CHAPTER IIT1

A GENERAL APPROACH TQ SINE COMPARATORS

3.1 INTRODUCTION :

A static distance relay working on the prineciple of
phase comparison of the system quantities makes use of
either block-block scheme or block-spike scheme. The former
scheme compares the system quantities directly in a phase
comparator followed by an ihtegrator and a level detector.
Comparator models described by Humpage and Sabberwa120 and

19, working on this principle,

Giet, Marchal and Vasquez
give improved polar characteristics that invoke the use of
reduced gngular limits of phase comparison. But these
arrangements necessitate time delay to complete phase
comparison ia addition éo certain ;ogic operations. Farther,
the necessity of employing n{n-1)/2 signals for obtaining n
line segments of the pickeup characteristic, employing
symmetrical comparison limits, results in a complicated
measuring circuit of the relay and an inferior control of
the line segments. In many cases it becomes difficult te

avoid the unwanted line segments appearing in the composite

tripping characteristice.

On the other hand, in block-splke scheme a spike is
produced at the zero cross-over of the operating signal

and is compared with polarising signals for the phase. The
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static mho distance relay described by Dewey,Mathews and
Morris employs this scheme which provides the fastest

30

measurement of the direction“. The security and

reliability of this scheme hgve been gmply verified by

staged fault tests and by a period of field experienceal.

Parthasarathy developed a multi-input phase comparator
model employing symmetrical comparison limits, which yielded
quadrilateral pick-up characteristic3?, Subsequently,
Anilkumagr and Parthasarathy reported the mathematigal basls
of sine comparators { block-spike scheme ) taking into

account enly the symﬁetrical comparison 1imits33.

The purpose of the presént chapter is, to develop thp
math@matieal basls of sine comparators so as to foot the
comparator on completely general basis and to report a
relaying scheme employing unsymmetrical limits of phase

comparison.

3.2 ANALYSIS OF DISTANCE RELAYS 5 -

The distance relays are usually analysed on ReX
diagram of the protected transmission line. Fige.3.1 shows
a typical power system and fige3.2 shows the R-X diagram

of the protected transmission line under considergtion.

In fig.3.2 LM represents the power swing locus. This

locus will be a straight line for equal voltages at the two
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ends of the protected transmission line, agnd it will be an
arc of a circle for unequal voltages. However, for all

practical purposes of distance relay analysis it may be

assumed to be a straight line,

The relay chgracteristic to be employed for the
transmisgion line protection should snugly fit around the
fault grea so as to be least vulnerable to power swings and

faults on the other phase or phases.

3.3 MATHEMATICAL BASIS OF 2-INPUT SINE COMPARATORS s

.

3e3e¢1 Bagic Equations :

Let the inputs to the sine comparator be of the form :
8, = K Jt; VpO + le 11 /6.=P 0

LA RN (301)

{

and 8, = Kle, VL0 + ZRz LI

SR M W

Where VL and IL are the fault voltage and current
referred to the secondaries of potential and current
transfeormers respectively, and @ is the angle between
VL and IL‘ Constants KlLo(l ahd Kzl"‘g are the complex
coefficients of V; . In most of thg cgses they are real
numbers less than or eqgual to one. However they are treated
here as complex to make the analysis completely general.
The replica impedalces ZRlLel and ZRQLGZ are introduced

into the megsuring circuits, which usually help in improving
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the transient performance of the relay46.
On expressing the signals in the form
Sl = a + :jb
and 82 = ¢+ jd
it can be shown®2 that the condition for the tripping pulse
to emerge is

bec - ad

£ sin B eoss (3.2)

V(a2 + 1) (o2 + d2)
Wheré @ = @l and @2 are the llmlts of comparison.
Fig.a 3 shows the block-schematic diggram of a 2-input
comparator and fig.3.4 shows the mode of cemparisen. System
quantities VL and IL are applied to the megsuring circuit (M)

and 8.. P, gnd P

2 1 2
and 82 at their zero

which producesthe required signals Sl

produce the necessary pulses from Sl
cross-overs. Pulse from 82 is used to obtgin the desired

unsymmetry in phase comparison anid then compared with the
pulse from Sl. The AND gate provides output pulse only if

at the time of the arrival of the pulse from S, in the gate,

1
the modified polarising signal Sz is -ve .

