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INTRODUCTION

Over the past several years there hgs been widespread
interest in extrg high voltage transmlission systems. There
are obvious economic advantages to be realised through the
use of EHV in gystem interconnections, power pooling and
in the installation of high capacity unit generators. The
EHV system cagpable of transmitting large blocks of power
thus becomes an extremely important part of the power
systems. The increased use of longer and more heavily
loadedvtransmission lines gnd the demand for greater
reliability of service and economical switching arrgngements
utilising minimum number of circult bregkers call for

significant improvements in protective relagying schenmes,

Power system protection can be regarded as an insurgnce
against fault damage and the gmount of insurance which is
téken out depends upon the degree of risk involved. In
modern interconnected extrz high voltage power systems the
risk involved in not providing fast and religble protection
to clear faults is very high indeed. Shorter operating
times have become more essential to preserve dynamic

stability as the character and loading of the system
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approaches design limits. Further, high speed clearing of
faults offers a significané economic contribution to the
power system. Studies have shown thgt a given system can
trangmit lagrger amounts @f power without loss of synchronism
when faults agre cleared in shorter times. Faster clearing
of faults aglso reduces line conductor damaée. Burned or
pitted conductors are more subject to failure due to
corrosion and they also result in objectionable corona and

radio noise levels particularly at higher voltages.

To meet the requirements of better protective relay
performance, a gradualrimprovement in the design of
conventional electromechsnical relays has taken place over
the years, but there is a limit to the sensitivity which
can be achleved on electromechanieal relays without
sacrificing reliability. Stablility against shock and
vibrgtion is particularly difficult to achieve on the more
sensitive units with low operating torques. The use of
static relays has mgde it possible to achieve greater
sengitivity and gt the sgme time obtain excellent mechanical
stability.

From both the manufacturer's and user's view point,
static relaying permits rationglisation of basic elements

designed to meet the various protection requirements, a



feature which has always been difficult to achieve with
the electromechaniecal relays. Moving coil, induction cup,
and attracted armature relays have had some success, but

flexibility has always been restricted.

The use of semiconductor devieces for obtaining the
various protective functions provide the answer for high
speed relaying. Whereas electromechanical relays are
limited in their opergting time by the inherent inertia
of the system, statie relays can operate theoretiecally
instantgneously due to the absence of any moving contacts.
Yet another salient feature characterisiné the static
relays is that the operating time of some static relays
can be made independent of the fault location but a function
of the instant on the voltage cyele at which the fgult
occurse. T£is is not the case with electromechanical relays

which produce torques as a function of the magnitude of

the input quantities.

There are maghy more advantégés to be gained by using
semiconductor relays. Absence of moving contacts implies
1ess maintengnee problems. Furthermore the burden on the
protective current transformers and potential transformers
are élso well below those obtalned with electromechanical
relays. Neédless to say that static relays occupy lesser

fleor ares of the control room when compared to their



electromechanicgl counterpartse.

Perhaps the greatest advantage provided by these
static vnits is the flexibility of the pick-up
characteristics which these units permit. The contrel of
the inverse characteristics of time overcurrent units or a
variety of pick-up characteristics of distance unlts are
just two examples of this Teature of static devices.
Elecfromechanical relays provide only circular or straight
line characteristics on the impedance plane and any
modification of these require connecting the contacts of
various relays in series which is not desirable. The use
of semi-conductor devices have resulted in new concepts of
relaying by means of which special charécteristics are
possible without resorting to the series cennection of

contacts.

The development of exbtra high voltage lines has
necessitated rethinking as regards the characteristics
required for the distance units for protecting these lines.
Arising from the more and more complicated structure of
high voltage networks and in particular intensive linkage
it happens more and more frequently that exlsting distance
- relays cause increasing incorrect operations. The only
method of overcoming these errors without complicating the

protective system is to use a very strict tripping area.
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In particular, in case of distance relays, the tripping
area represented on the R-X diagram should striectly
envelope the overgll assembly of the operating points of

the defective line,

On an B-X diagram the characteristic of a line is
represented by a straight line (fig.1.1), the length of
which is proportional to the length of the line under
consideration., It is the locus of the operating points
of-the line subjected to metallic faults. To this locus,
inclined at an angle P to the resistance axis, is added
the total fault resistance to give the agrea of fault
probability in the impedénce plane. For any fault say at F,
the vector LF is due to the resistance component of the .

