CHAPTER 11

SYSTEM REQUIREMENTS AND SHAPING OF POLAR CHARAGT ERISTICS

2.1 INIRODUCTION s

Developments in multi-input amplitude and phase
comparison techniques have made it possible to provide
many alternative forms of protection characteristiecs by
sultably agrranging the relaying signals. In deciding
which of these characteristics most adequately fulfil the
requirements of an overall distance protection scheme,
proper consideration must be given to the limiting
conditions imposed upon the protection by the power system
particularly with regard to the reslisagtion of adequate
diseriminating margins between interngl faults on one hand
and external faults, power loading, short term overloading
and oscillatory systems conditions on the other. The
availability of different types of characteristics emphasise
the choice between them in different application situations
and the considerations ferming a basis for choosing the
characteristics according to system requirements are

analysed in this Chapter.

2.2 POWER SYSTEM REQUIREMENTS @

Since the fundamental principle of distance protection

is based on the signals derived at the relaying point at one
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end of the feeder, an accurate discrimingtive prediction
of conditions adjacent to the remote end of the feeder is
not feasible. Hence the choice of optimum settings and

the polar characteristicecs for egeh of the zones must strike
a best overgll cempromise between many conflicting

requirements.

The mgjor requirements of the three zones of distance

megsurement are summgrised below ¢

2.2.1 BRequirements of Zone 1 :
(1) High speed clearance of faults within the
protected circuit ideally from both termingtions.

(ii) High speed stability agaiost tripping for
reversé faults and for faults beyodd the remote termingtion

in the direction of the forward reach.

(iii) BRestricted reach on either side of the locus
of solid faults to discriminate against through load and

power swing conditiongs and against healthy phase impedances.

( iv) Controlled reach in the fourth quadrant of the
complex impedance plane to cater for the close-in arcing

faultse

2.2.2 Requirements of Zoneg 2 :

(i) Time graded tripping for faults within the
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protected circuit and for those in a selected part of the
adjacent circult in the direction of the forward reach so
as to cover the remote seetion of the protected circuit
not covered by zone 1 and to provide a partial back-up
protection to the circuit immediately following.

(ii) High discrimination for faults behind the
relgy iocation and for those beyond the remote termingls

of the circuits immediagtely folleowing.

(iii) Proper discrimingtion against through load and

power—swiﬁg conditions and against healthy phase impedancese.

H

( iv) Controlled reach to cater for close im arcing -

Faultse
2.2.3 Requirementg of Zone 3 :

(i) Time graded tripping for faults within the
protected circuit and the whole of the immediately following

circuit irrespective of the fault infeeds at the intermediate

busbarse.

(1i) Directional diserimingtion may not be essentigal
and normally a controlled reverse reach feature is included
to provide slow speed back-up protection to plant immediately

behind the relay location,
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(iii) Discrimingtion against power swing, through

load and short term overload conditions.

(iv) Controlled reach to cater for close-in arcing

faults; , '

.t

2.3 DISTANCE GCHEM

- Some typical distahce relay characteristics in
present day use are illustrated in fig. 2.1 .‘Fig.z.l(a)
is based on the impedance megsurement centered at the
origin with its radius corresponding te the required
impedance setting (plain impedance type). Directional
feature and overgll control of the reach ié provided by a
mho type fault detector with a reach setting ensuring the
stability of protection under maximum load transfer
conditions. Fig.2.1(b) is based on reactance meagsurements.
Fig.2.1(c) is the mqsf commonly used protective scheme
with thé mho characteristics in zone 1 and zone 2 providing
directional contrel while the zone 3 characteristic is
offset to provide remote back up protection for faults
immediately behind the relay. Fige2.4(d) is widely used
in continental Burope and comprise of agn elliptical fault
detector with impedance type zone characteristics and with

the faecility for offsetting glong the real axis of the

complex impedance plane. This possesses a restricted reach
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along the real axis which permits high load current
transfers while retagining in its megsurement the ability
to accommodate increased fault resistance values by virtue

of the offset impedance characteristic.

