CHAPTER VIIX

DEVELOPMENTS IN PILOT-WIRE DIFFERENTIAL PROTECTION .
8.1 INTRODUCTION 2

Theoretically 'Unit' protection provides aglmost
perfect selectivity in.protecting any element in g power
system, However, in the case of long trangmission lines it
is less effective due to the amplitude and phase angle errors
introduced by the pilot link calling for the use of
compensating netw@rksss. Further, the cost of pilet link
may Bot be justifiagble and the voltage energization of |
‘pilot link impose limitationse. When the transmission line
to be protected is about 10 to 15 miles in length and pilot
wires are gvailable for other purpose, viz. telephone lines
the differentisl pilot-wire scheme provides sufficiently

good accuracy at a Justifigble cost.

Rushton54 has analysed the pilot-wire protection sgstem
on the agdmittance plane of pilot circuits considering the
latter as a 4-terminsl network. The discrimingting
requirements of the protection schemes are outlined from
the considerations of system cénditions and the effect of

remote end Trelay characteristic on the local end is explained.

The multi-input cosine type phase comparators employed

55,56

by Humpage and others s for this mode of protection
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suffer from the following two limitations 3

(i) The unwanted line segments appearing in the
'stablé zone ' of the relay introduce agdditionsl segments
on the remote end relay characteristic, ususlly resulting

in the enlargement of the area for the sequential tripping.

(ii) The measuring circuit of the relay impose special
problems in obtaining the necessary signals for the phase '
comparison, particularly when the latter are in higher

number and need mixing of system guantities.

In chapter 3 of the present work it is shown that the
unwanted line segments of the characteristic on the impedance
plane can be avoided by employing pulse techniques with
sine type phase comparators. Further, this type of comparator
provides fastest megsurement of the direction. It was,
therefore, thought necessary to employ sine type phase
compargtor for the pilot-wire differential protection system
s0 as to over-come some of the limitations of the earlier

development s.

Khinehg gnd othersS7’18

, have reported the
developments in gmplitude comparison technigues for distance
protection system where the amplitude comparison between
the derived quantities is effected at every instant, The
importgnt advantages of these techniques incluée the need

of relétively simple circuitry for the comparison and the
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lack of mixing of the system quantities in the formation
of the necessary sighals. This anglysis has been further
explorded in this chapter to report relaying circuitry

with simple arrangements of megsuring circuits.

In the present chapter, therefore, the principles of
shaping of the stable zones are initiglly summagrised. 4An
inversion chart is included to facilitate the shaping of
the stable zone. Typical stable zones are then synthesiged
and complete relay circuits, along with the necessary
mathematical bgck-up, are presented both for sine type
phase comparators and instantaneous amplitude comparators
to obtagin typical stable zones.on the admittance plane

of the pilot circuitis.

8.2 PRINCIPLE OF THE PROTECTION SCHEME 3

The essentiazl requirement of a protection scheme is to
diserimingte between healthy and through fault conditions
on one hand and the internal faults on the other. Unlike
the distance relgy analysis, the anplysis of pilot-vire
relays is carried out on the input admittance plane of the

pilot 1link gs it is more convenient.

As shown in #ppendix, the input admittance YPR of a

pilot link is given by

A-K/B
.YPR = ____E___ evee (8—1)
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Where A and B gre the general line constants of the
pilot circuit, the lgtter being considered as g 4-termingl
network. Factor K is the scglar ratio of the voltages at
two ends of the pilet circuit gnd 8 is the angular

difference between them.

Fig.8.1 shows the varigtion of K and 0 on the

admihténce plane of a typical pilot circuits4

+ The point

K =13 6 =0 represents the ideal unfgulted condition.
There e:xists a small ' stable zone ' for through faults and
unfaulted conditionse The tripping should be ineffective
inside this zone and should be effective for the rest of
the plane, This zone may be circular, quadrilateral or of

ahy well defined shape aghd must enclose the point

K = 1

e

8 = 0 well within.

