. (9).

o = A

(9)

1wL
(7\ - tan~)

••• i = E_m__ S'in (wt +" •• tan ~L)
J~R-2+-w-~-2 R

E
m Sin

JRH+ ..,2 L2

•
!

-Rte-
L
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•
:(wt +~-9 )

-I wL.::!!!
(~- tan ,-)eL

where :" = (10)

. \. ~
The second term i.p.s'''''' represents the transient current

which decays eJqlenentially. It has an initial value equal and

apposite to that of the a.c. component at the time of switching

( so that the initial current is more).

If the circuit is very inductive WL~ R

and J
2 2 2

we may_put ,R :': R L

and tan -1 ~ =R ..n..
2

wL

The current then becomes

I = ..!L Sin (wt +/1- ...:rr)' - e =!t! Sin (;>'_ TI )
wL .. ~. L -:2

The current them becomes.

i =
\ .. .

( ..L. )5 Sin ( wt. +;>.- .!L)
w L <. '- 2

.-Rt Si- e _ n
L

= ~e
d\.

.:B.L COli;/I -
L '\..

•

Cos (wt +/1) )-
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• ~t
During the early period a: after switching e L does

n.ot decay:masp:hti;\t rapidly from the value of unity, and the

current is therefore approximately.
(

I "
(wt +/I)}i = ( E ) tc.os /1- Cos (11)

wL

and varies between the value w~ ~COSA - 1 )

and E (Coswr- + 1). The peak is thus

E
wL ( 1 +

t
1 Cos )v1 )

i.e. (1 + -\ cos >.1 ) times the normal peak value.

The maximumpeak is thus obtained when). = 0 and is twice

the normal peak. This condition occurs when the circuit is

closed at zero voltage and the current is i = E (1 - Cos wt ) ••. (12)
wL

which varies bettreen zero (at t = 0 ) and:' (at t = + )
It can be shown that whatever the power factQr of the

circuit may be tth~ ,maximum"doubling effect" is obtained when the
I

circuit is closed at zero voltage •

•



".-•.- ,
"

~.
••••• j(.

~"~~,,'{
•.•,:..•.~. .

- 37 -
" "fA
'--,:" \,\'\ \ '. \ \t

-,. "

, ' •...- . '.".

.....

,
j

,--,-------, 6 A \-v. \\ \\r-
1.]/ ':i..li.

,~...

I
I
\

I•

_______ ... __ .. ~_ ~ t..... '
~;r-,.- ;\ '\\\\ 'i

-.:J:"J ,__ ' \-c02 $\_
,.;.240,V
~.•.

..,
v<_ ..•..:..;'l'ov
<, ..

:i
:J

F!G!4D' .'

/(JJJJL
7() , i;'

!
1•

"
•



- 38 -

2.2 Ie term ination of tim~ constants.

A.
Z - V-1 = 225

4.7 = 47.872

R = 1.412 + 0.490 = 1.902

qince Z2 = yf + R2

... t = Z2_ R2 = ( Z + R ) ( Z - R)

= (47.872 + 1~902 ) ~ 47.872 - 1.902)

= (49.774 ) (-45.970) = ,2278.11478

henry

=..1... = 0~1266 0 06'6
R 1.902 = • 59 secTime constant

L =
~.~ X = J2278.11478 = 47.73

47.73 =126'6
377 • m

'.••
B.

Z =..:!....- = i_, .••2.3"",5_= 39.166
I I '6

Since .z. = 2 2
(Z - R ) = ( Z + R ) ( Z - R)

/

, ,

• , .
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- .
Y!- = 1518.755
L

Xr, :: 38.97

L = 38:97 = 100.34 mh
377

• constant 100.37 x 10-3 0.10037•• Tim :: =1.719 1.71Q

= 0.0585 sees

, '

C. Since Z = ~+ R2

~
2 -

R2 (Z + R ) ( Z- R)= Z ,-

H•• e Z = 240 ;,= 48
5

~ = (48 + 1.4,98 ) (48-1.498)

:: (49.498 ) ( 46.592)

tL = 2271: 7560

", -

X :: 47.66
L

sees.

=L 47.66 -,
377' = 126.5 mh

8 -3Time Constant- = 1265.5 x 10 = 0.0845
1.498

,If
, ,

" . •
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HBBe Z ..::L. = ~ = 26.25I 8

j
L

'2R

= (Z + R ) ( Z - R)

= 27.3365 ) ( 26.1638 )

i-
L = 715.218 ..

Time constant =

E.

L = x
27fr = 26.74 ~ 70.93 mh

371,,>' -3
70.93 x10-------- = 0.0653 secs
1.0865

=

= ( Z + R ) ( Z - R)

• •
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•

Here Z = v =
I

195
5 = 39

2XL = (39 + 1.280 ) ( 39-1.280)

= (40.280 ) ( 37.72 )

x =J1519.3616
L

= 38.98

L =~ =2n f
= 103.13 mil

Time constant = 103.13 = 0.0807
128, ' .

secs

2.3 Non-Linear Treatment~

Tile mathematical analysis given in eqn. (10) on

page ~5,- for the case of constant Rand L cannot in general

be applied to a circuit wllere L does not remain constant. This

may be the case either in an iron clad circuit or anR and L

circuit where the inductance core is saturated. The fact that L

is variable makes both the co-efficients of eqn (1) variable •

• •
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The solution of such kind of differential equation

is difficult. As a matter of fact the solution is impossible if

the variation of L is not defined.

L being equal to ..!!!...Jl depends on the fJ - i
di

characteristics of the magnetic material that surrounds the

L coil. The value of inductance.therefore depends on the exact

degree of magnetisation saturation of the surrounding magnetic

material. Under any a -, c condition the degree of saturation

. ~ , \
varies considerably with time and;under transient conditions these

variations are very ofte'n 'exagger~,ted. Referring to any typical

B - H or fJ'- i curve will show that

is much greater over the straight portion of the curve
')

than it is after the upper bend is reached.

step-by-step method can be used for solving circuit

" "problems involving variable parameters provided the exact variation
"

of the parameters are known. Therefore in our case the variation of

L is known if N'" i f h--~- character sties 0 t e surrounding magnetic
.i

material is known.

,.

• •
. l' "\

, .
•

,



•- 43 -

Substituting L di by-at Nd{J
dt

in "qn". (1)

the basic equation becomes'.

N d {J + R i = E Sin ( wt +" )dt " III
(13)

where ~ is eJlpressed in webers if ot her quantities are

expressed in practical units.

I
, ,

if it is assumed that r. = O.

It R i is negligible in comparism to
" '"

N...!!fJdt and

then equation (13) becomes,
, '. ( '; ,

, N -2!.. '= E Sin .t.
" dt' m

E
dt = - ...!!!.- cos t wt +C1wN

(14)

The constant of integratien C1 may be evaluated in terms

of residual magnetism fJ may be either positive or negative residual

values at t = 0 and in most cases the residual magnetism is

unknown. Ther"fore assuming fJ = 0 at t = 0 (unless maxminrush

current is to be determined)

0=-

,"'"

, "

..~ = E•
wN

, •
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Em Cos wt + E
fJ = m;,;

Vir WN

fJ = Em
( 1- cost. wt )

lriN

fJ = fJm ( 1 - cos wt ) (15)

Since cos wt varies from h-1 to + 1, it is therefore

apparent that flux varies from zero at t = o to 2 fJm at,- '

'\= ....!.. "

t •2

The ordinary iron-c~re trans'former "ith open secondary

operate as simple iron-case RL circuit.

2.4 THE METHODOF FINI'lE DIFFERENCE

The method of finite difference is usually employed in a

circuit solution where the parameters are variable. This method

,
involves step by step calculation. The step by step calculations

are based on the fact that the parameters remain almost constant

over the small finite internal of time. The circuit voltage and

current are then assumed to remain constant over an arbitraty

assigned increment of time t. Writing finite difference of fJ and t,

the equition (13) takes the form

N f,. fJ
At

" ,

R = Em+ .
:L

Sin ~wAi. + :x)
Sin (~t>f+)

, •

,.,
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"

•

where '2:"Af =~t.'lA.tt the angular displacement along the voltage

wave of the point under investigation from the point of t = 0

SinLet E

Wehave N

(..::Af't ").)
A~ 'tRi
At

= e

= e

.0. I'>. ~ = ( e - Ri ) 6. t webers

, !
Calculating step by step the values of i can easily be ~'".,'"

, '
from ~ - i curve. The datas may:be tabula ted in the following

form.

\

, i

• •
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. ~
2.5 Determin,e>.tionof Phase angle at ..'A which Switching occurs:

From equation (10) we have

E E -Rt
i m Sin (\~t +,,;. Q ) •• ~(I\ - Q ) e= -Z Z L

where Z = JR
2 + '112 L~ Q = taii1wL

R

. I

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

Doubling

E
transient current = 1- Sin (A •• 9)

. " ~ ..:
effect occurs at). = O. but since from the

•, '
photograph the peak is not double therefore we can say that

switching has occured at certain value of ~ • From the

magnitude of the peak of the current wave of the photograph it

appears that peak is 1.875 times of the normal peak.

Therefore we can say.

2 Sin (Q - /-) = 1.875

Sin (9 ••II) = 0.9375 = Sin 69.65°

But Q = tan-1( 31;4)(100.34)x10-3 =
1.719= tan -1 18.328 = 86.90°

-1tan

••• 9 =

Hence trans~nt occured at = 17.25°

. ..

i
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CHAP'lER - III

..

f

In order to determine the effect of trans ient on the

operating time of a relay, a silnple R-L circuit in~series with the
\

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 coil itself and

the resistance of the auto-transformer. To have a prominent transient
r'wave of the current flowing through' ,theR-L circuit three sets of
• I--- - .

loading inductors having rating'6,KVA and 3 KVA is connected in

series of current wave shaps. Simultaneous recording was possible with,

the circuit as shown in the schematic line diagram Fig. 5"••

A storage oscilloscope and a time interval meter served the plUlpose

of recording of transient occuring due to switching and measuring

the time taken to operate the relay under different conditions

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 •

• •
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Since tne value of tne inductance was very hign i.e. (about

6.67 nenry), transient due to switcning of switcn A as snown in

Fig.'- nas been almost fully suppressed and wave current flowing

in tne relay circuit were alzmost , completely free from d.c.offset.

3.2 PROCEDURE:

(1) Relay has been cnecked. Time dial nas been met in sucn a way

that the gap is small.

(2)

(4)

Storage oscilloscope has been calibrated.

Connections nave been made ,as snown in the line diagram.
I -\

I

A low ampere measuring ammeter (0 - 5 A) has been connected

in tne secondary of' the C.T. Tne input to tne storage oscillos-

t J \
cope was connected .to tne- ammeter terminal as snown in tile line

diagram.

(5) Tne auto-transformer has been adjusted so tnat at least a

correct of 4.00 amperes flow"in the circuit.

(6) Switen A nas been operated for a number of times to get

non-transient operating time as indicated by the Time Interval

Meter.

(7) switch B nas been operated for a number of times te get tne

transient operating time as iridicated by the Time Interval Meter.

• •
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(8) Transient and non-tr~sient,waves were stored by the storage

oscilloscope and this' still photographs of the wavesshape

were taken with the help of oscilloscope camera.

\3.3 MEASURE:MENTOF TRANSIENT BY OSCILLOSCOPE:

The type 549 storage Oscilloscope of ~TRONIX was

used for the recording of transien'l; waves occuring due to

switching. A small signal (of the order of 0.05 V) has

been given 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 frontpane.l controls has been set as
"I

follows:

HORIZONTALDISPLAY

NORM - SINGlE. SWEEP

A TillE / CM .
VARIABlE
STABILITY
LEVEL

STORAGE CONTROLS
UPFER AND LOWER
SCREEN STORAGE
SCREEN SElECTffi
AUTOERASE

• •

A

NORM
50 m SEC

CAL
PRESElr
.IID-RANGE

OFF.
FULL
OFF
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1. Power sw~tch is turned on.

2. IN'lEHSITY,FOCUASand ASTIG controls is adjusted for a we11-

defined display with nominal brightmen.

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

•

4. The LEVELand STABILITYknob are adjusted in such a way that

the display just disappears.

5. NORM- SINGLESWEEPswitch is set at PRESETposition.

6. STOREbottons of UPPERSCREENSTORAGEand LOWERSCREENSTORAGE

were preased for storing the display.

7. As the switch B of the schematic diagram ( Fig.5- ) was operated

the trans ient wave was stored and the photograph taken.

8. ERASEand RESET bQtton is pressed, the stored display goes out.

9. The LEVELand STABILITYknob is adjusted ( if needed) for next

transient display.

10. Switch B of the schematic diagram ( Fig. 5- ) is again operated,

tile transient wave is stored again and the photograph taken. The

process is repeated for different transient and non-transient

displays.

