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ABSTRACT

The symmetrical component discrete fourier transform, has
been used as the basis for computerized distance relaying in
order to detect type and location of fault in a complicated
power systeﬁ network. The biggest.adﬁantage of computerized
distance relaying using symmetrical component is the use of a
single performance equation fér handling all types 6f fault
which are likely to occur on a three-phase power system. The
beauty of the SynleEridarsconpohent. dfstante FOlay USCOR) 1ies
?ﬁEEEBQEEEEEiggéf;fiz;;EE?EESpeed relay and simple to apply.

The input to the SCDR are the symmetrical compbnents of
voltage and current. These can be readily obtained from their
respective sample wave form data using DFT filtering technique.

The DFT filtering must beraccomplished in such a way so that

fundamental frequency component can be extracted from the sampled
data without introducing excessive delay in the over all relaying

process.

" The work starts with an explanation of different types of
faults which usually occur in a power system and the-different
type of protective relays which are involved in overcoming these
faulfs. A comparitive study of the available methods is also

provided.

A computer program 1is developed for detecting type and loca-

tion of fault. The program is first validated on a model two bus
power system. The performance under different system conditions
is investigated to check the correctness of the response. The
method is than applied on a (Fealistig power system. The simulated
. . i ——— A&

data are f=d in to the program and fault results obtained are

discussed.
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CHAPTER_— 1

1.0 INTRODUCTION

1.1 GENERAL

Detailed analysis of the conditions under which fauit

o
chie

occurs in a power-system and a thorough understanding of
methods for clearing these faults, are of vital'importance in
énsﬁring reliable operation of power systems. Availability of
rdifferent types of protectiverequipments enables'the system
engineer to take proper step for detection of fault and clearing

this fault by disconnecting the faultylsgéctien ©r equipment if

necessary.

In a power-system, consisting of generators, transformers,
transmission and distribution qircuits; it iS'inevitable that
sooner or.later—some'failu;e will“gcc%rjsomewhere in the systen.
When a;failuré occurs on ény part“of.thé'system, it must be
guickly detected 'so that appropriate and timely measures may be
taken to avoid, or at least to menimize;.damage to the system.
The anticipated damage includes not only the physical damages
that may occur to thersystem comPOnents but also probable loss
of revenue, lack of reliabilityrand serv;ce interruptions etc.
The detection of a fault and disconnection bf a faulty section
or apparatus, if necessary, can be achieved by using fuses or
relays in conjunction with circuit breakers. The relay detects
the fault and may Gnitiate the operation of the circuit breakexr
to isolate the defective element from the rest of the system.

Permanent or temporary isolation of the faulty section or



eéuipment from rest of the system may be decided upon by the
nature and severity of the fault. Under normal operating
conditions of the system, a protective relay is required to
keep itself alert so tha£ in case of any emergency almost ins-
tantanecus action may be taken(q’S).

Each relay in a protection scheme performs a certain
function and responds in a.pre—specified manner to a certain
type of change in the cifcuit guantities. Various combinations
of these electrical éuantities could be worked out accoring
to the requirement of a particular situation because for every
type and location of failure there is some distinctive differ—~
ence in these gquantities. There are various type of protective
‘relaying equipments available, each of which is designed to
recognize a’particularrdifferenceiand'to operate in response

(7)

te it . Differeﬁt-types;ofmpﬁotective*relaying‘such:asioyerf*if

current relay, directional relay, differential relay, distance
relay etc are used to protect different type of power system
apparatus, feeder and transmission and distribution equipments.

. o ' '
The choice depends upon some factors such as nature of fault,

accuracy, simplicity,Z&conomy,  speed etc.

Transmission lines form a major part of a power system.
Different types of relays are used to protect these lines. The

most commonly used relays are from the family of distance

- -

relays. Because distanceprotébE&on are non-unit type of pro-
(3) |

. 3
tection . Moreover it is a.high speed relay and is simple

u

]
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to apply. Computer implementation ofathis relay is attractive:
potential and economic. Basicaily the obiective of a high

speed relayving écheme is to estimate the fundamental frequency
components from the corrupted voltage and current signals follow-
ing the fault occurrance. For\distance relaying, these compo-
nents are used to determine the apparant impedance to the fault
and hence the fault location.

1.2 TYPE OF PROTECTION(2'4).

There are two types of protection. They are primary pro-
tection and Back-up protection. Primary protection is the essen-
tial protection provided for protecting an egquipment or machine.

The primary protection is the fir§£ to act and the Back-up

! !

protection is the next in the linE'gf defence-mean;ng that 1f
primary protectioﬂ?fails,Jihngg%%EggaﬁrOtection comes into
action and removes the faulty part from the healthy systen.
When primary protection .is made inoperative for the purpose of
mq;ntenance or testing_etc; the Back-up protection acts as 1if

it was primary protection.

1.3 PROTECTION SCHEMES

(1,4,5)

1.3.1 BASIC REQUIREMENTS OF PROTECTIVE SCHEMES

A well-designed and efficient protective relay should
: e : o TR T L mE
posses the characteristics having minimum {clearing time, ‘and
voltage to operate, maximum continuity of service by disconn-

ecting the faulty part of the system. This should have the
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capability of operating reliably under the actual desired
condition and should glways alert to operate under any condi-
tion of anticipatednfréuble. It should have simplified cir-
cuitry and minimum equipments and posses maximum service at

minimum cost.
These characteristics are properly known as speed, selec-
tivity, sensitivity, reliability, simplicity and EconOmy respec-

tively.

1.3.2 TYPE OF PROTECTIVE RELAYING

1.3.2.1 OVERCURRENT RELAYING ‘2737475

Overcu#;ent protection is that protection in which the
relay.picks up-when the magnituder@f~cu£rentLexceeds the pick
up level.jThe basic element in overcurrent protectién is an
overcurrent relay. For any fault, the current would usually
rise tremendously causing the 5ctuating gquantity of the relay
to exceed the normal quanfity. The relay would operate and
close the contacts so as to complete the trip circuit of the

breaker.

The choice of relay for overcurrent protection depends

upon the time-current characteristic and other features desired.

Depending upon these characteristic the relays used are
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“adequate short-time,thermal rating.

finstantaneous overcurrent relay, Time graded overcurrent relay,

Inverse definite minimum time relay, Directional overcurrent
relay. Instantaneous overcurrent relay is one in which no enten-

tional time dely is provided for operation. The time of opera-

(2)

tion of such relay is approximately 0.1 see . For QPme graded

overcurrent. relay the time .interval necessary between successive

relajs'is governed by the factors such as fault clearance time
of circuit breaker, £liinite contact gap' to ensure non-operation,
ovér shoot qf the relays, %Flay and CT tolerance. The operation Of
directional relay depends upon both the magnitude and direction
of the fault current through the proteéted equipment. Direc-

tional relay must have high speed of operation,high selectivity,

i

The techniqgue ofloveicurrentfrelaying is used as a means
of detécting fault:on'distributioﬁ'systéms.and on -radial trans-
mission lines fed‘frOm one end. In the case of lines fed from
both -ends it is used along with directional relays. Overcurrent
relays are also used in conjuncticon with distﬁnce relays to
provide back-up -protection. Overcurrent-relays offer the cheap-
est and the simplestrprétection. |

1.3.2.2 DIFFERENTIAL RELAYING (1,2,3)

A differential relay is one that operates when the vector
difference of two or more electrical quantities exceeds a pre-

determined value. The principle of operation depends on a simple
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circulating current principle 'where the difference of the
currents of the two CTS flows through the relay under normal
conditions or even under faults outside the protected section.
Dtherwise the fundamental principle of differential or balanced
‘system of protection is that, under healthy ‘conditions, the --
current entering at one end of the protected eguipment is identi-
‘cal both in phgéé-ahd magnitude ﬁith:tha£-feéviﬁg-tﬂeﬂothefzend.
:On the occurance of a fault,~this balance is altered and .the
difference of the two currents works as the actuating quantity of

the relay. The relay operates‘and the circuit is th@pbed[

Two fundamental system of differential Relays are current
v

balance differential'i@lay and voltage balance-ﬁifferential

iﬁlay. A current differential rely is one that compares the
current entering a section of the system with the current lea-
ving the section. Under normal conditions the two currents are
more or less egual but as soon as a fault occurs, this condition
no longer -applies. The differehce between the incomming and
outgoing currents is arfanged to flow through the operating coil
of-the relay. If this differential current is equal to or grea-
ter than fhe pick up value, the relay wiil operate and open the
circuit breaker to iso}ate the faulty section,.’ “@
’ Qo

Differential protectionfié;generally unit protectiOn.

The unit protection responds to internal faults only. The pro-

tected zone is exactly determined by location of CTS. The vector

difference is achieved by suitable connections of CT or PT,s



secondaries., Differential Rélays are idealy suited for the
protection of compact ltems of electrical plant such as gene-
rators, busbars, tfgnsformers, reactors, capacitbrs, motors,
short transmission lines etc.

1.3.2.3 DISTANCE RELAYING '273+7)

Due to the complexity of the systems having a number of
infeeds from generating stations, and the need for faster clearing
times as the fault level increases the use of high speed dis-
tance relays on medern systems has become imperatiﬁe. The diffi-
culty in grading time-overcurrent relays with increasing'number
of switching stations, alsc overcome by distance Relay. The per-
formanqe of distapce relays is governed by the ratio of voltage
to cﬁrrent at the relay locatién and the operating time of the
relay gutomatically.ihcreéses,with,éh“increase_of this ratio. ..
Now the impedance- or the réactance of. the circuit between the"
relay and the fault is proportional to the distance between-
them provided the relay‘actuating guantities (voltage and
cu;rent)'are proper%y chosen. This is the reason why éuch a

relay is known as a distance relay.

Strictly speaking the impedance seen‘by the relay is ﬁot
exactly pr0poftional to the distance between the relay and the
fault in generél. The main reason for this is due to the pre-
sence of resistance at. the f;ul;_location and presénce of
loads and generating sources between the relay and the fault

location etc.



The *factors to be considered for the selection of a
distance scheme can be enumerated as speed cf operation, measur-

ing relay characteristicsﬁiﬁault coverage, @kondmic considera-
O

tions.(z)
=Y

In applying.distance relays to transmission system it is
nécessary to state the relay characteristic in the same terms
that the system'conditioné'are'stated. 1f thé relay characteris-
tics are thought of in terms of volts and amperes, than the
system conditions should be stated in the same terms.With the
distanqe relay, hOWever, it is difficult to think in terms of
volts aﬁd ampers becapse these values vary widely for the same
reléy ;espgﬁé@.lt, ther;fore, simpiified matters greatly to
think of the distance'rélay fésppnse in terms of the ratio of
ydltages to ampe;géé;ﬁggggggLEE;égéigning diétance'relays it
is necessary fd think in téfmgtgftfhervdlts, amperes and phase
angle to which it must respondlbecéuée these are the gquantities
whichs actually 0pérate thé contact actuating pafts-Fig. l.l
shows the wvariety of characteristic available. The names are
derived from the fundamentél torgque equations which, when sol-
ved for the particular qharacferistic desired. The relay will
operate whenever the combination of R gx falls within its
characteristic. Relay location is the origin of the plot. The
transmissiOn line béing protected éan be drawn di;ectly on the
plot in the first quadratant .and so the extent of the relay

protection is jimmediately apparent.
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SUSGFPTANCE RELAY

MHO RELAY

-CONDUCTANCE RELAY

SECTOR IMPEDANCE RELAY

GENERIC DISTANCE RELAY

REACTANCE RELAY

—LINEAR IMPEDANCE
RELAY

RESISTANCE
RELAY

IMPEDANCE RELAY

Fig. 1.1. Generad operating characterestics of distance relay.



Depending upon the‘characteristic,principle types of
distance Relays are impedance, reactance, admittance,ohm and
off set mho. The impedanee relay compares the magnitude of the
voitage and the current, the ratio being the indicated impe-
dance. The reactéﬁce‘relay compares the magnitude of that com-
ponent of the voltage 90 degree out of phase with the current
and the magnitude of the current, the retio being the indicated

reactance.

For fault near the remote end of the section, the relay
1s unable to determine whether the fault is just within or
just beyond the end of the seetion. Hence an intermediate class
has been introduced to include faults in the immediate neigh-
bourhood of the end of the section on either side. If a fault
falls in the first class the circuit breaker is tripped ins-
tantly. If a fault fails in the second or intermediate class,
a deflnlte time delay is 1ntr0duced before the circuit breaker
is Erlpped -and 1f thé fault- falls in. the thlrd class, the cir-

cuit breaker either is not tripped or is tripped only, after a

considerably greater-time-delay. - This is shown in fig. 1.2.

Distance protection.is non-unit protection. It is a high
speed and simplified protection. It can be used as a primary
and Back-up protection. Distance Relay is widely used in pro-

tection of transmission lines.
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IDEAL CHARACTERISTICS

PRACTICAL DISTANCE
/—RELAY CHARACTERISTICS

——

f=—FIRST CLASS—-—--SEC&)ND CLA SS—*—f—-THIRD CLASS—w=

.

——
SECTIONALIZING DISTANCE
POINT FROM RELAY
RELAY FIRST SECOND
CONSIDERED BALANCE BALANCE

POINT POINT

i

Fig. 1.2. Ideal and practical distance relay characteristics.
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1.3.3 COMPARISONS BETWEEN DIFFERENT SCHEMES

Protective relaying is necessary ‘with almost every
electrical plant and hardly any part of‘the power system is
left unprotected. The choice of protection depends upon several
aspects such as type and rating of the protected egquipment,
its importance, location, probable abnormél conditions, cost

efc(B).

The operation of the overcurrent relay depends upon the
excess of cﬁrrent. So these relays are less sensitive because
they can not make correct distinction between heavy load-conai—
tions and minor fault condition. But differential relays are
free from these difficulties. Overcurrent protection includes
the protectioﬁ from over loads. OQer loading of a machine or
equipment'meéns'the‘machine‘is tékiﬁg“mbrefcurrentrthan-its -
rated current. Hence with over loading there is an associated
temperature rise. The pérmissible temperature rise has a limit
based on insulation class and material problem(B). On the other

hand, overcurrent relays have the advantage that they offer the

chéapest and the simplest protection for line.

(2}

Differential protection is generally unit protection .
Unit protection provides fast selective clearing. The protected
zone 1is exactly determiined by location of CTS. The impedance

of the pilot cables of a current differential relay generally
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cause a slight difference between the currents at the two

ends of the séction to be prbtectéd. If the relay is very
sensitive than théAsmall differential currént flowing through
the relay may cause it to operate even under no fault condi-
tions-pilot cable capacitance cause incorrect operation of the
relay. Differential protection is suitable for protection of
caBles 6f relatively short lengths due to the capacitance of

pilot wire.

The distance relay is a non-unit form of protection off-
ering considerable economic and technical advantages on medium
voltage and 5igﬁ voltage feeder. Being of the non unit types
distance schemes automatically provide back-up protection to
Vadjacent_feeder section. Selectivlty is often achieved by a
directional . feature which is either inherent to the distance
rel%y itself.-Distance relaying is employed where time and
current graded overcurrent reléying is too slow. or selectivity
is not obtainablelfrom“thémi(l) |

Time gréded oyercurrent'relaying is not suitable for
ring mains or.interconnected long aisténce transmission lines
where rapid fault clearing is necessary to ensure stability of
system but this system is suifable for radial feeder in which
power flow is only in one direction. Different types of distance
relays are suitable for éifferent length lines. For very short
lines reactance type is preferéble because it is practically

unaffected by arc resistance. Impedance relay is better suited
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for phase fault relaying for lines of moderate lengths(2’3).
The effect of arc on impedance is more than in a reactance
relay but less thah a mho relay. Mho relays are suitable for

longer lines.

