CHAPTER IX
RESTRICTED ZONE PROTECTION OF SHORT TRANSMISSION LINES

9.1 INTRODUCTION

Short transmission lines are usually protecﬁed by means
of differentizl relays which employ the principle of ' Unit
Protection ' . Pilot-wires are used to facilitate the
exchange of'information about the system on either side of
the protected section. The experience with electro-mechanieal
relays in this mode of protection is extensive gnd
circulating current gnd balanced voltage schemes,utilising
amplitude comparigon, agre successfully employed in
practi§@59,60,61. Further, the attenuation and the phase-

'~ shift of the signals transmitted over the pilot-wires are

analyvsed and the methods of their compensation are also

reportedsa.

The amplitude comparison techniques hitherto employed%xﬁksg
introduce errors in the compagrison. Further the time of f e
opergtion of the relays is alsgo considerably large due to
the inertia of the moving parts of the relays. The static
relays employing phase comparators, though over-come these
limitations, do not, however, provide an adequately large
zone of gimultaneous tripping of the breakers on either

side of the line when employing simple 'stable zone ' in the

55,56

form of g circle . As discussed in the previous chapter
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although the stable zones employing larger number of
discontinuities help in reducing the region of sequential
tripping they pose difficulties in the formgtion of
megsuring circuits to derive the required signsls for the

phase comparison.

A novel scheme of protection of short transmission
lines, cglled ' Restricted Zone Protection ! reported by

K1limgn3

y OVer-comes to g large extent, the above
mentioned short comings of the conventionagl and recently
developed differential protection schgmes. In this scheme
the difference of positive sequence voltages at the two ends
of the protected line section is compared with the positive
sequence current gt the local end, the positive sequence
voltage of the remote end being obtained by means of the
pilot-wires. The comparison is carried out in an impedance
unit, and the mode of protection essentiglly termingtes
into that of distance measurement, In this reference (43),
the eriterion for the discrimingtion of the internal faults
from through fgults and heplthy conditions of the system is
established. Further, a circular 'stable-zone', with radius
about 0.1 Z( Z being the impedance of the transmission line
under consideration) is suggested. The analysis, however,
employs the only compgarison as mentioml gbove and restricts
to the scalar valuesof the relaying current distribution
factor. Further the attenuation and the phase shift of the

signals transmitted over the pilot circuits are not taken
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into gccount,

In the present chapter, therefore, two schemes of the
comparison are considered and analysed, tagking into account
the complexity of the relgylng current distribution factor,
and the propagation of the signals transmitted over the
pilot-wires., Further, the equations of the power swing locil
are developed from the fundamental considergtions and the
swing locl are plotted on the impedance pléne to appreciate
t;,heir effects upon the relay performance. The shape of the
' stable zone ' is discussed on the basis of this anglysis
énd finally static comparator models arel developed to

realise the required stable zones.
9.2 SCHEME 1 :
9.2.1 Analysisg ¢

In this scheme the two end voltages agre compared with

the local end current.

' Bagic Equationsg s
Fig.9.1(a) shows a typical power system and 92.1(b) the
scheme‘employed for the protection of the transmission line.

The relay at end-1 is supplied with the positive sequence

! and e!' and the positive sequence current il

1 1
such that it measures the impedance

voltages e
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Where R is the propagation constant tgking into
account the attenuation and phase shift in Ef y when it
is relayed over the pilot wires.

From fige9.1(a) it is evident that the positive
sequenée voltages Ei and EY y at bus 1 and bus 2

respectively, will be given by

t - T 1 5t
El IlmZ + (Il + Il )Rf coeee (9.2)
T T | 1 vee .
E!! Iy (1~m) % +(1l + Il')Rf . (9+3)

VWhere Rf is the fault resistance.