•



RESULTS:

- 52 -

CHAP'lER - IV
•

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 with the help of a TIM. But non-transient

operating time for a relay in a series R-L circuit 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 ~Je must eliminate

the transient from the circuit. This has been done in our case

by using an iron-core voltage regulator which has got a very

high valU£l of inductance. This inductiDn has served the purpose

of a shunt inductance which in turn gas suppressed the transient.

Theref ore when switch A used before the vo1tage regula tor 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

teen shown in Table 11 • The operating time of the same re lay

~lithout using the voltage regulator has been shown in Table ~_'

• •
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Whenswitch A has been used the standard deviation of the operating

times of the relay is only 0.0'227. On the other hand the standard

deviation of operating times of the relay lihen switch B has been

used is 0.0521. This value of standard deviation is near to 0.0548

when the voltage regulator has not been used at all. This is therefore

the transient operating time. The different photographs of the voltage

wave as stored by the storage oscilloscope also confirms the above

statement.

TABlE ~ shows II: that the minimumtransient operating time is

Ii) 0.83 sec and the maximumtransient operating time is 0.915 sec.
n •.I) , •01'"o~ 0.' pa:o;ev2

The ImIrI; photographs Plate 1, No.1 and 31show that the peak of the
~

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 transient

operating time for ten number of 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 for

eleven number of switching is quite small. The minimumvalue is 0.92

sec and the maximumvalue is 0.94 sec. Although theoretically for

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

the same in all cases but
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the s light difference in operating 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

maximumand minimumvalue of non-transient operating time would

have been narrower. The smallest value of division in the TIM is

10 m sec. Eye estimation has been made 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 0.00749 ( Table 4A ). The difference in different

value of transient operating time is due to phase angle at whicn

switching occurs. Switching at different phase angle causes different

peak value of transient wave whicn in turn is responsible for different

value of operating time of the relay. Table '4/);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 l1aving different peaks. The greater the peak the greater

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

value of the transient is most important in our case. _TJ1~Dllitically
. ~ "'----=-.

it has been shown in Chapter-II that the maximumtrans ient can be

200%the steady state value. From,the photographs of transients

we have Seen that the maximumpeak has been 187.5% i.e. switching

has occured at angle 17.25%. Switching at zero angle of phase is

impossible in practical cases.

Peak values of transients have been divided into two parts

(i) positive peak and (ii) negative peaks. Twodifferent OGlVECURVES

have been plotted for positive and negative peak respectively. All the

peaks 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 table tabulated
I

as shown in Table VIIIA and TableVIIIB of the Appendix.

• •
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Peak Vs cumulative 'frequency has been plotted in Fig. 16

and Fig. 1<; for positive and negative peaks. From Table VIlIA d Vii} iJ
it is cle ar that 174.3% of negative peak has occured 9 times and

positive peak of 174.3 has occured 4 times. It can therefore be

said that for 174.3 %peak has occured maximumnumber of times ci:

therefore due consideration should be taken in the design and

co-ordination of a relay for 174.3% transient •

•
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Plate 1 gives ~he photographs of non-transient and transient

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

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

was 1.412 ohms, and the inductance calculated as shown in the

aricle 2.2A was 126.6 mHoThe internal resistance of the voltage

•

•

regulator was 0.490 ohms. The applied voltage and the current flowing

through the relay coil were 225 V and 4.7A respectively. Pages 99 to 101

contain the photographs of the wave shape of the current flowing through

the relay coil when switch A is operated i.e. non-transient operation.

( as shown in the schematic diagram of Fig. 5 ) The speed and

sensitivity were 0.10 sec/em and 0.05 V/cm respectively. The relay

operating time for non-transient operations are shown below the

photographs respective lYe Page 102- to 103 contain the wave shapes of

the current flowing through the circuit under the same conditions as

above when switch B was operated i.e. transient operation. Speed.

sensitivity, relay operating time and the peak of the transient wave

in terms of percent of. the steady state value of the current. are also

mentioned respectively under each photographs as shown in the plate 1

from page 102' to 103 • The operating times, its mean value and the. .

standard deviations for transient and non-transient operating times

are given in Table 3•.

•
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Plate 2A gives the phdtographs of transient and non-trans ient'

wave shapes of the current flowing through an R-L circuit in series with

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

leading inductors was 1'.229 ohms. The induc tance calculated as shown

is' article 2.211 was 100.34 mHoThe applied voltage and the current

flowdijg through the circuit were 235 V and 6A respectivel~ pages

104' to 106 contain the photographs of the wave shapes of the current

fliwing through the re lay coil ~lhen switch B was operated i.e. trans ient

operation ( as shown in the schematic diagram of Fig. 5). The speed

and the sensitivity were 50 m sec/cm and 0.05 V/cm. The speed,

sensitivity, relay operating time and transient peaks in terms of the

percent of the steady state valuesare shown below each photo. j)age 107

to 109 cont4Jin the wave shapes of the current flowing through the re lay'

~circuit under the same conditions as above when switch A was operated

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

time are shown be low each photograph. The operating time for transient

operation and non-trans ient operation are shown in Table 4A. Arithmetic

.
means and standard deviations of the operating times for transient and

non-transient operations are shown in the same Table'.

• •
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Plate 2B gives the photographs of transient and non-transient

wave shapes of the current flo~Ting thr ough the re lay coil. The value

of the internal resistance ~Tas 1.412 ohms and the inductance calculated

as shown in article 2.2A was 126.6 mHpages 110" to 111 give the
•

photographs of the wave shapes of the current flowing through the

re lay coil when swi tch B was operated i.e. transient operation ( as

shown in the schematic diagrams of Fig. 5 ). The speed and sensitivity

are 50 m sec/cm and 0.05 V/cm. The relay operatin5 time and peak of

the transient in terms of percent of the steady state value are shown

below each photograph. Page 113 to 115 give the ~~ve shapes of the

current flowing through the relay circuit under the same .co11liitions as

above \then switch A was operated i.e. non-transient operation. Speed,

sensitivity and relay operating time are shown below each photo. The

operating time for transient and non-transient operations, its means

and standard deviations.are shown in Table 4B.

Plate 3A gives the photographs of the wave shapes of transient

and non~transient 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 2.2B was 100.34 mHoThe

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 4.~ A. Page 1'1~,to 1166 contain the

photographs of the wave shapes of the current flowing through the

relay coil when switch B was operated i.e. transient operation

( as shown in the schematic diagram of Fig.5 ). The speed and

sensitivity of the oscilloscope were 50 m sec/em 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 pboto 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 operated i.e. non-

transient operation. Speed, sensitivity and the relay operating time

are shown below each photo. The operating times, its mean values and

the standard deviations for transient and non-transient operations

are shown in Table 5A.

,.~~\-~3B gives the photographs of the wave shape of the transient

and non-transient current flowings through the relay coil. The value

of the internal resistance of the inductive coil was 1.008 ohms and

the inductance calculated as shown in article 2.2C was 126.5 mHo The

applied voltage/and the current flowing through the relay circuit

were 240 V and 5A respectively page120 to 120 contain the photographs

/

•

of the wave shape of the current flowing through the relay coil when

switch B was operated i.e. transient operation. The speed 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. fJage ~g:'ll to )1.'21, give the ~lave shapes of the
r

current flowing through the circuit under the same conditions as

above when switch A is operated i.e. non-transient operation.Speed,

sensitivity of the oscilloscope and the relay operating time are

shown be low each photo,. The operating times, its means values and

and standard deviations for transient and non-transient operations

are shown in Table 5B.

Plate 4 gives the photographs of the transient and

nen-transient wave shapes of the current flowing through the relay

coil. The valueof the internal resistance of the inductance coil

was 0.5965 ohms, and the inductance calculated as shown in article 2.2D

was 70.93 mHoThe applied voltage and the current flowing through the

R-L circuit in series with the relay coil were 210 V and SA. {lage 124

to 125 cont",in the photo,raphs of the waveshapes of the current

flowing through the relay coil when switch B was operated i.e. transient

operation. The speed and the ax sensitivity of the oscilloscope were

50 m sec and the peaks of the transient in percent of the steady

state value are shown below each photograph. Page 126 t0128 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 i.e. non-transient operation. Speed,

sensitivity of the oscilloscope and the relay operating time are

shown below each photographs. The operating times, its mean values

and standard deviations for transient and non-transient operations

are shown in Table 6.

Plate 5 gives the photographs of the waveshaps of transient

and non-transient current flowing through the relay coil. The value

of the internal resistance of the inductive coil as 0.790 ohms and

the inductance calculated as shown in article 2.2 E was 103.13 mHo

The applied voltage and the current flowing through the relay circuit

were 195 V and 5A respective ly. Page 130 to 132 give the photographs

of the wayeshaps of the current flowing through the relay coil when

switch B was operated, i.e. transient operation. The relay operating

times and the peakS of the transient in percent of the steady state

value are shown below each photograph. Page 129 to 129 give the waYellbapes

of the current flowing through ~e circuit under the same conditions as

above when switch A was operated i.e. non-transient operation. Speed,

sensitivity of the oscilloscope and the relay operating time are shown

below each photograph. The operating times, its mean value 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 been used to give a prominant transient wave shape of the

current flowing through the relay coil circuit. The resistance

R is the internal resistance 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

resis tance measured were not free from errors. The value of

variable inductors used was measured by volt-ampere method. The

exact value of inductance used in the experiment was not known.

Therefore its measurement by volt ampere method were also not

free from errors. Since we did not use any external resistance,

we had to use a C.T., A low resistance ammeter had been connected

across the secondary of the C.T. This serviced double purpose of

suppressing C.T. transients if any to distort the main transient in

t:Imt circuit. Secondary, a low voltage drop was possible ( of the order

of 0.05 V) which was given as on imput sil';nal to the storage

oscilloscope"~ The transients thus measured cannot be said to be

100% free from C.T. transients. The switches used in our experiments

were mechanical and old. The contacts due to on/and off of such

switches did not give perfect connection or disconnection. This

is evident from photographs of page 116 and 125 •

•
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Tne disconnection in the middle of the transient wave was due.
to .imperfect contact of the mechanical switch 'B' of the sbhematic

diagram of Fig. 5. These had been some over shoots as can be seen

from .the photographs of page h21' • These overshoots may be attributed

to imperfects contact of switch 'A'.

Time inteflval meter b.ad been used to measure operating

time of the relay. The device was an electro-mechanical one and

therefore errors had crepts in the measurement of operating time.

Had we used an electronic device the response would have been far

more quick. Furthermore tne minimumtime measured with this device

was 10 m sec. Therefore our measurements of operating. time could not

be accurate. An electronic device would have given a more accurate

results.

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 re lay been operatable below 4 ampers we

could have used more loading inductors for more better transients.

Furthermore the voltage regulator could not give more than 235 V.

The higher the induc tance value the lower is the circuit current.

The c ircui t current be low 4 ampere would not operate the re lay •

•



- 66 -

LGwering the inductance would not give a better transient. These were

the limitations of the experiments. For better results we need a high

range voltage regulator.

For our experimental purposes we had used an overcurrent

relay having operating range for current 4-16 ampher. A fast relay

•

•

with low range of current would give remarkable difference in operating

time for transient and non-transient operations.

Table 1 gives remarkable difference in operating time

when switch 'A' and switch 'B' were used. ( as shown in scrematic

diagram of Fig. 5 ). The arithmetic mean for twenty sets of reading

of operating time for a particular gap setting of the relay was 2.57 sec,

when switch 'A' is used. The arthmetic mean for similar readings

when switch 'B' was used was 2.496 secs. This we called it transient

operating time.

Table 2 gives the sets 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 to 2.496 secs when switch fB' was operated.

• •
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Table 3 gives ten sets of roading when switch 'B' was

1IJr««Ytused as 2.496 secs. This we called it transient operating

time.

•

Table 2 gives the sets of reading of operating time when no

regulator had been used. The arithmetic mean in this case was 2.50

secs which was very mean to 2.496 secs when switch 'B' operated.

Table 3 gives ten sets of reading when switch 'B' was

operated the arithmetic mean was 0.865 sec and the standard deviation

0.0258.

Operation of switch 'A' gave eleven such settings. The

arithmatic mean and the standard deviations were 0.93 sec and

0.00603 respectively. The effect of transient on the operating time

is therefore quite prominent i.e. an early operation of the relay by

0.065 sec. The inductance and the resistence in the circuit used were

126.6 mH and 1~412 ohms respectively.

Table 4A and 4B gave another sets of reading for transient

and non-transient operation. The arithmetic meanlt of ten sets of

reading are 0.880 sec and 1.071 sec respectively. Transient operation

therefore actuals the relay 0.191 sec earlier'. Standard deviations are

0.0237 and 0.007 respectively •

•
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Tbis clearly shows that tbe var.iation in operating t.
\\

transient operation is appreciable in comparison to th
\.

in operating time for non-transient operation. Tbi~ is du,

tbat switching occurs at different value of pbase angle wbic~ gives

different peaks of transients tbe bigher the peak of transient, lower

is the operating time.