1.4 DIGITAL DISTANCE RELAY (0s7/8)

The use of digital computers for protection of power
system equipment is of relatively recent origin. A computer
have several inherent advantage that make it attractive and
provide incentive for further work.on digital protection of
transmiscsion lines. For relqying this is particularly desireable
since it permits consﬁaﬁt_monitoring and self checking. It also
has the ability to cdnsolidate logi?al functions of many devi-
ces in one}processor gnit, thus poséibiiy avoiding duplication
in situation whefe many-separate pPiece of eqﬁipment use iden-
tical inputs or perform similar function. Finally in an ihte-
grated station concept there is potential for significant

economics.

Computers relaying however is not inheréntly free §f
many of the pProblems that beset electro-mechanical or solid
state relays. Input signal errors caused by transient dc off-~
"sets and CT saturation must still be recognized and consider-

able,
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Distance relays form a key element of a protection sys-
tem,and consequently a great deal of attention has been givén
to the problem of implimenting distance relay on digital com-

(7). Some relays which use a digital proceséor for com-

puters
puting the impedance and making decision have been developed

in the last few years. The algorithms used to calculate the

"apparant impedance used in this relays can be catagcecrized into

four groups. The first group is developed assuming that the

waveforms presented to the relay are pure éinusoids. The second

group of algorithm use fourier analysis and the third group

used digital filters to extract the fundamental frequency in-

formation frém.the,input. The last group of algorithms numeri-

cally solve a differential eqqation which describes the behavi-
(8)

our of the transmission lines .

| S
" In all digital relays, voltage and -current outputs of

the transducers arepreprocessédland converted to milli-volts
[ el b S

lvel. Preprocessed -signals of the milli volt level are con-

verted to numerical .values_by analog-=to-digital converter.

The digital "information is-then provided to a processor which

analyzes the information and makes appropriate decision. Fig.

1.3 shows the block diagram représentation of digital Relay.

Analog | analog . |_|a/D con- | Digital | Digital
Signal . Processing verter Relaying Output
algorithm |.

Fig. 1.3 Simplified Block diagram of a digital relay.
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The line protection with digital computer working group
deveioped a set of criteria to describe the performance of digi-
tal distahce relays. The special ériteria are speed (algori-
thm time, total time), selectivity ( fault locations, fault
- type), Accuracy, reliability, Fault wave form specifications.
Other important characteristics that should be considered are
special processor requirements;memory requirement, substation
environment'requirementipower supply constraiﬁts, compatibi-
lity with other system used in the substation,adaptability,

diagnostics,self~cheeking and the man machine interfaces(6).

1.5 LITERATURE SURVEY

The field of power system'protection has been the subject
of_a great'deal.of analysis and different types of protective
Relays have been developed for thisipurpdse. Of these, the dis-
tahcelreiay'is-one-of the major tools foi power system pro-
tection. Research absffacts and many references to such work are
found in the literature. Some of the more important ones, reli-

vant to the present study,-are discussed in this section.

In 1947, W.A. Lewis and L.S. Tippett have presented a
paper(g)-on fundameﬁtal basis for distance relaying on 3-phase
system. In this paper, they have discussed that the faults

occurring on any power system are devided into two general

types; the first consisting of line féult invelving two or

’
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more conductors and the seéond consisting of ground faults
involving one conductor and ground. They have then demons-
trated the use of -different relaying technique to obtain the
relaying current and voltage for relay operation. The analy-

I
ses has been based upon the assumption of sine wave currents
and voltages, constant circuit impedance and negligible distri-
buted capacitance in the faulted sections of the line. They
alsc assumed further that the fault impedance consists of
resistance only and is effectively constant throughout a cycle.
They, however,rdo_nét provide any justificatioﬁ for these assump-

tions.

In 1958, W.K. Sonnemann and H.W. Lensner developed a metho-
dolbgy(lo) for aistahce relaying based'updn compensator techni-
que; In this system,'ﬁhey proposed the userof two peolyphase relay
units-—one of'the;units_fesponding‘ta all phase-to—phase faults,
regardless of which pair of phases is faulted,'and the other
unit responding to 3-phase faults. They claim this to be a high
speed distance relaying. scheme for use with or without power

line carrier or microwave. But they do not provide any scheme

for single phase to ground. fault.

In 1%966,. G.D. Rockefeller developed a basis(ll)

for design-
ing distance relays that would detect ground faults in a preset
zone of transmission lines. Used in conjunction with timers,

the . proposed scheme would provide step-distance protection.



18

These relays were iﬁhéfently directional and are non reactance
type which was the key to schemes simplicity. The. relays would,
however, be unable to detect a phase to phase fault. He also
advocated in his paper that directional sensing as well as a.
phase selector -must be added in these relays so as to be able
to detect whiéh phases in grounéed. Because of these supervi-

sion requirements, a single zone relay becomes excessively

complex.

In 1971,'Barry J. Mann and I.F. Morrison proposed a method
of distance‘type-protection'suitable for-on line digital compu-

ter protection of transmission 1ines(12x

. The basic principle

is the predictive calculation of peak fault current and voltage
from a small number. of sample.values. From these the transmission
line impedqnce can be calculated and fault condition detected
and measured by the drop in impedance. The author, however,

noted that different inherent numerical errors due to numerical

differentiation, presence of noise etc may give rise to problems

and it is essential to avoid these.errors for proper operation.

G.B. Gilerest, G.D. Rockefeller and E.A. Udren in their
L (13,14) . . _ _
paper , suggested a method which provides high-speed phase
and ground distance fault protection of 230 XV transmission
lines. In this method the stored program performs all of the
relaying functions using the output of an A/D converter which

reads the instantaneous values of the power system currents

and voltages.
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(8)

M.S. Sachdev aﬁg?ﬁ;A. Bafibean in their paper present
a new algorithm suitable for calculating impedances from digi-
tized voltages and currents sampled at a relay location. The
algorithm assumes that the input is composed of a fundaméntal
frequency component; é decaying d.c. and harmonics 6f specified
order. Parameters of a digital filter,.determined by using the
least error squares approach, are then used to compute the real
and imaginary components of the voltage and current phasors.
Impedances as seen from a relay location are than calculatéd.
They also mention that.for development of algorithm it is
essential to ChéOse a propér sampling'fate, data window, time
references etc. |

Adly A. Girgis and R. Grover'BrOWn in their papefs (13)
proposed a method of digital distance rélaying technique using
kalman filtering. Kalman filters, as recursive optimal estimators,
are used to optimally. estimate the 60HZ voltage and current
components, They'pointed out that the kalman filtering based
algorithm is especially well suited to on-line'digital process-
ing because the noisy input data being processed recursiveiy.
The filter is initialized with an initial estimate of the
signal and its error coveriance. The paper, however, does not

discuss the relative accuracy of this method,

(l6,17,18)

A series of papers by A.G. Phadke, T. Hlibka,

M.G. Adamiak and M. Ibrahim discussed digital distance relaying
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techﬁique using symmetrical component theory. In their first
paper (16) they developed a,sing;e‘performance equation of
distance relay for handling all types Qfefaults which are
likely to occur on a three-phaee system. In this paper they
also mehtioned that symmetrical component relay-is suitable
for digitel computer application and it is‘a high,speed'
distance relay end is simpie to apply. In their second paper(l7)
they discussed about digital computer implementation of the
symmetricals component distance relay (SCDR) and a micro
computer baeed hardware system suitable for this task.. In‘
,eheir'third‘papef(la)*they describe-the field tests of a- mlcro
computer based ultraa high speed dlstance relay.

i

1.6. SCOPE OF THE PRESENT WORK

Computerised relaying is becoming a well-known research
area for power system engineers. Computerised relays have the
great advantages of accuracy in detecting fault and operation
of relay over mechanically operated relays. Different methods
are being investigated in devising a suitablekway.of calcula-
ting faqlt distance and in feult—type detection. Of these, the
symmetrical component approach is feund to be very sound and
reliable in these respects. Some research is being carried out
in exploring a method of distance relaylng using symmetrlcal .
COmponent But practical appllcatlon has not yet been establi-

shed in this area.
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;

The objectivéfafﬁthis research is to present an analy-
tical baéis for distance relaying using symmetrical component
ﬁ&ﬁﬁéﬁﬁ. The. biggest advantage of comﬁuterized_distance,relay-
ing using symmetrical component is the use of a single per-.
formance equatioQ for arbitraryJﬁypes of faults. Cénceptually,
the use ©of a single equation to determine the distance to a
fault is equivalent to using a single impedance unit which
reéponds correctly to. all fault types. The input to the symm-
etrical compongnt distance relay are the symmetrical compo-
nents of voltage and current. The symmetrical components of
voltages and currents can be~readilyrobtained”fr0m their res-
pective sample wavéform data under steady state as well as‘
transient systems'COndition using disérete fourier transform
(D.F.T) filtering technique. The D.F.T. filtering must be
accomplished in such a way so that fundamental frequency com-
ponent musf be extracted from their sampled data without
.introducing excessive delay in the overall relaying process.
The symmetrical component discrete fourier transform (S.C.D.F.%)

$§§W, therefore,chosen . as the basis of the investigation repo-
gl h

rted here.

The work starts with an explanaﬁion of different type
of faults which usually occur in a power system and the diff-
erent type of protective relayé thch are involved in over-
coming these faults. A comparative study of the available

methods is also provided.
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The next step is a detailed investigation into the
' ' o
discrete fourier transform technigue and an attempt at refine-
ment of the method so as to develop it as the basic tool of

analysis in the present work.

finally,,a computer program*isxdeveloped for détecting
the type of fault and the distance of fault from the relay
location. The program, is then tested on.a model power system.
The performance under different system conditions is investi-
.gated to-check the_correctness .0of the.response. The. method is
then appiiedfgi;aréaffggic power system. The simulated data
are fed in to therﬁrogram and fault results obtained isi inves-

tigated.
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CHAPTER - 2

2.0 FUNDAMENTAL BASIS FOR DISTANCE RELAYING USING SYMMETRICAL
COMPONENT . T

2.1 INTRODUCTION

This chapter consist of development of distance relay
performance equation based upon the theory of symmetrical com=
ponents. This performance equation is used to determine location

of fault, detection of type and phase of fault.

Fig. 2.1 shows a block diagram representation of the
method. In sectienéJYexpressiOn for the distance up to fault for
different type of faults are developed. Finally flow diagram
(fig. 2.8) for calcﬁlating type and location of fault are dis-

cussed in section 2.7.

2.2 BLOCK DIAGRAM REPRESENTATION -OF THE S PRESENT WORK

First of all a computer program for SCDFT will be deve-
loped in order to obtain sfmmetrical component voltages and
currents from the sample wave form data. Next, the computer
program for symmetrical component distance relay will be
developed and the symmetrical component data will be fed into the
SCDR program in ordef to obtain fault results such as location
of fault, type of fault and phases of fault. Finally‘the deve—
loped computer program will apply on a model power system and
a large power system for investigation. The block diagram for

the method is shown in Fig. 2.1l.
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Development of algorithm”
for symmetrical component
discrete fourier Transform
program

Determination of symme-
trical component of currents,

" voltages. from the sampled

data at the relay location

Development of
algorithm for

program,

symmetrical compo-
nent distance Relay

Data obtained from S.C.
D.F.T. program are fed
into the S.C.D.R. pro-
gram in order to deter-
mine the location of
fault, type and phase of.
fault. : .

Application of the
symmetrical component
distance relay program
on a model power system
and a large power system,

Fig. 2.1: Block.diagram
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2.3 BASIS FOR SYMEETRIéAL.COMRONENT.FAULT ANALYSIS

~An unbalanced system of n related phasors can be resolved
into n systems of balanced phasors called the symmetrical com-

ponenté of the original phasors. This is the fundamental concept

{19)

of symmetrical comppnents which was introduced by Dr. Fortescue.”
The n phasors ¢f each set of'components are éqﬁal in magnitude
and the angular displacement between adjaceﬁtdphaso;s of the

set are equal. A more convenient method of anélyzing unbalanced

operation is through symmetrical components where the three

-phase-voltages.-( and.currents).. which may be. unbalanced arel.trans-

formed into thrée‘sets of balanced voltages ( and currents).
Fortunatély, in s;ch a tranéfqrmation the impedancés‘presented
by various power sYstem elements (synchronous generators, trans-
formers, lines) to symmetrical components .are deqoupled‘from
each other resulting in independent system networks for each
component (balanced set}). This 1s. the basic reason for the

simplicity of the symmetrical component method of analysis.

Most of the faults that occur on power éyétéﬁs are unsy-
mmetrical faults which may consists of unsymmetrical short cir-
cuit,unsymmetrical faults through impédances. Unsymmetrical
faults occur as single line to ground faults,line—to—lie-faﬁlts*
or Double line-to-ground fauif.'siﬁce any unsymmetrical fault
causes unbalance currents to flow in\the system, the method
of symmefrical components:is very useful in an analysis to
determine the current and voltages in all parts ¢f the system

after the occurrengéof the fault.
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The utility of symmetrical cdmponent theory follows from
the simplicity it intfoduces in calculation of unbalanced sys-
tem fault conditions for an otherwise'balanced system. For all
unbalanced fault which are symmetric with‘respecﬁ to the refe-
rence. phase, the resulting symmetrical component equqtions and
equivalent circuits are.especially simp;e. For' unbalanced faults
which are unsymmetric with respect ﬁo the reference.phase the
coresponding equafions and,equivalent circuits contain complex
multiple of a and a? (See Appendix -A). This complication is

’

of no consequendé in most fault studies where the fault can

falways:bemaSSumeduto-be:symmetricTwith*respect to the -reference

phase without any loss of generality.

2.4 DEVELOPMENT OF THE DISTANCE RELAYING FORMULA

In order tordevelop the performance equation of the symme-

trical component distance relay let us consider a sample sys-—

‘tem ( see Fig. 2.2) consisting of two buses P & Q with the

power system behind buses P & Q represented by three phase

)

The in sou E 2. ., 2 )
hevenin sources G (ZOG' 167 2G) and EH { ZOH"ZlH’ Z2H
respectively. The relay under consideration is assumed to be
at the P-terminal of the line. Various type of faults will be
placed at B which is assumed £567bésat g fractionalrdistancesk from bus p,
sl Al e

: Suichind : _
K being the ratio of the distance between P and B to that bet-
ween the total distance PQ. The fault at B will be assumed to

have a resistance Rf in the fault path. Bus W is a fictitious

bus within the fault arc path.
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P Q
| | B
Zo,2, '
Eg 5 _ | <EE:)-
Z06 | - | ZoH
216 | Z1H
226 jem— K = w I

Fig. 2.2 Sample system;single line diagram
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Fig. 2.3 Voltages and currents during fault at B



28

The symmetrical -components of voltages and current at
terminal P ©of the line Qill be considered to be the input to
the relay under consideration. Consider £he occurrgace of a
fault at B through the fault path resistance. The resglting
voltage; and currents in the netﬁork are‘shOWn'in fig. 2.3.

The relevent performance equations are (See Appendix;B).

Bw= Eo KI 2 = Roe T .
By~ E,7KI, 2, - R T, 2.1
Bow™ Foam K2y = Roglos L

".
Lo
/

{

For a transmission line, Zl=zz;

I are the symmetrical

o't Tog

component of the fault current.

The change of line currents because of the fault are

AL =TI -I =T
e ] Q Q Q
-1 _...- L .
AT = | | 2.2
AL, = I.-I.=T

2 2 2772

where fo’ Ii, 12 are prefault currents

using 4I,S in equation 2.1.

