4. Turbine-electric (alternating current).
Where low-pressure process steam, mnot
readily available from other sources, is
needed and where the simple co-ordination
control of the a-c system is sufficient.

In addition to these considerations, the

type of co-ordination control desired may
be a decisive factor in selecting the type of
drive. Table I lists the various kinds of
co-ordination control with indication of
suitability of the control for the different
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OR THE PROTECTION of trans-

mission lines against short circuits and
ground faults, it is desirable to have a
system of relays which will divide all
faults on the line it protects, regardless of
type or system conditions, into two
classes: one, those which occur between
the relaying station and the next section-
alizing point on that line, and two, all
other faults. It is also desirable that this
classification be performed instantane-
ously, so that the section in trouble may
be isolated immediately, thus reducing
the damage at the point of fault and the
shock to the remainder of the system, and
in general permitting operation nearer
the stability limit. The quantities which
may be utilized for classification are cur-
rents, voltages, the phase relations be-
tween them, and time. The demand for
high speed of fault isolation, rendered
acute by the development of high-speed
circuit breakers, largely has disqualified
time as a fundamental means of dis-
crimination, leaving only the other three.

For protection of single lines, the near-
est approach to this ideal, exclusive of
pilot-wire or superposed high-frequency
methods, has been obtained by the use of
distance relays. For parallel lines a some-
what closer approach has been obtained
by means of balanced-current relays.
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However, additional protection is re-
quired for single-line operation and to
take care of the possibility of simultaneous
faults on both lines, for which distance
relays are well suited. Therefore, if the
distance relays are made sufficiently
accurate and rapid, the balanced-current
relays may be dispensed with or provided
for backup protection only. A systematic
and comprehensive analysis of the volt-
ages and currents which may be used to
operate the distance relays, to determine
their suitability and the results which
may be expected, has not appeared pre-
viously. The aim of this paper is to pro-
vide such an analysis.

Distance relays consist of two basic
types: impedance relays and reactance
relays. The impedance relay compares
the magnitudes of the voltage and the
cutrent, the ratio being the indicated im-
pedance. The reactance relay compares
the magnitude of that component of the
voltage 90 degrees out of phase with the
current and the magnitude of the current,
the ratio being the indicated reactance.
Since the original presentation of this
paper, several modified types of relays
have been developed, having character-
istics which are modifications of, or com-
binations of, the characteristics of im-
pedance or reactance relays. The pur-
pose of these special types has been to
minimize the danger of undesired relay
operation during load swings or other
system disturbances, while retaining or
improving the ability of the relay to oper-
ate for faults in the protected zone with
fault resistance present.

Under line-to-line fault conditions on
an individual single-phase line, the indi-
cated impedance is equal to the actual
impedance of the circuit from the relay to
the fault, plus the effect of any fault im-
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kinds of drives, based on accuracy
adaptability, and stability.

No Discussion

pedance which is present. On polyphase
systems the ratio is not necessarily equal
to the circuit impedance, but may be
affected in various ways by the type of
fault, the system load, and other con
ditions external to the section being pro
tected, as well as by the fault impedance
As the impedance in the fault is primarily

" resistance, it generally is assumed that a

relay operating on the reactive component
of the impedance will be unaffected by
the fault resistance. On a radial single-
phase system this is quite generally true,
but, if the fault is fed from two or more
points or if a polyphase system is in-
volved, it does not follow necessarily
Current flowing through the fault re
sistance produces a voltage drop in phase
withit. This voltage drop is added to the
line drop and thus affects the voltage at
the relay. Unless the current through
the relay is exactly in phase with the cur-
rent through the fault, the fault resist-
ance drop will have a component 90 de-
grees out of phase with the relay current
thus producing an effect similar to re
actance in the line This apparent re-
actance can be either positive or negative
thus making possible an increase or de:
crease in the indicated reactance and ad-
versely affecting the relay operation. If
the fault resistance becomes very large in
comparison with the reactance of the
transmission line section, this effect be-
comes quite serious and may prevent the
application of the relay in some cases,
particularly on very short lines.

Because the circuit impedances are not
absolutely invariable and the relaying in-
dications not an absolutely accurate
measure of the distance to the fault, it has
been found impractical with distance re-
lays to classify all faults into the two
classes specified. For faults near the re-
mote end of the section, the relay is un-
able to determine whether the fault is
just within or just beyond the end of the
section. Hence, an intermediate class
has been introduced to include faults in
the immedate neighborhood of the end of
the section on either side. If a fault falls
in the first class, the circuit breaker is
tripped instantly. If a fault falls in the
second or intermediate class, a definite
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Figure 1. Ideal and practical distance relay
characteristics

time delay is introduced before the circuit
breaker is tripped, and if the fault falls in
the third class, the circuit breaker either
is not tripped or is tripped only after a
considerably greater time delay. This is
shown in Figure 1. If the fault is beyond
the end of the section, it will be cleared
by other circuit breakers and relays be-
fore the expiration of the time delay, and
the relay will reset. If the fault is just
within the section, the relay will trip the
circuit breaker at the end of the time
interval. Thus, the final classification
for faults in the intermediate group is
made in conjunction with the operation of
other circuit breakers and relays during a
short time interval.

