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ABSTRACT: The paper discusses phase comparators, magnitude comparators, and their applications
in the design of high-speed microprocessor distance relaying. Regarding ground distance units and
phase-to-phase distance units, torgue created by a phase comparator or a magnitude comparator 1
described m terms of fanlt impedance and sowrce impedance ratios. Both short-data window ar-d
long-data window approaches for computing torgue are described. Different methods ave presented
for the designs of posi-filters, which are utilized to ensure speed and security of the high-speed
distance relaying. Finally, typical test results of the distance relay tested on a Model Power % ysierm
and digital fault record data from the relay are presented.
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L. INTRODUCTION

Protective relays are utilized in electric power systems to detect abnormal conditions and
provide intelligent controls: To ensure system stability, modern power systems require high speed
protective relaying [1, 2], Advances in microprocessor technology have greatly improved the
computational speed of microprocessors and made the implementation of more sophisticated high-
speed relaying algorithms possible.  This paper describes the principle of a high-speed
microprocessor relay which is based on torque generated by phase comparators.

The concept of torque was first applied to designs of distance relays almost forty years ago,
which resulted in the well-performed EM (Electro-Mechanical) cylinder unit [3,4]. In fact, some
microprocessor relays designed over ten years ago aiso utilized the concept of torque [1].
Unfortunately, in these microprocessor relays, only the polarity (positive or negative) of a torque
was employed, but the magnitude of a torque, which indicates how far a fault is from reach
boundary, was distegarded. The resulting relay treats all faults within a protected zone blindly in
the same way, and there is no intentional interference on its operating speed regardless of fault
locations within the zone. Only recently has the importance of the torque magnitude in the designs
of high-speed microprocessor relays been appreciated [5]. The applications of post-filters which
take into account of both the polarity and magnitude of a torque make the distance relay have the
desirable inverse characteristics: the relay takes less time to make a decision for severe close-in
faults and more time for faults near veach boundary. The utilization of short data-window
algorithms mstead of the slower long data-window DFT (Discrete Fourler Transform) algerithms 1
another important factor which contributes to the relay’s hitgh operating specd.

11, PHASE COMPARATOR, MAGNITUDE COMPARATOR, AND TORQUE
This section describes the relationship between a phase comparafor and 2 magnitude

comparator and introduces the concept of torque created by these comparators. The advantage of
comparing torque rather than angles or magnitudes i a distance relay is discussed. Finally, th
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section studies the condition when a phase comparator is equivalent to a magnitude cornparator in
the sense of torque.

Phase comparators and magnitude comparators are the basic elements in building protective
relays which include EM relays, solid-state relays, and microprocessor relays. Among phase
comparators, the 90 degree phase comparator and 180 degree phase comparator are the most often
used comparators. For the 90 degree phase comparator, the relay trip condition is that the angle
between the comparator’s two inputs is less than 90 degrees:

—90° < arg(S1) < 90° (1)
S
where S, and §, represent the phase comparator inputs, arg(e) represents taking the angle of “e ™,
and

S - -
arg(=-) = arg(8,) — arg(S,) .
P
Figure 1 shows the operation region (shaded area) of the relay which utilizes the 90 degree phase
comparator. As shown in the Figure, the relay operation region and restraint region are composed
of half planes divided by the line which is perpendicular to the reference phasor.

Restraint

(). S, as reference phasor

Restraint

(b). 5, as reference phasor
Figure 1: 80 degree phase comparator

For the 180 degree phase comparator, the relay trip condition is that one of its input leads
its another input:

0" g arg(fg}) <1807,
Sy



Figure 2 shows the operation region (shaded area; of the relay which utilizes the 180 degree phase
cemparator. From Figure 2, the relay operation region and vestraint region are also half planes bur
iivided by the referencephasor. Depending on the referencephasor selected, the operanion region
could be on the left or right hand side of the refergnce phasor.

Restraint Regtramt

{a}. S} as reference phasor {b). 52 as reference phasor
Figure 2: 180 degree phase comparator

For the magnitude comparator, the relay trip condition is that the magnirude of one of its
input 1s larger than the magmtude of 1ts another mput:

54255 @)

where § . and S » Tepresent the magnimde comparator mputs, i-j represents taking the magnitude
of “e”. Figure 3 shows the operation region of the relay which utilizes the magnitude comparator.
It can be seen that the relay operation region and restramt region are separated by a circle with 1ts
radius being equal to the magnitude of the referencephasor. Depending on the reference phasor
selected, the operation region could be inside or outside of the circle.