Table 5A and 5B givesn anotber sets of operating time for

transient and non-transient operation. Here tbe inductance and res istance

bave go, values 100.34 mH and 1.719 DbmS respectively in tbe circuit.

Aritbmatic means of operating times for transiaant and non-transient

operation No.1 .90 sec and 1.973 respectively. Tbe difference in

operating time of tbe mean values is 0.073 sec. standard deviations

are 0.0219 and 0.00781 respectively. For Table 5B wbere tbe industance

and resistance used were ~26.6 mH and 1.498 obms respectively. The

airtbmatic means are 1.433 sec and 1.529 sec respectively for transient

and non-trans ient operation. The difference in tbe mean values of

operating time is 0.096 sec • standard deviations are 0.0195 and 0.011

respective 1;\1.

Similarly for Table 6 and 7 where inductance and resistance

used were 70.93 mH, 1.0865 ohms. 103.13 mH and 1.280 obms respectively,

tbe mean operating time for transient operations were 0.650 sec and.
0.34 sec and for non-tr.ans~ent operations were 0.708 sec & 0.4295 sec
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respectively. The transient operation in the two cases actuals the

relay 0.058 sec and 0.0895 sec earlier. Plate 1 gives eight photographs

of the transient operation of the relay in series which the circuit

where inductance and resistance had been 126.6 mH and 1.902 ohms

respectively. The maximum and minimum current peaks were + 175.6%

and + 128.1% of the normal steady state value respectively.

In plate 2A photograph No.6 gives a transient where peak

is -185.7% of the normal steady state value. It can easily be seen

that transient persists for quite a few cycle i.e. about 6 cycles.

In the same plate photograph No.4 gave a tail which way due to

imperfect contact of the switch. Similar tail had occured in few

more places in the non-transient operation of the relay. All these

had been due to imperfect switch contact.

In Plate 3A photograph No.3 gave a separation in the middle

of the transient wave. This was due to irrq:>erfectcontact of the

switch. The peak of the transient was + 187.5% of the normal steady

state value. The inductance and resistance used were 100.}4 mH and

1.719 ohms respectively. The operating time had been 1.86 sec. This

was the minimum operating time for the same set of readings as shown

in Table 5A.

•
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Tables 9 to 15 (Page 92 to 98) gives the re lations hip of the

transient occurence angle and the operating time of the relay.

The calculations of transient occurence angle have been shown in

the tables from IX to XY of the AppendiX. The transient occurence

angle ,I-- ' and the corresponding operating time of the relay

has been plotted in the graphs from page 71 to page 77. It is

quite clear that the relationship is non-linear and similar to

magnetization curve. This is quite evident in view of the fact

that relay has got a magnetic cone throURh which the current

responsible for the operation of the relay passes. Transient

operation of the relay has reduced the operating time from 3.6% to

20.8% as shown in the Appendix XVI•

•
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5.2 CONCLUSIONS:

Transients current waves bave been obtained using

•

.,
•

loading inductors and its internal resistance in series witb

the coil of an over current relay. Transient and non-transiant

operating times of tbe relay bave been obtained.Pbotographs

of different types of transients and non-transients bave been

taken. Operating times for trans ient and non-transient

operations have been recorded simultaneously by a time interval

meter. Analytical e:x;pressionshave been developed for the

transient current. A comprehensiveanalyses at tbe e:x;perimental

results is given.

It is seen from the two ogive curves that the numberof

switcbing faults exceeding 180%of maximumpeak value of current

are very few. Almost all the peaks of tbe transients of the

faults considered were tberefore obtained between 125%to 180%

of tbe maximumpeak value and data obtained can therefore be

considered to be based on randomly occurin~ faults with respect

to A. the angle at wbich faults occur.
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•

•

Experiment8Jy it has been found that a non-linear relation

exists between operating time of the relay an'" the angle of occurance

of the transient • A' • Fromthe nature of the cur••• it appears

to be similar to the usual magnetization curves of magnetic materials.

This seems to be as expected, in view of the fact that the relays

have magnetic materials as cores which are magnetized by the operating

coils through currents propertional to the transient currents in the

circuit. Howeverthe d.c. componentof transient currents would give

rise to various degrees of saturation for each fault, and therefore

the point of the saturation curve at which tile relay actually

operates for each transient would be variable. Tile eDct nature of

non-linearity and tile correlation of actual operating times consider-

ing degrees of saturation and the magnitudes of current peaks needs

careful investigation in order to establish the operating

characteristics of very fast relays under transient conditions.

It is observed that power system transients due to switching

on/Off the load affect tile operating time of the owr current relay

considerabl,.

Further workmaybe done by taking into account of shunt

capacitance~' The experimental work has been limited to one overcurrent

relay only. Moreworksmay therefore be done using different types

of relays. •
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TAB L E -I

•

•

S1.
No. I

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

Sl; Operating time of the relay
No. when switch B is closed

(with voltage regulators)

Arithmetic Mean : X: 2.57
Standard. deviation
: a.... : 0.0227

-Arithmetic Mean: X: 2.496
Standard deviation
: a.-: 0.0521

2.
3.
4.
5.
6.
7.
8.
9•.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

2.54
2.54
2.565
2.575
2.57
2.60
2.58
2.56
2.585
2.60
2.59
2.58
2.595
2.57
2.565
2.575
2;56
2.53
2.52
2~60

sec.

••
••
••.,.,
••
••.,
.,.,
••
~,
••

••
••
••
••
••

5.

7.
8.
9 •.
10.
11.

12.

13.
14.
15.
16.
17.
18.
19.
20.

2.50
2.48
2.445
2.58
2.49
2.455
2.585
2.47
2.495
2.45
2.43
2.50
2.58
2.56
2.54
2.56
2.445
2.45
2.445
2.44

sec.

••
••
It

••
••
••
It

••
••
••
••
It

••
••
• •
It

••
••
••

•
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TABLE 2

•

•
•

51.No.

3.
4.
5.
6.
7.
8.
9 •.
10.
11.
11!.

13.
14.
15.
16.
17.
18.
19.
20.

Operatiilg time of the relay
( without voltage regulator)

2.45 sec.
2.49 ••
2.44 It

2.48 • •
2.55 • •
2.50 • •
2.50 it

2.58 It

2.53 ••
2.59 It

2.43 • •
2.55 It

2.45 ••
2.47 It

2.43 t •

2.45 It

2.43 It

2.56 It

2.58 It

2.54 It

Arithmetic Mean= X= 2.50.
Standard deviation = ~= 0~0548
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TABLE -3

Sl.No. Operating time of the
re lay for' transient
operation.

Sl~
No.

Operating time of the
re'lay for' non-trans ient
operation.

•
•

1. 0.83 sec. 1. 0.935 sec.
2. 0.88 to 2. 0.935 to

3. 0.915 tt 3. 0.93 ••4. 0.90 tt 4. 0.93 ••
5. 0.845 •• 5. 0.94 to

6. 0.84 tt 6. 0.93 tt

7. 0.87 •• 7. 0.92 to

8. 0.85 •• 8. 0.935 ••
9. ' 0.85 tt (exposed) 9. ' 0.94 tt

10. 0.87 •• tt 10. 0.93 • •
tix 11. 0.935 ••

Arithmetic Mean = X = 0.865 Arithmetic Mean = x= 0.93 sec.
Standard. deviation Standard,deviation
:: a.. = 0.0258 = '-::0.00603
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•

•
T A B L E - 4A.

51. Operating time of the sL Operating time of the -

No. relay for"transient No. re lay for non-trans ient
operation. operation.

1. 0.66 sec. 1. 0.69 sec.

2. 0.625 It 2. 0.68 tt

3. 0.625 tt 3. 0.69 It

4. 0.63 t • 4. 0.68 ••
5. 0.625 • I 5. 0.69 ••
6. 0.58 •• 6. 0.68 It

7. 0,63 It 7. 0,67 It

8. 0.63 •• 8. 0.67 It. .

9. 0.63 It 9~ 0.68 It

10. 0.625 •• 10. 0.69 It

Arithmetic Mean = X = 0.626
Standard deviation

•

Arithmetic Mean = X = 0.682
Standard deviation



SL
No.
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TAB L E -4B

Operating time-of the relay
for transient operation.

•

•

Opera tihg time of the re lay.
for non-transient operation.

1. 0.87 sec 1. 1.07 sec.

2. 0.84 It 2. 1.06 tt

3. 0.90 It 3. 1.06 tt

4. 0.86 tt 4. 1.07 ••
5. 0.89 • • 5. 1.08 It

6. 0.85 tt 6. 1.07 It

7. 0.88 It 7. 1.08 ••
8. 0.89 It 8. 1.08 It

9. 0.90 •• 9. 1.07 It

10. 0.92 It 10. 1.07 It (exposed)

_.
Arithmetic Mean = X = 0.880 Ari thme tic Mean = X = 1.071

standard deviation Standard deviation

= '-= 0.0237 = ,= 0.007

•
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TAB 1 E - 5A

standard deviation
Arithmetic Mean:; X = 1.973

Staadard dev~ation
Arithmetic Mean :; X :;1.90

SL Operating time of the Sl; Operating time of the re lay
No. relay for'trans ient No. for non-trans ient operation.

operation.
'~

sec.
1. 1.92 (exposed) 1. 1.97 sec.

2. 1.89 sec •• 2. 1.98 ••
3. 1.92 •• •• 3. 1.96 ••
4. 1.90 •• •• 4. 1.97 It.

5. 1.87 •• •• 5. 1.98 It

6. 1.885 •• n 6. 1.98 ••
7. 1.895 •• '" 7. ~.98 ••
8. 1.86 •• 8. 1.97" ••
9. 1.88 ". 9. 1.98:t ~, It

10. 1.88 I, (~)Cr) .10. 1.96 ••

= "-:; 0.0219
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TABLE -5B
•

•

•
•

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

No.6c; for transient operation No. re lay for non-transient
operation.

1. 1.46 sec. 1. 1.55 sec.

2. 1.44 " 2. 1.54 ••
!j. 1,41 •• 3• 1.54 It

4. 1.42 It 4. 1.52 '!((exposed)

5. 1,40 ,. (exposed) 5. 1.535 to to

6. 1.46 ,. " 6. 1.535 to ••
7. 1.42 ,. to 7. 1.54 It It

8. 1.44 • • •• 8. 1.54 ••..

9. 1.43 II to 9. 1.52 ••
\ 10. 1.45 to •• 10. 1.52 It..

1:t. 11. 1.52 •• (exposed)

12. 1.54 to

13. 1.51 It

14. 1.51 to

-Arithmetic Mean = X= 1.433 sec Arithmetic Mean = X = 1.529 sec

Standard deviation Standard deviation
... . .

= 0.0195 = 0.011

•
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TABLE -6

Sl; Operating time of the re lay Sl; Operating time of the
No. for transient operation No. relay for non-transient

Operation.

1. 0.65 sec 1. 0.70 sec

2. 0.66 •• 2. 0.71 It

3. 0.65 It 3. 0.70 It

4. 0.66 •• 4. 0.72 It

5. 0.63 •• 5. 0.70 It
, '

6. 0.63 "
6. 0.71 It

7. 0.63 •• 7. 0.73 "
8. 0.65 •• 8. 0.725 It

9. 0.64 (expP 9. 0.71 "
10. 0.68 ,. 10. 0.705 tt

11. 0.70 It

12. 0.70 It

13. 0.70 ( j \,'ref,) )
Arithmetic Mean = 0.659 Arithmetic Mean = 0.708

Standard deviat~on Standard deviation

= '- = 0.0141 = a...,. = 0.01008
)

?

•
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TABLE "7 •

•

•
•

51; Operating time of the relay Sl~ Operation time of the relay
No. for transient operation. No. for non-tr ans ien t onera tion.

1. 0.35 sec (exposed) 1'. 043..

2. 0.36 to • I 2. 0.425 (exposed)

3. 0.35 " 3. 0.43 "
4. 0.33 t I 4. 0.435 t I

5. 0.36 t I 5. 0.42 tt

6. 0.36 • t (exposed) 6. 0.43 t •

7. 0.38 " 7. 0.425 to

8. 0.32 • t 8. .0.44 t •. .

9. 0.37 • t 9. 0.44 to..

10. 0.32 I I 10. 0.42 t t..

11. 0.32 It

12. 0.35 "
13. 0.33 t I

14. 0.30 to

15. 0.31 "
Arithmetic Mean = :l = 0.34 Arithmetic Mean = X = 0.4295

Standard deviation Standard deviation

= 0-. = 0.0251 = 0-... = 0.00687
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- 8 •TABLE •t ~ I 1
\

TRANSJENTPEAKS IN 1ERMSOF PERCENT
\ OF PEAK OF S1EADY STAlE VALlE

SI~ Positive peaks SIt" Nagative peaks 1 51•. Negative peaks
No. No. No•

. .
1. 187.5 1. 185.7 a~. 166.6
2. 185.5 2. 180.0 25. 165
3. 184.6 3. 177.4 26. 165.