EOW = EO-KAIOZO‘ ROf IOf

= E.-KA - KI_ 2 - .
B\, = E,KALZ) - KI 2= R T . 2.3
Epy = Ep7KalyZy = Ryp Ioe

The voltage drops are then,
AE0= aIOZO
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2.4

E:O
Ko.= AE
.- Q
E
K, =
1 AEl
E
_ 2
Ky = 55~ , 2.5
2_.
Z.I_ -
S N &
1 AE,

Eguation 2.3 can: now be expressed in terms of these rations as

s
il

ow AEO(KofK) T Rog Iof
By, = 88/ K -K(14K) ] Ry T 2.8
E = AE (Kz—‘K) - sz sz

2W 2.

The first three ratios introduced in equation 2.5 are between
voltages and voltage drops of the same sequence and the last

ratio kL is between currents of the same sequence.

2.5 EXPRESSION FOR DISTANCE UPTO FAULT

2.5.1 THREE PHASE. TO GROUND FAULT

The symmetrical component representation for this fault

is shown in fig. 2.4. It is cobvious that only the positive
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sequence network is of significance. The fault imposes the

boundary condition Elw = (0 at bus W. Substituting this condi-

tion in second of equations 2.6 leads to (See Appendix-B).

. K] . U B
D N . .
K= 17053 €y , 2.7
=R I
T1f1f
where ¢ _ = ———F7 2.8
AEl (l+k]:)

€ denotes the term depending upon le.

'2.5.2 SINGLE LINE TO GROUND FAULT

The symmetrical component representation for single.
phase to groﬁnd faults is shown in fig. 2.5. Boundary condi-

tions imposed:
i) Phase_ 'a' to ground fault:
E,, v E Egw = 0 ; | 2.9
AEl = AEZ -

ii) Phase 'b' to ground fault.

QATE + OE + E = 0
1w 2w ow
2.10
2 = E -
(63 AEl ah 2
iii) Phase 'c' to ground fault
a + 2 + =
@ E“lw « E2w Eow 0
2 A
aAEl = a uﬁz_ 2.11
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RNV AV A AV AV LV L L G LV LV S L L & S (5 GV &5 o 4

Eiw =0

Fig.2.4. Symmetrical component representation for A three phase fauit

Ey }

E, |

RV A S A S A A A A & (A A SV S SR A G oy aav o

Fig 2.5. Symmetrical component reresentation for phase to ground faylt
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Using these boundéry conditions in equation 2.6 leads to the

following expression for K (See Appendix-B)

+ + X!
Kl K2 Ko o]

2 + Ky

+ K! ) r
o

where, for a-g fault

- (R I + R I + R I..)

of "of 1f " 1f 2f “2f
€ = = = 2.13
r AEl { 2 + hL + Ko)
for b-g fault
~(RY . I, + a? I.. +aR I
o T'Rap Tap T O Rye Top T %Rog of! 5 14
- ¥ + K' :
r AEl {( 2 KL KO)
for c-g fault
- 4 2
oo TRy Tip * oRpp Toe ¥ @TRop Top 2.15
T AEl(2+KL +‘K('D)
AEO :
and K' = — : 2.16
o] AEl . _ et

2.5.3 LINE TO LINE FAULT

The symmetrical component representatioﬁ for the three
phase to phase faults in shown in fig. 2.6. Boundary conditions

imposed are
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i) 'b' - 'c' fault .

By = EZW 2.17
AE, = - LE,

ii) 'a' - 'b' fault
QE, =a§§§2w 2.18

aAE, = -aZAEzu

iiiy *a' - 'c' fault :
_azElw ? OL'EZW - 2.19
azﬁElf= —atE,

Substituting these boundary conditions in equation 2.6 the

expression for K becomes (See Appendix -B)

+
Kl KZ

2+KL lr
where, for _b-q'fault:

~Ryg Ty 7 Bor Tof) —
*r 8B ( 2 * K) :

for a-b fault:

~(Ryp The 7 #Roe Log) : 5 22
“r AE; ( 2 * K) . .
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Fig. 2.6 Symmetrical component representation I‘or phase to phase faults.
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Fig.2.7 Symmetrical component representation for double phase to ground faults
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for a-c fault: —.°

o - 2 .
. - - (Rig Tig ~ @"Rye Iog) 5 23
r AE, ( 2 + K.) )
1 T,

2.5.4 DOUBLE LINE TO GROUND FAULT

The symmetrical component: representation for double
phase to ground faults is. shown in-fig. 2.7. The boundary
conditions are:

i) . b=c=G _fault:

Elw = E2w = Eow : 2.24

ii) a-b-g fault:

aE = aE = E 2.25

1w 2w oW
iii) a-c-g fault:
2 = = V
a Elw aEzw Eow- 2.26

Using equation 2.6 and boundary condition the expression for

K becomes ( See Appendix - B}.

1 é o] ‘ - '
= : €
K 1 - - + 2.27

where for the b-c-g fault:

R . I
E_= 9
r &

. - R I
Qf 1£f "1f
I K + K

o) L

lullaf

{
RN
L.
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P ”

for the a-b-g fault:

2 - .
e = Ot-Rof-Iof ‘le Ilf : 2.29
. 1] B -
r AEl ( l+KO + KL )

and for the a-c-g fault

. oRop Iog T Rye I , 2 30
+.-I + .
r AEl (1 ho KL)

2.5.5 GENERALISED EXPRESSION-

The expression for K. for all types of faults are given
by equations 2.7, 2.12, 2.20, 2.26. Unification of these four
equation is poséible with the introduction of a new parameter

Ké defined as

1 —_
K} 1 when [AEll = lagzi 2.31

0 otherwise.

It will further modify the definitions of Ko and K2 such that

they are identically zero when. AEO and AE2 are zero. The

four expressions for K as indicated above are now equivalent

to the single expression - ( See Appendix - B):

The expression represent by equation 2.32 is the gene-
ralized expression for the operating equationdsymmetrical

component distance relay. This equation represents per unit
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distance ( expressed in terms of total line length) to any

balanced or unbalanced fault on the transmission line.

2.6 DIFFERENT APPROXIMATIONS

In order to develop the generalized expression for dis-
tance relay a number of approximations were made. This simpli-
fies the formulation of the problem. The main assumptions are

the féllowing:

j) The part of.the system behind -the buses. are representced

by three phase thevenin sources.

ii) Positive sequence.voltages and currents are the only

significant variables for balanced pre-fault conditicns.

iii) The phase angle of AT and AL, adI_, aZAIl in

1
three cases for phase to ground fault are approximately equalElG)

AE AE AE AE  J(0_-8)
15 lacg™ 33EL Ib-g * °— fog = K5 = I=gEle =
1 1 G;AEI 1
AE
The ratio of EEE in a phasor with phase angle of

1
approximately 0, - 21/3 or + 2n/3 depending upon whether the

fault is on phase a, phase b or phase c.

v) In the operating equation of the distance relay the
error due to fault resistance €. is neglected. Since the arc

is likely to be short during the first cycle of the fault, the
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error due to the fault path resistance may be expected to be
small for a high-speed relay. €. showed be neglible, So the

final form of the performance equation from egn. 2.32. is

+ K. KI + K K'

Kl 2 KZ' Qo 0
' + K + K
1 + KO 5 IL_

2.7 DEVELOPMENT OF THE COMPUTER PROGRAM

Fig. 2.8(a) shows the flow-diagram for calculating loca-
tion and type of-faults. The. signals input to the relay -program
are symmetrical components.of voltages and ‘currents: The-signals
proportional to the voltage drops produced-by phase and zero
sequence impedances. of the transmission line. The value of the

ratio KO, K Ké are than calculated. from the ratio of EO

ll K2I

and AEO, El and AEl, E2 and AEZ,

of the difference. of AEl and-AE2 is next compared against a

tolerance €y - If this differences is .greater than gl in magni-

tude the wvalue of Kéris set equal to zero, otherwise the value

of Ké is one. Finally the value of K which is the location of

fault is calculated. The choice of the tolerance El are dis-

cussed in section 2.8. . The value of Ké is now compared with

zero. For a value of Ké equal to zero, the magnitude of AEO

is compared against a second tolerance €qe If AEO magnitude

AEO and AEl. The magnitude

is greater than €yt than the type of fault is double line to
ground fault, otherwise it is a three phase fault. Again for

a value of Ké not equal to zero, the magnitude of AEO is
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compared against the téierance,Ez;?If“-AEé magnitude'is grea-
ter than €2,‘it is a phase to Qround fault, otherwise it
is phasé to phase fault. The selection of the tolerance 82

are also discussed in section 2.%8.

Figg.2.8;(b)-showswthe flow chart for detection of phases
for differnts type of faults. For single line to ground fault
the magnitude of the angle of the ratio AEl/ AEZ is first
compafed Qith afﬁolerance €3¢ If magnitude of this angle 1is

““less” than s}, it.is:phase- 'a' to ground,faultlIifthis-angle.is
greater than E;, thgn the'magnitude.of the difference of the’
angle between the ratio AEl/ AEZ and 1200 is compared with
the same tolerance - &£4. If this magnitude of the angle ié
greater than g it is phase 'b' to ground fault, otherwise
it is phase 'c' to ground fault.

For phase to phase fault, the magriitude of the differ-
ence between the angle of the. ratio AEl/ AEZ and lBGO is

first compared with the tolerance € If the magnitude of

3
this difference is less than Eq1 it is phase 'b' to phase ‘¢’

fault. Again if this difference is greater than than

€3¢
the difference of the angle between the ratio AEl/ AEZ and
60O is compared with €q If this difference 1s greater than
€37 it is phase 'a' to phase 'p' fault, otherwise it is phase

ta' to phase 'c' fault.
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/
Input data
7., E I
ZOI le 2' EOI Ell‘ E'ZI IOIIlVIlel
Calculate AEO, AEl, AEZ, A;l
Calculate KO' Kl, KZ' K, Ké
K! =1 K!=0

I

Calculate K

phase to phase to Double Three

ground phase phase to phase. -

fault fault ground fault
fault

& © stp

Fig. 2.8«Flow diagram for calculating location & type of fault
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1
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L

Phase 'b! Phase 'c' Phase 'a'
to ground to ground to ground
fault . fault fault

Phase 'a' to Phase 'a' to Phase . "b!' to
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fault fault fault
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n

(AT, AT AT | :e

8

: 2 .
|aAIl+a AI2+AIO|¢€

4

phase 'a' & phase 'a' £ phase phase 'b' g
Phase 'c' 'b' to ground phase 'c' to
to ground fault ground fault
fault ' ‘

Fig.2.8(b): Flow diagram for detecting phases in

different types of fault.
*
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For double phase to ground fault, first the magnitude

of the sum. ( AIl + AIz + AIo.) is compared with the tolerance

€4 If this sum is less than_e4, it is phase 'b' and phase 'c'
to ground fault. If this sum is greater than €4 than .the mag-
nitude of the sum (aAIl + QZAIé + AIol is compared with the
same tolerance g If this sum:is greéter than Eqr it is-

phase 'a' and phase 'c' to ground fault, otherwise it is phase
'a' and phase 'b' to Qround fault. { The computer program

developed for this flow chart is shown in Appendix - C).

2.8 SETTING FOR TOLERANCES c. AND e %7

1 £

The tolerangé él is set such that fqr any type of unbalan-
ced fault on the‘system, the negative segquence voltage drop AEZ
is qréater_than S AEl. The critical fault to consider is a
double phase to ground fault, since for all other unbalanced
faults, |AE1|:|AE2[ . The negative sequence voltage drop for the
double .phase to ground fault depends upcn the ratio (ZO/Zl).
Fiqure (2. 3) shows a plot of (IZ/Il) as a function of (Zz/Zl).
Taking the worst possible system configuration,:a safe value

feor can be determined. In our system g1 = 25% has heen found

€1

to be a secure setting for all possible system conditions.

The &, setting helps distinguish between ground faults and
non-ground faults. This setting is also determined by considering
the variation of (|AEO| / |AEl|)as,a.functibn of zé/zl for the
system+*Fig. (2.9) also shows the variation of (IO/Il) for all

possible values of (ZO/Zl). From a consideration of worst case

(Zo/zl)f the value of 25 can be determined. In our case, a

value of 50% has been found to be a yeliable setting for PR
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CHAPTER - 3

3.0 SYMMETRICAL COMPONENT DISCRETE FOURIER TRANSFORM

3.1 INTRODUCTION ‘

In this chapter the analysis of discrete fourier transform
technigque, the algocrithm for symméfrical component discrete
fourier transform using DFT techniqué and Recursive-Algorithm for: SCDFT
are presented. Section 3.2 consists of the description of D.F.T.
technique, sampling theoreom. The choice of sampling rate, data
window and time reference for-S.C.D.F.T program are also dis-
cussed in this section. The development of algorithm for SCDFT
and Reécursive Algorithm . are presented in section 3.3. Finally
an algorithm for computer program for 3CDFT is written which

is presented in section 3.4.

3.2 DISCRETE FOURIER TRANSFORM

3.2.1 DESCRIPTION OF THE TECHNIQUE

The discrete fourier transform is a special case of conti-
neous fourier transform. It approximates the contineous fourier
transform and is easily amenable to machine computation. The
most important concept to keep in mind is that the discrete
fourier transform implies periodicity'in both the time and fre-
quency domain.(zo)

Considering the discrete signal X(KT), which can be

result of sampling a contineous signal x(t) or can occur in
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herently as a sequence ¢f numbers.

The approximate fourier transform pair can be written

as:

N-1 :
X{(JW) = £ TX(t]) exp (~JdWt ) 3.1
k k’
K=0
aw M1 .
and X(t) = 5= z X(IJW_) exp (JW_t) 3.2
T n=-M o o

If the signal has a finite number of points and its values
are used in the approximate fourier transfdrm,'then Eg. (3.1)
and Eq. (3.2) yields’therapproximate frequency and time informa-
tion about the signal at the N discretejfrequency and time.values

respectively. Eq. (3.1) and Eq. (3.2) can be written as:

N-1 .
X(an) =7 E X(t, ) exp (—antk)
K=0
for n = 0,1,2,.... N=1 (3.3)
AW N/2-1
and X{t,) = == 5 X{JW ) exp (JW t_ )
K 27 n=-N/2 n n k
for k= 0,1,2,..... N-1 (3.4)

where for convenience and without loss of ganerality, M in
Eq. {3.2) is replaced by N/2, so that the same number of data
poeints in both the time and frequenéy domain is obtained. Since

the frequency function X(an) in Eg. (3.3) is periodic with-
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period N, the summation in Eq. (3.4) can be written -.as:

AW -1

N ' .
x(tk)? o nEo X(an) exp (JWntk) for k=0,1,2.. . N-1

(3.5)

.
Now,_the.  relationship between the time interval T and the fre-
quehcy interval Aw for sampling the contineous signal X (t)

in order to obtain discrete signal X(KT) is

aw = 2L (3.6)

NT
AW - 1 7 : _ nk2m
Then > 0 and ‘Wnt — (3.7)

k. N
Now let us consider

X, = TX(t K=20,1, .... N-1 (3.8)

k) :

and Xn X(an) i n=20,1, ... N-1 (3.9)

Then Eq. (3.3) and Eg. (3.5) becomes

N-1
X, = I X_ exp (- (J271 /N) nk) n= 0,1,... N-1
n k
K=0
(3.9)
]. N"l -
and X, = g Z X, exp ((J2n/N)kn) K = 0,1,... N-1
n=0 &

(3.10)
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///
T
.

The two expressions in Eq. (3.ib) and Eq. (3.11) are
called the discrete fourier fransform (DFT) pair. Notation
Xn = DFT (Xk) is used to denote the direct discrete fourier
transform in Egq. (3.10) and Xk = IDFT (Xn) is u;ed to denote

the inverse discrete fourier transform in Eg. (3.11). (For

detailed see Appendix-D).