S

Restramt

{a}. &, as reference phasor (b 5, as reference phasor
Figure 3: Magnitude comparator

Phase comparators and magnitude comparators can be used tnterchangeably n relay
designs. We may use a magnitude comparator to compare the phase angles of two signals or use a



phase comparator to compare the magnitudes of two signals. For instance, we can determine if the
angle between two phasors S, and §, is less than 90 degrees:

-90° < arg(ufg.-‘—} < 90°
S

by comparing the magnitudes of two other phasors §, and S :

154|255
where
S,=K(§,+5,) (3a)
5, =K(5,-5,) (3b)

and X is an arbitrary constant. That is, the angle betweenS, and S, being within 90° is equivalent
to the magnitude of §, being larger than the magnitude of S ,:

—00° ¢ arg(ig‘—)s 90° @§§A12]§BI
2

so long as the magnitude comparator inputs §, and S are proportional to the sum and subtraction
of the phase comparator inputs S, and §, , respectively.
The inputs to a phase comparator of a typical distance relay unit are described as
S =21~V =(Z, ~-2)I
S,V =2
where ¥ and 7 represent the voltage and current phasors seen by the relay, Z is the fault
impedance, and Z, is the relay setting. The distance relay unit will initiate a trip signal if the angle

between §, and S, is less than 90 degrees. The mho characteristics of the distance relay is a circle
and illustrated in Figure 4. Inside the circle is the relay trip zone. Based on the relationship
between phase comparator and magnitude comparator, the same relay characteristics also can be
implemented by using a magnitude comparator. According to (3a) and (3b), the inputs of the
magnitude comparator may be selected as

Z -
SA:“Q“I
e — 2= 2 -
S, =V -2ef=(z-%9)]
B 5 ( 2}

The relay trip condition is |§ A[ 2|85
with the relay trip region being inside the circle.

, and the resulting relay characteristics is illustrated in Figure 5




R
Figure 4: Relay mho characteristics by 2 phase comparator
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Figure 5: Relay mho characteristics by a magnitude comparator

Figure 4 shows that, at the maximum torgue angle, which is defined as the angle when the
{ault impedance and relay setting impedance have the same angle, the angle differenceg between
the phase comparator inputs §, and 5, is 0° for faults inside the protected zone and 180° outside
the zone:

- . 0, Z <1z
¢ = arg(S)) ~ag(Sy) =< S
1180°, oftherwise

The phase angle difference ¢ as a function of fault impedance {2, is shown in Figure 6.

Figure 5 shows that, at the maximum torque angle, the magnitude difference between its
inpus § . and S; is directly proportional to fault impedance when the impedance is less than haif
of the relay setting and is inversely proportional to fault impedance when 1t is larger than half of the
relay setting:



I A
AM =[5|-[5g| = 1217 | <
| hizci -|zhir, otherwise

The magnitude difference AM is illustrated in Figure 7. AM is positive inside the protected zone
and negative outside the protected zone. Furthermore, the magnitude difference is maximum at the
center of the relay mho circle and decreases as the fault distance becomes closer to the mho circle
boundary.

2| 12|
Figure 6: Phase angle difference between the two inputs of a phase
comparator at the maximum torgue angle
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Figure 7: Magnitude difference between the two inputs of a magnitude

comparator at the maximum torque angle

From Figures 6 and 7, it can be concluded that both the phase difference in the phase
comparator and the magnitude difference in the magnitude comparator are valid guantities in
indicating if a fault is inside the protected zone, but none of them cannot tell if the fault is near the
zone reach boundary or a close-in fault. In contrast, as will be shown in the next Section, the torque
generated by a phase or magnitude comparator is very sensitive to fault locations and thus can serve
the latter purpose well. This makes it possible to design a distance relay with fast operating speed
for close-in faults and with high reach accuracy as well. According to the notation in cylinder EM
relays, the torque generated by a phase comparator whose operating condition is defined by (1) is
described as the sum of the real parts product and imaginary parts product of its inputs,