4. 183.3 4. 177.4 27. 164.3
5~ 183.3 5. 176.9 28. 164.3.

6. 180.0 6. 175 29. 164.3
7. 1$8 7. 175 30. 163.5
8. 'J78.5 8. 175 31• 162
9. ~78.5 9. 175 32. 157
10. 178 10. 175 33• 156.4

• 11. 175.6 11. 175 34. 155.2
12. 175 12. 175 , 35. 140
13. 175 13. 174.3 36. 135
14. 174.3 14. 174.3
15. 174.3 15. 174.3
16. 174.3 16. 174.3
17. 174.3 17. 174.3
18. 172 18. ~114.2

19. 170 19. 174.2
20. 166.7 20. 174.2
21. 163 .21. 174.2
22. 158 !2. 169.5
23. 128 23. 166.6
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TABLB-9

Sl~ Trans ian t occur ance Operating tlme"ot"
No. angle .7\ • in degress the relay in secs.-
1. 25.85 0.83
2. 35.75 0.88
3. 47.45 0.915
4. 36.35 0.90

5. 30.75 0.845

6. 29.45 0.84
""

7. 32-.65 0.87

8. 31.95 0.85

•

•

•
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TAB L E - 10

Sl~ TratiSie t occuranc.s ........ Operating t1liie.of the
No. angle'~ 'in degrees relay in secs.-
1. 30.65 0.66 secs

2. 24.85 0.625

3. 24.85 0.625

4. 24.85 0.63

5. 24.85 0.625

6. 17.25 0.58

7. 24.85 0.63

8. 24.85 0.63

9. 24.85 0.63

10. 24.85 0.625

•

•



,
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TAB L E - 11

Sl~ Trans isnt occurance Operatiiigtime of the
No. angle t 2\ t in degrees relay in sees.-
1. 24.25 0.87

2. 19.85 0.84
. .

3. 26.85 0.90

4. 24~05 0.86

5. 26.65 0.89
.. .

6. 24.05 0.85

7. 25.55 0.88

8. 26.65 0.89
- . -'

9. 26.65 0.90
..

10. 30.80 0.92

•

•
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Sl.No.

2.

- 95

TAB L E - 12

Transient oeeurance
angle '/I. 'in degrees

•
•

Opilrlitiilgtime of the
re lay in sees.

1.885

1.895
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51.No.

4•.
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TAB L B -13

Transient occurance
angle ' A :& in d8greSS

Operating time of the
relay in sees.

•

•
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TABLE -14

51.No. Transient occurance OperIi.tirig time of the
angle' A 'in degress relay in secs.

1. 26.1 0.65
2. 30.8 0.665
3. 26.1 0.66
4. 26.1 0.66
5. 20.8 0.63
6. 26.1 0.65
7. 20.8 0.63
8. 26.1 0.65

•

•

•
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TAB L E - 15

•

•

•

_ T •• __ c

Sl.No. Transient occurance Ope ra t iiig time of tbe
angle , " • in degrees relay in sees.

,1. 32.15 0.35
. 0.-.

2. 28.35 0.33

3. 33.65 0.36

4. 45.25 0.38

5. 26.65 0.32

6. 43.25 0.37 '"t

7. 26.65 0.32

8. 26.65 0.32

9. 32.15 0.35

10. 29.55 0.33
- ','.

11. 23.55 0.30

12. 25.85 0.31

•
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RELAY OPERATING"
TnlE = 0.66' sec
PE~ = ••163.5%

(1)

RESISTANCE = 1.719 ohms
INDUCTANCE i: 100.34"mH
SPEED = 50 m sec/em
SENSETIVITY = 0.05 V/em.
RELAY OPERATING'
TT/oE = 0.625" sec
PEAK = +174.3%

0)

•

•



- loS'-,
• PLA~ - 2A

•

(TRANSlENT' ) •
.. •

RESISTAN~ :: 1.719 ohms
INDUCTANCE :: 100.,34mH .
SPEED S 50' m secl Cljl

. $NSITIVITY = 0.05 V/cm
RET,AY OPERATING .
TIM& :: 0.58'sec
lEAK = ••185.7%

(6)

RESISTANCE = 1.719 ohms
INDUCTANCE = 100.,34 mH
SPEED = 50 m sec/cljl
SENSITIVITY = 0.05 V/cm
RELAY OPERATING .
TIME :: 0.625 sec.
I'EAK = -174.3%

(5)

.,
•

RESISTANCE :: 1.719 ohms
INDUCTANCE :: 100.,34mH
SPEED :: 50 m sec/cm
SENSITIVITY = 0.05 V/cm
RELAY OI'ERATING '.
TIME :: 0.63 sec
PEAK =.~ 174.3%

(8)
•

RESISTANCE = 1.719 ohms
INDUCTANCE = 100.,34 mH •
SPEED = 50 m sec/cm
SENSITIVITY = 0.05 V/cm
RELAY OI'ERATING .
TIM& = 0.63 sec

. PEAK = 1'174.3%
(7)



•

RESISTANCE = 1.719 obms
INDUCTANCE = 1oo.}4 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING
TIME = 0.625 sec

PEAK = -174.3%
(10 )

- lOb -

PLA'lE -2A
(Trans ient)

•

RESISTANCE = 1.719 obms
INDUCTANCE = 1oo.}4 mH
SPEED 'I- 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING
TrME = 0.63s8e
PEAK = -174.3%

(9)

•

•



• - 107-

PLUE 2A
(NON-WAl,S lE NT)

•

•
•

cd

1
+

,,-

RESISTAliCE :: 1.719 ohms
INDUCTAliCE :: 100~34 mH
SPEED :: 50 m sec/em
SENSETIVITY = 0.05 V/em
RELAY OPERATING
TIM& = 0.68 sec

(2)

RESI51AliCE :: 1.719 ohms
INDUCTANCE :: 100.34 mH
SPEED :: 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING-
~IMi = 0.68 sec

(4) •

RESISTAliCE = 1.719 ohms
INDUCTANCE = 100.}4mH
SPEED = 50 m sec/em
SENSETIVITY = 0.05 V/cm
RELAY OPERATING .

. TOO . = 0.69 sec
(1)

RESISTANCE = 1.719 ohms
INDUCTANCE :: 100.}4 mH.
SPEED =- 50 m sec/em
SENSITIVITY =0.05 V/em
RELAY OPERATING .
TIMS = 0.69 sec •

m



J • - Log -
PLA'IE - 2A

(NON-TRANSIENT)

•

•
•

.-

RESISTANCE :: 1.719 ohms
INDUCTANCE •• 100.34 mH
SPEED :: 50 m sec/em
SENSITIVITY = 0.05 V/em
R&LAY OPERATING..
TD£ = 0.68 sec

(6)

RESISTANCE :: 1.719 Gbms
INDUCTANC'F. •• 100 •.34 mH
SPEED. •• 50 m sec/em
S&NSITIVITY = 0.05 V/cm
RELAY OPERATING .
TDE = 0.67 sec

(8) •

RESISTANCE :: 1.719 obms
INDUCTANCE = 100.34 mH .
SPEED = 50 m sec/em
Sii:NSITIVITY = 0.05 v/ma
RELAY OPERATING
TIlE = 0.69 sec

(5)

llESISTANCE = 1~719ohms
INDUCTANCE = 100.34 mH
SPEED c 50 m se el efl!
SENSITIVITY c 0.05 V/cm •
RELAY OFERATING .
TIME c 0.67 sec

(7)



•

xx:x=:'
SPEB D :i: 50 III sec/em
SENSITIVITY= 0.05 V/cm
RELAY OPERATING'
TIm = 0.69 sec

(10)

PLA'lE 2A
(NON-mANSlENT )

SPEED = 50 m sec/oil
SENSIlrIVITY= 0.05 V/cm
RELAY OPERATING
TIm = 0.68 sec

(9)

•

•
•

-



,. _ /10-

PLA'lE 2B
('1ilANS:IENT )

•

•
•

RESISTANCE :: 1.902 'ohms ..
INDUCTANCE :: 126 .•.6 inH"
SPEED :: 50' m sec/em
SENSITIVITY = 0.05 V/ein.
RELAY OJERATING .
TIME == 0.90'sec
PEAK = -174.0%0)

" .

RI':SISTANCE == 1.902 ohms
INDUCTANCE :: 126.6 niH
SPEED . == 59 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OJERATING'''.
TDE:: O~84;.see
PEAK = +184!':6

(2)

RESISTANCE :: 1.902 ohms
INDUCTANCE :: 126.6 mH ...
SPEED :: 50 m sec/em
SENSITIVITY = 0.05 V/cm
RELAY. OPERATING' .:.
TnE = 0.86-:.see
PEAK = +178'.5%(4)

RESISTANCE :: 1.902 ohms
INDUCTANCE :: 126.6 mH.....
SPEED :: 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING .
TIME :: 0.87'sec
PEAK = +178.5

(1)



• -- 11/-

PLA'lS 2B
(TRANSIENT)

•

•
•

RESISTANCE :: 1.902 ohms
INDUCTANCE: = 126.6 mH
SPEED = 59 m sec/em
.lISITIVITY = O.OP V/em
RELAY OFERATING "
TIl£ = 0.85.: sec
PEAK = +178.5%

(6)

RESISTANCE = 1.902 ohms
INDUCTANc:E = 126.6 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OFERATING .
TOO = 0.89-" sec •
PEAK =-174.2%

'\"

RESISTANCE = 1.902 ohms
INDUCTANCE = 126.6 mH
SPEED :: 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING .
TIME = 0.89" sec
PEAK = -174.2%

(5)

RESISTANCE c 1.902 ohms
INDUCTAICE = 126.6 mH
SFEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OFERATING
TIME = 0.88"see
PEAK = -176.9%

(7)

~;1
I
II
tl
I

_~I



• - /I Z _.

PLA'lE 2B
(TRANS lENT ) •

•

•

j

I

..: -:.:

•

. '1• I • ,

,< ~A.;'~ \ .L

RESISTANCE :: 1.992 ohms
INDUCTANCE ::: 126.•6 mB
SPEE D = 50 m see/ em
SENSITIVITY = 0.05 V/em
RELAY OPERATING :
TIME = 0.92.: sec
PEAK = -166.6%

(10)

RESISTANCE = 1.902 ohms
INDUCTANCE = 126.6 mH
SPEE D = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING.
TIM& = 0.90.see
PEAK = -174.2%

(9)



• - /0-
PLA'IE 2B

(NON-TRANSlENT) •
•

RESISTANCE :: 1.902 ohms
INDUCTANCE = 126.6 mH .
SPEED = 59 m sec/em
SENSITIVITY = 0.05 V/em
Rt;LAY OFERATION: ..
TIME = 1~06 sec

(2)

RESISTANCE :: 1.902 ohms
INDUCTANCE :: 126.6" mH
SPEED :: 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OFERATING-:
TnE .= 1.07 sec

(4)

RESISTANCE :: 1.902 ohms
INDUCTANCE :: 126~6 mH
SFEED :. 50.m sec/em
.!ENSITIVITY = 0.05 V/em
RELAYOmRATION :
TINE = 1.07 sec

(1)

RESISTANCE = 1.902 ohms
INDUCTANCE :: 126-:6 mHo
SPEED. = 5t.m sec/cm
SENSITIVITY = 0.05 V/em
RELAY om RATING --
TOO = 1.06 sec0)



•

RESISTANCE :: 1.9.02 oWns
INDUCTANCE :: 126'.6 mH .
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OFERATING .
TIME; = 1.07 sec

(6)

- /llf-

PLA~ 2B
(NON-TRANSmNT)

RESISTANCE :: 1.902 ohms
INDUCTANCE :: 126.-6mH
SPEED :: 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OFERATING .
TIMS = 1.08 sec

(5)

•
•

6

RESISTANCE :: 1.902 ohms
INDUCTANCE = 126.6 mH
SFEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OFERATING"
TIM& = 1.08 sec •

(8)

RESISTANCE :i: 1.902 ohms
INDUCTANCE :i: 126.6 mH
SPEED. = 50 m .see/em
SENSITIVITY = 0.05 V/em"
RELAYOFERATING .
TIM& = 1.08 sec

(7)



• //:]---

PLA~ 2B
(NON-TRANSmNT) •

•

•
•

v'

,

RSSISTANCE = 1.902 ohms
INDUCTANCE = 126.6 mH'
SPEED =' 50 -m sec/em
SENSITIVITY = 0.05 V/cm
RELAY OPERATING .
TIM!: = 1'.07 sec.