Inequality(3.2) can be written as

- be-ad £ * tan P (ac + bd ) eeee (3:3)
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where
a = Kle cost, + ZBl I cos (Gl - P ) 8
g
b=K,Vp sim) + Z Ip sin(el -p) 9@
1 ' - g cooo(3e4)
c = ngLcos Lg + ZBg IL 008(92 - P ) g
‘d - g

For the symmetrical comparison limits of w and 2r,
both §, and p, will be zero. Substituting (3.4) ‘into
(3.3) and letting B, = By = O inequality (3¢3) will reduce to

2 2 s .

KlKa(R + X°) sinfe, = «5) + R [Klzﬁzslngql.ez)

+ ngﬁlsin( 8, = ) ] +x [Kl zﬁgcos@l -9, )

- Kzle cos(6, = «,) 1+ lezRgsin_(el. 6) £ 0 +v0u(3.5)
where, R=(V / I;) cos @ 4

. : 8 .'..(306)

and Xz_(vL/ I;) sing

Inequality (3.5) represents a circle on R-X plane with

tripping inside the circle if P and outside the circle

In the genergl case of unsymmetrical limits of

comparison inequality (3.3) can be written as
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KR + X [ sinlaywp) = tan « pycoslayp) ]
+ R [Kl_sz sinec= 85) + Kzle sin(e, = «)
- tan g, {KlzRZ cosfq}l - 82? + KZZRlcos@l - o(a)} ]
f" x{ KlzRgcoé (e = 62? - K2zﬁlcosF e, = o)
* tan By {Klsz Sins"‘l"ez) - KBZRlsin(el - )} ]
+ le zRgf sin (e, - 92? ~ tang, cosfel.eg} Jgo «...(3.7)
and
KKGRZ + X% ) [ sin(x, = x5) + tang, cos(ety=5) ]
f‘R [ )2 sin(x-0g) + Kooy sin(e, - «p)
+ tay {Klzﬁgcos(ocl - 0y + Ky cos(e; - «5) } ]’
' + x[ Klzﬁzcos(o(l-eg) - Kzzﬁlcosfel- 0(2?
- tang, {KlzR2 sin(;=9,) = Koy sin(o)- «g) | ]
-+ ZR ZB~2 [ sin(el.sg) + tanglg 003(91.82)] é 0 0000(308)
1 . - )
3e3.2 Graphical Construction Fer Circular Characteristicg:

For the case of symmetricgl limits of comparison of
7 and 27 the necessary input signsls can be chosen which
satisfy inequality (8.5). However, it is laborious, and

further, when the limits of comparison are completely
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unsymmetricgl, for which inequalities (3.7) and (3.8) must
be sabisfied simultaneously, the derivation of input
signals becomes extremely complicgted. Gragphicagl construction

is therefore developed and is shown in fig. 3.5. The

construction is as follows: Two straighx lines O4 = Z, and
OB = 22 are drawn at Ly:and_gvi:respectiVely as shown. Line
AB, then, 1s the common chord of the two circles represented
by inequalities (3.7) and (3.8). Lines CA and CB are drauwn
each inclined at / «,=<;=90° to 4B, The centres D and E

of the two circles will lie on the line FG bisecting AB in
H. Lines AE and 4D are drawn at the respective angles By
and P, with respect to line AC. With centres D and E, two
cireles are drawn with the respective radii BD and BE

representing the common region as the tripping region.

3.3.3 Rectilineagr Characteristics- Basic Eguations :

The mathematical basis developed in section 3.3.1 and
the graphical congtruction for cirenlar characteristics
reported in sectlon 3¢3.2 will be useful in obtalning any
e¢ircular characteristic. The particular characteristics of
importance are mho and Ofset mho. However, for the protection
of long transmission lines, quadrilateral characteristic is
more desirable which consists of four rectilinear segmentse.