Tg, = 8,82 + 88y = i§1u§21903@ (4)



where g, 1s the torqgue generated by the phase comparator,

S, and §,. are the real and mnaginary parts of 5, | respectively,

§,, and §,, are the real and imaginary parts of 5, , respectively,

¢ is the angle difference between §; and §;.

if the operating condition of a phase comparator 155, leading §

the torque generated by the comparator is described as the subiracton between the real and
imaginary parts products of its inputs:

Tg, =538, = 5,8y = §§1!5§2§53'n¢7 (6)

Similarly, for a magnitude comparator whose operating condition is defined by (2), the torque
generated by the comparator is described as the subtraction between the magnitude squares of its
mputs:

_ 2 Lol N f 2 @l
TQm A - 4 - Sﬂ a \SBr TSB;’)
2
:(SAr+S,’3r)(SAr—SBr {"S,Av +SBL>{S Ai 3) (/J

where Tq is the torque generated by the magnitude comparator,

m

and S 4, are the real and imaginary parts of £8 4> Tespectively,

.ﬂ?’

S5, and §, are the real and imaginary parts of S 5, Tespectively.

Comparing (4) ‘and (7), it can be found that a phase comparator 1s equivalent to a magnitude
comparator in the sense of torque if

=8, +8, (8a)
S, =58,-5; (8h)
or
3L ‘
§,=00 (92)
5, 10t (9%)
2

Therefore, when we design a distance relay based on mrcuL we also have the freedom to choose
‘v‘r’ner a phase comparator or 2 magnituds comparator beeause they both can generate exactly the
same torque if their inputs satisfy {8) or (9).
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1. TORQUE IN DISTANCE UNITS

This section analyzes the torque generated in ground and phase-to-phase distance units.
The ground umits considered are cross-polarized distance umits, and the phase-to-phase unit is a
polyphase distance unit [4]. Torque for other types of distance units can be analyzed by the same
way. To simplify the design of post-filters which use torque as their inputs, the torque is
normalized such that all distance units have the same torque expression.

A. Ground units

Ground impedance units are designed for detecting the location of single phase-to-ground
faults including A-to-ground, B-to-ground, and C-to ground faults. In cross-polarized ground
impedance units, the operating and reference quantities may be chosen as

S =, +K, )2, -V, {10a)
§y =~V +7,) (10b)

where 7, and [, represent the phase A current and zero sequence current, rﬁspectivcly;ii, v,
and 7, represent the voltages at the relay location in phases A, B, and C, respectively; 2, is the
relay setting; K, =(Z,~Z)/Z representing the zero sequence current compensation factor with
Zy, and Z being the transmission line zero sequence and positive sequence impedance,
respectively. The relay trip condition is the angle between §; and §, being within 90 degrees:

-90° < arg(—i‘«) < 90°
S

According to (4), the torque generated by the phase comparator is expressed as:

T4, :Eji-é_l;_a[[zc+zsycos(¢"5;-5)—1zs+zz} (1)

where £ represents source voltage amplitude, Z_ represents source impedance, and

o~

$, =arg(Z, +Z,),
gmarg(Z+Zs}.

If we use a magnitude comparator which creates the same torque as this phase comparator, based on
(9), the inputs to the magnitude comparator are determined as

I - o
S, = 5{(!,9 + Ko}, ~V, =V, ~V,] (12a)

- 1 - - .
Sy :Ei(la +Kol)Z, -V, +V, +V.] (12b)

The torque created by the magnitude comparator is expressed as
2 _ 2

1o, - £ L (Lt Bl g ZoZf (13)

lz,+2zf 1 2 |1 2



It can be verified that (11) s the same a5 {13), 16,7y, =Ty . On the other hand, if the polanizing

guantity of the ground umir 1s chosen as

the relay trip condition becomes

According te (6), the torgue generated by the phase comaparator is described as

T fq 2 1 . ~ e e in
Ty, =~3E, ———=lZ_+Z cos{g, ¢}~ Z, ~Z

R
s
EeN

s

=p a :25-—25‘

All three kinds of phase-to-phase faults can be covered by 2 singlepolyphase wnit. In the
unit, the operating and polarizing signals are described as

Sy =V —Z. 1y 15a)