(9)

. ,

•

,II

'"•



• - /It, -

PLA'IIi: 3A
( 'lRANSIENT )

•

•
•

RESISTANCE: = 1.719 ohms
INDUCTANCE: = 100.34 mH
SPmED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING .
TIME = 1.895 sec
PEAK = +158%

(2)

RESISTANCE: = 1.719 ohms
INDUCTANCE: = 100.34 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING
Tnt: = 1.885 sec
PEAK = -177.7'1>

(1)

RESISTANCE: = 1.719 ohms
INDUCTANCE: = 100.34 mH
SFEE:D = 50 m sec/em
SE:NSITIVITY = 0.05 V/em
RELAY OPERATING
TIME = 1.88 sec
PEAK = -177.7%

•

RESISTANCE: = 1.719 ohms
mDUCTANCE: = 100.34 mH
SPEED = 50 m se'e/ em
SENSITIVITY = 0.05 V/em
RELAY OFRRATING .
TIm = & 1.86 sec
PEAK = +187.5%,-,



• -1/7-

PLA'lE 3A
(NON-TRANSJENT)

•
•

•

RESISTANCE = 1~719 ohms
INDUCTANCE = 100.34 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY Ol'ERATING:
TIM!: = 1.98 sec

(2)

--~--_ ..

RESISTANCE = 1.719 ohms
INDUCTANCE = 100.34 mH
SPEED = 59 m sec/em
SENSITIVITY = 0.05 V/em
I&LAY OPERATING.
T~ = 1.97 sec

(4)

•

RESISTANCE = 1.719 ohms
INDUCTANCE= 100.34 mH.
SPEED = 50 m sec/em
SENSITIVITY= 0.05 V/em
RELAY Ol'ERATING
TIME = 1.97 sec

(1)

RESISTANCE= 1.719 ohms
INDUCTANCE= 100.34 mH
SPEED = 50.m sec/em
SENSITIVITY = 0.05 V/em
RELAY Ol'ERATING. .
TDE . = 1.96 sec.

(,)

•



• - 1J8-

PLA~ 3A
(NON-TRANS lEN'!')

•

•
. .

RE SISTANCE = 1.719 ohms
INDUCTANCE = 100.34 mH'
SPSED :i:: 50 m sec/ em
SENSITIVITY = 0.05 V/em
RELAY OPERATING .:,'
TIME = 1.98 sec

(6)

RESISTANCE ': 1.719 ohms
INDUCTACE :'100.34 mH
SPEED :i:: 50 m sec/em
SENSITIVITY = 0.05 V/cm
RET.AY OPERATING .:
TIME: = 1.97 sec

(8)
•

RESISTANCE :i:: 1.719 ohms
INDUCTANCE :i:: 100.34 'mH .
SPEED :i:: 50 m see/'cm
SENSITIVITY = 9.05 V/em
RELAY OPERATING "
TDoE = 1.98 sec

(5)

RESISTANCE :i:: 1.719 ohms
INDUCTANCE :i:: 100.34 mH •
SPEED ' •• 50 m seel.cm
SENSITIVITY: 0.05 V/em
RELAY OFERATING .
TOO = 1.98 sec.

(7)

•

.



• - 1/9-
. PLA'lE 3A

(NON-TRANSl&NT )

•
•

•

. RESISTANCE :: 1.719 ohms
INDUCTANCE = 100.34 mH
SPEED = 50 m sec/cm
SENSITIVITY = 0.05 V(cm
RELAY OPERATING
TIlE = 1.96 sec

(10)

•

RESISTANCE = 1.719 ohms
INDUCTANCE :: 100.34 mH
SPEED = 50 m sec/cm
SENSITIVITY = 0.05 V/cm

. RELAY OPERATmU . .
TOO = 1.98 sec.

(9)

.---
•



• - 1:20-
PLA'lE 3B

( TRANSltlENT) •
•

RESISTANCE = 1.498 ohms
INDUCTANCE = 126.5 mH
SPEED :: 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING "
TIME: = 1.44 sec
PEAK = -164.3%

(2)

RESISTANCE = 1.498 ohms
INDUCTANCE :: 126.5 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING:
TUB = 1.46 sec
PEAK = 157.1%

(1)

RESISTANCE = 1.498 ohms
INDUCTANCE = 126.5 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING:
TIME: = 1.42' sec
PEAK = +178.5%

(4q

RESISTANCE :: 1.498 ohms.
INDUCTANCE :: 126.5 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATIlIR"
Tn¥. :: 1~41' sec
PEAK = +185.5lfl

(Ii'

-"," .. ,- .

•



• - 12-}-

PLA'lE 3B
(NON-TRANSlENT )

•

•
•

•

. --_. - -

RESISTANCE •• 1.498 ohms
INDUCTANCE •• 126.5 rnB
SPEED = 50m sec/em
SENSITIVITY = 0.05 V/em
RELAY OH':RATING'
TIlE (2) = 1~54 sec

RESISTANCE •• 1.498 ohms
INDUCTANCE •• 126.5 mH
SPEED •• 59 m see/ em
SENSITIVITY = 0.05 V/em
RELAY OPERATING: .
TIME = 1.535 sec

(4)

RESISTANCE = 1.498 ohms
INDUCTANCE = 126.5 mH
SPEED •• 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING'
TIm (1) = 1.53 sec

RESISTANCE = 1.498 ohms' -_.- _.
INDUCTANCE = 126.5 mH•.
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING'
TUm: = 1.54 sec

(3)

•

,
I



• -12'2..-
PLA'JE 3B

(NON-TRANSlENT) •
•

RESISTANCE = 1.498 ohms
INDUCTANCE = 126.5 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OFERATING.
TDE = 1~54 sec

(5)

RESISTANCE •• '.498 ohms
INDUCTANCE :: 126.5 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATIOO:.
TOO .= 1.52 sec

(7)

•

RESISTANCE = 1.498 ohms
INDUCTANCE = 126.5 mH •
SPEED = 50 m see/«m
SENSITIVITY = 0.05 IDlDCCI;t V/r;m
RELAY OPERATING
TlMi: = 1.54 sec

(6)

•

,



• -/23-
PLA'lE 3B

(NON-TRANS lENT )

•

•
•

RESISTANCE = 1.498 ohlJls
INDUCTANCE :: 126.5 mH
SPSSD :: 50-II sec/cm
s&NSITIVITY = 0.05 VlclI
RELAY OIERATING -
TOO = 1.54 sec

(9)

•

RESISTANCE = 1.498 .bIIIs
INDUCTANCE :: 126.5 mB
SFEED = 50 11\ sec/cm
SENSITIVITY = 0.05 Vlcm
RELAY OPERATING
TIM!: = 1.51 sec

(8)

•

RESISTANCE = 1.498 .!IIIs
INDUCTAN~ •• 126.5 liB
SPEED •• 50 III sec/cm
SENSITIVITY = 0.05 VlclII
RELAY OPERATING. •
TIM!: = 1.51 sec

(10)

----------- ---_._, ,
I

•
(11)

m:SISTANCE :: 1.498 ous
INDUCTANCE •• 126.5 mB
smD = 5011 sec/em
SENSITIVITY = 0.05 Vic.
RELAY OPERATING -
TIM! = 1.51 sec



•
• _1'21y-

PLAjE 4
(TRANSENT ) ~. •

•

RESISTANCE :: 1.9865' obms
INDUCTANCE = 70.93 mH .
SPEED - :: 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING.:.
TOO = 6.'66" slle
PEAK =-166.6%

(2)

RESISTANCE = 1'-0865 ohms
INDUCTANCE :: Ii 70.93 mH
SPEED - :: 50 m slle/em
SENSITIVITY = 0.05 V/em
RELAY OmRATING.:
TIM: = 0.66.:slle
PEAK = -175'.1%

(4)
•

.

RESISTANCE :: 1.0865' ohms
INDUCTANCE :: 70.93 'IilH- - .
SmD :: 50m sec/em
SENSITIVrry = 0.05 V/em
RELAY OPERATING"
TIME :: 0.6~'slle
PEAK = -175.1%

(1)

RESISTANCE :: 1.0865 'obms
INDUCTANCE = 70.93 rna ".
SPEE D .:: 50 m SIlC!em
SENSITIVITY = 0.05 V/cm
RELAY OPERATING"
TOO • 0.66' SIlC

H!:AK = -175.1%
'(,3)

•



•
• -I'A.~-

PLA'lE 4
( TRANSIE NT )

•

•
•

- .
RESISTANCE = 1.0865 obms
INDUCTANCE = 70.93 mH
SPEED #; 50 m sec/em

SENSITIVITY = 0.05 V/em
RELAY OPERATING .:
TIM!: = 0.65: sec
PEAK = ••175.1%

RESISTANCE = 1.0865. obms
INDUCTANCE = 70.93 mH
SPEED = pO m sec/em
SENSITIVITY = 0.05 V/em
RELAY OFERATING :.
TDE = 0.65'"sec
PEAK = -175.1% •

(8)

- -
RESISTANCE :: 1 •.9865 obms
INDUCTAN(E = 70.93 mH
SPEED = 50 m sec/em

SENSITIVITY = 0.05 V/em
RELAY OPERATING.
TIME = 0.63. sec
PEAK = +183.3%

RESISTANCE :: 1.0865 obms
INDUCTANCE = 70.93 mH •
SPEED = ,0 m sec/em
SENSITIVITY = 0.05 V/em'
RELAY OFERATING. .
Tnt!: .= 0.63 sec.
PEAK = 183.3%

(7)

•



•
•

-12..(,-
PLA'lE 4

(NON-TRANSlENT)

•

•
•

•

RESISTANCE = 1.9865 ohms
INDUCTANCE = 70~93 mH
SPEED ::: 59 m sec/cm
Sl:NSITIVITY = 0.05 V/cm
RELAY OPERATING :.
T~ = 0~71 sec

(2)

RESISTANCE ::: 1.0865 phms
INDUCTANCE ::: 70.93 mH'
SPEED ::: 50 m sec/em
SENSITIVITY = 0.05 V/~m
RELAY OFERATING : .
TIm . = 0.72 sec

(4)

mSISTANCE = 1.0865 ohins
INDUCTANCE = 70.93 mH
SPEED = 50 m sec/cm
.$NSITIVITY = 0.05 V/cm
RELAY OPERATING"
TIm = 0.70 sec

(1)

RESISTANCE .: 1.0865 ohms
INDUCTANCE = 70.93 mHo -
SPEED '= 50 m sec/em
Sl:NSITIVITY = 0.05 V/cm
RELAY OFERATING-
T~ .= 0.70sec

0)

•
•

•



•
• -1'2.7 -

PLA'lE 4
(NON-'1'RANSENT)

•

•
•

RESISTANCE :: 1'.9865 ohms
INDUCTANCE :: 70.93 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OI£RATING :.
TOO = 0.71 sec

($)

:: 1.9865 ohms
::70.93 mH

SPEED = 50 m sec/em
SSNSITIVITY = 0.05 V/em
RELAY OPERATING :
TOO (8) = 0.72 sec

RESISTANCE = 1.0865 ohms
INDUCTANCE :: 70.93 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.05 V/em
RELAY OPERATING'
Trw. = 0.70 sec

(5)

RESISTANCE = 1. 50S
INDUCTANCE = 70.93 mH
SPEED = '50 m sec/em'
SENSITIVITY = 0.05 V/em
RELAY OPERATING'
TIME (7) = 0.73 sec

•



•
• - 1'2.. 'if-

PLA'lE 4
(NON-TRANSIENT )

•
•

•
•

,
RESISTANCE = 1.9865 ohms
INDUCTANCE: :: 70.93 mH
SPEED i: 59 m sec/em
Sii:NSITIVITY = O.op V/em
RELAY OmRATING'
TIJoE = 0.705See

(10)

RESISTANCE = 1.0865 ohms
mDUCTANCE :: 70.93 mH
SPEED :: 59 m sec/em
SENSITIVITY = O.OP V/em
RELAY OPERATING' .
TIJoE = 0.70 seC

(12)

RESISTANCE = 1.0865 ohms
INDUCTANCE :: 70.93 mH
SPEED = 50 m sec/em
5ENSITIIITY = 0.05 V/e.
mLAY OPl!:RATING'
TIMS = 0.71 sec

(9)

RESISTANCE = 1.0865 ohms
INDUCTANCE = :70.93 mH
SPEED :: 50 m sec/em
Sii:NSITIVrI'Y = 0.05 V/em'
RELAY OPERATING'
TOO . = 0.70 sec

(11)



•
•

.1I"',olIII::.JQ.J •.¥.UIl<[~" "

•
•

•

, ~-
PLA'lE 5

( NON-mANS lENT)
•

•

•

•

•

•

RSSISTANCE: = 1.280 ohms
INDUCTANCE: = 103.13 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.02 V/em
HELAY OPERATING .
TD£ = 0.43 sec

(1)

•

•

. .

