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INTRODUCTIOI

With the rising demand for power the problem of discrimin-
ation on distribution systems using inverse-time overcurrent

SRR

RELAYIRN

relays becomes more difficult. In the pastithas been possible
to obtain discrimination on a time/current basis, but with the

growing load and the increase in clearing time at substations,
it has become necessary to employ alternative means of
protection. Protective gear engineers are now turning to

By R W NEWCOMBE
AMIEE*

distance measuring relays, and this article shows that such
protection not only reduces the clearing tirnes at all sub-
stations, but gives two or three stages of back-up to the whole

network, including the substation busbars

FOR those who are not familiar with distance relaying,
it is essential to appreciate that since impedance is an
electrical measurement of distance along the transmission

 line, it is expedient to use a relay capable of measuring the

impedance of the line up to a given point, operating only
for faults occurring between the relay and the selected
point, so obtaining discrimination for faults occurring in
different line sections.

The basic principle of measurement involves the com-
parison of the fault current seen by the relay and the voltage
at the relaying point. Referring to Fig. 1, it will be seen

" that a relay connected at position R will receive the secon-

dary current equivalent to the primary fault current and a
secondary voltage equal to the fault current times the
impedance of the line up to the point of fault. If the
operating torque of the relay is proportional to the current
and its restraining torque proportional to the voltage
then, depending upon the relative number of ampere-
turns applied to each coil, there will be a definite ratio at
which the torques will be equal. This is termed the
balance point of the relay.

Any increase in the current coil ampere-turns without a
corresponding increase in the voltage coil ampere-turns
will cause the relay to become unbalanced, so that below a

A . . .
given ratio of I the operating torque will be strengthened in
relation to the restraining torque, and the relay will close
its contacts. Above a given ratio of I the restraining torque

will be greater than the operating torque and the relay will
restrain and the contacts will remain open.

Relays have been designed so that it is possible to adjust
their ohmic setting by changing the relationship of the
ampere-turns of the cperating coil with respect to those on
the restraint coil, making it possible to select a setting
comparable with the length of line to be protected.

As the fault volts seen by the relay in Fig. 1 depend upon
the ratio between the source and line impedance, it is
important to understand the effect of their relationship, as
it is usual for the manufacturer to express the relay per-
formance in either of these terms. Fig. 2 represents a
relay voltage/reach curve, declaring an accuracy of measure-

. ment within -+5 per cent down to 8 V on a secondary

basis. A relay having such a characteristic would only be

* English Electric Co., Ltd.

v

applicable within the specified accuracy to transmission
lines where the value of the source/line impedance ensured
that the volt drop to the point of fault would be no less
than 8 V secondary.

Ags the relationship between the operating current and
restraint volts directly affects the relay operating time, it
follows that the position of the fault along the line in
relation to the relay in combination with the source/line
impedance ratio must inevitably decide the relay speed.
It is usual to express relay performance in these terms as
illustrated in Fig. 4, which shows that the nearer the-fault
is to the relay, the faster the operating time, and the more
closely the fault approaches the relay reach point the
greater the time becomes. It becomes infinite at the relay
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Fig. i.—Simple impedance relay of the balanced beam type
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Fig, 3.—Relationship between sourcefline ratio and relay volts

reach point, i.e. where the ampere-turns on the operating

coil balance those of the restraint coil.

Fig. s illustrates the relay performance in terms of fault
position and source/line impedance ratio, indicating that
accuracy of measurement up to a source/line ratio of 12/1
can be achieved within the limits of 4+ § per cent, and further
that the operating time for various fault positions gets
greater as the fault approaches the relay balance point.
This is an alternative method of declaring the relay per-

. formance to that illustrated in Figs. 2 and 4.

- Fig. 3 shows the relationship between the source/line

impedance ratio and relay voltage. Provided the value of

FAULT POSITION EXPRESSED AS PERCENTAGE OF SETTING

Fig. 4.—Typlcal operating time; reach per centf/impedance ratio
curves
fault current under minimum plant conditions is known,
then together with the impedance of the line to be pro-
tected it is possible to obtain the information required by
applying Figs. 2 and 4, or alternatively the source/line
impedance ratio by applying Fig. 5.

This information may not always be readily available
and may be presented in terms of line‘make-up, fault
current, or source MVA, but where there is some measure
of standardisation in the distribution system it may be
advantageous to build up a family of monograms as a
quick reference by which to judge the performance of a
relay to known system parameters.

Impedance Measuring Relay

Essentially, an impedance measuring relay consists of a
beam balanced on a fulcrum (Fig. 1) with an operating coil
on one side of the beam and a restraint ccil on the other.
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Fig. 5.—Contour curve of a mho relay characteristic

If a constant current is applied to the operating coil and the
voltage applied to the restraint coil vdried in magnitude
and phase until the relay just operates, the values of
impedance at which the relay operates can be found.
This can be done with the aid of a voltmeter, ammeter and
phase shifter, .

If the values of impedances at the various angles are
plotted on an X/R disgram they fall on the circumference
of a circle with the origin as its centre (Fig. 6), signifying
that a simple impedance relay would operste for any
value of impedance lying within the circle. ‘

As a transmission system is made up of X and R quantities

we can represent a transmission line on the same X/R wess 7

diagram as Fig. 6 by letting A-B represent one line and A-C
a second line in series, then with a relay situated at A, the
line A-B would represent a transmission line in front of
the relay and A-C a transmission line behind the relay,

As the relay will operate for any impedance falling within
the circle, it cannot discriminate between faults occurring
onlines ABor AC. As it is necessary in most applications
to discriminate between these two lines, it is esseniial to
add a directional relay to limit the relay operation to one
line. The characteristic of this relay is represented by the
line D-D so that the relay is now only capable of operation
for faults occurring within the shaded portion of the circle,

Admittance Relay

The next type of distance measuring relay is generally
known as an admittance relay (mho) and combines, by
the addition of a polarising winding, the characteristics
of the impedance relay and the directional relay, The
characteristics of this relay can be found in a similar manner
to that described for the impedance relay,

When the values of Z are plotted on an X/R diagram,
they fall on the circumference of a circle passing through
the origin (Fig. 7). showing that the relay is inherently
directional and can only detect faults on line A-B., Further-
more, the reach poiaT setting varies with the fault angle,
as the impedance meqsugement is not constant for all
angles,

As the line to be priTecled (s pade up of resistance and
inductance its fnudt sngle wouid depend upon the relative
values of X and R, but ander &h arcing fault condition
the value of the melafive cameenent would increase and
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chaiige this fault angle, so that 2 relay having a maximum
torque angle equivalent to the line angle would, under
arcing conditions, under-reach. It is usual, therefore, to

‘apply a relay with its maximum torque slightly leading the |

line angle as illustrated in Fig. 7, so that it is possible to
“accept a small amount of arc resistance without causing
under-reach.