In g differential protection scheme, the currents of
the local and remote ends are compared in g comparator,the
currenf from the remote end being obtained by means of the
pilot circuits. Fig.8,2 illustrates the schematic arrangement
6f a typical pilot-wire differentiagl protection system.
Summation transformers are employed to obtain g single phase
quantiéy from the 3-phase quantity for the transmission
over the two wire pilot link., The comparaztor employed
should have a blocking sense inside the stable zone. The
shape of the stable zone will depend upon the voltages on

the two ends, physical dimensions of the pilot link, etc.
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further, for the simultaneous tripping of the breakers on
the two ends of the'line, the common tripping region of the
local end relay characteristic and the inverse of the remote
end relay ébéracteristic shouvld be gs large as possible,

without sgcrificing the coverage of the stable zone.

8.3 CHOICE OF STABLE ZONE :

To determine the adequate shape of the stable zone,

the procedure outlined below 1s required to be followed 3

As a first step, the curves of the variations of K
and & are required to be plotted on the input admittance
plane of the pilot link as shown in fig.8.1. The point
K =13 08 =0 represents the idegl unfgulted condition.
From thié point, an axis VS / VR is drawn which passes
fhrough the tip of the vector Ys&R o Another axis J VS/YR
is drawn as shown. In this diagram, the positive vglues of
VS /VR lie on the left of the vertical axis j VS/ Vg o
Since this is in contrast to the general convention, the
curves are transferred on to the plane of the ratio of the

relaying signals, S& and SB .

Fig.8.3 shows a typical plane of the rgtio of the
relaying signals. & typical stable zone (vertical shading)
is marked on the plane which is obtained by drawing the
local end relay characteristic alongwiﬁh the inverse of the
remote end relay characteristic., The zone of sequential

tripping is marked with inclined shading. The rest of the
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plane represents the zone of simultaneousg tripping.

: The relay characteristics at the two ends of the line

could be of any shape confirming to the following requirements:

K&

(a)

« b)

(e)

Once the satisfactory shagpes of the relay characteristics

7

A

There must be a provision of sufficiently large

stable zone enclesing the point K= 1 ; & =0

well within. / “

The zone of sequentigl tripping should be as small
as possible and,therefore,the zone of simultaneous
tripping as large gs possible.

The shgpe of the charagcteristic should be as
simple as possible so as‘to be realisable with
simple relay circuitry employing minimum number

of input signals for the phase or gmplitude

comparison.

at the two ends of the line are decided on Sﬁ / Sg plane,they

can be transferred bgck to the respective admittgnce planes.

The compagrators employed must be capable of yielding these

characteristics on the admittance plane,

It may be noted that in arriving gt the proper shape,

the locgl end relay characterisgtic and the inverse of the

remote end reiay characteristic are required to be plotted

on Sﬂ / SB plane. Since the inverse of g circle may be a

cirele or g straight line, and further, its centre and

radius (or'slope and intercept) on SA/SB plane will depend
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upon the centre and radius (or slope and intercept on one
of the axis) of the original characteristic, it would become
extremely difficult to select the shape of the stable zone

for optimum protection scheme.

In" the next section, therefore, an inversion chart is
developed which will be found useful in the selection of the
appropriate stable zone due to readily determingtion of the

necessary inverse characteristic.

8.4 INVERSION CHART :

The inverse of any characteristic can be found by
algelraic methods. However, it will be laborious, and further,
- when the characteristic under consideration has more
discontinuities on the boundary, the method becomes
extremely involved. Reference 47 describes the,‘'inversion
chart ¢ useful in finding the inverse of a compiex quantity

( a point Je This chart is modified and drawn in fig.8.4 .

84,1 Congtruction :

Let the equation of the plane bounded by a circle be

S S S S
A 4 A + b i + G =4 +d <0 0s0(8.2)
S S S Sn |
B B B B
P p . a

Where p and g refer to the inphase and quadrature
components, and byc and d are constants. The circle

represented by (8.2) has the centre (m,n) given by

~
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If in inequality (8.2) the region of interest is
inside the circle and if 4 # 0 , then the corresponding
reglon of interest of the inverse charaéteristic can be

found referring tagble 1.

LABLE 1
Sr.No. Condition Region of interest
n° + n° . d . ,

1. B £0 Outside the circle

d

2 2

2. m_ ¥ g =9 50 Inside the circle

4a

In the chart of fig.8.4, horizontal and vertical
lines are drawn on the Sﬂ / Sp plane with uniform scale.

The corresponding inverse are the arcs of circleson the
Sg / SA plane. Each arc is scaled for the corresponding

horizontagl or verticgl straglight line.