SZ = Vrb - Zc‘fco (15b)
Its trip condition 1is

0° < a;rg(%—} <180°

It can be shown that for all phase-to-phase faults including B-C, C-A, and A-B, the torque
generated by the phase comparator 13 the same and can be expressed as

/—3_ 2 1 f 5 - |
Tq, == E% — o [Z +Z |cos(d,— ) —IZ, + Z]] 16
Qp ) ab §ZS +Z; [ s (¢ ¢) f 8] ( )

Accordmg to (11}, (13}, (14), and (16), the characteristic equation of ground and phase-
phase distance units is described as

Z-pl=y (17)
where

L Lot Ly

7= 5

_Z.-Z,

£ 2

- Eguation (17} represents the mho circle whose center is at p and radius equal to ¥ as

shown m Figure 8.
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Figure 8: mho circle of distance units

. Torgue Normalization

Observing (11), (13), (14), and (16), we found that the torque created in ground distance
units and phase-phase distance units has a similar expression. Dividing these torque equations by
appropriate constants, which only depend on the source voltage amplitude, we get the normalized
torque as

norm 1 & i ¢
Tg"™ = e (|2 - i) (18)
1z, + 2|
Furthermore, if we assume the source impedance angle is the same as the line impedance angle, the
normalized torque at the maximum torque angle may be expressed as

norm 1 iZV‘ZC{

~ SIR +|Z)/|z.| (19)

where SIR = !Zsl/ IZ,| representing the source impedance ratio. Corresponding to differentSIR’s,
the variations of the normalized torgque with respect to fault locations are illustrated in Figure 9. It
can be seen that the torque is negative beyond the reach boundary, zero at the reach boundary, and
positive within the protected zone. The closer the fault is, the larger the torque will be. For a
specific fault location, the torque 1s inversely proportional to the source impedance ratio.

10
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Figure 9: Normalized torque 7g vs fault locations

IV. TOrQUE COMPUTATIONS

The previous section shows the relationship among the torque, fault impedance, and source
impedance ratios. This section discusses methods for computing the torgue based on sampled
voltages and currents. Both long-data window and short-data window algorithims are described
along with their frequency responses. Finally, the section shows an example of torque
computations by using EMTP simulated data.

Generally, the comparator input voltage signals are described as, in the continuous time
domain,

50 = v(0) - Ri(r) - e 2D (20)
w dt
and, in the discrete time domain,
5{k> - ")(k\) - RCZUC\) - Xcii, {k:ﬁ (2 1}

where £ represents the &th sampling instant, @ represents the signal frequency, R, and X

represent relay resistance and reactance settungs.  Cuments /) (k) and (k) have the same
magnitudes but the former leads the latter by 907, so /| (k) and i(k) are orthogonal to each other.

Once the voltage signal (21) is obtained, the forque generated by phase and magnitude
comparators can be coroputed straightforwardly. If a phase comparator whose operating condition
is described by (5} is employed, the instantaneous torque is calculated as

Ty k) = s, (k)s,y (k) sy (K)s, (k) (22)

et
o



where s,(k) and s,(k) represent the phase comparator inputs at the kth sample, s, (k) is
orthogonal to s,(k), and s, , (k) is orthogonal to 5,(k). If a magnitude comparator is employed,
the instantaneous torque is calculated as

T, (k) =[s,(k) +5,, (0] [s5(R)* +55 (B)°] (23)

where s,{k) and sz(k) represent the magnitude comparator inputs at thekth sample, 5, , (k) is
orthogonal to s54(k), and sz ; (k) is orthogonal to sp(k).

" The forgoing discussions show that the essential task in computing torque is getting
orthogonal signals. The orthogonal signals may be generated by using orthogonal filter pairs
(OFP). It is not possible nor is it necessary to design digital OFPs which generate orthogonal
signals at all frequencies. In protective relays, it suffices to have OFPs which can generate
orthogonal signals only at the fundamental frequency.

Figure 10 shows a OFP, represented by transfer functions Gy(z) and G,(z), with the
associated orthogonal signals, y(k) and y, (k). Usually, the OFP arc linear filters, thus for any
sinusoidal inputs, their steady-state outputs are also sinusoids which have the same frequency as the
inputs but with different magnitudes and phase angles.