In practicagl distance relgy designs ultimgtely a well
defined lower limit of reléying signal exists, below which
the comparator will not measure accurgtely. This limit in
terms of power system parameters depend strongly on the
ratio of the source to the line impedances and upon the
fault location, To cagter for a wider range of fault
conditionsy it 1s usually the practice to gugment the basic
measuring’signals with additional ones derived from an
unfaulted phase or phase palr. In present day distance
schemes using sensitive comparator elements, the inherent
sensgitivity of the measuring elements is high and hence
the magnitude of the polarising signal needed is very small.
Employing a relatively high level of polarising signal,
the tendency of the polarised mho relay characteristic is
fo elongate and rotate under unbalanced fault conditions,
and hence cover higher values of fault resistance as
Zg /ZL ratio increases. The degree to which this is
effective for particular fault conditions gnd values 6f

fault resistance requires careful analysis.
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2.4 FACTORS INFLUENCING THE DISCRIMINATIVE PROPERTIES
OF DISTANCE PROTECTION SCHEMES s

The recent stud16328’24’25

conducted to determine the
distance protection performagnce, illustrate the t&pical
areas in the complex impedance plane for which tripping or
stability is required [ figs.2.2(a) and (b) | . Fig.2.2(a)
is for a short 132 kV oircuit and £ig.2.2(b) is for a 100
mile 400 KV circuit. Marked on the diagram are the
impedances megsured by the faulted phase relays and the
impedances meagsured by the heglthy phase relays. Lypical
loading and power swing conditions are also illustrated. It
is seen from the diagram that close control of pretection
characteristic may be required to provide discriminagtion
between those conditions which require tripping and those
which do not. The protection cﬁaracteristics showyn in
figdl.l provide a meagsure of discrimination. This can be
further improved by the selection of the mosf appropriate
characteristic to fulfil particular system requirements.
It is apparent that under interngl fault conditions the
protection characteristic shape for the 132 kV circuit
tends to be most significantly influenced by the effects
of fault resistance. For the long 400 kV line stability
against load and power swing conditions are more important

in determining the protection characteristic shape.
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2.5 DISCRIMINATION AGAINST MAXIMUM CIRCUIT LOADING
CONDITIONS s

The growlng demand for electricity and the economics
- associated with its supply at low rates to consumers hags
resulted in the construction of large“capacity generagting
stations gt suitagble locatiqns. Large load centres are
often located gt great distances from such genergting
stations. Bulk power is carried from these stations to the
load centres over EHV transmission lines for which voltages
upto 765 kV have been used. Present trends forecast that
voltages upto 1200 kV ae.c. may be used as transmission
voltages by the end of the present decade. These conditions
are particularly true for vast countries like US4, USSR

and India. The reliability and security of the EHV
line/Inter-tie 1s a very important factor and theseilines
impose most severe practical conditions. The protection
charagcteristic must exclude impedance values corresponding
to maximum heplthy circuit loading conditioens gnd shori-term

over loading conditions.

Latest developments in large capacity generating
machines and their associasted accessories (static excitatien
schemes and electronic governors) has resuited in the
operation of the system at or near its steady state

stability limit., This particular operating mode necessitates
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a clear and closer discriminatien ggainst power swings,
maximum healthy circuit loading and short- term

overloading conditionse.

Fig.2.3 illustrates. the load impedahce characteristics

of a 100 mile 400 kV eircuit, with the characteristic of a
mho relay with 10 percent offset, superimposed. The load
impedances may tgke any value within these limits. The
curvilinears #ABCDE and A' BY C*' D' E!' refer to the sending
and the receiving end conditions respectively for a load
transfer of 2200 MVA, and they are extended to FG and F'G*
to show the maximum short term leading condition ( about

20 minvtes ).

For the condition where the relay characteristic
angle corresponds to that of the protected line,encroachments
in the overlosd impedanhce areaz will occur when the forward
reach setting spproximates 200 miles. If, as is usually
the case, the relay characteristic angle ig offset, more
pronounced encroachments are encountered (broken lines).

It is clear that the conventional offset mho characteristic
will intreduce constraints in permissible circuit loading
and that the present practice of advancing the relay
characteristic angle worsens the situation. With this
limitation the degree of remote back-up protection provided
by the conventional protection charactefistic is barely

sufficient.
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#Also the gpparent impedance values represented refer
to maximum circuit loading conditions and an additiongl
margin over and above these levels may be required to cover
system conditions following extensive circuit tripping,
where for very short periods a higher circuit loading may
be obtagined. Hence it is clear that in many circumstances
suitable shaping of zone-3 characteristic will be required
so as to provide a restricted and controllable reach along

the resistive axis of megsured impedance.