. fault comprised of the. arc resgistance and eventually the
earthing resistances of the equipments and the neutral of
the transformers in case of a single phase fault. The

fault resistance increases somevhat for faults towards the
remote end of the section because less of the total fault
current flows through the relay even though the getual

fault resistance may be reduced by the extra current fed

in from the remote end. The length of the protected circuit,
and the fault resistance approprigte to the line construction
determine the area of fault probability in the impedance

plane in a particular case, along with the fault infeeds
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(@) AREA OF FAULT PROBABILITY ON IMPEDANCE PLANE

(b) SYSTEM UNDER CONSIDERATION

FIG.1-1 FAULT AREA ON COMPLEX IMPEDANCE PLANE
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immediately behind the relay location and at the remote
termination of the circuit. The quadrilateral characteristic
hence suggests itself as a general characteristic and as
being potentially capable of meeting different and specifiec
requirements as they arise. ldeally the reach settings of
the characteristic in the resistance and reactance axes
should be independent as should be the slopes of the
constituent sides, for it to cope with the range of
conditions encountered in ordinary practice. This is further
confirmed by a reference to report on the desirable shapes

of distance relay characteristies by J. Landmark Braten't
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and J.W. Hodgkiss®. This report points out the desirable

features in the distance relay characteristies as followss

1) The characteristic should cover the impedances in
’ question with some margin because the impedance
of the circuit cannot be stated exactly.
2) The characteristic ghould as far as possible ensure
“ satisfactory operation in the presence of
a) Additionsl Resistance in arcs, tower feotings
‘ etc. measured in some cases as impedance with
important reactive components ;
b) Smgll load impedances - even if of the sgme
’ order of magnitude as the fault impedanhce ;
e) Power swings ; '
d) Infeed of currents not measured by the relay

in question but through teed feeders within the
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protected area or through other unfgulted lines

in case of back up.

The distance relay characteristiec, dependipg on the
nature of the fault and or on the other conditions in the
netweork, should have desirable shagpes for all such
conditions which can occur when the relay in éuestion is

called upon to operate.

The desirable shapes for the distanée relay
characferistics‘are shown in fig.l.zl’g . The
characteristic should be directional and should not
operate in the forward direction for faults in the 3rd
guadrant. The characteristic should enter the second and
fourth quadrant at an angle ( compared with R axis )
taking inte account selectivity, dynamic properties and
angulsr errors. The limitation to the right (on R 'axis)
is determined by the maximum resistance to bé measurede.
In some other cases limited extension may be necessary to
évnid unwagnted tripping in case of power swings. Some
extension in the fourth quadrant is necessary in cases
when single phase tripping is wanted and a relay in the
unfaulted lagging phase measures a small impedance in the

fourth quadrant due to heavy loade.

The gbove congiderations lead to-desirable shapes

of thé distance relay characteristics similar to those in
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fige 142 « A free choice of the slopes of the constituent
sides and the extension to the right are desirable. Most
of the development in the field of distaghce relgying has
been towards achieving this end with the simplest

arrangement s,

The proposals for electronic relays are not new ana
references relating to their application to power system
protection may be found in the literagture of 1928 onwards.
In that year Fitzgerald published g paper describing a
écheme of electronic pilot system for the protection of

3. This scheme was subsequently discardedl

iong lines
because of the high cost and the lack of religbility of

the valves available at that time. In 1934 Widerde described
a series of electronic cireuits for most of the common types
of protective relays4 and later Loving developed circuits
for many common functions pertaining to protective gear5.
Macpherson, Warrington, and McConnell gave informgtion

about an electronic 'mho' relgy in 19486, and subsequently
Barns and Macpherson'confirmed the efficiency of this
method by their fleld experience7. Satisfactory field
experience on fast carrier scheme was subsequently reported
by Barns and Kennedy in 19548. Braten gnd Hoél reported a
high speed distance relay in 19509 and subsequently

electronic distasnce relay schemes were reported by #dams
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and Bergesthl® in 1953 and Warringtonll and Bergesth in

12, the latter describidg a distance relagy on phase

1954
comparison prineciple. Further, Adsmson and Wedepohl18
reported a static mho distance relgy in 1956 which

provided excellent chgrgcteristic.