» G1{z) |—» y(k)

x{k)

> Ga(o) > Y0

Figure 10: Orthogonal Filter Pair (OFP)

Consider a sinusoidal signal:
x(k) = Asin(awkT + @) (24)

where T represents sampling period, 4 represents signal magnitude, and ¢ represents the phase
angle. With (24) as the input, the steady-state outputs from the OFP are described as

y(k) = AiGl(efwT) sin[@kl + @ + 4(_;1(6]"@?")]

yylk)= A%Gz(ejwr'ﬂsin[mk’f’ + @+ 4(;2(8]‘@# N

At the fundamental frequency w,, y, (k) and y(k) are orthogonal: signals y, (k) and y(k) have
the same magnitudes but the former feads the latter by 90 degrees, i.¢.

Gu(e7™")] =|Ga(e™ )] =1

Z£Gy (77 ) = LGy (e ) +90°

Therefore, when the mput is a fundamental frequency sinusoid signal

12



(k) = Asinl @ kT + o)

the outputs of the OFP are

y{k) = Asin(wpkT + )

¥ {k} = ASEHE:Q);:T;F @, *965)

There exist quite a few differentOFPs. However, the OFPs can be roughly classified as long-
data window OFPs and short-data window OFPs.  For instance, the two FIR (Fiuite bmpulse
Response) filters in the full-cycle and half-cycle DFT (Discrete Fourier Transform; [6] may be
considered as long-data wimdow OFPs while the OFPs which utilize two or three satnpled data may
be considered as short-data window OFPs. The disadvantages of the long-data OFPs are uts slow
respomse speed and poor de-offser mwmmunity.  The short-data window OFPs can gvercome the
shortcomings but is more sensitive to high-frequency noise. The latter should be combined with a
post-filter.

A. Long-data window OFPs
Two long-data window OFPs are introduced in the follows: full-cycle DFT and half-cycle

DFT. The full-cycle DFT OFP take weighted averages of samples within the most recent one cycle.
The weighting factors are consine and sine of angles taken within the range of 27 with the

increment of 277/N . In termus of their input series x(k) , the OFP outputs are described as

2
y(k) = %{cos(% -0) x(k) + cos(%?) x(k—1)

2z . 2,
+ cos(% 2y x{k -2y +cos(2m — 7\?} x(k—N+1)]

2. .2 LY 4 o~
v (k)= fF‘[—Lsm(—AT' Y x{k) %Sln(y) x(k =1+

7 19
esin(Z2) x(k - 2) 4 sin(27 - 25 (k- N = 1)]
N N

Thus, the transfer functions of the Full-cycle DFT OFP may be described as

) 2 -1 P ¥ .
Gzy=— 3 cos(=—-i)z
N D A
PRGNV S
Gy(zy=—— 3% sin{— i)z

The magnitude responses of the full-cycle DFT OFP are shown in Figore 11, It can be seen that the
OFP can eliminate constant de and integer harmonics components. They can also greatly reduce the
effect of non-mreger harmonics components. The phase shift between the rwo filters of the OFP is
shown in Figure 12. At the fundamental frequency, the OFP have the same gains and provide the
desired 90 degrees phase shift. The OFP are orthogonal only at the fundamental frequency.

13
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Figure 12: Phase shift between full-cycle DFT OFP

The half-cycle DFT OFP take weighted averages of samples within the most recent half a
cycle. The weighting factors are consine and sine of angles taken whine the range of 7 with the

increment of 27/N . The outputs of the half-cycle OFP are described as

4 r in
vk} = WW{cos(ya 0y x{ky+ cos(—}}—»} x(k =1+

+cos(w2£—*2) x(k ~2) + cos(x w%g)) x(k m%+ 0]

14



Thus, the ransfer fancrions of the half-cycie DFT OFP are descrived as

The magnitude responses of the half-cycle DFT OFP are shown in Figure 13. It can be seen that the
OFP can only eliminate odd-harmomnics components from their inputs and have little or no
attenuation on constant de and even-harmonics components. The phase shift between two filters in
the OFP is shown i Figure 14. At the fundamental frequency, the OFP have the same gains and
provide the desived S0 degrees phase shift. Also, the half-cycle DFT OFP are orthogonal only at the
fundamental frequency.
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Figure 13: Magnitude responses of hali~cycle DFT OFF
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Figure 14: Phase shift between half-cycle DFT OFP