However, when setiing the relay, the difference between
the mazimum torque angle at which the relay is calibrated
and the line angle must be known, and it will be appreciated
from Fig. 7 that the length A-B corresponds to the length
of the line to be protected which would be equal to the
relay setting if the maximum torque angle were the same as
the line angle. * However, it is usual to make the relay
maximum torque angle smaller than the line angle in order
to accept a small amount of arc resistance. It follows that
the actual amount of line protected would be equal to the
relay setting value A-D divided by cos (6—¢) where 0 is
the line angle and ¢ is the relay maximum torque angle.

The arc resistance bears no relation to the neutral earth
resistance in regard to the relay setting value, as this is
in the source at the back of the relay and only modifies the
source angle and source to line impedance ratio, and would,

therefore, only be taken into account when considering the -

minimum reach of the relay.

The effect of arc resistance can be quite important on
short lines, depending upon the source MVA, which if
varizble at light load periods could cause inaccuracies in
measurément. On long lines, arc resistance can usually be
neglected on steel tower lines with overhead earth wires,
but where the transmission line is carried on wooden poles
without overhead earth wires, the earth fault resistance
can have serious consequences in the application of mho
type relays used for earth fault measurement. This. is
because it reduces the effective first zone reach to a point
where the majority of faults are only detected in second
zone time.

Reactance Relay

The reactance type of distance relay does not vary its
setting with the introduction of arc fault resistance as it is
designed to measure the reactance component of the line
only. It will be appreciated from the relay characteristics
(Fig. 8) that any increase in the resistance component of

fault current will have no effect upon the relay reach, as
the relay will continue to measure the same value of X.
However, due to the falling off of torque at the very high
values of fault resistance there is a limit at which the relay
will maintain accurate measurement. When the fault
current approaches the value of the load current, the relay
characteristics are modified by the value of load and its
power factor.

The criticism of this relay is often applied to the case
where a high resistance fault is fed from both ends of a ring
main feeder through lines having a different X/R ratio on
either side of the fault. In that event one relty end will
over-reach and the other relay end will tend to under-
reach. The effect is simply explained; as the fault current
is fed from both line ends, it is the vector sum of the two

currents which traverses the fault resistance path, the .

latter being clearly a path common to both currents.
So long as there is & difference in phase between the two
fault currents, the current flowing in the common faule
resistance path must have a different phase to either of the
individual currents. The phase of the common current
will in fact be such that it leads the current from one
feeder end and lags the current from the other feeder end.

It will be clear that each reactance-measuring relay will
be supplied with a potential corresponding nct only to the
voltage drop along the overhead line as far es the fault point,
but also-to an additional voltage drop corresponding to that
across the fault path, As the current in the fault resistance
is not in phase with the current in either line, then the fault
resistance itself, pure resistance though it may be, will
appear to the relay as a complex impedance ronsisting of 80
much equivalent reactance. The reactance component

of this complex impedance will be positive in the case of
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the relay on the higher source angle side and will, therefore,
cause under-r_eachmg, but will be negative on the lower
source angle side and will therefore cause over-reaching.

Zones of Protection

In the following calculations of the relay voltage only
80 per cent of the line length has been considered within
the instantaneous zone of protection. This limitation is
‘hecessary to ensure an ample margin against over-reach
due to current transient, current and voltage transformer
errors and variation of the line impedance. As this leaves
20 per cent of the line unprotected, it is necessary to extend
the reach of the measuring relay to cover all faults within
this section of the line and maintain discrimination, This
is achieved by extending the reach of the relay to zone 2,
so that it covers the first section plus 50 per cent of the next
section, and to discriminate with the first zone relay of the
second line, time is added to the zone 2 reach of the first
line relay. As it is a simple matter of extending the reach
still further to zone 3 with another step of time, it is usual
to carry this zone into part of the third section to give
back-up protection to the second line.

The relays are usually designed to give a maximum
second zone reach of 3} times the first zone, and a maximum
third zone reach of five times the first zone. Such an
extensive reach might appear unwarranted, but it must be
remembered that the first line may be short and followed

~ by two long lines, making this extended reach necessary
(Fig. 9).
~ To detect faults in the second and third zones it is
necessary to include a starting relay sensitive enough to
_ detect faults occurring beyond the third zone under
- minimum generation conditions, but capable of dis-
criminating between this and normal Ioad conditions at the
- end of the first section of line. '

Starting Relays

The relays used for this purpose are sometimes referred
to as fault detectors. Their primary function is to control
the timing relay for extending the reach of
the measuring relay into the second and
third zones, and they must have directional
features when used with impedance and
reactance measuring systems. Thus, we

care must be taken to ensure that under tght load cor.
ditions, that is with minimum generating plant, the settis

of the overcurrent starters must be sensitive enough ¢

detect faults beyond the third zone. Furthermore, thes

starters should have a high pick-up to drop~off ratio, as i
is possible without this feature to have indiscriminate trip-
ping where the load is fed off in the second or third zone
reach, and hence does not allow the overcurrent units to
reset after a second or third zone fault which is cleared by
the first zone relay in the faulty section. This is important
as these overcurrent starting units operate the timer for cor~
trolling the second and third zone reach, which if allowed
to run on would modify the reach setting of all relays in
the system so that on the occurrence of a second fauit, any
relay in this system would be likely to operate. From Fig. 9
it will be seen that with a fault at F, breaker E would rip
on first zone distance, but the overcurrent starting relays
would pick-up at breakers A and C and may be held closed
by the load fed off at L, and L, respectively. If breaker ¥
is then reclosed on to the fault, breakers A, Cor E might
trip, if sufficient time has elapsed to allow the distance relay
at breakers A and C to extend their reach into the fault,

Relay Application "

When applying relays to a system the two main faciors
which must be known are the line impedance and the
minimum favlt current. When considering phass faults
the positive and negative sequence impedance only is
necessary, but for earth faults the positive, negative a--
zero sequence impedance is required. It is then pos: !
to calculate the volt drop along the line up to the reatn

- point of the relay as this will be the voltage appearing

on the relay, so that for phase faults :—

— Ir 110
VR=‘ \/3 X 08 ZJ.LX]'{\'] X ;’a
Similarly, for earth faults:—
I 110
Vr=08 ZL X+ X

kV "~ 1,000
L|L LZL-

SECTION 2

1

can have a combination of directional and
overcurrent relays for use with impedance
measuring systems and overcurrent units
only, for use with mho systems, or mho
measuring starters for any distance scheme
including reactance.

These mho starters have a very wide
range, as they must be capable of measuring

faults well beyond the third zone reach of | o fli5 ¢ 1X

SECTION |
e
>< v

X X SECTION 3 X
J70 - h
D £ ¥ ‘F .

; Lf—'— B £

K-
L
c

-

the measuring relays and like the measuring
relays of the same type have either partial
cross-polarisation when applied to reactance
schemes, or alternatively an offset character-
istic to cater for mho schemes. Where

such a unit is used as a common starter for
both phase and earth faults, compensation.
is necessary for the correct detection of
earth faults, as in the case of the g:arth
fault measuring relay previously described.
Where overcurrent starting units are used.

1
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Fig. 9.--Typical time[distance characteristic




MINIMUM FauLT LEVEL AT a6kV
15 SooMVA = j2+j8 on 33KV BASE

66/33kY TRANSFORMERS 30MVA
AT 1Go% = ]384 OF 33KY BASE

Zy+Zy+4Zy -

impedancé Ze = =27,.