When impedance or reactance relays
are used, the fault belongs in the first
class, if the indicated impedance or re-
actance is below a definite lower limit; in
the intermediate class, if the indicated
quantity lies within two given limits; and
in the third class, if it exceeds the upper
limit. It will be convenient to call the
points at which faults must occur in order
to produce the limiting values of indicated
impedance or reactance ‘‘balance points,”
as for such faults the relay just balances
between one type of operation and an-
other. To achieve the ideal, it is neces-
sary to make the first balance point coin-
cide exactly with the remote end of the
section. In practice this is not possible,
but in order to prevent false operation,
and give full protection, the first balance
point never must extend into the adjoin-
ing section, and the second balance point
in the adjoining section never must ex-
tend into any other section. The smaller
the variations in balance point position,
the closer ‘the balance points may be lo-
cated to the remote end of the section,
and the more nearly the relaying system
approaches the ideal.

It is not essential for the second bal-
ance point to be located close to the end
of the first section, as advantage may be
taken of its presence in the adjoining
section to provide backup protection for
a portion of the second section, in case the
circuit breakers in that section fail, for
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any reason, to open when they should.
However, it is highly desirable that the
variation be kept to a minimum, so that a
short section of line may follow a long one
without danger of the balance point mov-
ing out of the section, or extending beyond
the first balance point of the relay pro-
tecting that section.

If the quantity indicated by the relay
is constant for all faults in any given lo-
cation, but increases as the distance to
the fault increases, and decreases as the
distance to the fault decreases, it is
obvious that the balance points may be
fixed accurately. If the quantity is vari-
able for different faults at the same loca-
tion, the balance points will shift an
amount depending upon the maximum
variation. It is, therefore, important to
eliminate or reduce the variations in indi-
cated impedance or reactance as far as is
practicable.

The quantities which would be indi-
cated by the two basic types of relays
under different fault conditions are de-
termined in the paper in terms of the cir-
cuit constants and fault currents, and a
comparison is made to show the possible
variations. The methods which will re-
sult in smaller variations are pointed out.

For the purpose of developing the neces-
sary formulas, a typical 2-circuit trans-
mission system has been assumed, as
shown in Figure 2, with a source of power
at each end of the line. The 2-circuit
line between stations G and H has been
shown in detail, with bussing of the two
lines assumed at these points. The re-
mainder of the system at each end has

‘been represented by a single equivalent

circuit and a single generator. In general,
any section of a system may be represented
in this manner for short circuits outside
the section so simplified, although the con-
stants of the equivalent circuit and
equivalent generator may change. If
there are ties between the two generating
stations other than the lines shown, pro-
vided these ties are so remote that they
do not have appreciable mutual coupling
with the two lines considered, the effects
may be taken into account by giving to the
constants of the equivalent circuit and
the equivalent generator variable values,
such that at every instant the voltages
and currents flowing from the simplified
portion of the system into stations G and
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Generator

Circuit
Breaker

H are the same as those occurring under
the actual conditions. This is always
possible, although the practical applica-
tion may be quite difficult. For our pur-
poses, it is necessary only to know that
the representation is possible, the actual
values of the equivalent circuit constants
being required only in special cases Ade-
quate neutral grounding is assumed at
both ends of the system, although from
the standpoint of the following theory it
may be either solid or through impedance

Shunt loads and distributed capaci-
tance have been neglected, for simplicity,
in line with the usual practice in the calcu-
lation of short-circuit currents, although
later the effects of loads will be discussed
However, the simplification of assuming
both generating sources in phase is not
permissible, as phase relations have an
important bearing on the results.

The use of symmetrical components for
the determination of short-circuit currents
during unbalanced faults is now well
known, but the application to the de-
termination of voltage conditions is not so
widespread, due to the fact that the
voltages are not required so often. For
present purposes the voltages at relaying
points are of particular importance, and,
as the relaying voltages generally will be
compared with the relaying currents, it is
desirable to know the voltages in terms of
the fault currents and the constants of
the circuit, instead of in absclute values,
thus facilitating the comparison. In the
appendixes, the voltages at relaying
points, line to neutral and line to line, as
well as their symmetrical components,
have been worked out in terms of the
fault currents and circuit and fault im-
pedances for all the common types of
faults. In the body of the paper these
voltages will be compared with the fault
currents to determine the impedance or
reactance indicated by the relay which
should be operated for the particular
fault, and comparisons drawn for possible
relay connections.

The notation used is that of sym-
metrical components with additional sub-
scripts to indicate the particular point or
path involved. The notation is given in
Appendix I.