In the lgst twe decades the developments in the
field éf static relays have been very fast and g number of
new schemes have been reported. Static relays can be mainly

classified as follows s

(i) Relays employing Amplitude comparators,
(ii) Relays employing phase comparators, and

(iiij Relays employing Hybrid comparators.

In the first class of relays employing amplitude
comparators, the comparision of one or more quantities is
carried out for the amplitude, ignoring the phase angular
difference, with either a fixed reference or amongst
themselves. The rectifier bridge type comparators initially
developed in Norway, Germany and England employed the
principle of amplitude comparison9’14’15 . McLarean’l7
extended the prineiple of instantaneous compafison of
voltages and currents first deseribed by Macpherson,McConnell

S to formulate s new sampling technigue which

and Warrington
allowed the comparison of the instantaneous values derived

at different instants of time. Though the scheme employed
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the principle of amplitude comparison, the ultimate
comparison, however, was carried out in a phase comparator.,
Further, though the scheme did not require to make use of
éhase shift or mixing of sighals, still employed more
invelved circuitry. 4 new amplitude comparison technique

has been reported by Khincha, Parthassrathy and Ashokkumarls
which permits the comparison of the voltage and current st
every instant elimingting the needs of special relay
circuitry like zero-crossing detectors, sampling gates,

. amplitude-pul se durgtion convertors etc. 4n important
problem in this class of relaying employing #Amplitude
Comparators is in designing the gppropriate relay circuitz_'y
to magintain the waveform of the input signals till the final

comparision for the amplitude is coempleted.

Due to the superior accuracy of the phase comparators,
their development in the field of static relays appears
to be more premiment. The phase comparators may be
classified inte (i) Cosine comparators, (ii) Sine

comparators, and (iii) Sequence comparators.

A 2-input cosine comparator is supplied with mixed
signals Sl and 52 as shown in 2-input comparator of figel.3
employed by Adamson and wegepohll3 o Signals Sl and S2 are
compared in a coincidence circuit which produces a
rectangular wave form, the duration of which is preportional

to the positive colncidence of Sl and S, This square wave
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is converted in-to a triangular waveform, by means of the
integrating circuit, the peak amplitude of which provides
the megsure of coincidence. The level detector following
the integrator circuit can be adjusted to provide tripping
in any desired phase angular limits. This comparator
although provided excellent mho characteristic, however,
was hot explolted commercially due toe its inherent
limitations., Nevertheless it laid foundation in the

development of static relays.

Humpage and Sabberwal employed multi-input cosine
comparator, first deécribed by Vasquez and othersle, that
resulted in economical construction. Fig. 1.4 illustrates
multi-input cosine comparator in blockeschematic form
employed by Humpage and othersgg to obtain quadrilateral
distance relay characteristic. The necessary inputs to

the comparator to obtaln the characteristic of fige.le.5(al)are:

8y = 1%V g
- ; 0

o [ X N N ] (lhl)

8, = I R g :
S, =V !
T4 L ]
]
Signals Sl and 82 are responsible for producing the

segment CB of the chagracteristicec. Similgrly the pairs of
signals 8, and 8,y S5 and S, and Sl and $3 yield the
segments OA, 0C€.and 4B of the characteristic respectivelye.
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The compgrison between 81 and 32 yields mho characteristic
which, however, does not affect the shape of the final
guadrilateral characteristic as it gets contained within

the quadrilateral.

Due to the wnwanted 'interaction' smongst the signals
it is not possible to obtain the preferred characteristic -
of fig.1.5(b) unless restricted limits of comparisgn are
employede. in the meantime g compromise is to rotate the
characteristic by an appropriate angle in the leading
direction as shown in fig.1.5(c) by shifting V[ or I; for
the phase.