Bede2 Methgg_gfn_llﬁg :

In explaining the method of using the chart,it is
assumed that identical characteristics are employed at the
two ends, which is usually the case.

The characteristic whose inverse is to be found is

drawn on S&/SB plane. Three convenient poinls are selected
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on the boundary of the characteristic. The corresponding
values of the points on Sq / SA plane are noted and plotted
on S, / Sp plane. & circle ( or a straight line) is drawn
through these three points giving the required inverse

characteristic,.

8.5 SHAPING OF STABLE ZONE :

In deciding the shape of the stable zone for particular
application the three requirements outlined in the previous
section must be fulfilled. In view of these requirements
typical stable zones are derived employing the inversion

cl'laI't Of fig08.4: aﬂd plotted in fig.8.5.

Fig.8.5(¢c) illustrates a circular characteristic with
centre~(1,0) on the §, / Sy plane. The inverse of this
charactéristic is also a circle and provides a small region
of sequential tripping. Further, the stgble zone consisting
of arcs of two circles encloses the point K = 1 5 6 =0
well within due to the large coverage on the Sﬂ / SB planice
This stable zone can be easily obtalned by employing either
2-input amplitude or phase comparator. In fact majority of
the relays protecting the linesin this mode employ this

stable zonee.

The region of sequential tripping of fige8.5(c) can be
further reduced by the superposition of the circle with
centre (1/3 s O ) and radius 1/3 as shown in fig.8.5(d),the

latter ecircle having the blecking tendency outside.
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The stable zone of fig.8.5(a) consists of the straight
lines and the arcs of circles. This stable gzone cgn be
obtained by employing charagcteristics consisting of two
arcs of circles gs showl. The area of sequential tripping
in this case,however, is too large which can be reduced by
the super-position of the arc of the third circle passing

through the origin gs shown in fig.8.5(b).

Fig.8.5(e) shows a circular characteristic passing
through the érigin. 1t provides a large area of sequential
ripping which could be limited by the superposition of the
arcs of two circles passing through the origin gas shbwn in

fig.8.5(f).

The stable zone of fig.8.5(g) is obtained by two
circles similar to those of fig.8.5(f), with the centre of
the third circle moved towards the right on the S& / Sg
plane with reduction in its radius. The resulting stable

zone provides small region of sequentigl tripping.

Finglly,the stable zone of fig.8.5(h) is obtained by
the superposition of four circles, each passing through the

origine. The resulting inverse i1s a quadrilatergl.

In fig.8.5 the inverse characteristics can be
consgidered ags the origingl local and remote end characteristics
and their inverse as the original characteristics described
above. For example, the quadrilgteral characterigtic of

fig.8.5(h) can be considered as the characteristics of the
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relays at the two ends and their inverse as the resulting
region of the arcs of four circles passing through the

origin,

The relay circuitry,along with the necessary
mathemgtical back-up, will now be given for both multi-ihput
phase comparator aid instantaneous amplitude comparator to

obtain some of the typical characteristics of fig.8.5.

8.6 APPLICATION OF SINE TYPE PHASE COMPARATOR

The sine type comparator will now be analysed for this
mode of protection with reference to the stable zohe of
£ig.8.5(b). The mathematical basis of the comparator will be
first dévéloped‘followed by the complete relay circuitry to
reglise the stable zone. Though this characterisfic congists
only of arcs of circles, the mathematical bgsis will be
given both for circular as well as rectil;near characteristics

for the sagke of completeness.

8e.8¢1 Mathemgtical Bagig OF 2~Iﬁgut Sine Compgrators ?
Let the inputs to the 2-input s;ne comparator be of

the form
8y = Ky £y Y, LBy * Cy¥y L8y

L R J (804)

i

0

0

and 82 = Kz,ﬁxz Yb Lﬁp + GZYE_LGZ g
Where Yé Lﬂp is the input anittance of the pilot

circuit. Yl,gel and Yg,[eg are the admittances introduced

in the megsuring circuits and Kl,Axl, Ky Loty Gl and C, are
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the constants embracing the term of voltage energizgtions,

Fig.8.5 illustragtes a typicagl megsuring circuit for

realising the inputs of eq.(8.4) .
On expressing the signals of eq.(8.4) in the form :