The relay is therefore presented with an
impedance of twice the setting and without

X
e
5 XA

EARTHING RESISTANCE=38{L
33KV susstation ‘A

€.T. RATIO 400/1

VT RETID 33,0000/ [Uof/5V

TRANSMISSION LINES
Zy=254+j50=56/633"
Zg=735+j20"5=218/70"

compensation it would under-reach by 50
per cent, since the current in the loop is
halved, Hence it is necessary to apply 100
per cent residual compensation for correct
measurement.

Where a system is earthed at more than
one point the above method of calculation
would be unsatisfactory as the value of I, is
unknown and may change with switching
conditions. It is, therefore, impossible to
have a fixed value of compensation, but it

can be shown that by adding 4 (Zo—Zx)IR

LINE A
. X X . “
) L IV s on ‘B’ to a2 compensating transformer connected in
T ; T T UBSTATION mpensaing er co
X X X the residual circuit, automatic adjustment of
the amount of compensation can be achieved
T A with. the changing value of I; so that correct
wow reeess (. ’:(";,a,::i’;;“fm”ziv'Z rer easurement can be maintained. )
Zy=3'54+j10=7-82 /63 5° : It has already been shown that Vr==1,Z;
20=10-5+28°7=30-55/70° +1,Z,+1,Z, and that Ig=1;4 1,41, where
X X I, is unknown.
e 1KV BUsBARS LZ,+1.Z,
21,7,
Fig. 10.—Typical 33 kY system In this case Z; = ==
g ¥P ¥ 17 211 +I+ ol

where kV=line volts, L=Ilength of line, I;=minimum
fault current, Z,=positive sequence impedance in

ohms/mile, and Ze=§°—+;zg———l+zz

in ohms/mile.

The measuring relay can be designed to measure the
positive sequence impedance of the line for all types of
. faults. For phase faults and double line to earth faults,
the relay restraint coil should be supplied with the voltage
across the faulted phase pair, while the operating coil is
supplied with a vectorial difference between the current
in the two conductors involved in the fault. For earth
fault measurement the relay must be supplied with phase
to neutral voltage for the restraint coil and the current in
the fauited phase; and because the zerc sequence im-
pedance is always greater than the positive sequence im-
pedance, a proportion of the residual current at the relay
location must be added. A simple way of determuining
the amount of zerc sequence compensation necessary (o
give the correct measurement, is to consider a three-phase
fine with 2 single earth fault. This would give a voltage
across the relay of ,Z,+1,Z,+1,Z, while the current in
the relay would be I, +1,-+1,.

. V 12,417,417,
Thus, the impedance= I~ LiL+T,

X242yt 7)
.

=earth loop impedance

Z1 +Z, +Zy
3

Then the impedance measured Ze = == the

earth loop impedance.

As Z, for 2 33 kV line is about four times Z, and as the
negative sequence impedance is equal to the posilive
sequence impedance Z,, it follows that the earth loop

where C is the compensation required, I,=1,, and Z;=%,
S 2yl 1+ C)=2LZ,+1Z,
Z,C=21,Z,+1,Z2,—21,Z, —1,Z,
WIoZo“IGZI,_ Zo“zl)
€= ! Zl —IO( Zl /

As 1,==} residual current, then C———%(ZOZ Z‘)IR
1
where Ip=c.t. residual current.
Application to Typical 33 kV System

The system diagram (Fig. 10) indicates a simple 33 XV
network supplied from a 66 kV system through two step-
down transformers and the following =xample shows the
calculations necessary to check the suitability of applying
distance relays to the two parallel feeders interconnecting
substations A and B, line A being selected for this pur-
pose. All relevant data are given in the diagram.,

Tt is usual for the manufacturer to declare the minimum
voltage at which the relay will maintain its accuracy in
terms of secondary volts, for faults at the relay reach point.
For phase faults in terms of phase to phase volts, and for
earth faults in terms of phase to neutral volts, and as the
relays have a limited reach, it is necessary to check that
80 per cent of the line length in secondary ohms is within
the setting range. Minimum volts will occur whea both
lines are in service and fed from one transformer, earthed
through one resistance with the fault level at the 66 kv
busbars at the minimum.

(1) Check seiting range of relay.
g0 per cent of line impedance =56 X 0'8=4-48 ohms.
Zg=Zop X &t.'_g}-l?m: 48 =2 W e == 5 -G8 ohms.
v.L. ratio I 33,000
This value should fall within the relay setting.



(2) Check minimum volts ar relay for fauls ‘at gone 1 reach
point, '
Total Z, to fault=j2-18 +i3-64+4 ‘
0'8(2'5+js) X 1°2(2'5 +is)
' 0-8(z'5+j5)+12(2'5+15)
: 0:96(2°5-+i5)(2"5 +is)
=j5-82
ey
E 33,000 19,0
Fault current — =33 =205 _
Zr 4/3(12 +i8-22) I2+4j82z 2290 A
Volts at relay I X Zy, where I=2,290 A,
' L=08(56) X 1-2(5-6)
08(5°6)F12(56)
V=IxZr=2,290 x 2:69=6,160 volts primary.
Converting to phase to phase secondary,
' : ' 6,160 X V/3 X110
=2 ysxilo
33,000
Check with manufacturers’ curves (Fig, 2),

=12+j8-22

2+69 ohms.

=355 V.

k(3) Check minimum volts
Zone X reach point. . v
Line Z, to fault—8(7'5+i20°5) x 1-2(7-5 +izo'5)

0-8(7'5+j205) +1-2(7°5+j20'5)
Zo=0"48(7'5+j20°5)=3-6 +j9-84.
rom previous calculation Zi=12+4i822 for static
equipment,
Zy=7," 21+ 2y +Zy=2(12 +i8:22) +(3-6 +j9-84)
: o =6-0-j26'28
Total earth fault impedance with one earthing resistance
in service=3 x 36 +6:0+j26-28=114-+j26-28

at relay for Dhasefearth faults at

M-—439 A.

E
Fault current Z, 1 Z, +Z°+3NR=U4 vy i

3
Volts at relay=1 xZ. where. I1=489 and Z=earth loop
impedance.
Zo=1[(1-2+)822) +(1'2+j822) +(3°6 +j9-84)]=
‘ 6°0+j26-28 _
3
V=IXZe=489 X 9=4,401 volts primary.
Converting to secondary phase to neutral =
4,401 X110
33,000

Check with manufacturers’ curves (Fig. 2).

9 ohms

1467V

(4) Determination of relay seztings.
NOTE.—ALl relays are calibrated in
impedance.