3.2.2 SMAPLING THEQREM

"A band-limited periodic function with no hamonics of

order higher than N is uniquely specified by its value at 2nN+1

instants within éne period” 521)

According to the sampling theorem, in order for a band
limited signal to be recoyerable from:the samples of the signal

the sampling frequency must be equal to. at least twice the

highest. frequency component in the signal.(QO)
That. is:
f = < > 2. f | o (3.12)
s T ""h '
where fS = % = sampling frequency in HZ.
fh = highest frequency content of signal in HZ. -~
1 ' i
Therefore, T<
th

This relation places an upper limit on the sampling
1

interval in the time-domain. The reguirement that T = >t
' h



49

is simply the maximum- spacing between samples for which the

theorem holds. Frequency % = 2fh is known as Nyquist sampling
1

rate. If T> SE. ¢ then aliasing will result. In practice the
h

sampling interval is chosen to be much lower than the limiting

value of E%m in order to reduce the aliasing error.
. 2f :

3.2.3 CHOICE OF SAMPLING. RATE

Choice of sampling rate is one of the important. considera-
tion in sampling technique. Theoretical ‘consideration dictate
that the sampling frequency must be at least twice the largest

frequency present in the sampled information to.avoid aliasingfzo)

For symmetrical component calculation, using SCDFT in our
present work, any multiple of 180 HZ is a suitable samplingl
rate. In Symmetrical component calculation for sampled data,

a sampling rate of 720 HZ is used to sample the current and
voltage wave forms. This sampling rate has many advantage from

a computational point of view in the present application. The
adoptation of this sampling rate because: (i) It is within the

. range of practical analog/ digital conversion equipment availa-
ble at the mini and microcomputer level. (ii) It produces suffi-
cient redundancy in the calculations over a period of 1/2-1 -
cycle so that the results can be trust-worthy in the distance
relaying sence. (iii)} It involves a very small number of full

(i.e., with irrational fourier co-efficient) multiplication.
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\
In addition a most pertinent advantage of this sampling rate

is the fact that‘the symmetrical components can be calculated
with trivial extra arithmatic if this sampling rate is used.
This discovery that the symmetrical component can be calculated

from sampled data obtain.at 720 HZ gave the initial empetus to

the development of our relaying algorithm.
0

The noise contained in the sampling wave form must be
pand limited to 360 HZ to satisfy the Nyquist condition associa-

ted with the sampling rate of 720 uz (17

3.2.4 CHOICE OF DATA WINDOW AND TIME REFERENCE"

The choige of data window is also an important factor
for sampling. The width of the data window should be chosen
in such a manner that there is an inverse relationship between
the expected error of an estimate and the width of the data
window(ls). Also a slight increase in data window creates much

more stable system. On the other hand, increase of data window,

increases the operating time of the relay.

In our present work, wé have concentrated on data window
of the order of a cycle or 12 samples per cycle. It produces
only lrrational number in the multiplication operation. Half
cycle data window ( 6 sample/cycle) may also use. There is no
special significance to a one-cycle window when the input signals

are likely to contain harmonic as well as non-harmonic noice
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component. Certainly there is no merit in using a cre-cycle
data window 1if one intends to use result when the data window

contains partial data from the pre-fault period.
Another degree of freedom qilowed in the choice of the
time reference, when.is-t equal to zero. Theoretically it 1is

an arbitrary choice.

3.3 SYMMETRICAL COMPONENT DFT

3.3.1 DESCRIPTION OF THE TECHNIQUE.

Iﬁ symmetrical component discféte fourier transform method -
" the theory.of famiiiar discrete fourier transform technigue is
utilized in order to obtain the symmetrical component guanti-
tieg;ﬁymmetrical component.discrete fgurier transform is a £il-
tering technique of producing‘symmetrical components of the
filtered quantitiesrwithout adding to. the delay of the filtering

process.

Immediately after the occurance of a fault {order of a
cycle), the voltage and current wave forms contain significant
amounts of transient components in addition to the fundamental -~
frequency components. It is necesééry to remove these transient _

component from input wave forms so that fundamental frequency

components alone are presented to the distance relay. This
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filtering must be accoméliéhed without introducing excessive
delay in the oﬁerall relaying process. The symmetrical com-
pdnent of voltages and currents can be readily obtained from
their respective'sampled wave from data under steady state as
well as transient.system conditions using this filtering

technique.

3.3.2 DEVELOPMENT OF THE ALGORITHM OF THE METHOD

Recall- thdt . the symmetrical components of three- phase

-quantitiésrrxa,-X’

b?,X6>aré7glven'as:- .
X = = (x +’% T X))
o "3 a . b c
X, = L (x4 aX, + X)) (3.13)
1 3 a b c
X, = L ({ X_ + a?¥X, + aX )
2 3 a b C

where X stands for either a voltage or Cufrent phasor and it
is implied thatisteadf state conditions prevail. The time de-
pendent function Xx(t) of which X is a phésor representa#ion’
is assumedrto be a pure fundamental frequency sinusoid. The
coefficients o and o are (-0.5 + J0.866) and (40.5'— 30.066)

respectively

In general, the functions X(t) are not pure sine waves
during transient condition. Assume that such a non-sinusoidal
X(t) is 'sampled at t = KT, (K=0,1,2 .... } and Xk are the

corresponding samples.
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X, = X (KT); K = 0,1,2 «.. (3.14)

T being the sampling interval. Phasor representation for the

fundamental. frequency component of X(t) is a function of Xk'

X = £ (%) K =20,1,2, .. (3.15)

For ah inpure signal X(t), X must be viéwed as the optimum esti-
mate of the phasor representation. When the signal X{t) 1is sui-
tably band-limited, and the sample set (xk) spans a multiple

of.one-half:the:.fundamental frequency:period, th?~optimumaesti;

mate X is the familiar discrete fourier transform ( See Appendix-E)

2 N-1
X == I X B (3.16)
N v k 7k
where Bk = exp ( -] 2;T K) ) {3.17)
o

To being the period of the fundamental frequency wave. The fac-
tor 2 in the expression for X comes about from combining X(1)

and X(~-1) to form X in the usual manner.

Equation 3.16 for a one. cycle data window (N=12} and
a sampling rate of 720 HZ becomes- . -
11

p X, exp (-3 5L (3.16)
K=0
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where X(1) is the phasor representation for the fundamental

frequency for an impure signal X(t).

Recall that the conventional phasor representation of

a sinuscoidal wave_x(t):

X(t) = 2 X Sin (Wt + ¢ ) (3.19)

is X, where

: J . .
x = |x| e7% = x| (cos¢ + j sin¢ ) (3.20
'Taking samples Xk from equation 3.7 ( where Wt = %g )]
and substituting these values of X, in equation 3.18 and finally

k

comparing the reéulting expression for X(1) with equation 3.20

we get:
X = = x(1) | (3.21)
=72 :
g -3k '
using the notation Wk = /2 e 6 (3.22)

and combining egquations 3.18 and 3.21 we get:

11 |
X= L X_W (3.23)

Considering two new phasors Y and Z obtained from X through the

27

complex multiplier ¢ and a?. Recalling that o = exp ( J 5

):
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11 .
Y =@x = I X W _, (3.24)
=0 .
Similarly,
. 11
4 = a*X = kio X, Wk+4 (3.25)

L1l
o 3 E Wk ( Xak * ka * Xck)
k=0
L1 o
== : + +
2073 2, Mk Kak F Yk-a Fox T Tk Kex! (3.26)
L Ll
X2 -3 kiO (Wk Xak * wk+4 ka N Wk—4 Xck)

Equation 3.26 represents filtered symmetrical components obtainéd
from sampled wave form data. The set (W) contains only the irra-
tional number : (/3/2). The remaining mﬁltiplications consists

of + 1, 0 + 1/n . Equation 3.26 can be implemented'bn a digital

computer utilizing very few arithmatic operation.

In order to increase theacgcuracyof SCDFT program, & recur-
sive algorithm is developed‘where the phasor estimate ccrres-

ponding to a data set ending with XL41 is obtained interms of
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the phasor estimate corresponding to the data set ending

with Xi where XI‘and p. are the sampled data respectively.

’ LT
The expression for familiar discrete fourier transform for

a half-cycle date window (N=6) is:

5 K1 .
L X, exp (=7 ) (3.27)
Let us consider a pure sine wave signal shown in figure

3.1(a) sampled at (K=0,...5). The.corresponding X as computed

with-equation 3.27 -is shown in. figure 3.1(b).

The waveform of figure 3.1(a) is éampled contineouslys
when X6 is obtained at K=6, the data window must be moved over
1 }.......XG }. The corresponding

phasor represéentation X(new) £or this sample set can also be

to span the sample set { X

computed with equation 3.27.

N
c

X (new) =

(T
Il 1 tn

g En -
0 Xppp &x0 (=9 557 ) :
Recall however that the DFT of a set {X_ }may be multipled
by a constant without affecting its information content.

.. 6 n o
Deflnlng[jx = exp (=J 3 )-X(new)J as the phasor represen--

tation of the set {Xl, e X6 1

X6 = exp ( -J % } X {new)
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5
1 C(K+L) T
=+ 5 x exp {-3 L}
3 yx=p X% : 6
C 5. L ooxn (o3 T
= X7+ 3 exp ‘ Jd 3 Y { X6 + xo} (3.29)

where X5 is the phasor representation given by equation 3,27

corresponding to the data set {XO,..... X5} .

6 6
for the phase XG as‘

Defining A4AX,_ = X +Xg we obtain the recursion relation

6 5 -1 6T

"'6_ ) AX (3.30)

6

In general, the phasor estimate corresponding to a data

¥

set ending with XLiI is given in terms of the phasor estimate

- corresponding to the data set ending with XL by the recursion

relation

L+1 _ L 1 (L+1} 7
X = X7 + T exp { -J z ) 'AXL+1 (3.31)
where AXL+1 = xL+l + XL—S

Using equation 3.27 on sample sets which shift as each
new data sample becomes available, produces a phascr which
turns in the complex plane by the sampling interval angle.

This is illustrated by the dotted line representing X{(new)
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in figure 3.1(b). The phase angle between X and X(new) 1s

(212 ).}(L'+l obtained from the regursion relation is stationary

T, .

in the complex place if the sampling frequency is an exact

multiple of the power fregquency.

The recursion relations for the symmetrical components

are:
i+1

- = - + +AX
%o XE FW Ly (AX gy T DKy g O c, L+l
I+1 T
= X7 + W + W AX
Xy XpF Wy 8%, g4y P Wiy My pen T TLas e it
| (3.32)
L+1 L . N ¥ W AX
Xz - }{2'+ wL+l AXa,L+1 WI-_,+5,A b,L+1 .~-3 c, L+l

3.3.4. TRANSIENT MONITOR FUNCTION

When the data window of the DET filter spané the on

set of a transient, it contains two partial sample sets

belonging to pre-and post transient sfstém states. It is
important to recognize this condition, so thatAno'relaying
decisions can be made during this period. A convenient method
'of achieving this control is through the use of a translent
monitor function. Briefly, a transient monitor function tests

for consistency of the samples being used in forming the phasor
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estimates. If the transient monitor function t is above a
threshold value, this indicates that the data being used is
not consistent in the sense of being close to a 60 HZ wave.
The use of a transient monitor function has proved to be
extremely useful in inhibiting the relay decision process

" during periods when déta is highly inconsistent..Consider a
sample set {Xk} which is obtained from a signal which is
predomipatly a pure sine Waveiat fundamental frequency. Its
phasor representation is given by equation 3.27 for a 6 sample
data window. Consider the application of thé-inverse DFT to
this phasor reprgsentation. The. inverse DFT produces a sample
seﬁ{fik}_which differes from { Xk} to éﬁe extent that the
inpu£ signal differs from a pure fundamental £frequency sine
wave. The inverse. DFT is gliven as:

= Re {X exp (J )} (3.33)

2K7
Xy 6

Substituting the value of X from equation 3.27 - -~

- : : 5
X, = % Re [{exp ( g 28T ) &
- 1

2Lm
" = :FOXL exp (-3 =) 3 (3.34)

Equation 3.34 represents the application of a transformation

to the vector { XO, ce s XS }T to produce the vector

[Xgrewaeens X, T. ‘ )

st

[;Z] = [w] [ ] (3.35)
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where the My entry of M is given by exp {J %} (k=2) 1}

and k,L range from 0 through 5.

Figure 3.2 illustrates the { X.} and {X sets for

k}_
a nolsy input signal. The input sighal.is represented by
the soiid'liﬁe, and its sample set -is shown by solid dots.
The DFT calcﬁlation from {Xk} produces the phasor represen-

tation X, which represents the dotted function in fig. 3.2.

The sample set of this signal is represented by open dots in

. figure. 3.2. The difference: between (X} and (X} is a.measure

of the non-sinusoidal components of X(t). Denoting this

difference. by a.residual vector{ r} :

(r]= [x-x] = [M-—ll[X] | (3.36)

The one form of [r] is a convenignt transient menitor funct-

ion t:

t = {|x|l1, =1 |« o L (3.37)

It can be shown from equation 3.36 that the residuals rk

obey a recursion relation similar to that given by egquation. _

When the data window lies completely in the pre-or
post-transient period, the three phase current 't - function’

have a small value. When the data-window contains partial
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'Fig.3.2. Transient monitor function concepts.
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data from the two system states; the t-functions assume

a high value. Thus, whenever one of the t-functions is high

it can be assumed that the phasor estimates are not reliable.
The relay program 1s byrpassed under these conditions. In
numerous.tests.qf this algorithm, the —t-functions have proven
to be very effective control parameters.

3.4 ALGORITHM .FOR COMPUTER PROGRAM

- = A. computer:=program ( See -Appendix~F) has.been-written . ___
to calculate the symmetrical component of the voltage and.cur-
rent from their respective sampled'data using discrete fourier
transform. The alqorithm.for the computer program is given

below: - _ .

Step 1: Input data for the value of data window ( no of
sample) N, angular frequency W, normal frequency F, and the

constant €, and C, which are the parameter of the equation.

1 2
-JC,K- 1 1
Wk C2 e 1" where Cl 5 and C2 572 -
Step 2: Set the value of the phase shift operator.Al and
Az.as (~0.5+J0.866} and (-0.5-J0.866)
Step 3: Set the value of sampling interval as 1l/sampling rate.

Step 4: Calculate the sampled data from their wave form.
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Step 5: Repeat step 4 for all data window and store them.

Step 6: Set the initial wvalue of K as one and .initial wvalue

of symmetrical component of voltage as zero.

Step 7: Compute. the.vglue of Wk’ Wk+4 and Wk—4 from their

respective equation and store. them.in Wkl’ sz, Wk3'

Step 8:. Repeat step 6 for all sampled data.

Step 9: Computer the value of symmetrical component of vol-
tages El, EfTLEanfrom the information obtained using the. ___

equation 3.26.
ii
- /

i

Step 10: Repeat;the whole procedure from 1 to 9 for current

wave form.

An example  for the performance of the SCDFT program

are given in Appendix-G.
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CHAPTER - 4

4.0 DISTANCE RELAYING FOR A MODEL POWER SYSTEM

4.1 A MODEL POWER S5YSTEM

.. Let us consider a mbdel-power system shown in fiéure
4.1. The transmission line is assumed to be connected between
two buses P & ( with the power system behind the buses P & Q
d by~ h i A 2 Z
represente y three phase thevnin sources E. ( oc’ %1g’ )

2G

and E } respectively.

Zcrs 2 . 2
i Porr %y “on

-The_.impedance- and source data for model system of ~

. fig. 4.1 is given in table 4.,1. The pre- fault -load - current-is——=-

Il= -.832-J.258.
TABLE 4.1
Sample System Data
Equivalent Generators Transmission Lines
+
EG | 100+J0
56.67+J50 | .
EH _ B6.67+J50 21,22 2.5+J30
2 +
ZlG' 2G 0 +J10
' +
ZlH’Z2H 0 +J20 ZO 20 +J90
.. -
20 ¢ +J5
+
ZOH Q0 +J20
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2o, 24
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It has been assumed that the input to the relay is obtained

with a symmetrical éomponent filter so that the relay inputs
-.onsists of E_,E,,E, and IO,Il;Iz. This gquantities have been
calculated for the sample system fo; a three phase fault,

single phase: -to ground fault phase tu phase ﬁaulﬁ,aouble phase to Ground
fault. Thg.calculatéd,resﬁlts for all the K,s énd the final yalue*of_K foxr each
case is shown in the table of seétiOn 4.2.7he fault was placed at K=0.9.It can b

seen that the single performance egquation calculated the K

correctly for each of the fault considered.