For simplicity in writing the equations,
the single-subscript method of indicating
delta voltages has been used. The rela-
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tion between the single-subscript nota-
tion, using capital-letter subscripts, and
the more common double-subscript nota-
tion, using lower-case subscripts, is indi-
cated in Figure 3. In all cases voltages
represent voltage drops. When a single
lower-case subscript, a, b, or ¢, is used, the
voltage drop from that phase to neutral
is intended. When two lower-case sub-
scripts are used, the voltage drop from the
first subscript to the second is meant.
The corresponding relation for the single
capital subscript is shown in Figure 3, A
small plus sign indicates the terminal of
higher potential when the corresponding
voltage is positive.

It is necessary to set up the sequence
networks for the assumed system. The
networks are shown in Figures 4, 5, and 6,
and the steps involved are explained in
Appendix II. Here also the fault currents
at relaying stations are set up in terms of
their symmetrical components for the
various types of faults. Certain instru-
ment current transformer connections,
which will be used, give different relaying
currents, and these likewise are worked
out assuming a 1-to-1 transformer ratio.
The actual relaying currents may be ob-
tained by dividing by the transformer
ratio. The connections considered are
shown in Figures 7, 8, and 9.

The use of a single set of relays for pro-
tection against all types of faults has not
been found possible yet. One set of re-
lays is required to protect against faults
involving two or more line conductors,
and another set of relays is needed for
protection against faults between one
conductor and ground. It is also pos-
sible, by means of a set of transfer relays,
to use a single set of distance relays, con-
nected in one way for faults involving two
or more conductors, and in another way
for faults involving one conductor and

Ex=Eep=Ec-Ey

Eg=Eac

/Eb

Figure 3 (above). Voltage vector diagram
showing convention in choosing delta voltages

Eerip=Ep- Eg=Eac=Ea-Ee

Figure 4 (below). Positive-sequence network
fo[ assumed system
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ground. In the following discussion, the
faults have been divided into two general
types, the first consisting of line faults in-
volving two or more conductors, and the
second consisting of ground faults in-
volving one conductor and ground.

Line Faults—
Star-Current Relaying

The earlier connection of impedance or
reactance relays for protection against
line faults made use of the delta voltage
and the line current for operating the
relay. The phase relations usually were
chosen so that the current lagged the
voltage by 30 degrees at unity power
factor. This connection is shown
schematically in Figure 10, only the con-
nections for the impedance element being
given. By using the quantities given in
the appendixes, the impedance or re-
actance given by this connection may be
determined. In setting up the sequence
expressions, line faults involving only two
conductors are assumed to occur between
conductors b and ¢. The delta voltage of
this phase at the relaying point G is then
E,;. The line current which lags the
voltage by 30 degrees, at unity power
factor and flows from G to the fault is
(= Iyr).

LiNE-TO-LINE FAULTS

Equation 106 of Appendix III gives the
value of E,q in terms of (—1I,gr) for this
type of fault. Dividing this voltage by
the relaying current (—/I,qr) gives the re-
lay impedance Z, indicated by the relay
at G which should trip, as

Tyur Ry
Ibap 2

I
EmZien (1)
Iyer

ZE-2<mZIGH+ )

An impedance relay, of course, responds
to the magnitude, and a reactance relay to
the imaginary or reactive component of
the foregoing vector expression.

To facilitate comparison it is also de-
sirable to write this expression when the
fault impedance is zero. In that case

I
Zp= 2mzlaﬂ+ﬂmzmﬂ (2)
Tyer

If the circuit breaker at H is open,
Iygr and I,gp are zero, and equation 1 be-
comes

R
zR=2<mzmH+3*“‘) @3)

With no fault resistance this becomes

ZR = 2leGH (4)
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DouBLE LiNE-T0-GROUND FAULTS

Equation 130 of Appendix IV gives the
value of E 4 in terms of (—I,qz) for this
type of fault. Dividing by (—1I,¢s) gives
the indicated impedance as

IDHFRS+
Tyor 2

31 R
7. Mg = i (mZ.GH+—S>—
baF 2GF

Rg
ZR=2(MZ1GH+ 2 >+2

logr

3lonr Ry (s)
Der 2

As in the preceding case, an impedance
relay indicates the magnitude, and a
reactance relay the imaginary component
of the foregoing vector expression.