2.6 POWER SWING REQUIRBEMENTS 3

The effect of wider deviations in angle betwden busbar
voltages 1s to present to the distance relays an gpparent
impedance which will encreoach further on the protection
characteristicse. For zones 2 and 3 tripping will occcur if
the apparent impedance falls within the characteristic for
longer thgn the corresponding zone-time settings and
tripping will occur in gone-1 characteristic if the
apparent impedance falls within the chargcteristic for
longer than the zone 1 comparison time. Whether this occurs
or not depends upon the location of the electrical centre
of the system with respect to the relgying point. Fig.2.4
illustrates the locus of power swing impedalices for a
typical 2000 MW generating station connected to the system

via one or four 100 mile 400 kV circuits. It is seen that
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locus of first swing, may or may not traverse the rela&()
zone~1 characteristic, depending upon system impedance
levels. Fig.2.,5 illustrgtes the impedance loci for a more
colmplex éystem conditien. When one complete slip cycle is
lost, distance protection tripping will occur in all cases
where the electrical cenire of the system is contained
within the zone 1 protection characteristic and shgping

of the characteristic cannot influence this. In situgtions
where one or two slip cycles may be lost, but'for which
resynchronisation would ultimately take place owing to
voltage regulator and governor action, the ultimate
recovery of the system may be prejudiced by the undesired

tripping of the interconnector.

2.7 DISTANCE PROTECTION SCHEME REQUIREMENTS s

The essential requirement in choosing the characteristics
of distance protection is that of closely matching their
shapes to the expected fault areas on the impedance plane
in whicﬁ.the protection should operate. The polar
characteristic for zone-1 is required te discriminate
between internal fgult conditions and external fault
conditionse. The choice of the polar characteristic is
influenced by the X/R ratio of the fault loop. 4rcing faults
close to the relay location cgn impose particular difficulties.
It is here that the type and level of polarisation can

contribute beneficially to the distance protection performancee
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FIG.2'5 APPARENT IMPEDANCE LOCI UNDER
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It is of course necessary to evaluate both the apparent
impedance presented to the protection gnd the effective
protection characteristic for the sgme primary system
conditions and then only g reliagble estimgtion of the
covérage of protection cgn be mgde. Fig.z.é presents g
compagrison of performgnce of different protection
characteristics now in use for zone-l. The characteristics
shown are a mho chargcteristic with low level of
polarisationy a plain impedance characteristic with
directionai controly a reactance characteristic with 'mho!
control and a quadrilateral characteristic synthesised to'
give maximum discriminagting margins. The mho characteristic
permits a maximum value of RF for g mid point fgult and
which reduces for faults close up to the relay location
given by the intercept of the characteristic on the
Reaxis. If the infeeding conditions at the two ends of the
circuits'are such that the locus of close up faults hags a
negative slope, then the coverage further reduces and becomes
zero when the locus is tangential to the mho characteristic.
The plain impedance characteristic with directional control
offers a higher vglue of RF for mid point fgult and still
higher values for close-up faults. The reactance
chargeteristic, which ig widely used for earth fault
protection, may be arranged to give the greatest coverage
in the resistance axis, but where the pharacteristie is

parallel to the resistance axis, it has a tendency te
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overreach at low fault resistances. The quadrilateral
characteristic provides a close match to the probagble
fault area and also has sufficient reach in the resistance

axlise

#As regards the range of fault resistance vglues
likely to be encountered in practice, the limiting values
of areing fault resistance may be evaluated using Warrington's
formulag for g wide range of system conditionse. The lighest —
fault resistances are encountered where the fault current
is low. For example, for g 10 mile 132 kV line with
ZS/Zn = 7.0 corresponding to source infeed of 350 MVA, the
fault resistance comes to gbout 0.8 ohm, while, a 100 mile
400 kV line with practical limit of zs/zn = 1.0
corresponding to a fault infeed of 3500 MVA gives a fault .

resistance of only 0.45 olm.

| Summgrising, for zone-l, the limiting conditions of
application gre governed mainly by resistive faults close
to the relaying point. The use of aﬁ additiongl polarising
signal in the polarised mho relay provides an extended
reach in the resistance axis, and successfully overcomes '
this eondition and can be regarded as a competitor to the
shaped characteristics for zone-1l. However, in circumstances
where it is desiragble to reduce the width of the polar

chagracteristics to improve discrimination against pewer

swings or healthy phase encroachments as in the case of
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encrogehments under hegvy loading are reduced if the
established offset impedance form of characteristic ig
retained. The shaped polar characteristics gllow a long
forward reach without correspondingly reducing the
discriminagting properties in the load regiong. The use of
these characteristies reduces the danger;of an incorrect
trip under power swing conditions in cases where during
fault recovery, the gpparent circuit impedances may be
continuousl& depressed for periods sufficiently long to
initiate tripping in 3rd zone. The gquadrilateral
chargcteristic with independent reach adjustments in the
reactance and resistance axes provides a flexible back up

characteristic.