If K is defined as g relaying current distribution
factor, given by

iu I"

K = ':‘L = :'L XX (904)
1 1

and introduced in éq.(9.2) and (9.3) and finglly equations
(9.2) and (9.3) substituted in (9.1), the impedance seen by

the relay will become

28 =z[m+¥K(@-1] +RA1I(1-}) ....(9.5)
1 . .t



216

A similar expression for the impedance seen by the

relay at station 2 can also be derived.

Eq.(9.5) is the general expression for the impedance
seen by the relay at station 1 and takes into account the
attenuation and phase shift of Eg o The individual effects
of these factors on the impedance meazsurements will now be

considered.

ATTINUATION 4ND PHASE SHIFT IGNORED :

If one ignores the effect of attenugtion and phase-

-sghift of E! and . substitutes 8 = 1/0 in eq.{9.5), the

1
expression for z; will reduce to
l N
z8 =2[m#&(me1)] eooo (9.6)
"1 . ,

Eq.{(9.6) will now be used to find the impedance
megsured By the relay at station 1 under different conditions

of the system.

Through Faults and Healthy Conditions 3

For the case of through faults and healthy conditions
of the system, the currents at the two ends of the protected
transmission line sectlon will be equal on account of the
negligible cagpacitance of the protected line. Substituting,
therefore, the value of K = «1 in eq.(9.6) the latter, gives
the impedance seen by the relay at statioﬁ 1as,

Z‘ = A oo (9-7)
I‘l ]



217

Internal Fgults :

For the interngl faults the value of m will be less
than 1. The factor K mgy assume any value from O to ®© , For
K to be a scalar factor the locus of Z{ will be the line
BX of fig.9.2 . Line OX represents the‘vaer of m on
impedance vector Z and the arrow on BX shows the directign
of the impedance seen by the relay for increasing values

of K.

If X is treated as a complex factor Kl,éx , then the
locus of Z; will shift from XB to XB' or XB" depending
upon the positive or negative values 6f‘d o It may be noted
that the maximum value of the impedahce seen by the relay
for particular value of m will be mZ, irrespective of the
value of K. For fault on bus 2, the impedance seen by the

relay at station 1, will be equal to the line impedance.

From the above analysis it may be concluded that the
point %/© on the impedance plane represents the conditions
of the fault on bus 2 and the through fgults and healthy ‘
conditions of the system. For internal faults, the impedance

megsured by the relay will have a value less than Z .

EFFECTS_OF AT TENUATION 4ND PHASE SHIFT :

If the effects of attenuation and phase-shift are -
to be considered in the analysis, then ¥ must be retained

in eq.(9.5)s For a particular pilot-wire system under
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consideration, the value of ¥ will be fixed and can be found

following the procedure outlined in the #ppendix.

Healthy Condition of the System :

It is evident that on retaining the value of Y ,
_eq.(9.5) cannot be employed for this case. Removing the
fault point of fig.Q.1 and considering Z}: as the impedance
viewed from bug 2 in the direction of the flow of power,

following expressions for E! and E! can be written :

1 1
| - 4} [
E;L E; + Ilz g
| 3 t Q o% s s (908)
and El Il Ax 3
’ ]
The impedance seen by the relay will then become,
El‘ - \zEu
AN R
1 It
1
=z+*%51~?) vons (9.9)

Since \2-,4, 1, the impedance seen by the relay has a
value greagter than Z for % # 1 « The departure of the
value of z; from Z will obviously depend upon Z,X and 8 .

1

Through Faults :

Again it i1s evident that eq.(9.5) cannot be employed
for anglysing this case. Power system representation of '
fige9.1 is, therefore, modified and shown in fig. 9.3 . The

impedance measured by the relay at stationj will be
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where E].w is the positive sequence voltage at the
point of fault. It is clear from eq.(9.10) that under the
through fault conditions, Z will be greater than Z ; since
my > 0 o The departure of ZI,l from Z wil l depend upon the

value_s of m }? and B

1? 1w *

Interngl Faulisg @

For this case it 1s necessary to employ eq.(9.5) to
find the values of z' for various values of 3 ym,K and Ra.
A typical value ofg =0695 /=10° and Rf = 0.2 | 2| is chosen
and substituted in eq.(9.5). Factor K is assumed to be
real and varied from O to @, m being the parameter. The

impedance locl so obtained gre plotted in fig.2.4 .