To set zone 1 to cover 80 per cent of protected line,
- Primary impedance Z,=2-5+j5-0 converted to secondary
impedance.

positive sequence

110
33,ooo(v't')
=2'67-+i534=596/63-5°
Reactance relay setting=5-34 ohms. T
" Mho relay max torque angle 45°, line angle 63-5°,
5-96
cos(63°5°—45°)
To set zonz 2 to cover protected line plus 50 per cent of e
next line section (see Fig. 10).
Primary impedance Z,=(2'5+j5:0)-+50%(3"5 $i7 Q=
425085

Impedance 08 x (25 +j5-0) X i?——o(c.t.) X

Mho relay setting = =63 ohms,

Converted to secondary=(4-2 +i8: XM=
ary==(4-25+85) 33,000

2

5'66+j11-33=127/63-5° ohms.
Reactance relay setting 11-33 ohms or 2129, of zone 1.

Mho relay settin, -—-—!1;7—-—54- ohms or 212 per
Y Setting sy =134 P

cent of zome 1,
To set zone 3 to cover protected line plus 125 per cent of
the next line section.

Frimary impedance Z,=(2'5+j5:0)+125(35 +j70) =

6-87+j13'75 ohms.

Converted to secondary=(6-87+313- x40 110

ary=(6-87+j13-75) 33000
‘ =9°18+j18-35=205/63-5° ohms.
Reactance relay set 18-35 ohms or 344 per cent of zone 1.
. 20°§ ,
Mho relay settin, e =316 chms o er
Y ST eost63 50 —45) T344p
cent of zone 1., )
(5) Starting relays,

Check for positive operation of overcurrent starter under
minimum fault conditions for faults at or just beyond zone 3
reach point, :

: . (2°5+j5-0) X (2:5+j5-0)
Z,=1§218 6. - —
R v o W ,

=(1-25+i8'32) +-(4-37+i8-75) =562 +j17-07

4-1-25(3°5+j7°0)

Fault current= Linevolts 33,000
Loop impedance  2(5-62+j17-07)
33,000
==890 amps
371 90 amp!

Current down one line only:s-%o=445 amps primary,

Current transformer 400/1 given minimum secondary
current I-IT amps,

Should this setting be considered too low in relation to the
feed off at substation “ B ”” then mho type starters should be
used, with setting the same or just greater than third zone
setting, i.e. 216 ohms or above,

(6) Third zone discrimination.

Check discrimination of third zone reach with protection
on the low voltage side of transformers in station *“ B,”

; _Io (33kV)*
Parallel impedance of transformer— o~ X 25 VA=
i545 chms,

Impedance from relaying point to fault on 11 kY bars,
Zy=(2'5+j5:0)+]5°45=2-5 +j10°45 = 1075 ohms primary.

. . 400-+110
Converting to secondary (2- +j1o- X e
g ry (25 +j10°45) 33,500

3-35+j13'9=14'33 ohms,

Reactance relay setting= 18-35 ohms against 139 ohms
fault, :

Mho relay setting=216 ohms against 14°33 ohms fault.

It is clear that both relays would operate for faults on the
11 kV busbars and therefore the time setting of zone 3 must
be adjusted to discriminate with the 11 kV protection,
(7) Effect of parallel lines.

To calculate the under-reach of zones 2 and 3 when both
Jines are in service, .

{imder-reach=

(j mperiance of following line included in zone of protection)

Fault current in parallel line )
ohms,

Fault current in protected line

gz



therefore, per cent under-reach =
Under-reach X 100
Total impedance of protected zone

As both lines are of the same impedance, the current will
be shared equally: -

. .8
..Under-reach of zone 2 setting= (7 2X 50) X I=
100

391 ohmis,
391

.. % under-reach of zone 2 setting=-§_-‘-1 X 100=29-2%,

82 X123
and under-reach of zone 3 setting= (Z.____’) X 1=
100

987 ohms.

.. %under-reach of zone 3 setting=z§g§;—°? =457%

Distance Relay Schemes

The foregoing has dealt individually with measuring and
starting relays, but as distance protection is made up of a
combination of these relays a little must be said about their
make-up. Where the system is not effectively earthed, or is
earthed through an arc suppression coil, it is only necessary
to apply phase fault relays so that a threc-step distance
scheme would consist of a fault detector and a measuring
relay for each phase, with a common timing relay for
extending the reach of the measuring relay into the second
and third zones.

A cheaper arrangement is achieved by switching a single
mho measuring unit, controlled and selected, into the
faulted phase by over-current detectors (Fig. 11). This
arrangement shows a considerable saving in cost and panel
space, but it must be remembered that the operating
times inevitably increase.

Where systems are effectively earthed, the above arrange-
ment must be supported either by a time delayed earth
fault relay or, where this is not
possible, a reactance measuring
relay, as the earth fault resistance
on these distribution systems is
generally too high for the applica-
tion of mho or impedance
measuring relays, unless second
zone times are acceptable for
faults within the major part of
the first line section, with possible
lack of discrimination.

For short transmission lines,
there are advantages in using
reactance relays for both phase
and earth faults as the effectof arc
resistance is more pronounced,
and constitutesalarger proportion
of the fault impedance.

With wood pole line trans-
mission, and the system effect-
ively earthed at the substation,&
combination of mho &nd
reactance, or reactance only fov
both phase and earth faufry can
be used. As reactance reldys dve
used in either combinations, mho
starting units would be necessiy

Fig 11.—English  Electric
type SSM3V  distance
protection scheme

_voltage wave,

which together with a timing unit makes up a complete
scheme. This combination can be extended to a single
reactance measuring relay switched to measure both phase
and earth faults using a mho fault detector to select the
faulted phase and to give the necessary directional features.
This arrangement shows a considerable saving in panel
space and interconnecting wiring, and would be applicable
to most 11 kV and 33 kV distribution networks, regardless
of line length or methods of earthing. Although this is an
admirable scheme, the overall operating time is extended
due to the switching arrangement as in the case of the
switched mho scheme,

Test Equipment

Type testing of distance measuring relay systems is most
important as it is necessary to ensure their correct be-
haviour on all types of faults including the effect of current
and voltage transients, changing faults on double and single
end feed, loaded and unloaded lines. To do this an
artificial transmission line is necessary and should be
designed as a miniature power system into which the
relays can be connected. A typical equipment consists of
two three-phase parallel transmission lines into which con-
trolled power can be applied at either or both ends,

The line and source impedances are capable of variation
in both phase and magnitude, and all types of faults can be
applied on a controlled time basis with respect to the supply
The transient duration can be controlled
by adjusting the angle of source impedance so that true
dynamic test conditions can be simulated to reproduce
transient over-reach effects.

Tappings on the source and line choke give a wide range
of adjnstments to the source/line impedance ratio, and by
the introduction of series resistance into the line im-
pedances a true representation of the various line angles
can be achieved. It is also possible to vary the Z,/Z, ratio
by tapped neutral chokes. By switching banks of resistors
into the faulted circuit and by connecting other resistors
to the end of the lines, it is possible to simulate the effect
of high arcing or ground resistance combined with loaded
lines, ‘
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YAPPLICATION GUIDE FOR THE USE OF DISTANCE RELAYS"
John Berdy and Kenneth Winick

The natural growth of power systems today has resulted in a greater need
for high speed distance type protection against all kinds of faults on trans-
mission lines. While for economic reasons, the greatest demand in the past
has been for those distance type relays that protect against multi-phase
faults, modern power systems have indicated a sharp increase in the use of
ground zs well as phase distance relays. The many ramifications in system
design and spacial user requirements have resulted in a significant increase
in the available types of distance relays. It is the purpose of the following
sections of this paper to assist the Application Engineer in his endeavor to
select the proper relay for the job at hand.