If the fault resistance is zero this be
comes

Zp= 2mZIGH+—leGH

mZigy
LG F

(6)

If the circuit breaker at H is open, these
expressions simplify, as I,gp, Iyr and
Ioyr are zero, giving

R
ZR= 2<mzmﬂ+*"g> -

310@17
Tyr

(mzlaH'l' ) (7)

and for zero fault resistance giving

31,
Zr=2mZ gy — mZ. gy €))
Tyer

g lers logh . Zyy ;T :
Lo [2@; — ]2HF I ’
T oy F5- v

276 G mZ“;H F (i_m) ZiGH H 2

Figure 5 (above). Negative-sequence net-
work for assumed system

Figure 6 (below). Zero-sequence network for
assumed system
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THREE-PHASE FAULTS

Equation 146 of Appendix V gives the
value of E,q in terms of (—Igr) for this
type of fault. Dividing by the relaying
current (~—/Iygr) gives

Tour Rs
Ingr 2

IaGF( Rs) I,nrRg
mZigy+— |+—— (9)
Tyer Ty ) T her 2

R
ZR=2(MZIGH+'ES>+2

If the fault resistance is zero, this be-
comes.
I aGF
Zp=2mZ gy+—mZigy (10)
Iyer
In this case, however, because of the
fact that the fault is symmetrical, we have

the following relations between the cur-
rents

Ior/Toar =Iopr/Iygr=a
Also
24+a=4/3%"

These expressions then become

R o Typr R
Zz=/3 mZmH'f‘J)e”o +\/3M—§
2 Ipgr 2

(11)

and, when the fault resistance is zero,

ZR= \/§mZIGHe"'”° (12)

If the circuit breaker at H is open,
Iyp and I,,p are zero, and equations 9
and 11 become, respectively,

R I R
ZR=2 mzlgi[""‘—s +_a_G£ leGH+—S>
2 ) Iyr 2
(13)

and
R o
Zy= \/g(mzwx'{‘ ?‘g)eﬂo

Equations 10 and 12, being independent
of currents from H, are unaffected by the
opening of the circuit breaker at H.

COMPARISON

First consider that the fault im-
pedance is zero. Comparison of equa-
tions 2, 6, and 10 shows that the first
term of each, 2m Z; gy, is the same and,
therefore, independent of the type of line
fault. Moreover, it is equal to twice the
line-to-neutral impedance between the
relay and the fault, and so is proportional
to the distance from the relay to the
fault. However, each of these expres-
sions contains one or more additional
terms which involve not only the con-
stants of the line but the currents in the
remaining line conductor and in the
ground, if any is flowing there, as well as
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the current in one of the faulted con-
ductors. In a balanced 3-phase fault,
definite relations exist between the cur-
rents in the line conductors, and the
ground current is zero, so that in this case
the value of the additional terms may be
determined. This is done in equation 12.
For both line-to-line and double line-to-
ground faults, the currents in the un-
faulted conductor and in the ground are
determined by conditions external to the
section being protected, and are subject to
variations over wide limits. The current
in the unfaulted conductor may be posi-
tive, negative, or zero, depending upon
load conditions, exchange of synchroniz-
ing power, positions of circuit breakers at
other points on the system, and so forth.
The current in the ground during double
faults is also subject to considerable vari-
ation, depending upon the relative im-
pedances to phase and to ground current.
These variations cause corresponding
variations in the value of Zj, affecting
both impedance and reactance relays.
The exact range of variation is difficult to
determine for the general case because of
the wide range possible in the magnitudes
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Figure 11 (below). Preferred distance relay
connections for line-fault protection using
delta-connected current transformers
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and phase angles of the currents involved.
But a difference between maximum and
minimum values of 25 per cent of the
magnitude or reactive component of the
first term is easily possible. As will be
shown later, all the variations introduced
by the preceding factors may be elimi-
nated by changing the relay connections,
so that it is not essential to analyze these
limits very carefully.

After the circuit breaker at H has
opened, Zz becomes definite for both line-
to-line and 3-phase faults, but is still
variable for double line-to-ground faults.
The corresponding values are given by
equations 4, 8, and 12. As an impedance
relay is unaffected by the 30-degree ro-
tation of equation 12, the indicated im-
pedance is reduced from 2mZ, ¢y to 1.73 X
mZyqy, a reduction of approximately 15
per cent. The reactance relay is affected
by the phase relations, so that the reduc-
tion in reactance depends upon the phase
angle of Zy4,. If the phase angle is less
than 75 degrees, the reduction is less than
15 per cent, and, if the angle is greater
than 75 degrees, the reduction is greater
than 15 per cent.
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EFFECT OF FAULT RESISTANCE

The effect of resistance in the fault is to
add two or more terms to the impedance
expressions. One of these additional
terms is always a pure resistance, and,
therefore, adds at right angles to the
reactance. The other term or terms are of
the form (7,/Ier)(Rs/2), where I, may
represent any one of several currents. If
I, and I,;p are in phase, these terms also
will be pure resistances and will add at
right angles, but any phase angle differ-
ence will cause them to add vectorially at
an angle differing from 90 degrees. Let
the phase angles of 7, and I¢r be 8, and
0,cr with respect to some arbitrary com-
mon reference. Then these terms may
be expressed in the form

(In/Tpar)(Rs/2) cos [0, —0pr) +
7 sin (6, —0per) |

It will be noted that the current symbols
in this expression indicate the scalar
values instead of the vector values. Due
to the presence of the imaginary term in
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Figure 12 (above). Distance relay connec-
tions for line-fault protection using delta-con-
nected relays and zero-sequence filter

Figure 13 (below). Distance relay connec-
tions for single line-to-ground faults using
current compensation
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the last parenthesis, this expression con-
tains an apparent reactance equal to
I/ Tyer)(Rg/2) sin (8, — Oper). 1f 6,
is greater than 6,5, this apparent re-
actance is positive, but, if 8, is less than
Oyr, indicating that I, lags Iyer, the
apparent reactance is negative.