•



•
•

- /0 (,-
PLA'lE 5

('1RANSlEliT )

•

•

•

•
•

\

.
d

'-. ,'I. '\ I'~ i' ,', /,;,\ i\ /..•..•-. i"\ \ ,. " "
v' I,' : 1';' ': • - ~- -: . : ~ ; - - r

I, '.~ ~l, ", " 'i, I;' .', I 'I L

. ': ,I i'l II" : 1 1'1~"I'II::" :111":" ., ,,'1'" It. rl:l I.,' "".,

, il: ~'"> ," ',' ""~"1.',j'/ ,,"1"1'"
I 'J I ,'I, , '~ , ," 'I'

" 'j I ' ,~~.. , : . I 'J I I:,

• Lj I I) 'J l,! iJ I i_ ~ ~_~ u J) U d.1J ~I U ~
•

,;'

;t
.::..= _.-= _._ 1£ :'..:_-:--; '.!:.

•
, .

RESISTANCE == 1.2?0 ohms
INDUCTANCE = 103.13 mH ,.
SPEED == 50 m sec/em
SENSITIVITY = 0.02 V/em
RELAY OPERATING:
TIME = 0.33:see
PEAK = +172.0%

(2)

RESISTANCE :: 1.'280 ohms
INDUCTANCE == 103.13 mH
SPEED == 50 m sec/em
SENSITIVITY = 0.02 V/em
RELAY OPERATING'
TDE :: 0.35 sec
IE AK :: ••165%

(1)

•

•

•~--'~--~--II'I'i.-- -

•

REsisTANCE -~'1.280 ohms
INDUCTANCE = 103.13 mH
SPEED 2: 50 m see/~m
SENSITIVITY = 0.02 V/~m
RELAY OPERATING' .
TIME: :: libdia 0.36 sec
FEAK = ..•162%

0)(4)

RESISTANCE ---'1.2 0 ohiils -
INDUCTANCE == 103.13 mB
SPEED = 59 m sec/em
SENSITIVITY = 0.02 V/em
RELAY OPERATING' ,
TOO == 0.38 sec
PEAK = -135%



I•
•

II .'

RESISTANCE = 1.280 ohms
INDUCTANCE = 103.13 mH"
SPEED" = 59 m see/em
SENSITIVITY = 0.02 V/em
RELAY"OPERATING:
TOO = 0.3-7 see
PEAK = -14'.0%

(6)

RESISTANCE :i: 1.280 ohms
INDUCTANCE = 103.13 mH
SPEED :i: 50m sec/em
SENSI'lIVrry = 0.02 V/em
RELAY OPERATING:
TIME = 0.32 see
PEAK = +175%

(8)

- / ~ 1-
PLA'lE 5

(TRANS lENT)

<::>

o

•

•

RESISTANCE :i: 1.280 ohms
INDUCTANCE = 10}.13 mH
SPEED. :i: 50 m see/em
SENSITIVITY = 0.02 V/em
RELAY OFERATING"
TIME = 0.32 see
FEAK = -175%

(5)

, 0

RESISTANCE f""1.280ohms
INDUCTANCE = 103~13 mH
SPEED :i: 50 m sae;'em•SENSITIVITY = 0.02 V/em
RELAY" OPERATING:
Tn-lE :: 0.32
PEAK = +175%

(7)

•

•

•

."~.'

•

,

•



I -/%L-
ll~~ •

• •• • .,
• '<'

PLA1E 5 ~1 •
(TRANS lENT ) •

"

,;." ;',

•

•

RESISTANCE = 1~280 ohms
INDUCTANCE :': 103.13 mH
SPEED = 50 m sec/em
SENSITIVITY = 0.02 V/ern
RELAY OPERATING," '
TIM& = ~x 0.33 sec
PEAK = .•.170%

(10)

RESISTANCE = 1.280 ohms
INDUCTANCE :': 103.13 mH
SPRED .: 50 m see/8m
SENSITIVITY = 0.02, V/em
IlK LA Y OPERATING "
TOO = 0.31 sec
PEAK = .•.178%

'.0::1 <"'\'\

•

'I ,'I, ", ~1 '-I :-. -I :, ,'r \) -:, ''1- ')
i

I v;i~~.i,,~~;1J)t "l~'"

O~' ,Ji,J'J J J J'u U ~JlIlJU :~U~'G UJ' ,
: 'J

I.].-IJ '

RESISTANCE :': 1.280 o tuns
INDUCTANlllE ,,103.13 mH '
SPEED :: 50 m sec/em
SENSITIVITY = 0.02 V/em
RELAY OPERATING ",
TOO = iJ6; 0.35 sec
PEAK = -165%

(9)

-
RESISTANCE = 1.280 olims
INDUCTANCE = 103.13 mH •
SPEED :: 50 m sec/c'll!
SENSITIVITY = 0.02 V/em
RELAY OPERATING"
TIm :: O.}O sec
mAK = -180%

(11)

,

•
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TABLE-I
DETERMINATION OF STANDARD DEVIATION.

S~. ~ oper:Cng '(X - i) (X_%)2 S~. Operating (x.- i) (X _ i )2
No • time ..Ji2... time

Arithmetic Mean. X • 51.400
20= 2.57. ,

Standard 'deviation
• "'- • I \x:; X )2 0.01035\j - .. = 20'

= 0.0005175 = 0.0227

• 2.496
Standard deviation

• 0... J (X; i )2
= 0.0521

Arithmetic Mean ••X •

= J. 0.0544Zb
20 ••

0.000016
0.000256
0.002601
0.007056
0.000036
0.001687
0.008021
0.000676
0.000001
0.002116
0.004356
0.000016
0•.007056
0.004096
0.001936
0.004096
0.002601
0.002116
0.00260
0.003.136
0.054470

49.920 \
20

0.004
0.016
0.051
0.084
0.006
0.041
0.089
0.026
0.001
0.046
0.066
0.004
0.084
0.064
0.044
0.064
0.051
0.046
0.051
0.056

2.50
2.48
2.445

"2.58
2.49
2.455
2.585
2.47
2.495
2.45
2.43
2.50
2.58
2.56
2.54
2.56
2.445
2.45
2.445
2.44

2

3.
4.
5.
O.

1.

7•
8.
9.

10.

11.
12.
13.
14.
15.
16.
17.
18.
"19.,
20'.

0.0009
0.0009
0.000025
0.000025
o
0.0009
0.0001
0.0001
0.000225
0.0009
0.0004
0.0001
0.000625
o
0.000025
0.000025
0.0001
0.0016
0.0025.,
0.0009
0.010350

+ 0.03
+ 0.01
0.01

+ 0.015
+ 0.03
0.02
0.01"
0.025
o

- 0.005
+ 0.005
- 0.01
- 0.04
- 0.05
+ 0.03

- 0.03
- 0.03
- 0.005
+ 0.005
• 0

2.54
2.54
2.5'5
2.575
2.57
2.60
2.58

•2.56
2.585
2.60
2.59
2.58
2.595
2.57
2.565
2.575
2.56
2.53
2.52
2.60

1•

2.
3.
4.
5.
6.

.7.
8.
9.
10.
11.
12.
'3.
14.
15.
16.
17.
18.
19.
20.

•• • 0... = 0.0227 •• • • •• 0.052J

•
•
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(11)

TAB L E - II

•
•

•

Standard deviation l
• Oi. = J _(X; X).2

.~

•
= 0.0602 •

20
••

c J 0.00.301 ,
" -• • 0.oS4&

Sl. OP[rating time"" No. of 'the relay- (w thou~ regulator)

1. 2.4S sec.

2. 2.49 t!,. 2.44 • •
4. 2.48 ••
S. 2.SS • •
6. 2.j)0 • •
7. 2.S0 ••
i. 2.S8 •••9. 2.S' ••
10. 2.S9 • •
11. 2.4, ••
12. 2.SS ••
1'. 2.~S • •~ .} _F~ " ,

14. 2.47 • •
lS. 2.4, • •
16. 2.4S ••
17. 2.4, ••
18. 2.S6 ••
19. 2.S8 • •
20. 2.S4 • •

SO.OO sec

Arithmetic Mean X = SO.OO •
20

= 2.S0

•

- O.OS
- 0.01
- 0.06
- 0.02
+ O.OS

o
o

+ 0.08
+ 0.0'
+ 0.09
-0.07
+ 0.0$
- O.OS

.. "

- 0.0.3
- 0.07
- O.OS
- 0.07
+ 0.06'
+ 0.08
+ 0.04

- 2 .( X - X )
•

0.002S
0.0001
0.00"
0.0004
0.002S
o .
o
O.()O64
!'Y" "",:' •• _

O~0009
. , •• :. :>' ••

0.0081
0.OQ49

'", .
0.002S
: ;'",",' :

q~8S3~
0.0009
0.0049
0.002S
0.0049
0.00,6
0.0064
0.0016

0.0602

•
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I (iii)

•
•

•
•

•l

\

" ,

T A B L E - III

~CULf:IO'N O'F STANDARDDEVIATIO'N
•

O'perating time
o£ the relay

51. £or transient . - - 2
~ operation (X - X) 1.X - xC
1. 0'.83 secs. -0'.0'3.5 0'.0'0'122.5
2. 0'.88 • • +~~~1.5 0'.0'0'0'22.5

•3. 0'.91.5 •• +0'.0'.50 0'.0'0'2.50'0'
4. 0'.90' •• +0'.0'3.5 0'.0'0'122.5
.5. 0'.845- • • -0'.0'2 0'.0'0'0'40'0'
6. 0'.84 •• -0'.0'2.5 0'.0'0'0'62.5
7. 0'.87 • • +0'.0'0'.50'.0'0'0'0'2.5
8. 0'.8.5 •• -0'.0'1.5 0'.0'0'0'22.5
9. 0'.8.5 • • -0'.0'1.5 0'.0'0'0'22,5
10'. 0'.87 • • +0'.0'0'.50'.0'0'0'0'2.5
:U¥

0'.0'0'670'0'

O'perating time
of the relay

Sl. 1'or non-tran-
~X-X) JX _ i>.2~ sient operation

•. ,1

1. 0'.935 +p.O'O',5 0'.0'0'0'0'25
2 • 0'.935 +0'.0'0'.50'.000'0'25
3. 0'.93 a a
4. 0'.93 a a
5 • 0'.94 +0'.0'10' 0'.0'0'0'10'0'
6. 0'.93 0' 0'
7 • 0'.82 -O'.G1O' 0'.0'0'0'10'0-
8. 0'.93.5 - +0'.0'0'.5.a. 0'0'0'0'2,5"".
9 • 0'.94 +0'.0'10' 0'.0'0'0'10'0'
10'. 0'.93 a 0'
11. 0'.93.5 +0'.0'0'5'0'.0'0'0'0'2.5

10'.23 0'.0'0'0'40'0'

Arithmetic Mean. X. 8.65
10'

•• 0'.86.5 sec.
standard deviation

Arithmetic Mean •• X ••

• 0'.93

Standard deviation

sec.

•
•• "'- • ~. <X

N
- xl •

=J 0'.0'0'0'67 •• 0'.0'2.58

,

0'.0'0'670'0'
10'

.. J _<X;X ~

••~ a.~004
11

•• J.O'.O'O'O'036:J6' •• 0'.0'0'60'3

• •

•

•

• •

•
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I (iv) •

T A B L E - IV A

•6.82 0.000,560

Arithmetic Mean ••X •• 6.82
10

••0.682

Standar-d Deviation

•• 0... ..J -( X
N
- X)2

•• 0.000560
10

.~ 0.0000,5~
•

••0.00749 ••

•"J 0.003340
10

.. ~ 0.000334

"•• 0.0183

••0.626

Standard deviation
•• 0.. •• ~ (X-X~

• N

6.260 0.003340
Arithmetic Mean ••X.. 6.260

10

~

" ULATION OF STAliDARD DEVIATION.
I I •. ,:,

" •
Operating ~\ Operating time.
time f'or . :; ( . ".! jj f'orrelay f'or ~ t

81. transient
( X _ i)2 Sl. non-transient - 2

!2.:. operation (X - X) !2. operation (X X) (X - X)

1. 0.66 sec. +0.0)4 0.0011,56 1. 0.69 8ec. +0.008 0.000064
2. 0.62,5 • • -0.001 0.000001 2. 0.68 •• -0.002 0.000004"
3. 0.62,5 • • -O.DOl 0.000001 3• 0.69 • • +0.008 0.000064
4. 0.63 •• +0.004 0.000016 4. 0.68 • • -0.002 0.000004
,5. 0.62,5 • • _0.001 0.000001 ,5. 0.69 • • +0.008 0.000064
6. 0.,58 • -0.046 0.002116 6. 0.68 -0.002 0.000004•• ••
7. 0.03 •• •0.004 0.000016 7. 0.67 • • -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. 0.62,5 •• -0.001 0.000001 10. 0.69 • • +0.008 0.000064
~~.