;

Mathemgticagl basis of rectilinear characteristics are,

therefore, developed in this- section.
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If in inequalities(3.7) and (3.8), following
conditiens are employed,' the resuliing inequalities will

represent rectilinesr characteristics:

K = <k
1 1
eree(3.9)

e P W P

i

Ko=035x5,=0

~ On substituting the condition given by (3.9) in
inequalities(3+.7) and (3.8) the respective resulting

inequalities would be :

b

Zp [sin(e -6, )-tang, cos(e -6, )
X'é"'tan(‘xl - 92 - @1) R + Kl eos(c(1~92) + tanﬁilsin(o(r-sg)

evee(3.10)

tanle 6t 530 ZR:L [ sin(e.~6,)+ tang, cos(e, - 62)]
L=tanl - P + ‘ : 7
172" F2't T K cos(o(,~8,)- tang, sin(u =6, )

1
0000(3’11)

3.3+s%4 Graphical Consgtruction :

The graphical construction corresponding to (3.10)
and (3.,11) is shown in £ig.3+5+ The construction ié as follows:
Line OK = Z, is drawn at an angle Y with respect to R-axis.
From K line LM is drawn perpendicular to line QA drawn gt L\z

with the B-axis. From K, KP and KQ inclined at the
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respective gngles ﬁl and @2 are drawn. The shaded région

then is the tripping region,

3.4 A GENERAL ANALYSIS OF SINE COMPARATORS :

In section 3.3 the genergl mathemgticgl basis are
developed with reference to 2-input sine comparators.
However they apply equally well to multi-input comparators.
The voltage coefficients gre treated as complex and
unsymmetrical comparisen‘limits are taken into agccount

rendering the anglysis completely general.

Depending upen the mode of comparison of the input
signals, the sine comparators are classified intoe:

(i) 2-input comparators, and

(ii) Multi-input comparators.

3+4.1 2-Input Comparators :

In g 2-input sine comparator, two complex signals Sl
and 82 are derived from g measuring circuit, A positive
going pulse is obtained from Sl( operagting signal) at its
z€ro cross-over when it changes its sign from negative to
positive, 81 is then compared with 82( polarising signal)
for the phase. 4 typical phase comparator which could be
eiployed for the purpose is shown in fig.3.7. It is evident

that the output from the gate appears only if Sl leads 82 .
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When the fequired characteristic on the impedance
plane has more than two discontinuities ( for example the
quadrilateral characteristic of fig.3.8), the number of
input signals to be compared will be more than two,
résulting in more involved circuitry of the relay. Further,
mul ti-winding, 1:1 transformers will be required fof the
purpose of isolation of the system quantities in the
derivation of input signals rendering the trangient

performance of the relay infgrior.

The large number of input signals and the requirement
of the involved circuitry could be verified by considering
the characteristic of fige3.8. The necessary input signals
for obtaining the line segment AB of thé characteristic
and P

may be obtained as follows. If points P are selected

1 2

as the tips of the vectors ZRl / Kl and ZRZ / K2 F as showm?

and substituted in the anzlysis of section 33 a pair of
required signals will be obtained. This pair of signals,

in general, wlll be entirely different from the other pairs
of signgls obtained in similar manner for the rempining line
segments. Bach palr of signgls when compared in an individual
2.input comparator will provide a line segment on the
impedance plane. The pulse outputs of the individual

comparators will be required to be stretched and 4ND

compounded to superimpose the segmenté of the characteristic

on the impedance planee.
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It ig evident from the gbove that, in generagl 2n
number of input signals will be required to obtgin g
characteristic with n segments. For the purpose of phase
comparison{n+1)comparaters will be required, n being for
the initial phase comparisen (2-input type) and one final
comparator(multi-input type) for AND compoﬁnding. Further
(n-1) pulsé stretching circuits will be required as the
ﬁulses cannot be compared directly in the fingl multi-input

comparator due to their different times of occurrence.

Thus the relay employing this type of comparators will
involve g large number of circuit components. 4 distinct
advantage, however, of this type of relay is that each line
segment of the fingl tripping characteristic is independently
controllable. The advantage of the independent control of
the segments of the charagcteristic may be gppreciated from

the following congsideragtion.