Unless the phase angle (8, — Oygr) is
very large, the effect of these fault re-
sistance terms is to increase the indicated
impedance, making the fault appear more
remote than it actually is, and therefore
moving the balance point closer to the
relay for that condition. With a re-
actance relay the first resistance term has
no effect. However, the additional terms
may cause either an increase or a de-
crease, depending upon phase relations
between currents, so that the balance
point may be shifted in either direction.
As the balance point never must extend
into the next section, allowance must be
made for this condition in setting the
relay, and, therefore, in general the
balance point for a fault occurring with-
out fault resistance may be made closer
to the next sectionalizing point with an
impedance relay than with a reactance
relay.

Line Faults—
Delta Current Relaying

The clue to a means of obtaining a con-
stant relaying indication for all line faults
is given by comparing equations 100,
124, and 143 which give the delta voltages
at G on the faulted phases for line-to-line,
double line-to-ground, and 3-phase faults

Figure 14. Distance relay connections for
single line-to-ground faults using voltage
compensation
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expressed in terms of the corresponding
currents obtained from delta-connected
current transformers.

For line-to-line faults equation 100
gives

R R
EAG=IaGF/mZXGH+—§>+IaHF'—§ (15
\ 2 2
For double line-to-ground faults equa-
tion 124 gives
Rg Rg

E = IaGF<mzll}H+ E>+IaHF——

S (o

For 3-phase faults equation 143 gives

R R
EAG=1aGF<mZ Gy'l‘;s)‘i'la;m?s 17

These expressions are all the same. It
is evident, therefore, that if f,er is used
for the relaying current instead of (— Iygr).
the same fundamental expression will
be obtained for all types of line faults
at a given location. If the circuit breaker
at H is open, the relay indicates for all
three types of faults
ZR=mZIGH+§2§ (18)
This expression consists of an impedance
term which is directly proportional to the
distance to the fault and a variable fault
resistance term. Hence, with the remote
circuit breaker open, a reactance relay
will receive a constant indication for all
line faults which is proportional to the
distance to the fault. The impedance
relay will receive an indication which may
vary somewhat due to the presence of
fault resistance, and the variation de-
pends upon the relative magnitudes of the
line resistance plus fault resistance and
the line reactance. However, it should be
noted that only one half of the fault re-
sistance from conductor to conductor
should be used to compare with the posi-
tive-sequence, or line-to-neutral, im-
pedance of the line in determining the
effect of fault resistance on the indicated
impedance.

When the circuit breaker at H is closed,
the vector impedance is affected, of
course, by the current from the remote
end, and Zy becomes

Rs IaprRs
Ze=mZiggt+—+—""—
R=MLigH 2 "Tor 2

(19}
Here again, if I,gr/lagr is not a pure
number, which may be the case due to
differences in phase, the reactance relay
also is affected, so that it is not altogether
free from the effects of fault resistance so
long as the fault is fed from two or more
points. However, all other fundamental-
frequency variations are eliminated, ren-
dering the relay free from conditions of the
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system external to the protected section.
Two methods are available for obtain-
ing the proper current. The necessary
current transformer connections are
shown in Figures 7 and 8. The first
method consists of connecting the current
transformers in delta and the relays in Y,
in accordance with Figure 7. Connec-
tions for a set of three relays using this
connection are shown in Figure 11. The
second method consists of connecting the
current transformers in Y and the relays
in delta, in accordance with Figure 8.
Connections for three relays using this
connection are shown in Figure 12. In
this case, the currents through the relays
are I 4, I'p, and I, which are equal to one
third of the currents obtained by the
method of Figure 7. Hence the im-
pedance indicated by the relay is three
times as great, other conditions remaining
the same, as it is using the delta-connected
current transformer scheme. When the
system has a grounded neutral, a zero-
sequence filter is required with the con-
nection of Figure 12 to provide a path for
the zero-sequence or residual current.
One form of such a filter is shown in Fig-
ure 8. Any grounding transformer con-
nection is suitable for this purpose, so
that several other designs are possible.