5

and S, = ¢ + jd

it

a+ Jjb

it can be shown33 that the condition for the tripping pulse

to immerge is ,
be - adéj;tanﬁ ( ac+bd) es e (805)

where B accounts for the comparison limits. The sine

comparator is set to produce a tripping signal when S. leads

1

S, « There is no tripping tendency, however, when Sl lags

2
82 o
Substituting (8.4) into (8.5) the latter results in

the general condition of tripping as :

2 .
KlKZYp s:m(o(1 - 0(2) + Kl

C 2Ylesi 0o =95 * pp)

+ KZClYpilslnFGl - g)p -0(2) + C]_CZY]_YQ sin( 6, = 0y )
; 2
4 * tang [Klechos(dl- «g) + K Cp L Yocos(a =0+ ;ap)

* Ky G Y,Y) cos(®) = &g = #)) + C,C¥,Y, cos( 0~ ©)) 1
[ E N N ] (806)

The general condition in inequality (8.8) can be

written for unsymmetrical comparison limits @l and &2 as
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KK, ( Gg + B§ ) [ sin’(cxl - %5 ) = tan g, cos( o 1=x5) ]
* G, [ Kg0 ¥, {sin (01~ «p) = tan g, cos (8 = « )}
jl. chng ﬁ(sin( ‘o(l - 92) ~ tan @31 cos (;acl - 62)} :l
Tu B, L KlCEYz{cos Fql - 6,) + tang, sin (e« = 925}
- ggclyl{cos (el - «2) + tan p, sin _(91 - «2)}]
j*- C.0oT .Y, [ sin(e-8,) - tan@"i‘l cos (er.eg)]\( O ...FS.?)
and, '
KKo(62 + BD) [ sin(epmty) + tampy cosl otpmecy) ]

+ Grp [KZClYl{sin(el- 0(2) * tan g»zcos(el- 0(2?§

+ K0 Y, {sin(o(l. 92? + tan B, cos .(ql. 05) } ]

+

B, [ K.C,¥, {cos(ocl-.ez) - tamp, sin‘( “1‘92)}

K2C1Y1 {005(91-0(2) - tan fg sin F91~42)}]

+ C 0¥ Y, [sin (6,-9,) + tan g, cos_(elueg) 1€ 0 ...(8.8)

where GP = Yp cos Qip %
B Y sing 8 (8.9)
- n ss e ’ .
o o si ﬂp : . 9

In the case of §, = p, = 0 ( comparison limits of w
and 27 ) inequalities(8.7) and (8.8) reduce to an identical
' inequality represen’ciﬁg a circle with tripping inside if

‘1) A and outside if « oty .
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In the case of either one or both.&l and §, being

other than zero , inequalities (8.7) and (8.8) must be
satisfied simultaneously, the resulting characteristic being

the grea that is common to both the circles.

8.6.2 Graphical Congtructiong

To fgcilitate the selection of input signals to obtain
required stable zone, the graphical constructions will be
presented both for rectilineasr as well as circular

characteristicse.

Rectilinesr Chargcterigstics :

The inequalities(8.7) and (8.8) will represent
rectilinear characteriétics if any of the following
conditions gre employed
(1) XK, =0;,=0

(ii) K, =0 ; «

L N '(8010)
2 .

u
(&
e 2 1 U W%

2

On substituting Kl = 'Kl and letting K2= 03 «2=0

the inequalities(8.7) and (8.8) reduce to ,

B, {tan(oz 4 By) G

. C,¥, [ sin(6,-6,) - tan p, "05(61"92)

1.
Kl 005‘0(1“92) + taﬂ @‘)1 Sln(o(l.eg) j! 0007(8011)
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ahd,

£ -t el

esee(8.12)

C.Y [ sin(el.ez) + tand, cos(el-eg) J

11
K cos?xl-ez) - tand, sin§x1~92) ,

1

The graphical construction corresponding to (8.11)

and (8.12) is shown in fig.8.7.

Circular Characteristics :

Inequalities(8.7) and (8.8) (with signs of K, and X,
rever sed) represenf two circies on’admittance plane having
centres b and E gs shown in the graphical construction of
fig.8.8. The common region of these two circles is the
*tripping ' region in accordance with inequalities(8.7) and

(8.8).