The distance relays are generally used in g double
role viz.(i) to provide primary protection to the section
of the transmission line under consideration, and (ii)
backe-up protection to the section under consideration and the
next or previous section. The bgck-up protection is usually

in two steps with different time delayse.
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When g common phase compgrator is to be employed for
all the three steps of operation, the relay will be required
to change its setting from zohe-l reach to zone-2 reach and
from zone-2 reach to zone-3 reach. In this~process the reach
on both resistance and reactance axis are required to be
changed. The resistance reach is required %o be changed due
to the fact that the fault arc resistance provided by the
arc during lightning (the major cause of faultg)is different
in the three zones of“protection. Since the first zone
faults are to be cleared in about 2 or 3 cycles(40 to 60 msec.)
the effect of cross-wind on the grc will be insignificant.
However, 2nd and 3rd zone faults are to be cleared only
after time delaysythe larger resistance reach will be

required due to the stretching of arcs caused by cross-windsé?

Though the 2-input comparators inherently provide
independent control of the segments of the characteristiec,
they are however, less attractive due to the requirement of
the change in two signalé at a time to affect the change in

resistance and reactance axis of the characteristice.

Se4.2 Multi Input Compgratorsg s

If the pairs of input signals for the individual
segﬁents of the characteristic gre se chosen that one signgl
amongst them is common{ to be termed as operating signal)

then it would be possible to compare all the pairs of
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signals in one comparator, called Multi-input comparator.

Fige3.9 illustrgtes a typical multi-input sine

32

compargtor, first empleyed by Parthasarathy~“. It is evident

that the phase comparison takes place between S, and S

1 2
S, and Sé and so on. There is no ' interaction ' smongst
lthe polarising signals 82,63 etc.‘This results in
independent control of individugl éegments of the
characteristic. In this respect, this comparator has

distinct advantage over the cosine éomparator employed by
19,20,22

Humpage and others where ‘interaction ' took place
between more than two signals resulting in losé of

independent control of the segments of the charagcteristic.

Since, in g multi.input sine comparator, each pair of
signgls constituting g segment of the characteristic will
have one signal in- common, only (n+1) signals will be

required to be compared for m seéménts of the characteristice.

In order to realise desired shapes of the characteristics
on the impedance plsne if it is found difficult to obtain
the operating signal common in the pairg of signals
constituting the segments of the characteristic, the
‘unsymmetrical limits of comparison could be employed. This ;s

deseribed in section 3.5 .
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3.5 GLATIC DISTANCE RELAY WITH UNSYMMETRICAL COMPARTSON
. LIMITS : ' -

The mgthemagtical baslis reported in section 3.3 will

now be employed in developing a new relaying scheme.

Fig.3.10 illustrates a composite distance relay
characﬁeristic which could closely fit around the fault
area of g transmission line. This characteristic is
composed of circular as well as rectilinear segments and is
inherently directionagl. In obtaining this characteristic
unsymmetrical comparisén limits will be employed so that the
number of input signals to be compared will be a minimum and,
" further, the relay will provide a simple and independent.
control of line segments so as to fit aroﬁnd any fault agres

with or without double infeeds.

3.58.,1 Input Signals :

The necessary input signals to obtain the characteristic
of fige3.10 ave derived following the graphical constructions
of fig.3.5 and 3.6 ang given in eq.3.12

0

8, = [ =KV, + I % Lo-g ] £90 g

spl‘z Ip2 L6 eoes (3412)

W 2T MM

KV

S L .

Po
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FIG. 3-10 COMPOSITE cHARACTERISTIC
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Sighgls So and Spl are the opergting gnd polarising
gignals respectively providing the segment ABC of the
characteristic, the comparison limits being By and g, .

SO and Sp2 are the similar signals furnighing the segment
AQC of the characteristic, comparison limits being $3 ald g

3+5.2 Principle Of The Relay

Fige3.11 illustrates the blocke schemgtic diagram of
the firstezone relay. System quantities V; and I; are
applied to the megsuring circuit (M) which produces the
reguired signals given by eqe(3+12). The phase shift of
90° in So is obtgined by capacitor;diode combinagtion. The
pulse forming circuits Pl’ PZ and P4 produce positive geiné
pulses from the input signals at their zero cross-overs,
when they change their sign from negative to positive.
Pulse from Sp is used to trigger monostable multi-

vibrator circuit M. set to provide comparison limit @1.