It may be noted from fig.9.4 ¥hat the effect of ) is
two fold : (i) to some extent it increases the value of Zr',l
and (ii) for different values of m, the impedance loci shift
from the line 0B . There will be a further shift of the

impedance locl, by an angle « 4 if K is treated as complex.

\
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It mgy further be noted that for faults on bus 2 the
impedance measured by the relay at station 1 will have a

value greater than Z.

9.2+42 P-oquer Swing Equation :

For the derivation of power swing equation a two-
-Mgchine system is drawn in fig.2.5. E& is the voltage back
of transient reactance Z& of machine 1 and Ey is the
voltage back of tragnsient reactance ZB of machine 2.

Let EB be the reference vector . The current in the

series circuit is, then given by

It 3—%‘16 - EB L0 eoss (9.11)

ZA +t gt 4

where & is the loagd angle which varies. The impedance seen
by the relay during this condition of the system will be
glven by

B0 [ag(1d) + 2] + By L0 [2,(1-}) -¥z]

1 E&46 - Eg yis)

2y,
eves (9.12)
For the investigaztion of the effect of power swings

on the mode of protection, the system is assumed to be

homogeneous.

End Voltages Equal :

If the mggnitudes of the emfs E& and EB are assumed

to be equal then eq.(9.12) reduces to
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1 148 - 140

L2 N 2 (9'13)

Wherep=ZA/Zaﬂdq=ZB/Z.

With ty;iical values of p,q ahd \2 -y power swing loci
are calctlagted and plotted in fig, 9.6 through fig. 9.2 .

End Voltages unequal :

To determine the effect of \Z on power swing loei with
unequal voltages at the two ends of the protected line

section; eq.(9.12) is modified as ,

_ 2 L a8 fqla-Y) + 1} +p{(1~\1)-‘2}]

-1 C /8 - 1 /0

. L N J (9.14)
where C = |E,| / |Eg|

For wvarious values of p,q, f and C swing loci are

calculated and plotted in fig.9.,10 through fig. 92.12 .

9,2¢3 The Shape Of The Stable-Zone @

From the gnalysis of section 9.2.1 and 9.2.2 it is
clear that, for the values of ¥ =1 /0° the impedances
seen by the relay under through faults, power swings and
heaglthy conditions of the system are very nearly equal to Z .
However, the relay measures impedances less (than Z for

the internal faults. 4 circular stable zone of fig.2.13
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may, therefore, be employed as suggested in reference(43).
This characteristic will be more immune to sequential

tripping of the circuit bregkers.

However, when 9 assumes a vglue other ﬁhan 1 /0,
the ;mpedance vectors seen by the relagy shift upward on
R-X plane. This may be taken cgre of by increasing the
radius of the circular stable zone . However, the incregse
in radius will incregse the érea of the gone of sequential
tripping. Further, even dﬁring less severe power swings,
from which the system is likely to recover, the relay will
have a tendency to trip the breakers. Under these conditions,
therefore, the circular stable zone of fig.9.13 cannot be
employed unless the pilot-wires agre perfectly compensated.
A little departure from perfect compensation will render

the relay vulneragble to power swings.

A possible alternative is to employ the reactance
characteristic of fig.s2.14 « This characteristic appears to
ﬁrovide a better stable zone. Further, the relay will not
trip the bregkers during less severe power swings from
which-the system is likely to recover. The additional

advantages of this characteristi¢ are as follows :

(i) This characteristic can be easily employed for

back-up protection.