4.2 CASE STUDY

'4.2.1 SINGLE PHASE TO GROUND FAULT _ -

TABLE 4.2.1
Results for Sample System Fault: Single Phase to Ground Fault.

Distance Relay Input and Output Fault Type

E, -2.14-31.13

El 90.64+35.23

E2 -6.8 =-J3.01 Phase 'A' to

IO .227-J3.427 _ ground fault

Il -.522-3.936 .

I, .301-J.681

K, -.13 - J1.16

L

K -.05 - J.01 -
o

K’ 1.56 - J.27
o -

K, -.33 - J.03
1

K 1.0

K, 3.91 - J1.11
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4.2.2 PHASE TO PHASE FAULT

TABLE 4.2.2

Results for Sample System Fault: Phaser to Phase Fault.

Distance Relay Input-and Output

Fault Type

-Eo 0 + J0O Coe
E, 85.26 + J3.28
--E, F.12.2 +.J4.94
I ' 0 + JO
Q
Ii -.323 - Jl.47
I, -.494 + J1.22
K 0
Q
K!® 0
K, -.33 - J.03
r
K} 1.0
K, 2.09 - J.§7
K 0.9

Phase 'B'- to

Phase 'C™~ fault
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4.2.3 DOUBLE PHASE TO GROUND FAULT

TABLE 4.2.3

RESULTS FOR SAMPLE SYSTEM FAULT:ADOUBLE PHASE TO GROUND FAULT

] [
Distance Relay Input and Output Fault Type
EO ~1.82 + J1.027
E, . 62.28 + J1.91 ~
E, - 9.34 + J3.57
I - "=.205 + J.364
o .
I, -.192 - J1.77
I, -.36 + J.933
KL ~.05 ~ J.52 .
KO -.05 - J.01 Phase 'B' and
Ké A7 - J.11 Phase 'C' to
K2 -.33 - J.0'3 ground fault
K! 0
Kl 1.60 - J.48
K 0'9
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4.2.4 THREE PHASE. FAULT

TABLE 4.2.4

Results for Sample System Fault:; 3 Phase Fault

Distance Relay Input and Output

Fault Type

E 0 + JO
(@]
E, ' 73.06 - J1.64
DBy 0.+ J0
I ' 0 + JO
O .
I, - .164 - J2.693
I, ' 0+ 30
K]: -.03 - J3.33
K 0
o]
K! 0
K, 0
]
K} 0
K, .88 - J.29
K 0.9

3—-Phase fault .
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4.3 FAULTS AT VARYING DISTANCES

Table 4.3{a) shows the symmetrical component value of
voltages ana currents for single phase ground fault for vary-
ing distance and Table 4.3 (b) shows the fault results for
the data input of table 4.3(a). The teéult of Tablg 4.3(a) is

obtained from a computer program (See Appendix-H)

TABLE 4.3 (a)

Symmetrical Component of Voltage and Current for Single .Phase

- to ground fault.

Symmetrical Component Symmetrical Component Distance
voltage _ _ o '1curren# P.U.

E_ = -12.87 - J2.31 I = .46 - J2.57

o} o

El = 74.47 + J4.15 - Il = =-,41. - J2.56 0.1
E2 = =22.96 -~ J4.07 ]:2 = ,41-J2.30
E = =-8.99 = J2.13 .- = .43 - J1.80

o . . T o
El = 80.92 + J4.38 Il = =~-,44- J1.91 0.2
E, = -16.51 - J3.85 I, = .39 ~ J1.65 ;
E = -~6,82 - J1.93 I =10.39 - J1l.36

o o
El = 84.47 + J4.65 Il = .46 - J1.56 0.3 -
E, = -12.95 - J3.58 I, = .36 - J1.30 E
E = -5.42 - J1.75 I = .35 .- J1.08

o} o .

El = 86.70 + J4.86 Il = =,49 - J1.33 0.4

E2 = =10.73 - J3.36 I2 = .34 - J1.07

T,
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Symmetrical Component Symmetrical Component Distance
voltage current P.U.
E = =-4.44 - J1.61 I = .32 - J.89

o °
E, = 88.19 + J5.02 I. = -.50 -J1.18 0.5
E, = -9.24 - J3.20 12 = ,32 - J.92

E = =3.70 - J1.48 I = .30 - J.74

Q Q

E, = 89.23 + J5.14 I, = -.51 - J1.08 0.6
E, = -8.20 - J3.09 I, = .31 - J.82

E = -3.10 - J1.36 1 = .27 - J.62

[e) Q .

E; = 89.94 + J5.20 I, =-52 - Jl.0l 0.7
E, = -7.48 = J3.02 I, = .30 - J.75

E = -2.60 - J1.25- I = .25 - J.52

&) Q

E, = 90.41 + J5.23 I, =-.52 - J.96 0.8
E, = -7.01 - J2.99 I, =.30 - J.70

E = =-2.13 - J1.13 I = .23 - J.43

(@] Q

E, = 90.63 + J5.22 I, =-.52 - J.94 0.9
E, = -6.79 - J3.00- I, = .30 - J.68

E = -1.65 - J1.01 I = .20 - J.33

(@] Q

El'= 90.56 + J5.17 Il = =-,52 - J.95 1.10
E, = -6.86 - J3.05 I, = .31 - J.69

.
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TABLE 4.3 (b)

Fault Results,For:Data Input of Table 4.3 (a)

[

D

JR— A
igtance* Relay Output

Fault dis-
tance P.U.

K

K*
Q

K

K

K

Kr “o 2 1
05-3.37 | —.05-3.01 | 3.39~7.46 | ~.33-7.03 | 1.0 | 1.06-7.04 0.1
04-J.51 | -.05-7.01 |3.31-7.45 |-.33-7.03 | 1.0 {1.58-7.15 0.2
.02-T.64 | -.05~J.01 |3.18-7.43 |-.33-7.03 | 1.0 |2.06-J.29 0.3
00-7.77 | -.05-73.01 |3.07-J.42 |-.33-7.03 | 1.0 |2.53-7.43 0.4
-.04-7.89 |-.05-J.01 |2.94-7.40 }-.33-J.03 | 1.0 }2.94-J.61 0.5
-.07-7.99 Z.05-3.01 . | 2.75~7.38 |=.33-7.03 | 1.0 |3.28~3.77 0.6
~.09-J1.07 | -.05-7.01 |2.53-7.34 |-.33-7.03 | 1.0 |{3.57-7.92 0.7
-.13-J1.13 | -.05-7.01 | 2.29-J.3L [-.33~J.03 |1.0 |3.78-~J1.07 | 0.8
C.14-71.15 | =.05-7.01 | 1.98~J.27 |-.337.03 |1.0 |3.87-J1.14 0.9
~.14-71.14 | -.05-7.01 | 1.55-7.21 |-.33-7.03 |1.0 |3.83-J1.1l1 1.0
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LT DISTANCE FRCM OTHER TERMINAL OF THE LINE

In order to calculate the fault distance from the relay

placed at bus Q of fig.

.1, the symmetrical component data

obtained at bus Q@ are fed into the computer program for SCDR and

the fault results are investigated. The fault distance. 'should

. } ' ,
be 0.1.. The results for sample system faults are shown in Table

4.4.
TABLE 4.4
Fault Results for Sample System
Distance-} -
Relay Faul;jType
Input & _ _ e
Qutput a-g b-c b-c-g 3 Phase
'Eb -27.45 - J10.073 0 + J0 23.57 + J9.29 0 + Jo
E 69.41 + J24.98 51.77 + J19.64 | 42.27 + J15.79 11.73 + J5.69
E, ~22.39 - J8.59 40.04 + J13.95 | 30.40 + J9.91 0 + J0
I .50 ~ J1.37 0 + J0 -.46 + J1.18 0+ JO
L 1.25 - J.86 1.52- J1.74 1.71 - J2.22 2.22 - J3.74
I, .43 - J1.12 -.69 + J2.00 | =.496 + J1.52 0 + JO
K, 04 + J.72 01 + J.41 .01 + J.33 0L + J.20
'KO -.21 - J.05 0 -.21 - J.05 0
K! 3.69 - J.50 0 1.46 - J.20 0
K, -.66 - J.05 -.66 — J.06 ~.66 — J.06 o
K} 1.0 1.0 0 0
K, 2.04 + J.13 .86 + J.09 .57 + J.05 Lo+ J.02
K 0.1 0.1 0.1 0.1
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4.5 EFFECT OF DIFFERENT.APPROXIMATION

4.5.1 UNEQUAL BUS VOLTAGES:

In order to investige the effect of unequal bus voltage
on the fault result of model power system of fig. 4.1, let us

assume that the two bus voltages, are

I

E

4
G 100 Jo

E

H 95.263 + J55

Considering this bus voltage the fault results for the model
power system are shown in_ table 4.5(a).

¢

- TABLE 4.5(a}) .
Fault Results for the Model_System Considering Unequal Bus Voltage

,§i;g%@k - Fault Type )
Output a-g : b-c . b-c-g 3-phase
E, |-2-25 - J1.23 0 + J0 1.93 + J1.11 0 + J0
E, 91.65 + J5.85 85.94 + J3.73 82.88 + J2.26 73.08 - J1.64
E, |=-7.18 - J3.27 12.88 + J5.38 '9.79 + J3.89 0 + J0O
I, .25 -'J.45 0 + JOI -.22 + J.39 1= 0+ J0
I -.59 - J.84 -.37 - J1.41 ~.23.— J1.71 .164 - J2.69
I, .33 - J.72 -.54 + J1.29 -.39 +J.98 0 + J0
KL -.33 - J1.12 -=.17 - J.63 -.14 - J.51 -.09 - J.32 i
K -.05 ~ J.01 0 -.05 - J.01 0
| 1.98 = J.27 o .79 - J.11 0
X, -.33 - J.03 -.33 - J.03 -.33Ar J.03
K 1.0 1.0 0 0
K, 3.73 - Ji.04 1.97 - J.54 1.52 - J.46 .82 - J.29
K 0.9 0.9 0.9 ; 0.9 _
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4.5.2. REPLACEMENT OF LINE IMPEDANCES BY REAL QUANTITIES

In order to inveStige the effect of réplacing the
line impedances by their real guantities the system data of model

system of fig. 4.1 are changes as shown in table 4.5(b).

TABLE 4.5(b)

System Data Replacing the Impedance by Real Quantities

o Equivalépt Generator Transmission Lines )
'zlG, 2o | 10.9'1\ ',  Z,.2, - 30.1 9
ZlH' ZZH' ZO'Q
ZOG ) 5 f ZO 92.2 9
Zon 20 @

Considering this real guantities of impedances the fault results

for the model power sYstem are shown in table 4.5(c}.
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TABLE 4.5(C)

Fault Results for the Model System Considering Impedances by

their Real Quantities.

Distance Fault Type
Relay :
gﬁi;ﬁt& a-g b-c b-c-g 3-phase -
E, - 2.28 - J.77 0 + J0 1.96 + J.66 0 + JO
E) {90.80 + J5.98 | 85.38 + J4.16 | 82.38 + J3.14 73.04 + J0.0
E, -6.98 - J2.35 |12.42 + J4.17. | 9.34 + J3.15 0 + JO
I .46 + J.15 0 + JO -.39 - J.13 ¢ 0+ J0
I, .92 - J.59 1.46 - J.42 1.76 - J.314 2.69 + J0.0
I 69 +3.24 [ |-1.24 - 342 | -.93 - 3.32 0 + J0
K -.07 = JL.16 | ~.04 - J.66 -.04 - J.53 -.02 - J.33
K, -.05 + JO o -.05 - J0.0 0
K 2.01 + J0.0 0 .77 + J0.0 0
K, -.33 + J0.0 -.33 + J0.0 -.33 + J0.0 0
K} 1.0 1.0 0 0
K, 3.97 - J1.02 | 2.1 = J.58 '1.62 - J.48 .88 - J.30
K 0.9 0.9 0.9 0.9




77

4.5.3 EQUAL BUS VOLTAGE REPLACING LINE IMPEDANCES BY.REAL
QUANTITIES AND NEGLECTING PRE-FAULT CURRENT

The fault results for the model power system for equal

bus voltage and neglecting pre fault current are shown in

table 4.5(d)
TABLE 4.5(d),"
Fault Results: For the Model Powern System
Distance R - -
Relay - Fault 'Type
~Mripit: & &
Output a-g b-c b-c-g 3-phase
E, - [-2.48.+.J0.0. . 0.+ J0 . 2.15.+ J0.0 - 0 + JO
B, 92.39 + J0.0 86.52.+ J0.0 83.22 + J0.0 73.04 + J0.0
£, ~7.61 + J0.0 « | 13.49 + J0.0 10.19. + J0.0 0 + J0
1 .495 + J0.0 0 + J0 .43 + J0.0 0 + J0
I, .761 + J0.0 1.35 + J0.0 1.68 + J0.0 2.69 + J0.0
I, .761 + J0.0 ~1.35 + J0.0 ~1.02 + J0.0 0 + J0
K., 0 0 0 0
i
K -.05 + J0.0 0 © ~.05 + J0.0 0
K! 1.97 + J0.0 0 ;78 + J0.0 - 0
K, -.33 + J0.0 -.33 + J0.0 -.33 + J0.0 0
¥

K, 1.0 1.0 0 0
K, 4.04 + J0.0 2.13 + J0.0 1.65 + J0.0 .90 + J0.0
K 0.9 0.9 0.9 0.9
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4.6 DISCUSSION ON RESULTS

In this chapter, the performance of distance'relﬁy program
were investigated by using a model power system having two bus.
First of all, the'simulated data ( symmetrical compdnent vdltages
and currents).were fed into the - distance relay program and the
fault results obtained were investigated for different type of
fault occurred on the model system; The fault results include
the iocation of fault distanpeﬁdetection of type of faulf and

phases. at.which.fault _occurred. Finally, different approximation
such as unequal bus ﬁoltages, replacement of line‘impedances-by:
their real quantitiés’neglecting pre fault current were made on

the system and the effect of these approximation were investi-

gated.

Ssimulated data for single phase to ground fault, for phase-
'A' to 'G' fault., phase 'B' to 'G' fault and phase 'C' to 'G’
fault were fed into the-computer program and fault result obta-

ined were investigated. For each case we got some fault distance

and correct phase. Fault results for'phéée 'A' to ground fault
were presented in table 4.2.1. Similarly for phase to phase
fault, double phase to ground fault, and 3-phase fault, the
fault results obtained from Ehe computer program were investi- 7

gated. For each case we got correct detection. The fault results

were presented in section 4.2.
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_ The. performance of the program was also checked for

different fault distance and each case we gbt the proper dis-

tance. The performance of the distance relay program was also

tested by feeding the data obtained from the other‘terminal

'of the line and we

"in section 4.3 and

Finally, the

made on the system

performed well and

these effects were

got the expected distance. These are presented

4.4.

effect of different approximation which were
were investigated and the computer program
we got the expectéd results. The result of

presented in section 4.5.
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CHAPTER - 5

5.0 FAULT ANALYSIS OF A PRACIICAL POWER SYSTEM AND ITS DETECTION

5.1 INTRODUCTION TO FAULT ANALYSIS

short circuit studies and hence the fault analy51s are
very ihportant for the power system studies since they prov1de
data such as voltages, and currents during and after the various
types of faults which are necessary in deéigning the protective

schemes of the power system.