The multi-input phase compargtor further described
by Humpage and Sabberwalgo employing unsymmetrical phase
comparison limits provides improved versions of the
characteristics. However, still in most of the cases it
becomes difficult to eliminate the unwgnted line segments
appearing in the characteristic. Humpage and others have
further explzined the mathematical basis of this comparator,
shaping of distance relay characteristics and their
behaviour during various conditions of the s:,'stemg()’23"22’23’24:’25
The time of operation of the cosine comparator, in general,
is high and do not previde the independent control of all
the line segments of the characteristic. To improve the

transient performance of the relay, Dual phase comparators
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and Double phase compgrators working on bleck-block or

block- average schemes have been reportea0?27128,2

In g 2-input sine comparator, a spike is derived
at the zero cross-cver of one of the signals (called
operating signal) obtained from the system quéntity or
quantities and compgred with the other signal for the phase

30 empleyed this type

difference. Dewey, Mathews and Morris
of compgrator to obtain mho charagcteristic which provided
the fastest measurement of direction. The transient
performance of the relay has been verified by staged faults

and field experience3l.

Parthasarathy32 employed pulse technigue in multi-
input sine comparstor to eliminate the unwanted segments
and reported an improved distance relay that yielded the
quadrilateral chargcteristic of fig. 1.6. Fig.1l.7 illustrates
the block- schematic diagram of the first zone relay. Sighals
V; and IL were applied to the megsuring circults (M{ whiéh
producea*the required signals Sl through S4 given by
Eq.(1.2)

5, = I,2,06-8 8
— 0

8y =V, ) cees (1e2)
- o} 0 '

5y = V; /=90 8

8 = 1p8p -7y, §
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Pulse forming cireuit (P) was employed to obtain the
pulse from Sl at its zereo cross over. This pulse was
compared with the polarigsing signals 82, 33 and 84 in the
phase comparator, which was an #AND gate. The phase
comparator Was arranged such that the phase comparison of

S. took place with 82, 33 and §4 individually. The

1

comparison of S, pulse with 82 and S, resulted in the

1 4
sides of the characteristic in the form of blinder. The
line segment furnishing the directiongl property to the
characﬁeristic was obtained from the compariscn of 81
pulse with 83 « Since no intergetion took place gmongst
the polarising signhals 62, 63 and 84, the unwanted segments
in the tripping characteristic were eliminated.

Anilkumar and Parthasarathy33 subsequently reported
the mathemagtical 'basis of multi-input sine comparators

taking into account only the symmetrical amgular comparison

limits.

The use of phase comparison principle is also made in

34,35 36,37,38

sequence detection type single phase and poly-phase

relays, and single phase relays incorporating ferrite

cor6339,4O.

The hybrid comparators listed as class (iii) in the
above classificgtion gre combingtions of amplitude and phase

comparators wherein one type of comparator is supplied with
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ene of its inputs from a comparator of the other type.
Parthasarathy and others have employed this type of

1

compagrator: in obtaining Conic4 and quadrilatera142

characteristicse.

Eventhough a multi-input sine comparator yields
chgracteristics with independent control of line segments
and fastest megsurement of direction, agttempts were not
made, hitherto, to foot these coﬁparators on g generglised
anglytical approach. In addition, the design of the relays
from the system requirement point of view and the necessity
for the shaping of polar characteristics according to system

conditions were not analysed.

In Chapter 2 of the present work, therefore, an
accounf is given of the system conditions which influence
the shape of the tripping characteristics under specific

conditions.

In Chgpter 3 the sine type comparators are analysed
on g completely general basis. The analysis takes into
account both gsymmetrical as well as unsymmetrical limits
of phase comparison. Graphical constructions, both for
circular as well as rectilinear characteristics, are
developed tohassist in the selection of necessary inputs

to the comparator to obtaln desired characteristics. From

these mathematical basis a comparative assessment of
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2-input and multi-input comparators is made to appreciate
the flexibility in the choice of necessary signals for the
comparison te arrive at the desired characteristics. 4
multi-input comparater model is subsequently described
which yields composite distance relay characteristic using

_ unsymmetrical phase comparison limits.

A direct approach in the selectién of appropriate
signals to obtain g desired pick-up characteristic is,
further, ‘explained in Chapter 4 which employs the principle
of sequence comparison. 4 3-imput sequence detector is
developed on this basis aﬁd is employed to obtain a
typical quadrilatergl characteristic. Two schemes of

3-step relay arrangements gre glso included.