(ii) This characteristic does not provide a lagrger

area for sequentigl tripping since gll the
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impedance vectors under internal fault
conditions are to lie below the reactance
chgracteristic only. The blocking region
above the point Z /6 , therefore, does not

form part of the sequential tripping region.

It is evident from the above analysis that the relay
. 1s not fully immune to power swings in that for very severe

power swings the relay has a tendency to trip the bregkers.

In this scheme the relay at end 1 is supplied with
ei from the locgl end and if from the remote end, i{ being

obtained over the pilot circuits. Both ei and iifare the

positive sequence guantities.

D3¢l Anglysis
Figed,15 illustrates the scheme of comparison for the

protection of the system of fig.9.1(a) .

Basgie Egugtions @

i and iy such

The relay at end 1 is supplied with e

that it measures ,

1 t
S N | cees (9.15)
1 “YMimn f

The propagation constant ﬂ takes into account the

4

attenuation and phase shift of the relayed signgl. The

'} at bus 1 can be written from

positive sequence voltage E1
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fig.9.1(a) as ,

f = Timw t 1" ‘
EJ: Ilma + (Il + Il )Rf XXX (9016)

On substituting the relaying cufrent distribution

factor in eq.(2.16), the latter reduces to

ng + Ro( 1K) 7]

zt = - [ ST _j eeee (917)

-1

Interngl Faults :

To conglider the intérnal fault condition of the
system eqe{9.17) must be employed. With typical values of
z=|z] £6 , Rp=0.2 |2 , and ¥ = 0.95 £~10° the impedance
loci are calculated for different vglues of m with K as a
parameter. These locl are ﬁlotted in fig.2.16 « The effect
of consgidering K as a complex fgctor is also shown in the

i

figure.

Heglthy Condition s
The healthy condition of the system can be expressed
by : -
| S 1 » .
B =1} 7 eose (9.18)

. where Z takes into account the line and load
impedance under normagl condition ags seen from end 1. Here K
assumes a vglue -1 and the impedance seen by the relay

reduces to ,
|

ZL ee (919 )
1 = . cnve
Z?l g o



239

Fig.9,17 illustrates the impedance seen by the relay

on the impedance plane in accordance with eq.(9.19) .

Through Fault Condition 3

The through fgault is external to the protected zone

and can be expressed by

E:5L=I_3L.z+£ﬁ§L~ g
e 0 eees (9420 )
E=1 & g ‘

The expression for impedance seen by the relay at
station 1 reduces to ,
+8‘"
zlg:;z;..__:i‘;c,.
1 Y

It is evident that the impedance seen by the relay is

eees (9.21 )

greater than Z by an amount equal to Z, . The through fault

condition is illustrated in £fig.2.17 .

D43.2 Power Swing Fguation :

~ The expression for power swing can be obtained by
lconsidering once again the two-machine system of fig.2.5 .
With Eg as the reference vector, the current in the series
circuit will be given by ege%+lle. The impedance seen by the

relay at station 1 during this condition of the system will be

. (2 + 2g) E [0 + Z,Ep [0 ceee (9.22)
End Voltages Equal 3

If the system is assumed to be homogeneous with
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magnitudes of E, and Ep equal, then eq.(9.22) will reduce to

7 = 4 [(:HQ) £9 * b L0 ] ceee (9.23)
=5 LamTToo ‘

Where p = zﬂ / Z and q = ZB / Z .

With typical values of p = g = 0.5, the swing loci
for different values of 9 are calcplated ald plotted in

fige. 2.18.

End Voltages Unequal :

To investigate the effect of unegual voltages on the -
power swings, eqe{(9.22) is modified and written in eq.(9.24)

(1+g) /8 + C p LO
Z;? :;.Z_ seve (9024)

1 Y C 148 - C L0

With a typical value of C along with the values of
-Pyq and 9 the swing locus is calculated and plotted in
fig.2.18 .