B. Shot-data window OFPs

A typical short-data window OFP is the two-sample data OFP. In the OFP, one filter
directly utilize its input (no filtering) while the other filter shifts its input 90 degrees for
fundamental frequency signals. In terms of the input seriesx(k), the OFP outputs y(k} and y, (k)
are described as

y(k)=x(k)

yi(k)= [cos @, T - x(k) —x(k ~1)]

sinwy?
The transfer functions of the two-sample OFP can be described as

Gi(z)=1

Gy () = ———(cos@,T ™)

sin w7

The magmtude responses of Gy(z) and G,(z) are shown in Figure 15. G,(z) (first derivative)
attenuates low frequency signals but amplifies high frequency signals. The angle shift caused by
G,(z) and G,{z) is shown in Figure 16. The angle shift decreases with the increase of signal
frequencies and is equal to 90° at the fundamental frequency and O at the cut-off frequency.

From Figures 12, 14 and 16, it is interesting to note that the phase shifts are exactly the
same in the full-cycle DFT, half-cycle DFT, and the two-sample OFPs.

16
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(. Torque compuiations using EMTP test data

Based on the long-data window and short-data window OFPs, the torgue is calculated using
EMTP simulated data. The system simulated contains two parallel lines with sources at both ends.
The lines are 200 miles long and rated at 500 KV. The faults simulated are Phase A to ground and
the torque is computed in the Phase A quadrature polairized ground distance unit. The relay is set
at 90% of the ine impedance.

Figures 17-19 show the torque when the fault locations are at 20% (40 miles), 80% (160
miies), and 100% (200 miles) of the line, respectively. The time 0 m the Figures represents the
fault inception instant. It is found that the two-sample OFP have an excellent de-offser nomunity,
and the effect of the de-offset on the associated worque 18 almost invisible, The half-cycle DFT QFP
respond poorly to the de-offset and there is a large overshoot in the torque. As is known, the torque




overshoot is one of the reasons causing a relay to overreach and lose security. The torque overshoot
in the full-cycle DFT OFP is less severe than in the half-cycle DFT but 1s much worse than in the
two-samplie OFP. Because of using short-data window, the torque building up speed of the two-
sample OFP is faster, especially immediately following the fault inception. The two-sample OFP
are more sensitive to high frequency noise so the associated torque experiences small-magnitude
high frequency oscillations.
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Figure 17: Phase A to ground fault at 20% of the line with relay setting at 90%
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Figure 18: Phase A to ground fault at 80% of the line with relay setting at 90%
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Figure 19: Phase A to ground fault at 100% of the line with relay setting at 20%

Observation of Figures 17-19 also shows the effect of fauit locations on the torque. The torque
is positive for faults within the protected zone and negative for faults outside the protected zone.
The torque mcreases when the fault is closer te the relay location. Corresponding to fanlts at 20%,
80% and 100% of the line, the steady-state torque is about 1.95, 0.08, and -0.14, respectively. The
sign of the torque indicates whether a fault is within the protected zone, and the magnitude of the
torque indicates how far a fault is from the reach boundary. The relay should be able to recognize
both the sign and magnitude of the torque. The sign of the torque determine if the relay should trip,
and the magnitude of the torque determines how fast the relay should trip to ensure speed and
security.

V. POST-FILTERS

As indicated earlier, the torque generated by a comparator can tell if a fault is within the
protected zone as well as how far the fault 1s from the relay location. To ensure a fast trip for close-
in faults and a slower but secure trip for near boundary faults, post-filters which process torque (raw
trip signal) are used and shown in Figure 20. This section presents two kinds of post-filiers. One
posi-filter is based on the emulator of the dynamics of the EM cylinder umit {5}, and the other is
based on adaptive wip counter.

| Low-pass Phase or% Ta | pose | 1w
H £ wt IAENITUGE o il -3
I . rere

tlters camparators ilters

Figure 20: Post-filters utilized in a relay unit
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A. Emulator of the dynamics of an EM cylinder unit

In an EM distance relay using a cylinder unit, the torque generated in the unit fturns a
cylinder and thus moves the relay contact toward a trip direction if a fault is within the protected
zone. The rotating angle ¢ of the cylinder is related to the torque by the following dynamic
equation

Tq:Mi_g+Kd g»g+K60
dr* dt

where M, K,, and K are the cylinder inertia constant, damping constant, and spring constant,
respectively. By selecting appropriate constants, various kinds of inverse characteristics may be
obtained.