Ground Faults—
Conventional Distance Relaying

It generally is recognized that the high
value of resistance which may be present
in ground faults is sufficient to eliminate
the ordinary impedance relay from con-
sideration. However, the use of a relay
which effectively eliminates the resistance
component often is considered, and an
analysis of the available currents and
voltages during ground faults is, there-
fore, pertinent. Itiscustomary to use the
line-to-ground potential and line current
for energizing the relay, although use of
the residual current has been suggested.
In setting up the conditions for this type
of fault in Appendix VI, the fault is as-
sumed to occur on conductor a. The line-
to-neutral voltage on the faulted phase is,
‘therefore, E,;. Equation 159 of Appendix
VI gives the value of E,; during this type
of fault. Using the line current, I,4y, for
tripping, the indicated impedance is

IaHFRG_I_
IaGF

Zp=mZigy+Re+

Iygr

I m(Zogn—Zign) +
aGF

Ty

mMon  (20)

laGF

It is evident that this quantity is af-
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double line-to-ground faults

fected by the fault resistance, the residual
current in the line being protected, and
by the residual current in the parallel
line.

Where two lines parallel each other at

" close spacings, the zero-sequence mutual

impedance between the lines becomes
quite appreciable in comparison with the
self-impedances, and, when m is large,
that is, when a fault occurs near the re-
mote end of the section, the value of
Igi/I,gr becomes of the order of one
third on a normally designed system, so
that an important term is added. How-
ever, if the parallel line is not in service,
this term is not present, and considerable
variation in the indicated impedance is
possible. Of course, if only a single line is
involved, this term will not enter in any
case.

The variable term (Fygp/Iogr)m X
(Zogr — Zigr) 1s also a source of trouble,
as the ratio (Fogr/Figp) is not fixed by
conditions within the section itself, un-
less there is only one path for the fault
current to take, true in this case only
after the circuit breaker at I has opened.
In general, where the fault is near the re-
mote end of the section, the ratio (£gz/
I,;r) often will be less than one third
when the circuit breaker at I is closed,
and equal to one third when the circuit
breaker at H is open, causing an increase
in impedance due to the opening of the
circuit breaker, at which time a decrease
is much to be preferred if any change
must occur. The value one third given
for the ratio (Iogp/Iicr) is imposed by
the conditions at the fault when the fault
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current comes entirely from one point.
When the fault current divides and comes
from two or more points to the fault, the
proportion of the current in the conductor
which is residual or zero sequence de-
pends upon the relative impedance to
phase and ground currents in that branch,
and, due to the fact that the impedance
of the transmission line is much higher to
ground current than to phase current, a
relatively greater portion of the residual
current usually will come from the end of
the line nearer the fault

The variations in indicated vector im-
pedance discussed affect the indicated
reactance in much the same proportions,
so that the use of a reactance relay pre-
sents no advantages when considered
from the standpoint of these errors alone,
and the justification for such a relay rests
on the fact that it reduces the effect of
the two resistance terms.

Use of the residual current does not
give any improvement over the use of
line current, as the voltage E,; is not
directly proportional to the residual
current, even when fault resistance is
neglected, and a detailed analysis of this
method therefore is not included

Ground Faults —
Improved Distance Relaying

From what has preceded it is evident
that the use of either impedance or re-
actance relays in the manner suggested
will not be entirely satisfactory, and
methods for improving the performance
are necessary if the distance principle is to
find extensive application for ground
faults. As the currents and voltages
which are available at the relaying sta-
tion do not give satisfactory indications
as they stand, it may happen that they
may be modified in accordance with
known characteristics of the circuits to
give more suitable quantities. Modifica-
tion may be made in either the current, or
the voltage, or both. In any case. much
improved performance may be obtained.

CURRENT COMPENSATION

-~

Equation 159, giving ¥,; during this
type of fault, may be written in a different
form by factoring mZ;4, out of all terms
except those involving R;. We obtain

Z _ZL 7 )
Eypo= < IaGF+I"»GF(0—GHZ_ﬂ—+
1GH

M
lotmﬂ')mzlcaﬂ‘
Zigy
(Tagr+Tonr)Re  (21)

If now we are able to use for tripping a
current I, defined by the equation
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Zvou—Z
I, =IaaF+IaaF—Pgiz—ﬂ+
1GH

we obtain a very simple result, as follows -

IaGF+IaHF

Zy=mZgy+ 7

Rg (23)

The first term of this expression is
directly proportional to the distance from
the fault to the relay and is independent
of conditions external to the section being
protected. The second term is a function
of the fault resistance and has the effect of
a pure resistance if (I,gr+7I.pr) is in
phase with 7,. As, in general, all the im-
pedances involved in equation 22 will
have nearly the same phase angle, unless
the line resistances are very large, and
also, as I.gr, Igr, and I,y are usually
nearly in phase for this type of fault, this
will be nearly true. In general, the varia-
tions in phase will be of the same order as
those occurring between corresponding
currents in the preceding analysis of line
faults. Hence, for faults having fault
resistances in the same proportions, just
as satisfactory protection can be obtained
for ground faults as for line faults, using
distance relays. However, the fault re-
sistance generally reaches considerably
higher values, so that the variations will
be somewhat larger than the minimum
obtainable on line faults, and a relay
which is substantially unaffected by
fault resistance generally will be required.