1

The pulse forming circuit P_ is used to derive positive

3
goilng pulse from the output of Ml, at the instant when the
latter starts recovering from ils guasistable state. This
pulse is used to trigger another multi-vibrator circuit M2
set for the comparison limit ﬁz.lThus, the output of the
inverter stage (I) will be the required voltage signal to be
compared with pul se frém §, to furnish segment ABC of the

chargcteristic. Similarly another voltage signal for segment
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AOC is obtained from the multi-vibrator cireuit M, set for

the comparison limit &3.

The pulse from So is gated by these voltage signals
in the multi-input phase-compgrator which is an AND gate.
Mul ti-input phgse compgrator of fig.3.9 is employed for
the purpose of phase compgrison. Fig.3.12 shows the m@dé
of phase comparison. It is evident that the comparator will
provide the sampling pulse as an output only if at the time
of its arrivgl in the gate both the inputs at the base of
the transistor T, are simultaneously negative [ figeS.12 (£)3
(i) 3 (p) and (@) ] .

The details of relay circuitry will now be explained.

' 345.3 Relay Circuitry s
Pul se Forming Circuitg :

The pulse forming circuit P. of fig.3.11 is shown in

1
fige3.13. Pz’and P, are similar to this circuit except that

Cl is replaced by a current limiting resistor.

.The required 90° phase shift in S, is obtained by
capacitor-diode combingtion cl’Dl and Dg. The voltage shifted

in phase is amplified by the transistor T. to obtain a

1
square wave of gmplitude gpproximately equal to the supply
voltage. The square wave is then inverted to tegke in to

account the 180° phase shift due to the amplifier. Ihe
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oute-put of the inverter is differentiated employing

resistancémcapacitance»combination (02 and Rs). The values
of 02 and 35 are properly selected to aveid sharp pulses.
The train of positive agnd negastive pulses obtalned by the
differentiation of the square wavé is applied to an
emitter~-follower circuit to elimingte the negative pulses.
Capaciter 03 in the out-put stage is employed to block any
dece voltage appearing in the tragin of pﬁlses. Plates 3.1

through 3.6 illustrate the formagtion of positive pulses.

Monogstable Multi-vibrator Circuits

Pig.3.14 illustrates a typical monostable multi-
vibrgtor circuit. Normally trangistor T2 is conducting. 4
positive going pulse gpplied to the base of transistor Tl
mgkes 1t conducting. T2, therefore, stops cenducting. The
cireuit remains in the quasi-stable state for the time given

by ah approximate equation

‘Z. = 0069 R5C [ X N (3013)

T could be easily related with g, the angulsr limit
of comparison. 411 the three multi-vibrators employed are
of this Type except for the specific values of RS and C. The
oscillograms of the wave forms obtained for the multi-vibrator

M1 are shown in plates3.7 and 3.8.
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ePlate 3.4 Output of the

Inrartor
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plate 3.5 Train of positive
and negative pulses

plate 3.6 Train of positive
pulses
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Plate 3.8 Output of Multivibrator
with pulse input
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3e544 Complete Relay s ‘ K3

Fige3¢15 illustrates the complete relay circuit
yieldiﬁg the characteristic of fig.3.10. The values of the
circuit components gre also marked. Plagtes 3.2 and 3.10
shéw typical printed card (front and rear view respectively).
Plate §.11 shows the,complete relay model construct ed during

the iaboratory investigation,

3¢545 Performagnce Tests ¢

The relay described in the previous section was subjected
to both steady-stgte and dynamic testing during the reduced
scale laborgtory investigation. 4 test-bench developed on the

principle described by Hamilton and E111844

was employed for
the determination of the dynamic performgnce of the relagy.
The principle of testing and the results obtained during

the tests are given in Appendix.

It is clegr from the tests that the relay has very low
transient oﬁer-reach(less than 6 percent) for a sufficiently'
large source to line impedance rgtio. Further,iﬁ is evident
from fig.3.12 that the phase angle measurément is done within

a cycle. The relay, therefore is also fast operating.
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