9.3s3 Shape Of The Stable Zone @

The fundsmental requirement for satisfactory protection
characteristic is that a religble margin of diserimingtion
shall exist between healthy and external fault conditions on
one hand and those corresponding to the faults internal to

the protected zone on the other.

The gnalysis presented in the previous section clegrly

shows the diserimingtion between the interngl fault condition



238

A8 IEBI/IEA]= 08 r=o0-95/-10
€D—-—-— |Eal= lEg] r=-o0.9/-20°
EF m e e e == ]EAlz fEBI ¥=0-95/-10°

GM—w—s—n— [Ea|= [e5] v ( £o°

FIG.9-18 POWER SWING LOCI




233

and the other cond;tions of the system.

With this consideration the desirable characteristic
_is the one given in fig.9.19 . It is evident that this
chargcteristic will make the relay trip only during interngl
fault conditions rendering the latter fully immune to power
swings. Further, since the complete section is possible

to be protected with this characteristic in the instantaneous
opergtion the zone of sequential tripping is practically

elimingted.

9.4 RELAY CIRCUITRY :

To obtain the desired chgracteristics discussed in
section 9.2 and 2.3 the necessary relay circuitry will now

be described .
9e4.1 Scheme 1 ;

As explained in section 9.2 the desired characteristic
is the reactance characteristic of fig.2.14. This |
characteristic can be ezsily obtained by employing phase
comparator utilising sine comparison technigues discussed

in chapter 3.

Fig.9.20 illustrates the block schematic dizgram of

the relay, e and 1 are applied to the positive sequence

voltage, and current networks respectively. ei and ii SO

obtained are applied, glong with eg s to the measuring
circuits which produce the required signalsg -Sl and 82 o

Sl and S, given by eq.9.25 are the reguired signals to
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ig necessary .

Fig.2.21 illustrgtes the block- schematic diagram of
the relay and fig.2.22 illustrates the mode of comparison.
i and -iifare applied to the meagsuring circuits
which produce the re@uired signals given by eq.(9.26)for

Guantities e

the phase comparison.

= JK it
Sl Klll g
S. = =K i' /90° g
2 ) 2 1 Q LI I (9026)
D
= K ot
83 = -K3ep g

Sighals Sl through 83 are applied to the peositive
AND coincidence circuit. The output of the positive 4ND
coincidence circult is gpplied to the level detector through

ah integrator circuit,

The integrator and the.level detector are set so
that g trip signal is obtained only if the positive
coincidence period of the signals S,,5; and Sg corresponds

to the positive coincidence period of S, and Sg only. Since

1
S. and 32 are derived from the current -i!' either without

1 1
introducing any phase shift or with the introduction of
fixed phase shift, the positive coincidence period of these
signals remgins a fixed reference periocd. 4s illustragted in
fige2.22, a tripping signal is provided only under such

conditions when the signsl 83 is positive during the entire

~—
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duragtion of the positive coincidence period of S-l anc@%?

which ig the criterion of opergtion,

-

9.5 PILOT MONITORING :

In the event of the failure of pilot wires it is
necessary for the relagying system to trip the breakers so
as to avoid the working of the system without adequate
protection being offered. The behaviour of the present

relaying schemes during such conditions will now be examined.

9.5.1 Scheme 1 :

In the absence of el' due to the failure of pilot
wires the NOT gate of fig.2.20 will issue g tripping signal
directly to the bregkers. Thus the system will be isolsted

to avoid 1ts working without adequate protection.

9e5e2 Scheme 2

The failure of pilot wires results in the absence of

Sl and S, in the phase comparison process (fig.8.21 and

2
9.22). Signal S, acting alone in the positive #ND coincidence
circuit, provides an input to the integrator a square wave

of positive duration of hglf the cycle. The I gnd L.D. are

set to block the tripping signal only if the‘input to the
integrator is of g duration greaﬁer than the positive
coincidence of §) and Sye It is clear .,therefore, that the

level detector circuit will issue a tripping signgl to trip

the bregkers.