There are several methods of obtaining
the current 7, for relaying purposes.
Where the line resistance is not too large,
it will be satisfactory to assume that
(Zogn—2Z16n), Moon, and Zigy are all
in phase. If this is true, the ratios of
these quantities, appearing in equation
22 for I,, become pure numbers or trans-
former ratios, so that these currents may
be added to the relay currents by means
of transformers of corresponding ratio
energized from the residual currents in the
two lines respectively. For this purpose,
the relays may be provided with ad-
ditional current coils which carry the
added currents. Another method is to
introduce these currents directly into the
normal coil by means of the zero-sequence
filter, according to the scheme of Figure
9. The connections for a set of relays
using this method are shown in Figure 13.
The currents flowing through the relays
become I,, I,, and I,, given by equations
62, 63, and 64 in which 7= |(Zyy—
Zlcm)l/ (Zign) and ro= Mo/ Zign.

Where the resistances in the lines are
large, correction for phase-angle differ-
ences in the impedances may be required.
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Various means of making this correction
are possible, but they introduce con-
siderable complication and are not con-
sidered here.

VoLTAGE COMPENSATION

It has been stated earlier in this paper
that it is desirable to obtain a constant
relay indication for all faults in a par-
ticular location and that this indication
should be proportional to the distance
from the relay to the fault. This is a
sufficient condition to establish the bal-
ance points accurately and divide the
faults into the proper classes, but with
relays operating on the balance-point
principle it is not a necessary condition.
It is, however, necessary for the relays
to receive a constant indication for faults
at the chosen balance points. For faults
at other locations, it is immaterial
whether the indication is proportional to
the distance from the relay to the fault
or not, provided the indication given does
not exceed the limits provided by faults
at the balance points. This is due to the
fact that a distance relay of the balance-

- point type will trip with practically a

constant speed for all faults within the
limits of the class in which the fault falls,
regardless of whether the indicated value
is well within the class or near the limits.

Use is made of this principle in applying
voltage compensation to distance ground
relays. In analyzing this application,
the relaying, voltage E,; may be ex-
pressed more conveniently in the form

Figure 17 (below, left). Representation of
3-phase faults

Figure 18 (below, right). Representation of
single line-to-ground faults
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given by equation 167 in Appendix VI as

Eoo= (ligp+Logr)mZigg+ ThgrmZogu+
IygamMogg+3Igr+Ionr)Ra

If Iygr is used for energizing the relay,
considerable error and variation will be
produced by the terms not proportional
to Igr. However, for faults at particular
locations, these terms, other than the re-
sistance term, may be removed by means
of line drop compensators. Let us assume
that the fractional distance to the first
balance point is #. Then we may sub-
tract from the relay voltage the quantity

(Ihert+Tgr)nZigy+ IigunMn

If a fault occurs at the balance point,
m=mn, and we have

Eyo=IgenZgy+3Tier+Linr)Re

If Iogr is used for relaying current, the
measured impedance becomes

(24)

IOHF

Zp=nZyy+3R4+3

Rg (25)
(e

This value of Zz is composed of a
definite impedance # Zy,y a pure re-
sistance 3Ry, and a term which may have
a reactance component unless Ioyp is
exactly in phase with 7ypr The factor 3
enters here in connection with the re-
sistance, making the apparent resistance
much larger, but the impedance term in
this case is Z,z4, which is usually three
or more times the positive-sequence im-
pedance for the line, Zigy, so that the
ratio of resistance to reactance in Z g for a
given value of R is not increased, over
that obtained by current compensation,
and, therefore, the errors introduced by
the difference in phase of Ioyzr and Iygr
will be of about the same percentage as
before.

If the fault occurs at some other loca-
tion, m is no longer equal to #, and Zj be-
comes

Lony
Zr=mZygy+3R¢+3—— Re+
i Togr
Ligr+Ler

(m—n)Z.en+
Iogr

I
22 —1) Moo

26)
Iogr ( '

The two additional terms are positive
for m greater than » and negative for m
less than #, so that, for faults beyond #,
Zp, increases by a greater percentage than
m does, and for faults nearer than n, Z,
decreases by a greater percentage than m
Hence, as m becomes quite small, the im-
pedance may become negative. As the
reactance elements of most reactance
relays will trip for negative reactance,
this introduces no difficulty so long as the
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directional element is not energized from
the compensated voltage and operates
propetly.