The currents and voltages resultlng from variéus type
of faults: occurlng at dlfferent locatlons through out the
power system network must be- calculated in order toO provlde
sufficient data for designing the protective scheme i.e. data
both thé protective relays.and circuit breakefs. Because of
extensive calcufétiOnsrof toltagesrand currents due to aiffer-
ent faults at different locations of the power system, it becane
necessary to use some sort of computgr and to day most of the
short circuit studies and. hence fault_analyéis are performed on
the digital computer. However the early approachlpqwthe short
‘ circuit studies. employed the bus frame of reference in the
admittance form but this method could not become popular because
it was time consuming. Today most of the short circuit studies
and hence fault-calculations of. the. power system are formulated
in the bus frame of reference using bus impedance matrix. 'Z !

BUS

becuase this method is simpler and less time consuming.
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The development?of techniques for applying a digital
computer to form the bus impedance matrix made it feasiple to
use Thevenin s theorem for short circuit calculations (23);
This approach provided an efficient means oOf determining short
circuit currents and voltage because‘these values can be.ob-
tained uith few arithmatic operationsAinvolving;only related
portions of the bus impedance matrix.

5,2 FORMATION OF BUS IMPEDANCE MATRIX ZBUS

For ehort“circuit calculation-ofllarge power system it
is necessary tO'form tus.impedance matrix‘ofjtne power system.
In our present pOwWer system,'fault calculatiOns of the network

ere formulated in the bus frame of reference using bus impe-
dance matrix 'ZBUS' because the computer implementation of
this method is Simpler and less time consuming. Let us assume
that ZBUS matrix eXists'for a part of the primitive network
known as partial network and the corresponding network equa-

tion for this. partial network in the bus frame of reference

is

it
1
[w]
=i
L
.—l

BUS BUS BUS
mx1l mxm. mx1

From the above eguation, it is clear that out of say
n~-buses of the primitive network, m buses are included in the

partial‘network for which ZBuS matrix exists.
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We shall take one element at a time from the remalnlng
portion of the prlmltlve network whlch are not included in the
partial network for which the Z;.g matrlx is avallable and
add it to the partial network and in this way'gradually ZBUS
matrix for the entlre primitive network will be. developed
However, the added element say p-gq between buses p and d may

te a branch or a link.

In case-the partlel network for which ZB 3 matrix is
available includeslonly the bus p, then added element p-g will
Znaturally;be‘aibranch:and in. this. way-a-new-bus g-will be. added
up to the partialfnetwork. Thus. if p-9 is a- branch, then a new
pus q is added to the partial network. and dimension of Zyyg
which was of the order of mxm will now be of the order {m+1)
(m+1) . And hence corresponding to this new bus q , a new row
or column{ saya-th row/colunn) ig added up.in the ZBUS matrix.
In this way, the branch p~gq is simulated by calculating the
elements in this new row-oOr column.

However, in the case both the bus p and g were already
included in the partlal network but the element p-g was not
included, then the added element p-d from the primitive network
to the partial network will naturally pe a link. Thus when the
added element p-gq is a link, neo new buses . are added to the |
partial network as both the buses p and g are already included

in the partial network for which ZBUS matrix exists and hence
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dimension of the matrix ZBUS will remain unchanged. However, -

the elements of the ZBUS matrix will,be-modifiéd in order .to

simulate the addition of this link. (For detailed see._refer-

ence 22,23}).

The computer program for-the formation of Bus..impedance

matrix ZBUS are given .in Appendix-I .

5.3 SHORT. CIRCUIT STUDIES OF A LARGE POWER .SYSTEM NETWORK

= Inztcase of‘aﬂiarge4powerrsystemfcontainingnmore:than;two —
bus, it is dlfflcult to obtaln the short circuit currents and
voltages by applylng network reduction technlque. In order to
obtain short circuit currents and voltages in symmetrlcal
component form in a large system, it,is.necéssary to perform
short circuit.study on the system. By performing short circuit
study, we can.obtain different bus veltages.and branch currents.
This short.cifcuit data is essential for our present analysis

e

of the system.

In short circdit study of a large power system, certain

assumptions are made. These are:

i) Representing each maéhihéAby a constant voltage source _

behind proper reactances which may be X", X' or X.
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- 1ii) Neglecting7a11 thefshﬁﬁtnconnections_such:és static
lbads,'line'charging;andltransformer'mégnetizing éircuits.
With this assumptian, the power system network become'open
circuifgd-and thus the normal. load currents.( i.é.,'pre
fault currents{ are éutOmafically neglected and therefore, all
the prefault. bus voltages willnhave{the,séme_magnitudg,and

bhase angle. Thus to work on perunit system, the. prefault bus

voltages are set egual to 1Z0.

iii) Setting all the transormers to nominal taps (i.e.
transfdrmerltappings:are neglected) .-. Since we work in_-per
unit system, with this representation, transformers will auto-

matically be out of circuit.

iv) Nofmally neglecting widing resistance and line resis-
tances. etc. with this assumption the system will contain only
reactances and hence the power system 1s represented by its

most simplified reactance diagram.

Q) Equating the_positive .sequence impedance egqual to
negative sequence impedance also for 3-phase rotating ele-
ments.even though these sequence impedances are equal only

in the case at 3-phase stationary elements.

1

“

The computer program developed for short circuit study
is given in Appendix~I. (For detailed about short circuit .

study see reference 22,23).
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5.4 A MULTI BUS POWER SYSTEM I -

~

The computer program develoéed for performing shorﬁ
circuit stddies has been applied té 2 large power system in
order”to‘obtain the faulted bus voltages and fault current
in different branch of the power system. The method developéd
in section 2 was then apblied on the power sysﬁem-for,detec—

tion of fault and location of fault,

The grid hqinly consists of five buses among which bus no
one 1is taken_és ;eference bus. The.single line diagram of the
nétwqu is»shown:in Fig. 5.1l. The system data (i.e. element no,
.bus.coden self impédaﬁces).are given in table S.i.'The'impedan—

ces are in P.U. and the bus voltages are .1 Z0 P.U.

TABLE 5.1

System Data
' ! : 0,1,2
Element Bus-code Self impedances qu

1 1-2 .0.05 0.20 . 0.20 .- |
2 2-3 0.05 0.15 " 0.15
3 3-4 0.06 0.25 0.25
4 4-5 1.02 0.50 0.50
5 3-5 1.50- ~-0.80 0.80
6 1-5 2.50 1.50 1.50
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REFERENCE BUS . FAULTED BUS

Fi.g. 5.1. Single line diagram of three phase system for fault-otcured on the bus

REFERENCE BUS

R S 5

FAULTED
FICTICIOUS
8US

= L - ®

Fig. 5.2. Revised single line digram of three phase system for fault occured on
the line between two buses.
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5.5 CASE STUDY

5.5.1 FAULT OCCURED ON THE BUS °

Assume that fault occured on bﬁs no. 5 ( shown in fig.
5.1). Fo; this fault condition, the different bus vOitages and
fault-cgrreﬁt in differeﬁt branches of the system are calcula-
ted. This fault result-afe.than applied on the distahce relay.

program. in order to calculate fault. distance and detection of

fault.

The'bus-vo;taqu’and_fault'currents-for different type of

faults are shown in table 5.2 and 5.3.

TABLE 5.2: Different Bus Voltages

Bus Ho. - Bus Voltaqe,E(g,)'l’2 Fault Type
1 0 0 0 -
2 a 1.262 0 3-phase
3 0 | G.909 o fault
4 0 0.606 0
5 0 0 0
1 0 0 o - Single phase-
2 ~-.043 | 1.582 -.149 to ground fault
3 -.086 1 1.470 -.262 '
4 -.117 | 1.374 ~.358
5 -.629 | 1,181 -.552
1 0 0. 0 ,
2 0] 1.4597 +235 Phase-to-phase
3 Q 1.321 411 fault
4 0 1.169 .563
5 0 .866 .866
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TABLE 5.3 : Fault Currents For Different Branches

Bus Code’ Fault Current I 0,1,2 Fault Type
-G . (F)
1-2 0 - 6.310 0
2-3 0 2.349 0
3-4 0 1.213 0 ' 3-phase
4-5 0 1.213 0 fault
3-5 0 1.137 0
1-5 0 0 0
1-2 .864 . =7:912 .748
2-3 .864 .748 .748 Single phase
3-4 .503 .386 .386 to-ground
4-5 ©.503 .386. .386 fault
3-5 362 . 362 - .362
1-5 252 | -.787. .367 |
- 0 -7.485 -1.174
- .0 1.175 -1.174 Phase-to-
- 0 -606 -,606 phase fault
- 0 .606 . -.606 '
- 0 .589 | -.ses8
- 0 - =.577 -.577

In order to detect the fault type and location of fault,
the. short=-circuit reéults aré fed into the distance relay
program and the corresponding fault results are shown in

table 5.4.



Tables.4; ¥ault Results for Fault uccured on Bus,

Relay Output .
) .Relay Input _ | B Fault cype

Relay  ~ 1T = | & N K. | K K | K, jk | K R
Location - Eo E'l h2 o 1 2 L P © o 2 2. 1

Relay placed 0 .606 0 0 [1.213 {0 0 0 0 -0 0 1.01 1.0 3-P-fault
at bus No (4} | =-.117 1.374 -.358 |.503 |.386 .386 0 | -=.24 2.62 -1.85 |1.0 7.03 1.0 L=G~fault
and element 0 1.169 563 0 .606 -.606 -0 0 0 -1.84 | 1.0 3.84 1.0 L~L~fault
No. 4
Relay placed 0 .909 0 0 f1.137 | o | o | 0 0 0 |0 1.0 1.0 3-P-fault
at bus No (3) | =.086 1.470 -.262 (.362 1.362 .362 0 -.17 . 1.88 | -.90 1.0 5.10 1.0 . L=G-fault
and element 0 1.321 411 0 .589 -.568 0 0 0 -.90 1.0 2.89 1.0 L-L-rfault
NOo 5
Relay placed 0 0 0 g |-1.213| O . 0 0 0 3-p-fault
at bus No. (5} -.629 1.181 -.552 |~,503|-.386 |-.386 0 1.58 2.04 2.82 1.0 -6,05 |.0 L-G-fault
and element g .866 .866 0 -.606 |.6006 0 D 0] 2,85 1.0 =Z2.85 U T=L-ftault
No=-4 ' ,
Relay placed 0 0 0 0 |-1.137 0 0 0 0 0 0 ¢ 1 0 3-P-fault
at bus No(5) -.629 1.181 -.552 |-.362|-.362 |-.362 0 1.17 1.88 1.91 1.0 -4,1 Q I-G-fault

and element 0 .866 . 866 0 1~.589 [.568 0 0 0 1,91 |1.0 -1.91 0 T-L-fault
No =5 '
Relay placed 0 .606 0 0 [-1.213] @ 0 0 0 0 0 [=-2.02 [2.0 3-P-fault
at bus No (4) | -.117 1.374 -.358 |=-.503|-.386 |-.386 0 4.0 0 3.69 1.0 ~-14.05 | 4.0 L-(=fault
and element 0 1.169 .5@3 0 -.606 |.606 0 0 0 3.67 1.0 =7.67 2.0 L-I~fault
_No=3 :
Relay placed 0 .909 0 g 11.213 0 0 0 0 0 0 3.01 3.0 3-P-fault
at bus No (3) | -.086 1.470 -.262 |.503 |.386 .386 0 -3.0 .31 -2.67 {1.0 15.08 5.0 L-C-fault
and element 0 "] 1.321 411 0 .606 -.606 0 0 0 -2.69 | 1.0 8.66 3.0 L-L-fault
No -~ 3

68



Table 5.4 contd,.

Relay Input

Relay-

Location | Fault type
Location " .| E_ E E, |1 I, (I“ K K! K, K} K, K -

Relay. placed 0 909 - 0 0 |-2.349 0 0 0 0] 0 ~-2.58 2. 3-P-fault
at bus No (3)_ -.086 | 1.470 -.262 |-.864 |-.748 |-.748 2.09 .38 2.31 1.0 ~13.07 L-G-fault
and- element 0 | 1.321 | .411 | 0 |-1.1751.174 | @ 0 0 |2.34 |1.0 |,~7.52 | 2.6 | L-L-fault
No - 2 _ .
Relay placed 0 1.262 0 0 |2.349 0 .0 0 0 -0 0 3.57 3-b-fault
at bus No.(2) |-.043 | 1.582 | -.149 {.864 |[.748 [.748 o |-.93 |.38° |=1.33|1.0 | 14.04 | S. L-G-fault
and element 0 1.497 .235 0 1.175 m1.174 0] 0 0 -1.37 | 1.0 8.55 | 3.6 L-L-fault
NO =2

DA
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5.5.2 FAULT OCCURED,Oﬁ THE LINE BETWEEN.THE BUSES

Assume that fault occured on the line between the buses
4 and 5 (shown in fig. 5.1). The'rearawn.fig. for this fault
is shown in fig. 5.2 and system data are given in table 5.5.

Let us assume that fault occured on. ficticious bus 5 on the

line between the bus. 4 and. 6 {(See fig. 5.2}.

TABLE 5.5: System Data

Element  |'=Bus=Code |- ‘Self impedance __ng'lfz

"Number p-q :
1 {2 S 0.05 0.20 | 0.20
2 2-3 0.05 0.15 0.15
3 3-4 0.06 0.25 0.25
4 4-5 0.61 0.30 0.30
> 5-6 0.41 0.20 0.20
6 3-6 1.50 0.80 0.80
7 1-6 2.50 1.50 1.50
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The..bus voltages'aﬁd fault current. for fault.occurs on

tﬁe line. for different fault condition are shown iﬂ table 5.6

and 5.7.
TABLE 5.6: Different Bus.Voltages
] T 0,1,2
Bus No Bus™ Voltage E(F) . Fault Type
1 0 0- -0
2 0 1.259 "0 3-phase. fault
3 0 . ...905 0
4 0 - ,494 0
5 o 0 -0
6 0 .331 0
"1 0 0 _0
2 -.047 1.574 ~.158 Single line
3 ~.094 1.456 -.276 to-ground
4 ~.137 ~1.318 -.414 | Fault
s, -.575 1.153 -.579
6 -.418" 1.264 -.468
1 0 0 0
2 0 1.496 ) .236 Line-to-line
3 0 1.319 .414 fault
4 0 1.113 .619
5 0 ,866 .866
6 0 1.031 .701
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TABLE 5.7: Fault Current for Different Branches

_ B%S:g?de Féqlt.C&féént 1(3;1'2 Fault-Type
1-2 0 -6.297 0
2-3 . 0 2.363 -0 3-Phase fault
3-4 0 1.645 0 |
4-5 0 1.645 0
5-6 0 -1.652 0
3-6 0 .718 0
1-6 0 ~.220 0
1-2 e 935 -7.871 .789
2-3 .935j‘1, .789 .789 Single-line-to
3-4 718 / .549 - .549 - -ground fault
4-5 .718 5 .549 .549 |
5-6 -.382 -.552 -.552
3-6 .216 .239 .239
1-6 167 -.843 .312
1-2 .0 -7.479 » -1.182
2-3 0 1.182 ~1.182 .| Line-to-
line. fault
3-4 0 .823 -.823
4-5 0 .823 -.823
5-6 0 ~.826 ..826
3-6 0 .359 —.359
1-6 0 -.688 C—-.467

In order to detect the fault type and location of fault,

the short-circuit results are fed into the distance relay pro-

gram and the corresponding fault results are shown in Table 5.3G.



Table 5.8:

Fault EKesults for Fault Occured on the Line Between the Buses.