2.8 APPLICATION TC PROTECTION OF COMPENSATED LINES

As series compensagtion is new normglly gdopted for
almost gll long EHV lines for improving the stability eof
the systems, the religbility and security of the system
~ becomes a very important factor. One of the mgjor problems
faced with the gpplication of series compensgtion is the
protection of trangmission systems under fault condition§.
Thig problem is further accentuated by the location of the

series capacitor which is governed by other considerations

such as improvement of gtability, self excitation of

machines and power freguency over voltages.
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Conventiongl distance as‘well as directional
comparison schemes require that the capacitor protective
gaps flashover faster than the operation of the relay and
this factor however depends on the avgilability of sufficient
fault current for all locations of the fault. In view of
these difficulties phase comparison carrier schemes are
better suited for the.protéction of compensazted lines. The
factors to be tgken into account while resorting to this

method agre :

(1) Attenuation alonglthe line which goveras the
signalAté'noise ratio in the receiver.

(2) Tripping and stabilising angles: The choice of
tripping and stabilising angles is somewhat difficult because
the phase angle differences between the currents at the two
ends of the~1£ne ﬁay vary considefably on internal faults,
particularly if we take account of difficult conditions and
complex faults such as broken conductors or multiple grounds.
It is necessary that the tripping angle be as large as .
?ossible to cover these. The phase angle requirements are
normally approached from the stabilising condition which is
more specific.

(3) Fgult settings related to the capacitance curreant.,

245 Stability under reset conditions, gnd

isi Reasonable performgnee of thg current transformers

under %rénsient conditionse
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In series compensated lines, it is desirable to monitor
the phése comparison schemes with distance relays having
quadrilateral characteristics rather than with overcurrent
relayse The mgjor advantage of such a characteristic is its
low susceptability te everloads, its inherent out of step
blocking feature, and it also performs equally well
irrespective of whether the capaciter protective gaps flash

over or not,

2.8.,1 Directional Distance Relagy for Compensgted Lines

The use of directiongl distance relays present many
probiems on g compensgted line such as wrong indication to
the directional element, circulating currenf due to
unsymmetrical gap operagtion and shifting of line impedances
as the series capacitors cut in and out. Of these three,the
first problem poses a serious thregt to the use of distance
relaying. However, if the series capacitor bagnks are
positioned gt the center of the protected zone, the correct
operation of the distance relay is ensured if the capacitor
reactance is less than 50 percent of the line reactance. If
this 1imit is exceeded an interngl fault will appear as an
externgl fault for the relay and vice versa. Fig.2.7(a)
shows the probable fault areas of a compensated and “
uncompensated transmission line on an impedalice plane. Any
relay with the pick up chgracteristic AKHL is well suited

for the protection of such a transmission system. The
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protective system should discriminate and function properly
immgterigl of whether the capacitor gap flashes over or not.
This can be reglised by employing two comparastors yielding
the pick up characteristics 4BNL gnd #KHL. The trip signal
given by the relay #KHL can be used when the series capacitor
gap doeg not flash ovef. The relay ABNL comes into opergtion
only when the gap flashes over., For this a.signgl derived
from the gap circuit of the capacitor is '4AND' gated with
the output of the relay ABCD., 4 schematic‘of %he arrangement
of contacts 1s as shown in Fige2.7(b). It should be however
noted that in such schemes only the circult breakers at the
sending and receiving ends operate for faults anywhere in

the protected zone.

2.8.2 Digtance Relay Monitored Phage Comparison Schemes ¢

This scheme gompares the phase of the currents at the
two ends of the transmission line through a carrier and
provides a trip signal only when the currents are of fault
magnitude and are correspénding to the tripping angle. The
arrangement of thg tripping and blocking gharacteristics
required for phase comparilson monitoring is shown in fig.2.8.
Two relays are used per phase and each of them is provided
with a quadrilateral pick up characteristic. One is a
blocking unit MB agnd the other is g tripping unit MI, The
reach of the relagy MB is greater than that of MI and is so

adjusted that for a fault near station B, the lmpedance
locus falls within the characteristiec of MI relay at
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station 4, immaterial of whether the capacitor gap flashes
over or not, During a fault, MB relays produce an output
which initigtes the phase comparison. If the phase

comparison scheme decides that the fault is internagl and if

the MT units also operate a tripping signagl is produced.

The subsequent chapters of the present work deal wth
the developments in multi-input phase and hybrid comparison

techniques in providing the protective arrangements.