In general the points discussed in this paper appky to phase distance
relays. However, to complete the picture, the different models of ground
distance relay are tabulated at the end of the paper along with typical
application information. Basic material nn the theory of operation of the
simple (or directional) mho units, offset mho units, and reactance {or ohm)
units form the background. From there, the paper proceeds to discuss the
significance of such terms normally associated with distance relays as
memory actionjoffset, angle of maximum torque, transient overreach,blinders,
and arc resistance and to relate these terms to the desired relay character-
istics for the various different protective functions. Finally each of the
different popular models will be described and standard recommended pack-
ages will be grouped for such schemes of protection as straight distance
directional comparison and transferred tripping. Special applications such
as out-of-step blocking and out-of-step tripping will also be discussed.

~ PHASE DISTANCE RELAY TORQUE EQﬁATIONS

~ In order to establish a sound basis for applying mho and reactance type
relays, it is important to have some understanding of the torque equsations
that define the characteristics of these relays. Since the mho and reac-
tance units are basically single-phase units that are used to protect
against faults between pairs of phases, three units are required for the
protection of all three phases. An AB unit is required for faults involving
phases A and B. For phase B to phase C faults, a phase BC unit is required
and for phase C to phase A faults, a phase CA unit is needed, For three-
phase faults all three units will operate.

By virtue of their comstruction, the reactance and mho units have the
same ohmic reach on phase-to-phase faults as they have on three-phase faults.
The following equations describe the reactance, mho and offset mho units of

‘any one pair of phases. The voltages and currents designated as E and I with

subscripts are actually dual quantities. For example, in the case of the‘mho
unit, I, - the operating coil current - for say the phase BC unit is actually
the vector difference between Iy and Ig. The restraint voltage Ep is the
phase B to C voltage. The same applies to the polarizing voltage Ep.

o v,



MHO UNIT

Operating Torque o Restraining Torque
 where: K - Design Constant (100 times the minimum reach)
T - Relay Tap Setting in Percent
Ks = Control Spring Torque Constant
Io - Operating Coil Current
Eg - Restraint Circuit Voltage (These are actually the seme voltage
Ep - Polarizing Circuit Voltage ° = fed to two: separate circuitse.)
© - Angle by which I, lags Ep (Transmission Line Impedance Angle).
¢ - Maximum Torque Angle (Design Constant)’ .

By equating the operating and restraining torque, cancelling Ep from both
sides of the equation recognizing that E /1,= Z and assuming Kq to be negli-'~
gible, the mho unit characteristi; in the R-X plane is obtained. See Figure 1

below.

K

oz
T = Cos(6-8)

: Transmission Line

Length is equal to K/T

:

FIGURE 1

.

It is important to note that the mhs unit is inherently directional
because its characteristic always passes through the origin in the R-X
diagram. This unit will operate for fauits thel plot anywhere inside the
circular characteristic. The amount sf are resistance that this type of
unit can accomodate for a fault on the tvansmission linme 1s represented, on
the R-X diagram, by the horizontal disrance ©yom the fawit to the relay

i

Mho Unit Characteristic

-

Lonl
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characteristic. For example, for a fault at point F on the brggected line in’ j
Figure 1 this unit will accomodate an arc resistance equal to FP. o

The operating torque of the mho unit is proportional to the product of
the operating current and the polarizing voltage. For first zone faults that
are close to the relay terminals, the polarizing voltage can get quite small
and in some instances actually approach zero. In order to insure positive
high-speed operation for these conditions, the polarizing circuit is designed
with memory action so that a substantial torque persists for saveral cycles
after the fault occurs, even if the polarizing voitage actually goes to zero.
This is based on having normal voltage prior to the fault. As the fault moves
away from the relay location, the voltage at the relay increases until suffi-
cient voltage is available to insure operation on a steady-state basis. This
is what permits the mho unit to be used in cunjunction with time delay for
second and third zone faults. The mho unit should not be used in conjunction
with time delay if it is desired to detect zero voltage faults.

The who unit is available in several different ohmic ranges and angles of
maximum torque. Since the restraint circuits are essentially the same for all
"ranges, the difference in range is obtained by changing the design corstant K
in the operating circuit. Actually, the minimum reach of a mho unit .is
directly proportional to K. For this reason, the higher range mho units
operate at a higher torque level oser unit of fault current than do the lower
range unitse.

REACTANCE (OHM) UNIT

gperatigg,Tordue Restraining Torque

KI,Ip L " TEgIp Sin 0+ Kg S

where: : : : : ‘ ' ‘ B R NS

-

K - Design Constant (100 times minimum reach) v
T - Relay Tap Setting in Percent i
'KS - Control Spring Torque Constant

I, - Operating Coil Current (These are actually the same current
- Polarizing Ceil Current fed to two separate circuits.)

ER - Restraint Circuit Voltage : A

8 - Angle by which Ip lags Ep (Transmission Line Impedance Angle)

Be equating the operating and restraining torques, cancelling Ip from both
sides of the equetion, recognizing that

ER
I. Sine@=xX
o] ;

and assuming Kg to be negligible, the reactance or ohm unit characteristic in the
R-X plane is obtained. See Figure 2 on the following page.

RN
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/{////Eiausmlesion Line
: \\\\\\ggm'Unit -
. Characteristic

FIGURE 2 -

It is important to note that the ohm unit will operate for faults that
plot anywhere below its characteristic line on the R-X diagram, Thus, the
unit is not directional in itself and therefore is always used in conjunction
with a (directional) mho unit. 1Its horizontal characteristic makes this unit
insensitive to resistance and so it measures only the reactive pertion of the
"impedance from the relay location to the fault., It operates to trip if this
reactance 18 less than the relay setting. The measurement of this unit is
unaffected by arc resistance in the fault,

While the operating torque is given as the product of two currents, I,
and Ip, these are actually the same current supplied to two different poles
in the magnetic circuit of the relay. Thus, the operating torque of the ohm
unit is proportional to the fault current squared. Since no voltage term
appears in the operating torque equation for this unit, it will operste cn
zero voltage faults without memory action. :

The ohm unit is available in several different ohmic ranges. However,
regardless of the range, the restraint circuits are essentially the samas
for all relays. The difference in range is obtained in the operating cir-
cuit by changing the design constant K. The minimum reach of &an ohm unit
is directly proportional to K. For this reason, the higher range reactance
units operate at a higher torque level, per unit of fault current, than do
the lower range units.

OFFSET MHO UNIT

QOperating Torqué : Restraining Torque

KIo(E+ IoZp) Cos (& - #) T(B + ToZp) (B + IZp)+ Kg

st P o ; e A @ MR e ; T TN e
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-where: -

- Design Constant (100 times the minimum reach)

- Relay Tap Setting in Percent = o
- Control Spring Torque Constant .