Relay Input

Relay Output

Fault type
Relay .
3 T ¥ ] L
Location EO El E2 IO Il 12 K¥- KO KO K2 K2 Kl K
Relay placed o} .494 0 0 ]11.645 0 0 0 0 0 0 .59 .6.. 3-P-fault
at bus No (4) | =.137 1,318 —.414. .718 | .549 .549 0 -.19 2.67 =1.49 4,8 .6 IL-G-fault
and element 0 1.113 .619 0 823 —, 823 0 0 -1.51 1.0 2.71 .6 L-L-fault
No-4 ,
Relay placed 0 331 0 0 |jl.652 0 0 0 0 0 0 -.40 .4 3-P-fault
at" bus No (6} | —.418 1.264 -.468 | .383 |.552 .552 0] -1.08 {1.41 -1.71 1 1.0 4,58 .4 L=-G-fault
and element 0 |1.031 |.700 | o {.826 r.826 | 0 |0 0 |-1.69 1.0 | 2.48 | .4 L-L~fault
NOo = 5 .
Relay placed 0 c494 0 0 |<L.645 0 0 0 0 0 0 -1.J19 142 3-P-fault
at bus No (4) | -.137 1.318 -.414 | ~,718|~-.549 }-.549 _9- 3.24 31 2.98 1.0 -3.6 2.4 L-C~fault
and element 0 1.113 619 0] ~-,B823 [.823 0 Ok 0 3.02 1.0 ~5.42 1.2 L-L~-fault
No-3 '
Relay placed 0 1.259 0 0 2.363 0 0 0 0 0 0 3.56 3.6 3~P-fault
at bus No (2) | -.047 1.574 -.158 [ .935 |.789 . 789 0 -1.06 {.40 ~-1.3511.0 13.25 4.8 L-G-fault
and element 0 1.495 .236 0 1.182 [-1.182 0 0 0 -1.36 | 1.0 8.47 3.6 L-L—-fault
No=-2 -
Relay placed 0 905 0 0 =2.363 0 0 0 0] 0] 0 ~2.54 2.6 3-P-fault
at bus No (3) | -.0%4 1.456 -.276 | =.935(-.789 [~.789 0 . 1.91 .40 2.36 1.0 =12.32| 3.8 L-G-fault
and element 0 1.319 414 0 -1.182 [1.182 ¢] - 0 §] 2.32 1.0 -7.46 2.6 L-L-fault
No=2 '
Relay placed 0 .905 0 0 }.718 0 0 0 0 0 0 | 1.56 | 1.6 3-P-fault
at bus No (3) | -.094 1.456 -.276 | .,216 {.239 .239 Q -.27 1.72 -1.46 | 1.0 7.60 1.5 IL.-G-fault
andfflenent 0 1.319 L414 0 .359 -.359 0] 0 0 -1.42 | 1.0 4.58 1.6 L=-L-fault
. NO,
l §§12Y ptgciq) 9 A T ; e 0 1000 0 0 0 0 0 0| 2.18 | 2.2 3=F=fanlt
| ac ous Mo (3 594 1. 456. | =. 276 [.718 1.549 | .549 6 |-2.08 | .31 2.04 1.0 10.62 | 3.4 | i-G-fault
: N*"‘:_j‘?— ‘5‘:-3- Suentc 0 1,319 . 414 0 . 823 -, 823 0 0] 0 - 2,00 1.0 6.44 2.2 L-L-fault

6
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5.6 DISCUSSION ON RESULTS

The computer program developed for disﬁance.rglay was
applied in a large power system having more than two bus and
different fault results were investigated. The results were
presented in section 5.5. The different approximation, the
effect of which were discussed for two bus system in chapter

4 were also applied. for this large power system.

The power‘system which was chosen for present .analysis
c0nsists-of—S—busjoffwhich‘bds 1 is the.reference bus. First
of all,kcthideréd Fhat fault occﬁrea.on bué no. 5 (see f%g:‘_
5.1) and for this.féﬁlt éondition shért circuit study here&ﬁrﬁnmwﬁ
on the system in order to éompute-different bus voltages and fault currents. the
short circuit results were presented in.Table 5.2 & 5.3.The data obtained
from short circuit study were fed into the distance relay pro-
gram and the performance of the program were investigated and

the fault results obtained were presented.in Table 5.4.

From the results of Table 5.4, iE”wdéZObserGéd;that
for relay locaﬁion on buses 4, eiement_4 and bus no. 3,
element 5, the distance of the fault which occured on bus no.5
were 1 (one) P.U. for all type of faults. (3¢ fault, L-G fault, -
L-I, fault etc.)-Bus no. 4 and 3 were connected to the faulted
bus 5 with element 4 and 5. Aéain for all the relayé located

on bus no. 5 , fault distance was 0 {Zero) for fault occuring
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on bus 5. Finally for relay l§cated-on.bus no. 2 , 3 , 4

and element 2, 3 .-which were not éonnected.to the faulted
bus 5, the fault distance were greater than one. So.we
concludé,that for relay.location bn faulted bus, the fault
distance is zero,fre;ay located to theradjacent buses and
Ilines which are connected to the faulted bus'is one..And relay
located to the buses and the lines, not connected to the

faulted bus is greater than one.

Secondly, considered that. fault occured on the line
bétween the‘buse; "4 and 6 { see fig;'5.2) and for this
fault condition shért.ﬁiréuit sﬁudy”were performed in order to
obtain different. bus voltages and fault currentsL.The short
circuit results were presented in table 5.6 and.5.7. The data
obtained from short circuit study were fed in to ﬁhe distance
relay prdgram and. the fault resﬁlts obtained wefe presented
in table 5.8. From the,fesultsrof table 5.8, it was observed
‘that for relay located on.bus no. 4 - and elemént no 4 the
..fault distance was 0.6 (P.ﬁ.) and for?reléy_lbééEéaﬂon bus no 6
and element 5, the fault distance was 0.4 (P.U.) for a fault
occured on the line between the buses 4 and 6 i.e. ( on fic-
ticious bus 5) for different types of fault. Relay lﬁcated'
other than the faulted line we}e gfeater‘than one.. So for
fault occured on the line between two‘bus'the‘distancé ;f
fault fromone.bus is fractional distance 0.4 and from the

other .bus, the fault distance is ( 1-0.4) or 0.6.



97

From the result discussed above we conclude that:

i) 0<K<1l, i.e. when K has a value between 0 and 1,

the fault occurs. on the line between two buses.

ii) X = 0 or.1, fault occurs on the bus
a) K=0 i.e. K has a value equal to zero, the fault

occurs on the.bus where the relay is located.

b) K = 1, i.e. when K has a value equal to one, fault

‘occurs on the bus adjacent.to-the bus where the relay placed

but'qonnected with the relaying bus.

iii) K »1, i.e., when K has a value greater than 1, no
fault occurs on the lines or bus connected to the relaying

bus .
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CHAPTER - 6 .

6.0 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

PR

6.1 CONCLUSIONS .

A detailed investigation into the detection and locali-
zation of .the various kinds of faults using symmetrical compo-

nent distance relay, has been presented in the present work.

-The method used is well- ammenable to digital computer linple-

mentation. Symmetrical component discrete fourier transform
technique was chosen as the basic tool because of a number of
advantages compared to. conventional technique of using phase ana

F

ground relays. Among these is the availability of negative and

- zero:isequence-currents. which- are:useful in-their-own right in -

relaying applications with particulariy difficult coordination
problens. Another;advantége of this formulation is that for a -

fault directly in front of a circuit breaker, syrmmetrical com-

f
/ .
ponent voltages are non-zero ( except of curse, for a closing

three phase fault), and consequently the distance computation
in this instance is highly directional at all values including
zero. In casé'of a three .-phase fault adjacent to the breaker,

memory voltages must be used with symmetrical component techni-

que as they are with conventional relay.

The symmetrical component relay is even more attractive
when digital computer based relaYing system are cqnsidgred. The -

problem of sequentially processing fault equations for different

phase and ground faults ( with attendant computational burden)
| .

is eliminated since the symmetrical component relay uses a
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single performance equation for all fault types. Symmetrical
components of voltages and currents are generated recursively
from sample data. This recursive computation implies ongoing

processing of data at all times.

The main feature of the symmetrical component distance
relay is use of a single'equation to-determine the-distance. to
a fault from a transmission line terminal regardless of the
type of Fault. The-performance.equation uses the symmetrical
comp0nen£s of‘line—pérameters, and*a-singie equation is wvalid
for_allztypes‘ofJfaultsm;The,singleuperformanceyequation"eli-
minates the needifor.multip}e impedance units'or relaying
systems with switched signals. The phaées involved in a fault
are identified as a by product of the distance equation evalua-
tion -rom the performance equation of the symmetfical'component
distance'relay; it is shown that its accuracy is identical to
that of a-cOnventiOnal phase and ground distance relay. The
symmetrical component relay is specially suitable for digital

computer application.

On the basis of through investigations the method deve-
loped for symmet:icai component distance relay program has been

applied for the calculation of location and type of fault on a

’ -

lafge power system. It has revealed from the results that the
distance of.fauit from the relay location represents the per
unit distance ( expressed in terms of total line length) to any
balanced or unbalanced fault on the transmission line. For a

fault on bus, the distance of the fault from the relay location
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is one, P.U., for fault on line, the distance 'of the fault from
the relay location is less than one P.U. and for a fault beyond
the protective zone of the relay the distance is greater than

one P.U.

Finally we conclude that the main function prOVidéd by

the SCDR program are:

i} Phase and ground distance protection.
ii) High speéd.relaying séeed of 1/2-1 cycle.
;iiii;Faqltﬁclassification.
iv) Fault.localization.
v) Phase detection. .

vi) Single pole trip output.

6.2 SUGGESTIONS FOR FUTURE WORK

Further research work in the field of power system
protection, using symmetrical component distance relay could

concentrate on the following:

1) Stﬁdy on the deveiopment of micro-computer based
S.C. distance relay using a plessey MIPROC -16 micro processof.
This processor has 16 bit data and instruction words and its
éircuitry uses.pri—state scholtky TTL device. Versions of the
processor with 350, 300 and 250;n sec cycle time are availa-

ble. It uses separate program and data memories and most ins-

tructions execute in one or two clock cycle.
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e

2) Study on “the development of ultra high speed micro-
computer based distance relay u51ng SCDFT and transient moni-

tor functions.

3) Further study on the method of present analysis
using different relay operating speed and mean and standard

diviation of distance estimation will be compare;

4) Study of-the application of the. method in the BPDP
power system.
5) Investigation of the method considering the effect

of fault patch resistance on the location of fault.
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APPENDIX

APPENDIX -~ A
SYMMETRICAL_CQMPONENT_TRANSFORMATION

A set of threé balanced voltages (phasors) Va, Vb’ Vc

is characterized by equal magnitudes and interphase differen-
ces of 120°. The set is said to have a phase sequence abc

(positive sequence} 4if vb lags Va by 120° and Vg lags Vb by

120. The three phasors can then be expressed in terms of the

L

reference phasor Va as

= = 2 et

Va Va' Vb o Va’ VC uva A.l
where the comple%»number operator is defind as

H .‘ )
g120°/
I1f the phase sequence is acb ( negative sequence)
= p— = 2
Va Va’ V.D uva R Vc a Va A.2

Thus a set of balanced phasors is fully characterized by its
reference phasor ( say Va) and its phase sequence { Positive

or negative) .

Suffex 1 is commonly used to indicate positive sequence.

A set of ( balanced) positive sequence phasors is written as:

v =q?V v = qV _ " AL3

Val’ bl al’ ‘¢l al
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Similarly, suffix 2 is used to indicate negative sequence.
A set of ( balanced) negative sequence phasors is written

as:

\Y \Y = aVv v = o?v A.4d

a2’ "b2 a2z’ "c2 al
A set of three voltages (phasors) equal in magnitude
and having the same. phase is said to have zero sequence.

Thus a set of zZero seguence phasors 1s written as:

v . ov. : v
. a0’y "bo =z "aol?s "co . "ao

Consider now a set of three voltages (phasors) Va' Vb’ VC
which in general may be unbalanced. According to Fortesques
theoreom , the three phasors can be expressed as the sum of

positive, negative and zero segquence phasors defined above.

Thus

a al az ao
= +
Yy T V%1 T Vb2 T Vno A-6
Vc - Vcl * Vc2 * Vco

The three phasor sequences ( positive, negative, and-zero)
are called the symmetrical_component;'The addition of symme-—

trical components as per egquation A.6 to generate Va'vb' VC is

indicated by the phasor diagram of fig. A.Il.
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VYao

Vbe=Vae

Vco=VYao

Ver

" Fig. A.1. Graphical addition of the symmetrical components to obtdin the
' set of phasoer Va, Vb, Vc.
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Let us express equation A.6 in terms of reference

phasprs Val' Va2
= +
Vg Val v
2
= +
Vb a Val
VC - 0"Va.l N

and Vao' Thus

) :
+
Va2 Vao

ﬂ‘fTheseTEquationSfcan—befexpressed in. the matrix form: as:

s

r o

I i
i "
Va ; _l
i
! - 2
Vb ; (83
A i Q
c |
L A L
Invector form:
V.. = AV
&
-1
VS Vp

1,0
T 1 V.,
o 1 Va2 A.3
a? 1 v
Lao
—

——

Computing A_l and utilizing relation A.8

= 1
Va1 =

(V,

+ 2
O",Vb + Q VC)
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_ L 2 : :
Va2 =3 { Va + Vb + aVc) A.l0
V. =% (v +v. +v)
ao 3 a b C

Equation A.10 give the necessary relationships for obtaining

symmetrical components of the original phasors.,
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APPENDIX - B

DERIVATION OF THE PERFCORMANCE EQUATION OF SYMMETRICAL COMPONENT

DISTANCE RELAY.

Fig. 2.1 shows the single line diagram of a sample

system having two bus P and Q. Let us assume that fault occured

at points B at a fractional distance K from the bus P. Under

the occurance of a fault at point B through the fault resistance

Rf, the resulting voltages and currents in the network are

shown in fig. 2.2 and the relevant performance equations are

as:

ow 0 oy 0 of “Tof
; \

Ejw = By ~ KTy 23 = Rig g

Eyw = By = K Iy %y = Ryp Iog

Where, Rof’ le,

sz are symmetrical component fault resis-

T, I ) i
tances and Iof’ 1£7 sz are the symmetrical component fault

current.
For Transmission line Z, = 2

The line currents change because of the fault by the

AIO = IO - Ioz IO 8
I. = - I

a 1 Il Il

AT. = I.~I. =1

amounts:

1
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AI'S in equation B.l: -
Eow - Eo - Kb IO ZO - Rof Iof

Elw = El —I(AIl Zl - KIl Zl-d le Ilf
By T By T K&Iply T Roe Toge
convenient to define the following voltage drops:

' -AEO :-Q¥ozo

bE) = ALy 7

AEZ = A1222

these drops, equation B.3 reduces to:
Eow - Eo __KAEO - Rof Iof

By = By = KaEp = KL Z) = Bip Hpp

E,, = By = KAEp = Rop o

0
&3]
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Equation B.5 can now be expressed in terms of these ratios:

E
- 9 _ -
EQW B AEo ( AE, K) Rof Iof
= AE_ ( K_-K) - R_. T_. B.7(a)
E I.Z
_ 1. 1%
Eiw = 2B U 3g K3g— ) =~ Rye Iyt
1 1
= aE; (Kp = K - KK - R T
= 8E, ; {K;-K (1 + K} - R I B.7 (b)
B,
Ejy = LB, AE, K) = Ryp Iy
= AE, (K, =~ K) - Ry I. B.7(c)

We will now develop expressions for the'f;actional distance
to the fault K in terms of the above ratios for all types

of faults.