• •

•
•
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(v )

TAB L E - IV B

~ CAL ULATION OF ST DARD DEVIATION

" ,
•

, •

•
•

"Operat:i.ng
t:i.mefor

51. trans:i.ent - )2~ operation (X-X) (X - X
1. 0.87 sec. -0.01 0.0001
2. 0.84 • • -0.04 0.0016,. 0.90 •• +O~02 0.0004
4. 0.86 •• -0.02 0.0004
5. 0.89 • • -0.01 0.0001
6. 0.851 • -0.0' 0.0009••
7. 0.88 • • 0 0
8. 0.89 •• +0.01 0.0001
9. 0.90 • • +0.02 0.0004
10. 0.92 • • +0.04 0.0016

8.80 0.0056
-Arithmetic Mean .x. 8.80

10
= 0.880

Standard deviation

.Operating time
for non-tran-
sient
operation (X - X) ( X _ X)2

1. 1.07 sec. -0.001 0.000001
2• 1.06 • • -0.011 0.000121,. 1~06 • • -0.•011 0.000121
4. 1.07 • • -0.001 0.000001
5. 1.08 • • +0.009 0.000081
6. 1.07 • • -0.001 0.000001
7• .1.08 ., +0.009 0.000081
8. 1.08 • • +0.009 0.000081
9. 1.07 •• -0.001 0.000001
10. 1.07 •• -0.00,1 0.000001

(exposed)
10.71 <1.00049

Arithmetic Mean • X _ 10.71
10

= 1.071

Standard deviation

= ." \1(:>'00049
10

.• J 0.000<>49

•

= 0-. _ . ~ _( \ - i)~

=~

= ~ 0.00056

••= 0.0237

•

-J

=

•

0.007

•

•

•

•

•
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(vi)

TABLE-VA

ALCULATION OF STANDARD DEVIATION

, •

•
•

,
•Op'rating Operating time

time :for :for non-tran-,
S~.transient )2 S~.sient - "!.2.:. operation

, ~ X- X ) .(X- X ~.operation .(X - X)'"(X - X)2

1. 1.92 sec. +0.02 0.0004 1. 1.97 sec. -0.00) 0.000009
2. 1.89 • • -0.01- 0.0001 2. 1.98 •• +0.007 0.000049
3. 1.92 • • +0.02 0.0004 3• 1.96 • • -0.013 0.000169

•!J. 1.90 •• 0 0 4. 1.97 •• -0.003 0.000009
5. 1.87 ' .. -0.03 0.0009 5. 1.98 • • +0.007 0.000049
6. 1.885 .to -0.015 0.000225 6. 1.98 •• +0.007 0.000049
7. 1.895 •• -0.005 0.000025 7. 1.98 •• +0.007 0.000049
8. 1.86 •• -0.04 0.0016 8. 1097 •• -0.003 0.000009
9. 1.88 • • -0.02 0.0004 9. 1.98 •• +0.007 0.000049
10. 1.88 • • -0.02 0.0004 10• 1.96 • • -0.013 0.000169

19.00 0.004450 19.73 0.000610
•

Arithmetic Mean = X = 19.00 Arithmetic Mean = X = 19.7:)
10 10

= 1.90 sec. = 1.973 sec.

Standard deviation Standard deviation

= ~ =. J (X- i )2

~

= <>-..= jx-xi. N• N

. J 0.oQ445 • 10.000610
10 10

=~ 0.000445 • J ~.0000610 •
•

•
= 0.0219 = 0.00781 ••

•

•

• •

•
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(vii)

TABLE -VB

, •

•
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•
(viii)

TABLE -VJ:

'- C ULATION OF STANDARD DEVIATION
\ •••

Operating Operating time
1:ime for for non-tran-

51. transient X) -2 51. sient - 2.!2.:. operation (X - (X - X) ~ operation (x-xl (x - x >.
1. 0.65 0 0 1. 0.70 -0.008 0.000064.
2. 0.66 +0.01 0.0001 2. 0.71 +0.002 0.000004
3. 0.65 o' 0 3, 0.70 -0.008 0.000064
4. 0.66 to.01 0.0001 4. 0.72 +0.012 0.000144
5. 0.63 • -0.02 0.0004 .5• 0.70 -0.008 0.000064
6. 0.65 0 0 6. 0.71 +0.002 0.000004
7. 0.63 -0.02 0~0004 7. 0.73 +0.022 0.000484
8. 0.65 0 0 8. 0.725 +0.017 0.000289
9. 0.64 -0.01 0.0001 9. 0.71 +0.002 0.000004
10. (8~U +0.03 0.0009 10. 0.705 -0.003 0.000009

(exp) •11. 0.70 -0.008 0.000064
12. 0.70 -0.008 0.000064
13. 0.70 -0.008 _0.000064

6.50 0.0020 9.21 0.00132

Arithmetic Mean = X •• 6.50 8LJJithme tic Mean ••X •• 9.21
10 13.

• ••0.6.5 =0.708

Standard deviation , Standard deviation

-2

J ( X _ if )2•• 0.- •• (X - X) •• C\- ••
N If ,

to J0.00132
•

•• J 9.0020
•10 13 •

= ~
0.00020 ~ 0',0001017 •

= 0.0141 ••0.01008 •
•
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TAB L E - VII

CALCULATION OF STANDARD DEVIATION.

\
-SL
No.

•Operating time
for transient
operation.

(x-x)
- 2

(x - x )

•
Sl~ Operating time - '>/"
No. for non-tran. (X'" X) ( X - X)

operation.
I

•

1. 0.43 sec 0.0005 0.00000025
~,

2. 0.425 0.0045 0.00002025
3. 0.43 0.0005 0.00000025

, .
4. 0.435 0.0055 0.00003025. ,"

5~; 0.42 0.009fi 0.00009025
6. 0.43 0.005 0.00000025
7. 0.425 0.0045 0.00002025
8. 0.44 0.0105 0.00011025
9. 0.44 0.U0105 •0.00011025

, .
10. 0.42' ' 0.0095 0.00009025

0.4295 0.0004725

•

•

•

•

•

•

= 04';295
10

I . 2=\j (x -I x )

= 0.0004725
10.

=JO.00004725
= 0.0068?

Standard deviation

= 0.34 Arithmetic Mean = X

•

0.0001
0.0004

0.0025

0.0001
0.0004

0.0001

0.0004

0.0004

0.0004
0.0016

0.001'
0.0001
0.0001
0.0006

= 5.10
15

1. &j.j 0.35 sec. +0.01
, " ' ,

2: •• 0.36 •• +0.02
•

3. 0.35 •• -0.01
-'f. 0.33 " .•.0.01

•
}. 0.36 •• +0.02
5. 0.36 •• +0.02'.
7. 0.38 •• +0.04

""S. 0.32 •• -0.02

3. 0.37 t. +0.05
10. 0.32 t , -0.02
11. 0.35 t , +0.01
12. 0.35 •• -0.01
13. 0.33 •• -0.01
14. 0.30 ., -0.04

, .
15. 0.31 •• -0.03

5.1().,
:-:

Arithmetic Mean= X•

Standard deviation

~

= ( x~ x)

••
=J £.~~92

= 0.0251
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TABLE - VIII A

"- '.
Hive \peaks

•
S1: • lil;P of Frequ'lncy of CUDlIil:attve

~ trans ient occurance freguence

1. 187.5 1 1

2. 185.5 1 2

3. 184.6 1 3
4. 18:).3 2 5
5. 180.0 1 6

6. • 178.5 3 9

7. 178 1 10

8. 175.6 1 11

9. 175 2 13

10. 174.3 4 17 •

11. 172 1 18

12. 170 1 19

13. 166.1 1 20

14. 163 1 21

15. 158 1 • 22
•

16. 128 1 23

••

•

•

•

•

•

•

•

•



•
•

(x1)

,
•

• v'

•
•

"
TAB LE •••VIII B.

•
\ • •..

51. Nagative peaks Frequency of comulative
Ji,o. of transient occurance frequency.

1. 185.7 1 1
2. 180.0 1 2
3. 1'77.4 2 4
4. 176.9 1 5

, :).~
•5. 175 7 12

6. 174.3 9 21
7. 169.5 1 22
8. 166.6 2 24
9. 165 2 26 •

10. 164.3 3 29
11. 163.5 1 30
12. 162 1 31
13. 157 1 32
14. 156.4 1 • 33
15. 155.2 1 34
16. 140 • 1 35
17. 135 1 36

•
•

• • •

••

•

•
•

•

•
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TAB L E - IX

\ - ..
m the ~hotograph1. Fr the peaIt is 1.756 times the • n:>l'mal peak,

•
therefore we have

2 Sin ( 9 -A) = 1.756

Si,n (9 -?.) = 0.878 = Sin 61.4

• G t- 61.4•• - =
• , A = Q - 61.4 = 87.25 - 61.40..

.'.A = 25.85°•

2. From the-photograph the peak is 1.564 times the normal
therefore we have

2 Sin ( Q -A) = 1~564

Sin ( 9 .:A) = 0.782 = Sin 51.5 •~.'

••• G - 1- = 51.5

• ). = Q - 51.5 = 87.25 •• 51.50••
A = 35.75.

3. From the photograph

therefqre we have
the peak is 1.281 times the normal peak,

• •
•

2 Sin ( e -" ) = 1.281 .. '

Sin ( e -A) = 0.6405 :;: Sin. 39.8
/. "- = 47.45°

_2 Sin (e -A) = 1.552

•~ Sin (~-),) = 0.776 = Sin 50.90

peak is 1.552 times the normal ptlak,
•

•••

•

.
"\.

•

•
•• e -":;: 50.0° .•• f'

A. = 87.25- 50.9

From the .photogr.apb the
therefore we have_•

. 4.

••

•
•
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the peak is 1.667 times the normal

.{
•

. \
\..5. From,the photograph

• peak.l theretore we have • •

,

•
•

2 Sin

But Q

(9 -~) = 1.667

: tan -1.!! = ~ -1(314?(126.6)r10-3
R

1.902
= tan-1 20.9

•

Sin (9 -,,) = 0.8335 •• Sin 56.5°

•••

•

:. e.- '" =
), : Q - 56.5 = 87.25 - 56.5°

. .

6. From the photograph the peak is 1.693 times the normal peak,
therefore we bave

•

2 Sill (0 ~,,)

Sin . ( " -})

: 1.693

= 0.846 : Sin 57.8

: 87.25 - 57.80.: 29.45

have

2 Sin ( 9-)...') ••..1.630
Sm. ( ~ -).) = 0.815 "Sm 54.6

.,. " -). = 54.6 •,. .'_.t-. = 87.25 eO 54.6 i;l 32.650<

,
7. From tlle photograph the peak is 1.630 times the normal peak,

therefore we

'-',-

•

•

•

•
:.sin 55.3•. 1•. 9-A..=55.3
.~ ,,"87.25.- 55.3 = 31.950

•
8. From the photograph the peak is 1.644 times the normal peak,

therefore we have

2 Sm (" -A) •• 1.644 t• .!;m (9 -)..) = 0.822
, ..,-••
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TABLE-X

\
I'. '

• •

,
From,the phftograpb the peak 19 1.635

• norman peak'

•

, ,

\. '

.1.

= 0.8175 ;. Sin 54.8°

54.8° " ,
tan ;;'1(314) (100.)4) x 10.3

1.719
= tan -1 12.51 = 85.45°

2 Sin (Q •••,,)
"

Sin ( 9 ••).)
,'. 9,-)..•• =

9 = tan -1.!! =, R
But

• e = 85.45°

Since e -~=54.8 ~~¥K~~

!-. = 30.65°
•

2, From the photograph the peak is 1.743 times tbe normal

peak

2 Sin ( El-;...) = 1~?43

Sin (El ••,,-, ~,.=,0.8715 = Sin 60.6
e .. ;.. II 60.6°
, . ., '.. .,'.=.~ ',.. ). = 85.45 -:'60.6 = 24.85°

3. Frolll the photograph the peak'is 1.743 times tile normal

p••.k .

2 Sin ( e ..\) = 1.743, , .
, ,

Sin, ( 8 -'A) = 0.8715 = Sin. 60.6
" .':. ,

• eA._ 60.6.'. f ,•
.,'. ).. • 85.45 - 60.6 • 24.85°

"

•• •• :do- ),. = 24.85° •

5. -do- A. = 24.85. ,
,
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, •

•
•

\ .

'>, From t~ pbotograpb tbe peak i.e 1.857 times tbe normal

peak
,

•
• • , •

2 Sin ( e -,,) = 1.857

Sin ( e -A) = 0.9285 = Sin 68.2°

e -)= 68.2°
- -

, (.. = 85.45° - 68.2° = 17.25.
• {

7. From tbe pbot()gr ap Il tile peak is 1.743 times tbe normal peak
•
2 Sin ( e -A) = 1.743

Sin ( e -t-) = 0.8715 = Sin 60.6

8. f)'OlD_the photograph the peak 151.743 times tile normal

peak.