Chapter 5 of the present work is devoted to report
some developments in the hybrid comparison techniques.
These~techniques yield conic characteristics and make
possible the incorporation of a thyristor in the output

stage for rendering the relay completely static.

Distance relays are usually employed in 3-step
operation to provide primary and back-up protection to the
line under consideration. The first and second zone
distance relay characteristics are required to be

directiongl. The relays yielding thegse characteristics are
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likely to loose the directional property during close-in
faults due to the collagpse of the bus-voltage. The
practice, therefore, is either to supplement one of the
polarising signalsof the relay with the one derived from
the voltgge of healthy phase or phase palr or to use
resonant circults giving memory action. Chapter 6 of the
present work is completely devoted to report the effects
of level of polarisation agnd the system conditions on the

comparator models developed in the present work,

The effect of externgl polarisation helps in
enlarging the pick-up chargcteristics of phase comparators
during unbglanced faults only. However this desired effect
is not pronounced for low Zs/ S ratios which occur in
EHV systems and for three phase faults. Hence an attempt
has been made in Chagpter 7 of the present work to presént
the development of g new self -adjusting relgy. This relay
remgins adequately stable during externgl forward faults,
rever se faults, healthy and over-load conditions of the
system, power-swings and faults on the other phase or
phases. It's characteristic bulges only during faults and
can accommodate more fault resistance due to the automatic

adjustment in the shape of the characteristic.

The literature on pilot-wire differentiagl protection

system of short transmission lines show marked developments
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in the last decade. The trend gppears to be on the
replacement of electro-mechanicgl relays by their selid-
state counter parts. In continuation of this trend, some
developments in the agpplication of semi-conductor devices
to this mode of protection gre reported in Chapter 8 of

the present work.

A very limited use of distance relays has been
hitherto made in the proetection of short transmission lines.

In 1968 K1liman®3

reported a novel method of protection of
ghort transmission lines, called ' Restricted zone
protection ' . In this scheme the difference of positive
sequence voltages gt the two ends of the protected

circuit is compared with the positive sequence current of
the local end, the positive sequence voltage of the remote
end being obtained by means of pilot wires. The comparison
is carried out in an impedance unit, and the mode of
protection essentially terminates into that of distance

megsurement. Fig.1.8 shows the comparison scheme in

block- schematic form.

From fige.l.8 it may be observed that during healthy
and ovér-load condition of the system, and faults external

to the protected section the impedance seen by the relay

at station 1 will be
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Z eves ( 1.3)
where Z is the line impedance.

During internal faults the relay at sbation 1 will
measure the impedance given by eqe(1.4)

ZI',l = 4 [m+K(m°l)] X ( 104..)

where the relaying current distribution factor K is

defined as
i
K::Il / 13. [ XN N (105)

Fmploying expressions (1.3) and (1.4) Kliman suggested
the characteristic of fig.l,é for the protection of the
line. Tripping must be effective outside this circular

chgracteristic, which should have radius equal to about

0elZ

This agalysis although provides new concept in line
protection, however, is not complete in that only scalar
values of relaying current distribution factor were
considered and the attenuation and phase.shift introduced

in the relayed signals by the pilot-wires were ignored.

Two schemes of restricted zone protection are
presented in Chapter 9 of the present work. In the first

scheme the comparison is carried out between the quantities
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similar to those of Kliman's scheme. In the second scheme
the positive sequencé voltage at the locgl end is compared
with the positive sequence current of the remote ende. In
both cases, the analysis is carried out taking the complex
ngture of relgying current distribution fgctor into
account, The attenuation gnd phase shift introduced in the
relayed signgl by the pilpt link are also considefed.
Furthe? the power swing equations are developed from
fundamental considerations and swing leci are plotted.
From this gnglysis, the shape of the stable zone suggested
by Kliman 1s shown to be unacceptable. The alternative
chargecteristics are suggested and finally relay comparator
models are described in block-schematic form to realise

the suggested stable zones.

The relay models developed in the present work have
been subjected to tests using the protective testing

facilities developed by Hamilton and Ellis44

» Design
principles and typical discrimingting and logic circuits
are described in the main text. The performagnce of the
models subjected to reduced scale laboratory investigation

-

and meagsurements, have been described in the gppendices.’

The important conclusions drawn from the work are

summarised in Chapter 10.