1) Thrée Phase ‘Fault:

Fig. 2.3 shows the symmetrical component representation
for 3 phase fault. The fault imposes the boundary condition
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Substituting this condition in equation B.7(b) leads to:

- = -_— -|-‘ -
Elw 0 AE, { Ky K (1 RL)} le Ilf
R._.I
: T1ET1E
or Kl - K ( 1+ KL ) B T 0
_ 1
: R..I
or K. ( 1 + K = K __]__f_!___f__
b 1 AE
' 1
S S b £
T - NSk '
L+ KLmqréEl(} )
K- .
T S
= ——— St e : B.8
Riglys ' B.9

‘where €. .
BEL (14K )

ii) Phase to Ground Fault

Fig. 2.4 represents the symmetrical component repre-
sentation for. the single phase to ground fauits. Boundary

conditions for this fault are:

i) For phase 'a' to ground fault:
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ii) For phase 'b' to ground faulf:

@B+ @B, + E =0

a?AE; = QAE ’ B.11

iii) For phase 'c¢' to ground fault:

. + o?E- + -
'aElw_ o E2w' EOw 0

aAElwérazEz, . o ' B.12

Using these boundary conditions in equation B.7 leads to the

following expressions for K:
For a—g fault:

= 0
Elw + E2w + EOW‘

AEO(KOfK? -R

1

+,3E2 (KZ—K)‘—R I.=0

2£2F

oslog THE] { K-K(1+K

L) IRl

+ A_El{ Kl—K(1+&) +K2—K}

or AEO(KO-K) - Roflof - leIlf - R2f12f =
4 + — - Vv L B
or AEOLO AEl (Kl + K2) (R.OfIOf + leilf-+ szlzf) h{AEO+Agl(2+KL)}

+ .
AE K +AE, (K +K,) (R g+ R I +RyToo

- AEo+,AE1 (2+KL) BE_* AE| (2 + KL)

or- K
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AE
- o]
K, + K, + K —— :
R 27 o BB Ryglop * Ryghyg ¥ Roglop) B.13
B AE ' AE
2-+KL-+ NG {2-+KL-+ EE_) AEl
1 _ 1
AE AE ‘
let us define XK' = == = | — IeJ ® o_el) B.14
- 0 AEl AEl

where 6 _ and 6, are the phase angle of 2Z_ and %,. Using K. in

equation B.1l3, the expression for K becomes:

- . ' - ®r I+ i': . : -
s Rl - S ARG T e iRy Dy Roelog) SR —
= + .,! + 2! A .
2 + K KQ , {2 + K+ KJ) 8E,)
i :
K. + K., + K K'
1 2 o 0
_ : + e B.15
2+ KL.+ K o r
where - - ROrof + leIlf M R2f12f. B.1l6
€, AE. - ( 2 + K. + K!') ‘
1 L o}

Similarly for c~-g fault:

A 2 -
Ryglyp taRyplyp + a®Rogl ¢

+ '
ARy (2 + Ko + K5

(

1
and for b-g fault: - _ , —

2
ta"Ryplyp + OR
(2 + K + K')
. O

leIif orof) A

r - AEl

L
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iii) Phase to phase fault

Fig 2.5 shows the symmetrical component representation

for phase to phase faults. Boundary conditions are:

i} For 'b' - '¢' fault:
= 3.1
Elw E2w 2
AEl =.- AE2
ii) For 'af'— 'b' fault:
o,
0lElw @ E2w
B.20
= L2
aAEl ' o AEZ
iii) For 'a' - '¢' fault:
2 =
@By T 0Eyy
B.21
o -2'-;‘3,\E,;| = = O'.AEZ

Substituting these boundary conditions in equation B.7, the

expression for K becomes:

Elw = E2w

X .
or  AEy (K 7K (IFRp) G = Ry Dy = B (KK - Ryploe

+AE. (K,-K) + R

Rigir 1 Ky =0

or AEl {Fl'K (1+KL) b= 2fI2f
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or AEl Kl + AEl K2—K (2+KL) AEl - leIlf + szsz =0
or K (2+KL) LE, = AE, (Kl+K2) (leIlf - R2fI2f)
e xe ™y Raghig - Ryefoe
2+KL17“f,'ﬁEl(2+KL)
K. +K_, . '~ =7 : :
2K ey B{ZZ
"R, I - R, I
— 1£71f | 2f 2f
where €_ ABE. ( 24K - . B.23
1 L
Similarly for a-b fault:
c - - Riglie = %Roelye B.24
' +
r - AEl ( :-2 KL.)
‘and for a-c fault:
R..I. . -a’R,.I
. - 1 1f 2f 2f I

r AE] ( 2¥K[)

iv) Double phase to ground fault:

Fig 2.6'représent the symmetrical component representa-

tion for double phase to ground fault. The boundary conditions

-,
L]

are:

i} b-c-g fault:

E = B = E l . B.26
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iii) a=c=-g fault:

Using these boundary conditions and equation B.7, the expression

for K becomes:

AEl {Kl—K (1+KL)}-leIif = AEO(KO-K) - Rérof'

- _ + 1 — ) - K
AE; Ky = AE Ko = Ryglip ¥ Ropeloe = K (1+K;) 8E = OB}
or K f(l+KL) AE, - AEO} = AElKl —AEOKO - (le;lf - Rorof)
ek = NE(Ky) = BE K (Ryglye = Roglog )
. + — : ¥ =
BE, (17K ) -0E, TE, (L¥K.) - BE,
| K. -K -——AEO :
- 1 0 ARy . (RogTor ~ Ryglyg! B.29
AE AE,
BB, AE. (L+K. - —2 )
1+ K TE 1 L” 5E,

Using the value of Ké of egn. B.l4 in egn. B.29 we have the

expression for K as:

AR AR
o _ _ o J(e _-8.) '
_E‘_—El = I —E——El h e o] 1 - KO B.30
K.+K K! -
K = _1__53_9_“ N Roelos lellf.,
1 + K_+K' 'y
LT AEl (1+KL+KO)
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K.+K K'
1 "o 0o N
1+K'+K r
o L

Rorof B leIlf

= B.
where € T i+ K5+KL) AEl 32
similarly for a-b-g fault:
2 -—
c :q Roglof leilf B.33
1 -
r AEl (1+KO+KL)
and for a-c-g fault:
c = oR eloe™ Ryelyg: B 34
T+K .
r AEl( l*l-K.o L)

A "

Using eéuation B.8, B.15, B.22 and B.31l the genefal expression

for the expression for K are as:

+ K, K} + K'
Kl K2 2 Ko @)
r + . +
]_+KO K2 KL r .
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APPENDIX - D

" DERIVATION OF bISCRETE FOURIER TRANSFORM
Consider the fourier transform pair of fig. B.l(a). To

discretize this transform pair it 1is neceséary to sample the

wave form h(t)ﬁ

The sampled function can be written as:

oy

h(t) A_(t) = h (t) & & (t=KT)

— e 'L h (KT) §(t-KT) D.1

M k=
where A_(t) is the time domain sampling function shown in

fig, D.1{(b) and T is the sampling Interval.

Next, the sampled function is trurncated by multiplication

with the rectangular function X({t} shown in fig. D.1l(d) as:

X(t) = 1 - T/2<t<T = T/2 - D.2

Il

0 otherwise .

where TO is the duration. of the truncation function.

Truncation yields?

h{t) & (€} X(t) ={z h(KT) §(t-KT) } X(t)
k= - ;
N-1
= I h({KT)§ (t-KT)~ : D.3
k:
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h(t
} ()- pIHEN
] ) \=
T (@ f
As(t) Aol t)
i 115 L
L 1
~ — Tt -1/7
bh (t) Ao (f) : b IH(f) Aol f)]

NS

1/2T

Ix (f)]

1w —
~T/2 To-T/2 -1/Te 1/To

IH(f)erx(f)-(f)I

N

j h(t) Ao (t)x(t)

, A -_(e) : '
je——N—ef ' -1/21 o 1721
§ A (1) - A
To - | To

Thn} M@J mﬂ‘m_m thfﬂ ﬂtﬂ t

Figq.D.1 Graohical derivation of the discrete foarier transform pair.
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Assuming N equidistant impulse functions lying within the

truncation interval i.e., N = TO/T.

In order to modified the original fourier transform pair
to a discrete fourier transform pair the truncated wave form

of eq. D.3 and the time function &, (t) as shown in fig. D.1(%)

are corvolved. Function Al(t) is given by fourier transform

palr as:
A (t) fTo L §{t-r TO) D.4

I'=w

The discrete -fourier transform 1is as follows:

Rt = h (£)- 4 (8) X(E)} * & (&)

N-1 .
={ & h(XT)} & (t=-KT)} * (T L S(t~-r T_)}
N-1
= + —
TO kEO h (KT) 6ﬁt+TO KT)
- N-1.
+ TO f  h(KT) §(t=KT)
k=0 -
N-1
+ T =z n(KT) §{(t=T —-KT)+ '-v.. D.5
(@] o) -
k=0
This equation can be reduced as:
_ @ N-1 - } .
h(t) =T_. £ { £ h{KT)§ (t-KT-rT_) } D.6
C o] .
r=w k=0
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To develop the fourier transform of equation D.6 the fourier

transform of a periodic fun;tion.h{t) is a sequence of equi-

u

distan empulses:

- n ; * _ _ L
A(2) = 5 o S(E-nf), £ = 7 D.7
o = o o
where o = % 5 To7T/2 feey e J2mt/Ty g¢ no0,+1,+2  D.8
n To =T/2 ' ’ -7

Substituting of D.6 in D.8 yields

T=T/2 « N-1

e = % 7.° T.L I h(KT) §(t-KT-IT) e Iemmt/T, at D.9
o -T/2. r= k=0 -
. ; s
Integration is only over one period, hence
N-1
0 =T T/2 5 Th(RT) §(t-XT) e J2nnt/T, at
N-1 . .
= 3 nr) sToTT/2 7I2mE/T " s (eoxT) at
k=0 . -T/2
N—-1 .
-3 h (KT) e—J2ﬂknt/To D.10
k=0
Since TO = NT, equation D.1l0 can be written as
N-1
a, = E h(KT) e J2nkn/N .
k=0 3 n=0, + 1, + 2 D.11
and the fourier transform of . 'B..7 is
. a N-1 :
B (=) = & I h(kT) e J2TKR/N D.12
NT
n=x k=0
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From a cursory evaluation of D.12 it is not obvious that the
fourier transform H (n/NT) is periodic. However, there are only

N distinct complex values computable from equation D.12.

To establish this fact,let n=r where r is an arbitrary

integer. Equation D.l2 becomes:

o N~1 .
H(—) =13 h(KT) e J2nkr/N D.13
NT o
: k=0
Now let n=r+N
) N1 o
‘ k=0
N-1 _
= £ h(KT) e J2nkr/N o J2nk
k=0
N-1
= 5 nh(kr) e J2mkr/N
k=0
_—: r_ -
= H { NT) : ' D.14
-JZﬂk

Since e =il for K integer valued.

Therefore, there are only N distinct value for which eqn. D.1lZ2
can be evaluated; i (r/NT) is periodic with a period of N samples.

Fourier transform D.1l2 can be expressed equivalently as:

- N-1 -
i (gg) = & h(KT) e JZank/N

k=0 n=0,...N-1 ' D.15
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APPENDIX- E
DERIVATION OF SYMMETRICAL COMPONENT DISCRETE FOURIER TRANSFORM

The discrete fourier transform is as:

2 N=-1
X = = I X,. B E.1l
CNg=p KK
where Bk_='exp (=-J 2T K) E.2
To

11
_ _2 ' ‘ _ 27T
X =33 I X exe (J7 ppp &
11, :
= % £ X, exp ( -J %?1) _ . E.3
k=0

The conventional phasor representation of a sinusoidal wave

X(t):
X(t). = ¥2 x Sin ( Wt + ¢) is x E.4
: B Jo . .
where X = |X| e" 7 = |X| (Cos¢ + J Sing ) E.5
Taking samples Xk from E.4 and substituting this values—
of X, in E.3 and finally compariﬁg the resulting expression for.:

k
X(1l) with equation E.5 we get:
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v = S x(1) i E.6

JZ

gubstituting equation E.3 in equation E.6

N f
J o 1 TK
X = = L X exp ( ~J— )
V2 6 k=0 k 6 -
. _ K-
=igsm Xoexw ()
=L X, W, E.7
J _- 1K
where Wk = 6‘/2/,.exp (=J a3 } E.8

The two new phasor Y and Z obtained from X through the complex’

multiple of o and a?.

_ _ 2T J _ . TK
Y = aX = exp (J 37 ) .kio /3 Xy exp ( -J 3 )
11
B J 27 _1 TK
= kio mxk exp ( J “"—3 ) exp (-J _6 )
11 .
. J Jom
I . X exp { - = (K-4) }
koo 672 Tk 6
= ZXk Wk—4 E.9
o - J fod0 g | )
where W, —4 a7z exp -3 (K-4)}} | . E.10
‘Similarly,
11
S S _ dJd2n J _g Em
Z o“X exp | 3 )kio o2 Xk exp ( -J - )
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11 I -
= I X, exp (== (K+4)}
woo 872 Tk 6 |
11
= 1 X W E.11
k=g ~ K4
, Y L =
where W, ., = g77 ©XP A = (,‘K+4)} .12
Now substituting X,Y,2 we get:
= 4 -fx + X, + 1
Xo -3 a b xc
L oLr 11 11 ]
=={ X . W_+ I X . W_+ I X. W}
3 =g ak 'k k=0 bk 'k k=g ©k Kk
1 11 .
=3 {},EO Kok * Xpx * Xexd Wi ! E.13
_ 1 2
= = a +
X, > { X + Xp +a XC}
;1L 11 , 11 _
=={ X, W_ +3I - X_ W 4+ X W }
3 Lo ak "k 2y bk k-4 2o Tck k+d
1 11 .
= = +
3 ke © Epk-a T XokMkea) ! B.14



and X

W
-~
ne

W
+.
Q.

[
Ve

I (X W+
-q - a
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+ aX }
C
11 . 11
T X . W I
(og bk'k+4 T 2
+
Lok¥k+a T Eokk-4a
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APPENDIX - G

AN EXAMPLE FOR THE PERFORMANCE OF SCDFT PROGRAM

Let us consider the voltage wave shape:of a 3-phase system
having fundamental frequency component and components having

harmonics of corder higher than one as:

Q
v_ = 1.7494 sin (Wt + 77.69) + 0.58313 sin (3Wt-45)

' Q
+ 0.3499 'Sin (5Wt + 110)

: 6 . o
vV, < 27973 8im-(WE-90) + 014 Sih (2Wt - 170 )
v . - O .
+ 0.1 Sin (3Wt - 33.69 )
v_ =1.7494 Sin (Wt + 102.29). .- 0.45 Sin (3Wt)

1' . O ..
+ .2435 Sin (4wt - 184.05 }

In order to obtain the symmetrical component .of voltages
from this 3-phase system, the computer program developed SCDFT

is used.
The parameter chosen as:

Sampling number N = 12
Frequency of the wave F = 50 cycle per second.

Sampling rate = 50 x 12 HZ.
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The symmetrical components of voltages obtained from the

output of SCDFT program are:

1.05 + J.605

=
I

1
E2”= ~.787 + J.456
E, = +000161 + J.147

In order to check the correctness of this.result we have

used the symmetrical component concepts as:

E, = B + EfE_ = .263 + J1.21 = 1.238 //77.740
" ® = a®E. + qE, + E. = -.00313 - J1.98 = 1.98 /-90.0¢° -
b .l 2 o . )
E_ = aE + o?E, + E_ = -.262 + Jl.21 = 1.238/102.22

:The fundamental fregquency component of voltages obtainea

from the 3-phase wave are:

g, = T 9707 0 =1.237 [77.7
y'?2 ' -

E, = 2.7973  /.90.02. = 1.978 /=90.02
2

g = 2498 /102.29 = 1.237 /102.29

Comparing the two set of data we conclude that the data
obtained from the computer program is nearly same as the actual ~

data.
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