8.5.3 Derivation of Inputs To The Compagrator :

In deriving the necessary inputs to the compargtor te
obtain the characteristic of fig.8.5(b) it is essential to
transfer the latter on the admittance plane. Fig.8.2 shows

the composite chagracteristic on the gdmittance plane.

The arc of the circle O'PQ is obtained employing
symmetrical comparison lmits;while the arcs RQ and PR are
obtained employing unsymmetrical comparison limits to the

inputs ylelding the circular chgracteristic RSO'T
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On comparing the characteristic of fig.8.9 with the
graphical construction of fig.8.8 following inputs are

obtained .

195]
i

L =K ¥, 28, - C ¥ /e,

eeee(8e13)

[ os)
Hi

(o]
g = Kg £90° T [ + C Y /e,

431
i
R N N N0 R0 e 0 T

o .
3 33 /=90 4 8, - Cq¥q LOg

Signals Sl
éignals respectively yielding the segments PR and RQ of the

and 82 are the operagting gnd polarising

chgracteristic, limits of comparison being @1 and 52.

and S, are the opergting and polarising signals

Similagrly Sl 3
respectively yielding the segment PQ, limits of comparison

being w gnd 2% .

8.6e4 Relay Circulitry :

It may be noted that in the pairs of signals furnishing
the different segments of the characteristic, the operating

signal, viz. S, 4, is common. 1t will, therefore, be possible

1
to employ mul ti-input phase compgrator,

Fig.8.10 illustrates the block-schematic diagram of
the reléy. The required signals Sl,sg and 83 are obbtained
from the megsuring circults. A positive going pulse is
obtained from S, ( employing t@e pulse forming circuit P2)
when the latter changes 1ts sign from negative to positive.

This pulse is used to trigger monostable multi-vibrgtor
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circuit Ml set for the comparison limit &l. A positive
going pulse is obtained from the output of Ml( employing
the pulse forming circuit‘Ps) when the latter starts
recdvering from its quasi- stéble state. This pulse is uged

to trigger monostable multi-vibrator cireuit M, set for the

3
comparisen limit p,. Invertor circuit I is used to invert

the output of M3 .

& positive going pulse from Sl’ obtained by employing

the pulse forming circuit P., is compared for the phase

1
difference with the output of I and the signal 83, in the
AND gate. The AND gate provides the necessary tripping
signal in the form of g pulse which cgn be used to trigger
a thyristor placed in the trip circuit of the circuit

breaker rendering the relay completely static.

8.7 APPLICATION OF INSTaNTANEOUS AMPLITUDE COMPARATOR :

The quadrilateral characteristic of fig.8.5(h) is
considered as the recuired characterigtic. This
chargcteristic is transferred on the admittance plane as

shown in fig.8.11e.

8.7.1 Principle Of The Compgrator :

Fig.8.12 illustragtes the basic agrrangement of the
protecﬁive system. Summgtion tfansformers at each end of the
line agre employed to convert 3-phase quantity in to a single
phase quantity to fgcilitate the transmission of information

on 2-wire pilot circuit. Replica admittances Yl Lel and
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22,192 are introduced to obtain the necessary signhals é%r

amplitude comparison given by ege.3.14 .

§, = C Y./6, g

— ]
Sg = CxYol0, g cees (8.14)
Sy = KX /8 g

It may be noted that the signals given by (8.14). are
single quantity signgls rendering a simple grrangement of

the measﬁring circuit.

Fig.8.13 illustrates the block-schematic diagram of
the relay yielding quadrilateral chsracteristic of fig.8.11.
Sl and 82 are half wave rectified to assume the operating

quantity. S, is retained as sinusoidal and is termed as

3
restraining quantity. Through instantaneous comparison of
the two quantities, judgement ig made continuously of
whether or not the operating vglue is larger than the

restrgining value.

The operation of the amplitude comparator is best
under stood by referring to the wave-forms in fig.8.14. 4
tripping sigﬁal is generated when, gnd only when, the
operagting quantity is greater than the restragining quantity
at every instant during the half-cycle. The comparator
circuit is described in section 8.7.2, Figs8.,15 illustrates
the necessgry Maximum Value selector circuit. It-can be
easily seen from fig.8.14 that,depending upon the position

of S., the restraining value for tripping conhdition is

3’
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limited by the points E, Fy G or H . ‘
When the mggnitude of the restraining signgl is
limited by the point G, with ©, greater than 91, the

operating condition emerges as

| Klypsingeg-ﬁp) | £ | C,¥, sin(e, - el> | eees (8.15)

or

| ¢.¥ sin(e~6.) |
l l 2 l L BN ) (8.16)

f f(lsm (6, ﬂp) |
where the modulus sign is used to represent the rectified

signgls and not the average values. Inequality(8.16)

represents the line segment AB of the characteristic.