- Operating Coil and Transactor Primary Current
Transactor {(offsat) Impedance

- Voltage supplied to relay (PT secondary voltage)
- Maximum Torque Angle (Design Constant)

- Angle by which Iy lags (E + LoZg)

]

=4
Oy & 18 1 14 % -1
)

It will be noted that the equations for the operating and restraining
torques of the offset mho unit are the same as those for the simple mho uait
except that-IQzT is now a part of the polarizing and restraining voltages.

By equating the operating and restrainihg torques and assuﬁing Kq to be
negligible, the offset mho unit characteristic in the R-X plane is obtained.

- Pigure 3 below is a plot of this characteristic illustrating that the dismeter

of the circular characteristic is still K/T as in the case of the simple mho
unit but the entire circle is offset by an amount equal to the transactor
impedance Zp in the direction of the impedance angle of the transactor. Note
that in Figure 3, the mho unit characteristic is offset along the maximum

~ terque angle #. Some offset mho units are offset vertically along_thé X axis.

X Transmission Line
B=i
6::21’
R

IGURE 3

From Figure 3 it is appareat that the offset mho unit is not directlonal
inasmuch as its characteristic does mo® pass through the origin of the R-X
diagram. This unit will operate for faults that plot aaywhere inside the
circular characteristic. The asmount of arc resistance that this type of unit
can accommodate for a fault on the transmission line is represented on the R-X
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diagram by.the horizontal distance from the fault to the relay characteristic,
For example, for a fault at point F on the line (in Figure 3) this unit will
-, @ccommodate an arc resistance equal to FF, S : ‘

The operating torque of the offset mho unit is proportional to the product
of the operating current (I,) and the polarizing voltage (E 4+ IoZp). 1In this
case, the voltage is composed of two components, the system voltage (E) and the
transactor voltage (I Zyp). For faults at the relay location where the voltage
E can go to zero, IyZp still exists. Thus, a polarizing voltage is present
even for zero voltage faults and for this condition, the operating torque is
proportional to I_2, Because of this, the offset mho unit will operate on &
steady-state basis for zero voltage faults and therefore may be used in cone
- junction with time delay to operate for these faults. : : RRRTELAY

The offset mho unit is available in several different ohmic ranges, offset
ranges and angles of maximum torque. Since the restraint circuits are @ssen~
ticily the same for all ohmic ranges, the difference in' range is obtained by
changing the design constant K in the operating circuit. Actually, the mini-

- mum diameter of an offset mho unit is divectly proportional to K. For this
" reason, the higher range units operate at a higher torque level then do the
lower range units. ' e ' P

°

ANGLE OF MAXIMUM TORQUE

The angle of maximum torque of a simple mho unit is the angle at which it
has its maximum reach. Referring to Figure 1, the angle of maximum torque (@)
is the angle between the diameter (0B) of the characteristic and the R axis.

This engle is significant in two respects. First, it determines the
.amount of arc resistance that can be accommodated by the unit. This ig 1liusg-
trated in Figure 4 below where two mho units, one having a maximum torque angle
of 60 degrees and the other 75 degrees, are both set to reach the same distance
(OD) along an BO degree transmission circuit. It is apparent from this sketch
that the characteristic with the smaller angle of maximum torque will accomo-
date 8 larger amount of arc resistance.

X

Trgnsmissioﬁ Line

FIGURE 4

SR




For example, for a fault at Point F on the transmission lines, the 60
degree characteristic will accomodate an arc resistance that is greater by an
- amount AB than that which the 75 degree characteristic will accommodate. Note
that the magnitude of this difference varies with the fault location along the

protected line.

The performance of the mho unit under heavy load conditions and system
swings is also related to the angle of maximum torque, Referring back to
Figure 4, let point L represent the apparent load impedance on the R-X diagram.
As the reach of the mho unit is increased, the characteristic will expand and
approach the apparent-impedance of the load. . Thus, increasing the reach setting
of the mho unit makes it more susceptable to operation on.system swings which
cause the apparent load impedance to move in the direction of the dashed arrow
of Figure 4. It is interesting to note, that on a secondary basis, a load
current of 5 amperes at rated volts (66.3) represents an apparent load imped-
ance of 66.3/5 or 13.3 secondary phase-to-neutral ohms., The angle of this
impedance is, of course, determined .by the power factor of the load.

In a protective relaying scheme that utilizes mho units for three zones
of protection, the first zone unit is set for tne shortest reach (generally
not longer than 90 percent of the p;otected line length) while the third zone
unit is set with the longest reach and the second zone is set somewhere in
between. With such an arrangement, the first zone will accommodate the least
amount arc resistance and will be least subject to operate on system swings.
The third zone unit will accommodate the most arc resistance and will be most
susceptable to operation on system swings. Thus, where these factors are
important, it may be desirable to use a first zone mho unit with a relatively
small angle of maximum torque while the sacond and third zone units have a
larger maximum torque angle. This will permit the first zone unit to accom~
modate more arc resistance busz, because of its short reach setting, its sus-

ceptabjlity to system swings will be mi.imized. On the other hand, the second
and thi-d zone units, becauss of their longer reach settings, will accommodate
" considerable arc resistance but their larger angles of maximum torque will
minimize their susceptability to system swings.

When a mho unit is used to protect a short line, it is especially desir-
able to use a unit with a small angle of maximum torque i{n order to insure
maximum arc resistance accommodation, For this reason, the very short reach
mho units are available with 45 degree maximum torque angles.

The angle of maximum torque of the offset mho unit is defined as its
angle of maximum torque when set with zero offset. In other words, the angle
bf maximum torque of the offset mho unit is obtained by assuming that the unit
is set with zero offset and the angle of maximum torquée {s then the angle at
which it has its maximum reach. In general, am offset mho unit is a second or
third zone unit. A first zone unit never has offset because high-speed first
zone tripping units must have directional characteristics except on radial, or
essentially radial circuits, The same comments relating to arc resistance and
system swings apply to the offset mho unit as do to the simple mho unit.

The maximum torque angle of the ohm unit characteristic {1lustrated in
Figure 2 is 90 degrees., This is the standard ohm unit that is used in the type
GCX relays for transmission line protection. It is obvious, that this type of
characteristic will accommodate considerably more arc resistance than a firste
zone mho unit with the same reach setting along the transmission line.
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Olm units are also available with other angles of maximum‘torque.» These
are discussed under the headings "Out-of-Step Tripping" and "Blinders'.

OFFSET

Offset, as used with transmission line relays, is that feature which is
incorporated into certain mho units that permits the simple directional mhe
characteristic to be displaced from its position of passing through the origin
An order to make it include thz origin in an offset position on the R-X
diagrem. While the offset can theoretically take any direction, there are
_only two offset directions generally employed. The firgt, and probably the -
most common is to offset the characteristic in the direction of the angle of
maximum torque of the unit. The second is to offset the characteristic along
-the X axis in the R-X plane. These are illustrated in Figures 5a and 5b below.

o . X
C = Original Center
C'= Offset Center

‘Mho Unit

Offset
Mho Uni
NI S N
—— ) ;
Offset Along Maximum Offset Along X-Axis
" Torque Angle
FIGURE 5a | FIGURE 5b

It is apparent from Fig. 5 that offsetting a simp}e mho unit converts it
from a true directional unit to a non-directional unit. In standard relaying
schemes, for the protection of transmission lines, this offset is provided for
one single purpose. This is to embody the unit with the ability to plck up
and stay picked up, on a steady-state basis, for as long as a zezo veltage
fault persists. Thus, the difference between tﬁg two types of offset is ina;g-

nificant.