2 Sin (e-/\) = 1.743

Sin ( e -).) = 0.8715 = Sin 60.6°
•

•

••

•
8 - ')..=

" =

•

- .

\

= 85.45 - 60.6°

•

•
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TABLE -(II •

•
\

•• .1. Fromthe pho,tograph
• norma. peak.

the peak' is 1.785 times the,
• •

2 Sin (8 ~) •• 1:;785..

Sin ( 9 -i\) ••.0~8925 •• siD 63.2°

9- A •• 63.2°

,

Since 9

.' . (\... 87.25 - 63.2° •• 24.25°

•• ~ ••1 Wi •• tan-1 (14) (126.6)1'10-3

1.902• (10-3 )
II tan-1 097~2.4)

tan-1
1.902 •• 20.9 II 87.25'

2. Fromthe photograph the peal< is 1.846 times the normal
peak

2 Sin (9 .-A) = 1~846

Sin ( 9 - /I.) •• 0~923 •• Sin 67.40
. ...

•

e - A II 67.4°
•• 9 ••"67.4 •• 87.25 - 67.4

.'. /-. •• 19.85°

3. Fromthe photograph the peak is 1.740 times the normal
peak ,

, 2 Sin (e -.A ) ~ II 1~740 .
Sin (9 -'A) •• 0.870 •• Sin 60.4'

.. e -A II. 60.4°.

~'.A" 8 - 60.4 •• 87.25 - 60.4
•• 26.85°

•
,

,

,

••the normal peak
( i ••):) II 0.8925

= Sin 63.2°,
•• 9 - 63.2 .= 87.25° - 63.2°

, . .:. A

4. Fromthe' photograph the peak is 1'~785"times
2 Sin (.8 ••A) = 1.785 ::. Sin

e -): ••63.2°
••

•• 24.05°
•



•
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,

•

, •5. From the p~otograph the peak i6 1.742 times the normal
•

• peak. , •

•••

2 Sin (Q - -r..) = 1.742

Sin (Q - Ie ) = 0.871 = Sin 60.6°

Q - " = E?O.G
{\ = 87.25 - 60.6 = 26.65°

6. •
peak is 1.785 times theFrom the photograph the normal

peak

• 2 Sin (Q-I'- ) = 1.785
Sin(9 - t- ) = 0.8925 = Sin 63.2°

Q - ). = 63.2°

• )... = 87.25 - 63.2 =24.05°••

7. From the photograph the peak is 1.769 times the normal •
peak

2 Sin (Q_-)- )= 1.769 '
Sin (Q,~"),= 0.8845 = Sin 61.7°

9 - "f.. = 61! 7°

,'. '!-- = 87.25 - 61.70 = 25.55°

•
•

•

•

-do-

8. From the photograph the peak, is 1.742

• 2 Sin (Q-r- ) :: 1~742
Sin (~ ~ ).. ), = 0,871 = Sin 60.6°

,Q - (., ;: 6"O.6'!
I. /I = 9 - 60;6 = 87.25 - 60.6° -

: _'). = 26.65°

•
10. From the photograph the peak is 1.666 times the normal • •

••

peak
2 Sin (Q -!' ) = 1.666 S~n (9 - !'-- ) = 0.833

9,- /--= 56.45°, ~- = Sin 56045°
:. (\ •• 87.2'- 56045° = 30.80°

•
•
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TAB L E -XII :~

•

•
•

•
'1 •• ' ....• From 1he Ph~;tOgraph the peak ui 1.777 times the nortJa~.

peak

2 Sin (9 ~ /I ) ':' 1!7??

Sin (9 - J.. ) = 0.8885 = Sin 62.7'

9 -;.. =. 62~7°

Since 9 = tan-1,,1 • tan-1 (14) (100.3'1-). :!f'10-3
• R 1.719
. ,

-1 31'~50676 tan-1 = 86.9°= tan = 18.33.. 1.719

9-A = 62~7°
• A • 86.9 •• 62.7° = 24.2°••

2. From the photograph the peak is 1.580 times the normal peak. •
2 Sin (9 •• ~) = 1.580

Sin (9 •• A) = 0.790 = Sin 52.20

9 •• 1\ = 52.2°

:. 1\..86.9 - 52.2 • }'t.7°...-
3. . From ot.hephotograph the peak is 1.875 times the normal

peak
2 Sin (9~,.,~ )'. 1.875 ,'.

Sin ( Q- A) • 0.9375 = Sin 69.6°
9 ->-=.69~i6"

:. ')\ = 86.9 •• 69~6 = 17.3°
"

•
.

.. ..From t~ photograph the peak is 1.777 times the normal

2 Sin (9 -!'I ) = 1.777; Sin (9 -11) = 0.8885
= Sin 62.7°

•

•

•

•

9 -')\ •• 62.7° .
A = Q - 62.7 = 86.9 - 62.7 =•••

peak

,

4.

•
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'r A B L E- XIII

•
•
,

. .

•

--

•.
1.

,
From t~e• •normal peak.

•

•photograph the peak is 1.571 times tile ••

2 Sin ( 9 •.•),) = 1.571

Sin ( e - A) = 0.7855 •• Sin 51.8.

9 - II •• 51.8.

A ••87~\ -51~8 = 36~1

From the photograph the peak is 1.643 times the ,normal

peak. •

2 Sin ( e .11) = 1.643; Sin ( 9 - '/\ ) •• 0.8215:-
= Sin 55.2.

9- A •• 55.2

••• •

3. --Fromthe photograph the peak is 1.855 times the

normal peak

2 Sin,' e.• ),) = 1.855

Sin' e •.•A ) ,7 0.9275 = Sin 68.1

• •••
e -A = 68:1". . ", "

~ = 87.9 -'68.1
•

From the photograph the peak is 1'~785times the normal

•

peak.

•

2 S18 , e ••.A ) ••1.785
Sin ( 9 •.A ) •• 0.8925 = Sin 63.2". '.' .

" 9 - ~.. 63••2. .. ,
'""

.'. A ••87.9 - 63.2 = 2Jj~7•

•
•

•

•

•

•
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\ TAB L E -nv •

•

•1. From thE\ photograph the }le¥ is 1.751 t"imes the norma1

-
-

• peak ••

2 Sin ( e.- /I ) = 1~?51

Sin ( Q - ~ ) = 0.875 = Sin 61.1°

Q - /I.. 61.1°

• •

./I = 87.2 -61.1 = 26.1°

-1 wl -1 (314)(.70.93)(10)-3tan _ = tan
R ------ 1.0895

•••
•

9 =
-1= ts,n

Since

",2o::;Z'."",2"",Z_202--..-1 8= tan 20.5 = 7.2°
1.0865

2. . .From the photograph the peak is 1.666 times the normal

peak.

2 Sin. (e-"A) =.1.666

131Jl (9 •• /I ) = 0.833 •• Sin 56.4°

•'. e ••/- ':' 56.4

t. )..••87.2 - 56.4 = 30.8°

•

3. From the photograph the peak is 1.751 times the normal
peak.

•

2 Sin. ( e ..-.A ) = 1•.751
Sin ( 9 - ~ ) = 0.875 = Sin ~1.1°. " . . .

t. A •• 87.2 - 61~1 • 26.1°

4. From the photograph the peak is 1.751 times the normal

peak.

•

2 Sin (e.-.~) ••1.751

Sin (9.-)\) = 0.875 = Sin 61~1°
9 .,.'): •• 61.1° .

•'. /\ •• 87.2 - 61.1 •• 26.10

•

• •

• •

•
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•
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\

•

5. From the photograph the peak is 1.833 times the normal
•

- •
peak.

• •
2 Sin (8 - A ) = 1.833

• •

Sin (9 - A) = 0.9165 = Sin 66.4'

8 - A = 66.4'
:. II = 87.2 - 66.4° = 20.80

•
6. From the photograph the peak is 1.751 times the normal

peak
•

2 Sin ( 9 - A) = 1.751

Sin (9 - A ) = 0.876 = Sin 61.10

..
:. A = 87.2 - 61.1 = 26.1

•

7. From the pbotograph the peak is 1.833 times the normal
peak.

2 Sin (Q ~ A ) = 1.833
Sin ~,e - /\) = 0.9165 = Sin 66.40

Q - A = 66.4°
• •'. ), = 87.2 - 66.4 = 20.8°

•

8. From the photoPTaph the ,peak is 1.751 times the normal
peak.

•

•

•

•
•

•'. J./' =

2 Sin I 8 -A) = 1.751,
Sin ( e - /I ) = 0.875 = Sin 61.1'. .
. , 8 - ':A = 61.1•

• • , "

•
•
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TABLE-XV

•

•
•

•,

•

• norm•.l pealC-
• •1. From..th6 photograph the peak is 1.650 times the.

• •

2 Sin (Q -A) =1.650

•

Sin ( e ••A ) = 0.825 = Sin 55.6°

e. ~= 55.60

€I = tali tan-1 wl = tan-1 (314)(1()3.13)10.3
R

1.280
•

2.

••• A = e. - 55.6.

= 87.75 - 55.60 = 32.15°

From the photograph the peak is 1.720 times the normal
peak

2 S18 (€I - A ) = 1.720
Sin (€I - A ) = 0.860 •• Sin 59.4°

•

, .

I.

€I -;A. = 59.4.
1\ = 87.75 - 59.4 •• 28.35°

•
3. From the photograph the peak is 1.620 times the normal

peak

•••
•

•
2 Sin (€I~?\) =.1.620

Sin. (€I-'/I). 0.810 = Sin 54.1
€I -1\= 54.1°.
1\ = 87.75 • 54.1 = 33.65°

•

• • •
4. From the photograph the peak is 1.350 times the normal

peak.
• 2 Sin (" ~ '1\) = 1.350

sin(e ~A ) = 0.675 •
Q -"=.42.5°.

•

•

•••
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•

•

2 Sin (9 - ") •• 1.750

Sin (9 _h) II 0.875 = Sin 61.1°

Fromthe photograph the peaks is 1.750 tiDles the normal•
•peak••

~.
•

•

•••

•

9 - ;>. = 61.1°

:. ~ = 87.75 - 61.1 = 26.65°

6. Fromthe photograph the peak is 1.400 times the normal
peak. •

2 Sin (9 - 1\ ) = 1.400

Sin(9 _)0.) = 0.700 = Sin 44.5°

9 - A = 44.50

•

7. ~ Fromthe photograph the peak is 1.750 times the normal
peak.

•

= Sin 61.10

2 Sin (9 ~ /I ) = 1.7500
Sin (9 ~ /I ~= 0.875

9 - /1= .61.1.

/I = 87.75 - 61.10 =••••

8. Fromthe photograph the peak is 1.750 times the normal•
peak.

•

2 Sin t.( 9 _1\) = 1.750 .
Sin. (9 •• >.) = 0.875 = Sin 61.1'
.' 9_/-=.61.1° •
•, 1\'= 87.75 - 61.1° = 26.65°

•

• •

• •
•

•
•
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•
, .

Fromthe' photograph the peak is 1.650 times the normal
• ••

•

• •peak.
,

2 Sin ( 9 - 1\ ) = 1.650.. ..
(9.. '1\ ) = 0.825 = Sin 55.6°

,••,

.9- A
/.

, 10, Fromthe photograph the peak is 1.700 times the normal
peak, •

2Sin.(~~A)= 1.700

Sin (9 -1\) = 0.850 = Sin 58.2°

•••
..

>, = 87.75 - 58.2 = 29.55° •
11. . Fromthe phtlbgll'aph the peak is 1.800 times the normal

peak
2 Sin (9 - 1\) = 1.800

. Sin (9 - A) = 0.900 = Sin 64.2°

'l\ = 9 - 64.2 = 87.75 •• 64.2

= 23.55°
, •••

••• 9 - ). = 64~2~ , •

12. Fromthe photograph the peak is 1.780 times the normal.

Q •• /-, '!' 62.9°

••.A = 87.75 - 62.9 = 2?85°

= 1'.780

,

peak.

,

•

\

2 Sin ( 9 - A)
Sin (9 ••r-.) =

•

0,890 = Sin 62.9°

•

.,

•

•

,

,

•
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" TABLE - XVI

,~

,
.. ;:- ~ I

51.No• Non-trails ien t re,lay -. - Trans ient re liiy llodQ~ionof r, . -

operatiilg time . operat ing .time Ioperating times in sec.
in sec. in percentage ..,

1. 0.930 0.865 6.98% ,
2. 0.682 0.626 6.3416

,
.3. 1.0'71 0.880 17.8%

, . -
4. 1.973 1.900 3.6%

5. 1.529 1.433 6.2%
6. 0.708 0.650 8.2%

,
7. 0.4295 0.340 20.8% I

, .
','

•

o

'.I',

I
I

1
- I

I

. "
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