B. Adaptive trip counter

An adaptive trip counter also can be applied to accomplish the desirable inverse
characteristics. The trip counter counts the samples of positive torque and initiates a trip signal
based on both the counted sample number and torque magnitudes. Assume that the relay is allowed
to trip fast if the normalized torque is larger than a constante, then

1 2,
—— (" -|Z-p)=
Z, +Z|
which represents a circle whose radius is
. 1
yle—
i+¢
and center at
' - &ZS
p=E
I+&

Figure 21 shows the mho circle of the fast operating region, represented by the dotted
circle, along with the original mho circle. It can be seen that both circles pass the point—-Z, and
their centers are on the same line which starts from~Z_ and ends at Z, .
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Figure 21: mho circle of fast operating region {(dotted one)

Vi. TEST RESULTS

This section introduces a mmicroprocessor fransmission line relay system which utilizes
operating units that are based on torque computed with the short-data window method and emulate
the dynamics of an EM cylinder unit. Tests were performed running thousands of fault cases on a
480 V model power system {MPS) used for product performance verification [7].

Figure 22 shows the zomne-1 impedance operating characteristics determined from the
appropriate fault cases. This figure shows the average operating speed for all fault types as a
function of the fault distance from the relay expressed as percent of impedance zone reach setfing.
This figure also shows the effect of the source impedance ratio (SIR) on the operating
characteristics. Fault locations are at 0%, 52%, 83%, 94% and 100% of the zone-1 setting of 5.46
ohms (secondary}. No trips occurred for faults at 100% of the setting. The setting is 95% of the line
length.
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Figure 22: Operating Characteristics for the Time-domain Torque Impedance Units



From these results two significant observations can be made. These are: faster operating
times for faults closer to the relay, and slower operation with more operating secunty for faults
closer to the setting boundary. The operating times include 4 - 6 ms of output relay operation. The
speed performance can be improved with higher speed outputs.

Figure 23 shows the digital fault records from the transmission line’s two terminal relays
for a fault at 81% of the line length (85% of the zone-1 setting) from the Left Bus (dark line) and
19% from the Right Bus (light line). The superposed fault records show the difference in operating
times of the two relays. The digital signal Z1 Ground A (zone-1 phase A to ground impedance
unit) of the Right Bus relay operates in less than a quarter cycle (point RB) producing a high speed
trip. The same signal for the Left Bus relay operates a little under one cycle (point LB). This time
is still on the high speed part of the characteristic for a fault at 85% of the setting. The fault
locations and times correlate well with Figure 22.
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Figure 23: Relay System Digital Fault Record
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The forward pilot {overreaching) zones are set at .62 ohms (150% of the protected umne
length). The fault location is ar 60% of the forward pilot zone sewung from the Left Bus and
from the Right Bus. The digital signal FP Ground A (forward pilot phase A to ground mmpedance
unit) of both relays operate 1o less than a half cyele and show only a small difference in operanng
speed performance (points RB and LB). Again, this 1s in hine with figure 22 where the operatng
speed performance is relatively flat up 1o 80% of the relay setnng.

S
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WII. CONCLUSIONS

A phase comparator and a magnitude comparator can create the sams torque by selecting
appropriate input quantities. Other than its computational advantage, forque is more sensitive 10
fault locations than phase angle m a phase comparator or magnitude in a magnitude comparalor is.
In distance units, the torque is described in terms of fault impedance, which clearly illusrrates the
relationship between the torque and its comespondmg fault location,

The use of short-data window phase and magnirude torque comparators has been
effectively implemented into 2 wansmission line relay. Applications of short-data window torque
computation techniques and post-filiers are the key factors in the successful design of the gh-
speed distance relay. MPS test results verify the operating characteristics -- high speed operation
for faults near the relay and slower, but more secure, operation near the relay setting boundary.

is characteristic provides an inherent capability to minimize, if not eliminate, transient
overreaching and allows setting the relay reach to provide more line coverage than conventional
relays.
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