In directional comparison schemes using carrier current or microwave

.




channels for the protection of transmission lines, it is essential for the unit
that keys the transmitter and sends a blocking signal on external faults to have
an offset characteristic. The reason for this may be derived from Figure 6 balow
by assuming that the line section between breakers 1 and 2 is protected by a
directional comparison carrier relaying scheme. If a fault were to occur at Fl,
immediately adjacent to circuit breaker 3, the carrier starting relays at circuit
breaker 1 must operate to start carrier and send a blocking signal to circuit
breaker 2 in order to prevent a false trip at circuit breaker 2. This blocking
signal must be continued until the fault is cleared by circuit breaker 3. Since
this fault can result in very low voltage (and conceivably zerc voltage) to the
~relays associated with circuit breaker 1, the carrier starting units at circuit
breaker 1 must have an offset characteristic so that- after they pick up fost due
to. the memory action, they stay picked up due to their offset characteristies
until circuit ‘breaker 3 clears the fault.

o —{T}— | .2{4

F
FIGURE 6

The amount of fault current that is required to pick up or maintain pick
up of an offset mho unit with zero voltage applied decreases as the offset is
increased just as long as the offset does not exceed one half of the diameter
of the characteristic. Thus, a mho unit set for a three-ohm diameter will
operate for zero voltage faults at a lower fault current when it has & 1.0
ohm offset than when it has a 0.5 ohm offset.

" In general, there is no reason to offset a mho unit more than necessary
to insure positive steady-state operation for zero voltage faults.

MEMORY ACTTON

Memory action is that feature which is designed into the potential polar-
f{zing circuit of the simple and offset mho units in order to prolong the
polarizing flux at a high level for some short time after the voltage disap-
pears., This memory action is required in the simple mho unit to insure
positive high-speed operation on close-in faults that result in very low or
even zero voltage being supplied to the relay polarizing circuit. This is
explained for the Mho Unit under the section on Relay Torque Equations.

Since memory action persists for only several cycles, it serves no practical
purpose in a mho unit when that unit is used in conjunction with a time delay
auxiliary relay. Thus, memory action is required only on mho units that are
used for high-speed first zone tripping and on mho units that are used for
high-speed functions in directional comparison and transferred tripping schemes.

As discussed in the sections under "Relay’Torque Equations”, memory action
is not required for the reactance unit because this type of unit operates on
current alone. The offset mho unit will also operate on current alone even for
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zero zoltage faults, However, the memory action is desirable in the offset

‘mho unit to provide for maximum speed when the unit is used as a transmitter

keying (carrier starting) unit in directional comparison relaying schemes, In
such schemes, it is important that the transmitter be keyed-on as quickly as
possible to provide a blocking signal on external faults, Once the unit plcks

~up, it will continue to stay picked up, as long as the fault persists, even

for zero voltage faults.

SELECTION OF RANGE

When selecting the ranges of a terminal of distance relays, the major
consideration is that the ranges should encompass the desired settings.
Another consideration is that future tapping or splitting of the line should,
if practical, still permit the use of the same relays. However, still anothar
more subtile consideration should be evaluated. This deals with the torque
level of operation of the relays,

. For any desired ohmic reach setting, the unit having the highest minimum
reach that can accommodate the desivad setting will provide the highest torque
level of operation. For example, 1f a 4-ohm reach setting is desired, a 3-30
ohm mho unit with a 4-ohm setting will operate at a higher torque level than a
2-20 ohm mho unit with a 4-ohm reach setting. If a 0.75 ohm reach setting 1is
necessary, a 0.5-5.0 ohm reactance unit will operate at a higher torque level
than a 0.25-2.5 ohm reactance unit. s '

Thus, all other things being equal, there is some advantage in selecting
the highest range units that can accommodate the desired settings,

TRANSIENT OVERREACH

In general, distance relays are calibrated and set in terms of applied
sinusoidal veltages and currents, When these same relays are installed on the
Power System they are often called on to operate for conditions that are con-
siderably different from those used in setting their reach., When a fault
occurs on a transmission circuit, the resulting fault current generally con-
tains a d-c offset in addition to the a-c power frequency component, The
ratio of this d-c offset to the a-c component of current depends on the instant
in the cycle at which the fault occurred while the rate of decrny of the offset
1s a function of the impedance angle (or L/R ratio) of the system, This offset
condition exists only for several cycles after the inception of the fault.

The effect of the offset is to cause the relays to 'see" an impedance that
1s somewhat smaller than the actual impedance to the fault. This can result
in the relay overreaching its setting. Since the offset decays rapldly, the
overreach is transient in nature and so is termed Transient Overreach. When
e distance relay is used in conjunction with time delay (R relay) for second
and for third zone protection, the transient overreach characteristics on the

-measuring units so used are of no significance because the d-c offset tran-

sient will have disappeared long before second or third zone time expires.

On the othef hand, the first zone distance measuring units operate at

- high speeds without any intentional time delay. These units are usually set

so that they do not reach beyond the remote terminal(s) of the protected line
section and so they are designed with limited transient overreach character-

istics. ’
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Summin;, up, all first zone relays, or units of relays, have limited traa-
sient overreach characteristics while second and thrid zone relays, or units of
relays, do not. Conversely, when selecting a relay for a first zone applica~
tion it should have limited transient overreach characteristics. For sscond
and third :one applications limited transient overreach is not required.

ARC RESISTANCE

It is well known that arc or fault resistance will affect the veach of a
mho unit but not that of a reactance unit. From Figure 1 it is evident that
for the fault at F on the transmission line, the mho unit will operate for avc
resistances up to a magnitude equal to F¥. However, for a fault at T even the
smallest amount of arc resistance will cause the fault to appear outside the
mho characteristic. Thus, the magnitude of the arc resistance and the location
of the fault as well as the actual setting will determine whether or not the
mho unit '"sees' the fault, '

From Figure 2 it 1is apparent that the reach of the ohm unit itself is not
affected by arc resistance just as long as the fault is within the reactance
reach setting of the unit. This is true because [or a fault on the line (at
point F for example) the arc resistance will plot horizontally-paralliel to the
relay characteristic. The amount of arc resistance that the ohn unit can
accommodate is actually only limited by the setting of the directional mho
unit (not shown in Figure 2) that is used in conjunction with the ohm unit.
Since this mho unit generally takes a thivrd zone setting, the combination can
accommodate considerably more arc resistance than a mho unit set for the same
first zone reach as the reactance unit. :

Since arc or fault resistance is not related to the length of the pro-
tected line section, it is quite possible for the magnitude of the arc re-
sistance on a short line to approach or actually exceed the impedance of the

"line. Such applications demand a first zone reactance unit rather than a mho

unit for optimum protection., In the case of longer lines, the arc resistance
tends to be smaller relative to the line impedance and for such cases the mho
unit may be satisfactorily used.