When the magnitude of the restraining signal is

limited by the point F, the operating criterion emerges as,

) | eee(8e17)

| KlYp sin'( ﬁ)p - el? | £ | C¥osin _(92 -8

or
. | C¥ysin(e, ~0.) |
P LN . L2 R (8l18)

‘Inequality(8.18) répresents the segment BC of the

chargeteristic. The switch-over of the opergting
characteristic from line 4B to line BC occurs when gp
exceeds the angle « obtalned by equating (8.16) and (8.18)
i.e. C,¥ sin(6,0,)  Cy¥,sin(6,-0.)

Klsin( e, -() K1 sin( « 'el)

esss (8.19)
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The simplification of (8.19) yields

ClYlsln Gl + Cngsin ©

Clchos Gl + Cngcos 62

2

x = ’ba_n-l 0!1.(8.20)

If Sl and 82 would have been emplofed as full wave
rectified signals, instead of half-wave rectified, image
characteristics of AB and BC would have been present
resulting in the formation of the characteristic in @he
form of a parallglogram enclosing the origin of the
admittance plane. However, due to the hglf-wave rectification
only, the image chgracteristics gre eliminated resulting
into the overall characteristic of fig.8.11. The segments
0C and OA gre resulted due to the controlling points E and
H (fig.8.14).

It mgy be observed that the controlling points E,F,G
and H,lin view of above, produce the tripping tendency of
the relay inside the quadrilateral characteristic of fig.
8.11. To mgke the tripping tendency of the relasy outsige the
. chgracteristic, therefore, a typical output stage is

employed which is explgined in section 8.7.3.

8.7.2 Compgrator Circult :

The comparator circuit for realising the polar
characteristic of fig.8.11 needs speclial mention. The
~design of comparator circuit should be such that an output

pulse has to be generated only when the operating quantity
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1s greater than the restraining quantity at every instant.

The circuit diggram of the compargtor is shown in
fig.8.16. The operating and restragining signals are
connected in opposition at the base of transistor Tl. Ebias’
the bigs voltage of transistor T4 is so adjusted that, if C
is allowed to charge continuously for half a cycle, T4 will
conduct. Transistor SI‘:3 is fed with the glterngting signal
-83 . Under normai condition, during one hglf cycle when
-83 is negative, T3 stops conducting and allows capacitor C
to be charged. During the intervgl in this half cycle when
the restraining quantity is larger than the operating

quantity, T. conducts making Tz also conducting and discharges

1
C. In effect the cgpacitor C is prevented from being charged
through a complete hglf cycle. In the event of the operating
quantity becoming larger than the restraining quantity at

every instant during the hglf cyecle, T. stops conducting

1
mgking Tg also etop conducting. C is allowéd to charge for
a complete half cycle resulting in the output pulsge from the

level detector.

8+¢7.3 Output Stage @

It is clear from the foregoing that thé level detector
in the comparator circuit issues the pulse for admittance
vectors occupying the pogitions inside the gquadrilateral
characteristic. To invert the sense of tripping, therefore,
an output stage is arranged as shown in block-schemgtic form

in fig 08.170
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The pulse from level detector is used to trigger
monostable multi-vibrator circuit (Ml) set for almost
3/4th of the cycle. 4 pulse is obtained from the output of
M., when the latter starts recovering from its quasi-stable
state. This pulse is used to trigger another mono-stgble
multi-vibrator circuit, Mg, set for similgr time delgy. The

block-output of M. and Mz are OR gagted to obtain a

1
continuous wave form.

In the event of the level detector issuing output
pulse{ blocking condition of the relay) OR gate issues a
contlnuous output block, which on 1nvert1ng will not issue
the tripping signal to the breaker. In the case of legitimate
faults in the protected section, level detector will not
and M

issue the pulse output. M therefore, will not get

1 2?
triggered resulting in the output from the inverting circuit

for tripping of the breakers.,