Arc resistance in faults is difficult to evaluate. Howaver, it is known
that the resistance of an arc increases with the length of the arc and has an
inverse relationship to the current in the arc. As a rough approximation,
assuming fault currents in excess of 1,000 primary amperes, the arc voltage
may be assumed relatively constant at about 500 volts per foot of arc, 1f it
is further assumed that the arc length per phase is essentially equsal to one
he1f the spacing between adjacent phases for all types of multi-phase faults,
then the arc voltage at the inception of the fault can be roughly approximated
by the following equation

. 4 x 500 _ . .
Vare = —5= primary volts per phase

where d is the spacing between adjacent cenductors. .

EF we assume further that line conductor spacing is roughly one foot per
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10KV then the above eqﬁation becomes

Varc = %Q (KV) = 25(RV) primary volts per phase -

vhere KV is the rated voltage of the line in kilovolts,

NSRS y—

Since the potential transformers have g ratio of (KV)(1000)/115 volts,
the secondary arc voltage is v

Vare T 25(K0) "_W‘looéis 5

2.9 secondary volts per phase,
Thus it appears, for fault currents in excess of 1,000 Primary amperes,

voltage divided by the secondary fault current will yield an arc resistance
that may be plotted on the R-¥ diagramvalong with the protected line to pro-
vide a rough estimate as to the adequacy of the protective relay settings,

It is important to note that for a second or third zone time delay. trip .
the fault arc may elongate with time so that the fault resistance at the time
the relay is called on to operate is larger than that value calculated above,

The term blinders ag it applies to phase distance relays has the same
significance ag when 1t is applied to a horse. In the case of the horse,
blinders limit his vision to a narrow beam in the direction in which he is
facing. In the case of a distance relay, blinders limit the operation of
the distance relays to a narrow beam that parallels and encompases the pro=-
tected line, 1In general, relay blinders are required with mho units only .
where long lines are involved and the resulting mho unit settings are large
enough to pick Up on maximum full load currents or minor system swings,
Figure 7 on following page., ; : :

The blinder end mho Uuit contacts are interlocked .in the trip circuit
in such a way that tripping can only occur in the fault impedance plots
inside the mho characteristics and between biinders A and B. Actually the
blinders are nothing more than réactance units similar to those of Figure 2
that have been rotated by modifying the power factor angle of the restraint
circuit of the units. The A blinder operates for faults that plot to its
right. The B blinder operates for faults that plot to its left. The ovarall
effect of the blinders is to restrict the operating zcne to an area on the
R-X diagram that parallels the protected line and thus makes the combination
relatively insensitive to system swings and {mmune to cperation on full load.

One pair of blinders is required per phase, Thus, three pairs are
needed per terminal on a three-phase system,

U
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X .
Transmission Line
Mho Unit
L}
o Full Load Impedance
0 e R
Blinder A Blinder B
FIGURE 7

OUT-OF-STEP TRIPPING AND OUT-OF-STEP BLOCKING

Experience has indicated that for certsin system operating conditions a
severe system disturbance can cause system instability and result in a loss
of synchronism between different generating units on an interconnected system.
Such a condition is termed “out of Step". Since a prolonged out-of-step con-
dition can result in a partial, or in the extreme case, 2 complete system shut
down, it is desirable to detect this condition as soon as possible and take the
appropriate action.

There are two basic tools available to do this job. First, and probably
the most common is the out-of-step-blocking relay. Qut-of-step-blocking relays
operate in conjunction with the mho-type tripping relays to prevent a terminal
from tripping during severe system swings and out~of-step conditions. This
prevents the system from separating in an indiseriminate manner. Next is the
out-of-step-tripping relay. This device operates independently of the other
protective devices to detect the out-of-step condition during the first pole
slip and initiates tripping of the desired circuit breakers. 1t is important
to recognize that the out-of-step-tripping relays must be installed on the
system whare they will be able to detect the out-of-step condition and that they
should trip the proper local or remote circuit breakers, In this case, the
proper breakers would be those that would separate the system in such a way as
to balance the load with the available generation on any isolated portion of
the system. Needless to say, the application of out-of-step-tripping relays
must be coordinated with the out-of-step-blocking relays and both types of
. out-of-step protection should be based on the results of system studies.

B et = B E L SN
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Since an out-of-step condition is a balanced three-phase phenomenon, the
out-of-step relays need be only single-phase devices. Figure 8 below illus-~
trates the principles of operation on the R-X diagram,

A X

- System Impedance

~e P

FIGURE 8

The out-of-step-tripping relay is made up of two rotated reactance type
units the characteristics of which are labeled A and B in Pigure 8. These units
are essentially the same as those used as blinders with mho units, When an cut=
of-step condition occurs and the apparent impedance as viewed by these units
moves from, say point P to the left along the dashed path, thies impedance {igs
first to the right of both characteristics. Next it is between the twe charac-
teristics and finally it emerges to the left of the characteristic A. This
sequence of events is "evaluated" by an associated auxiliary relay to ascerisin
that en out-of-step condition exists and a trip signal is given either to loecal
breakers or over some suitable communication channel to remote breakers, If
the locus of the out-of-step impedance proceeded from left to right, the same
result would be produced.

The out-of-step-blocking relay operates in a somewhat different manner,
It is a single-phase distance type unit that operates in conjunction with the
standard mho tripping units that are used in the various different protective
schewes, Figure 9 on the following page illustrates how this is accomplished.

i A2 o2

.
)
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Transmission Line
Out-of-Step-Blocking Unit

Tripping Units

FIGURE 9

Assume that the apparent system impedance, as viewed by the relays prior:

to an out-of-step condition, plots at T on the R-X diagram. As this apparent
- {impedance moves toward the relay characteristics, during or immediately after
a system disturbance, it will first enter the out-of-step-blocking unit
circle. Then, in continuing on its path, some short time later it will enter
the tripping units characteristics. 1f the transit time of this locus be-
tween points A and B exceeds a few cycles, the out-of-step-blocking unit will
operate an auxiliary device to block the tripping unit from tripping. It is
because the out-of-step-blocking unit picks up some few cycles prior to the
tripping unit that indicates a smooth change in impedance as viewed by these
unite. ‘ .

_For the same initial load impedance, if a fault were to occur on the
protected line, at say Point C, the impedance as viewed by these units would
change abruptly from T to C. Tor this condition, both the trip unite and
the blocking unit would operate simultaneously. For this situatien, the
trip unit incapacitates the blocking auxiliary unit before it cam set up
blocking. Thus, tripping is permitted.

One out-oi-step-blocking relay could be used at each line ter-
minal that would be subject to undesired out-of-step tripping, In some in-
stances users apply the out-of-step-blocking relay as in Figure 8 above but
use it to block automatic reclosing after an out-of-step trip by the dis~-
tance tripping units. In this scheme, the tripping units are not blocked
but are permitted to trip on out-of-step and automatic reclosing is blocked.
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