With the foregoing scheme, four com-
pensators are required per group of three
ground relays. Three of these compen-
sators must be energized from the posi-
tive- and negative-sequence components
of the current in the corresponding line
conductors and the remaining compensa-
tor from the residual current in the paral-
lel line. The current (figp+Tagr) is equal
to (I,sz—Iip) or in other words the re-
quired current may be obtained by re-
moving the zero-sequence component
from the line current, This may be ac-
complished by means of the zero-sequence
filter previously described. Use of this
method of compensation is made in the
relay connections shown in Figure 14.
However, the current through each relay
is (3 I,) so that the indicated impedances
are one third of the values given by
equations 25 and 26.

Other schemes of compensation may be
utilized, making use of line current,
residual current or any of the symmetrical
components of the line current for tripping
the relay, and eliminating the terms in
the voltage not proportional to the dis-
tance from the fault by means of com-
pensators.

Operation of
Ground Relays on Line Faults

Operation of ground relays upon the
occurrence of line-to-line faults is not to
be expected, unless the fault current is
very large, because the line-to-ground
voltage maintains a large proportion of
its normal value, and the indicated im-
pedance or reactance is, therefore, usually
sufficiently great to prevent operation.
In the few cases where the line-to-line
fault currents are large enough to operate
the ground relays, it is almost certain
that the corresponding line relay also
should operate, so that false tripping will
not occur, but indication of a more severe
fault involving ground occasionally may
be obtained. The indicated impedance or
reactance is not fixed by the impedance of
the line and fault, but is affected by the
remainder of the system, so that deter-
mination of the actual value requires
consideration of each individual case.

Double line-to-ground and 3-phase
faults previously have been classed as
line faults. However, operation of the
ground relays upon the occurrence of such
faults normally will take place, and an
analysis of the operation is required.
Analysis is given only for ground relays
provided with compensation as described.
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DouBLE LINE-TO-GROUND FAULTS

The fault is assumed to occur between
conductors b and ¢ and ground. Hence,
the relaying voltages are E,g and Ecg,
given by equations 122 and 123. Factor-
ing out mZgy, as was done during the
analysis of current compensation for
single line-to-ground faults, we obtain

(Zogu —Zign)
Zigy

EbG=[IbGF+IocF +

Iy

M,
ZOGH ]mzmy + (Tper+

1GH

R
Iour) §+ (lhgr+Tour)3Re  (27)

Zoou —Zigy)
Eg= [1 car+1 OGF'(_‘OEE_—WL +

Zigy
Moy

\GH
Ry .
(IcGF‘{‘IcHF)E + (Tygr+Tonr)3Ra

(28)

IOGH

:lmzlaﬁ +

Except for the fault resistance terms,
the foregoing equations are of exactly the
same form as would be obtained for single
line-to-ground faults on the corresponding
phases. Hence, exclusive of the fault-
resistance terms, if the relaying currents
are equal to the expressions in brackets,
the same indicated impedance is ob-
tained for double line-to-ground faults as
for single line-to-ground faults. If the
circuit impedances are such that we may
assume (Zygz—Zign) and My in
phase with Zsy, thesé currents reduce
to Iygr and Lgp, as given by the connec-
tions of Figure 13 and equations 63 and
64, r, and r; being l(zoGH_ZlgH)!/ZlgH
and Megy/Zigy respectively. Under
these assumptions Z for the two relays
becomes

Iyer+Iyur Rs
I]/GF 2

Ligr+1,
ver+ OHF3RG

Zpyy=mZigu+

(29)

Ir
]cGF+IcHF &S‘I'
Ier 2

Ior+Togr

I 2GF

Zpy=mZigy+

3Rz (30)

For this type of fault, the currents in
the line conductors are usually con-
siderably out of phase with the residual
currents, and the relay currents, being
made up of both, will be intermediate in
phase between the two. Hence the indi-
vidual resistance terms never will appear
as pure resistance but will have reactance
components. However, as the relaying
current has a phase position intermediate
between the line and residual currents, it
will lead one and lag the other, so that the
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reactance effects will tend to compensate.
Therefore, the amount of variation intro-
duced into the indicated reactance usually
will be small, unless the two resistances
Rs and Rg run to opposite extremes or
are large in comparison with the reactance
of the line.

A similar analysis may be given for
voltage compensation. The line-to-neu-
tral voltages expressed in the most con-
venient form are given by equations 132
and 133. With the scheme of compensa-
tion shown by Figure 14, the voltages
subtracted from the line-to-neutral volt-
ages will be (a’hgrtalewgr) nZignt
TogunMoy ~ and (aligpta’lrer)n X
Zigg+Ioey 1 Mgy respectively.

The resultant relay voltages become

Eye=Iygr(mZygy+3Re)+3loyrRe+
R
(IDGF'!"IbHF)ES"‘ (a?lgp+algr) X

(m—n)Zigu+Togu(m—n)Moyer (31)

E.g=Ir(mZigu+3Re)+3lourRe+
(IcGF'*‘chF)%S‘I' (aligpt+a®lzqr) X
(m—n)Zigu+Togu(m—n)Mer  (32)

As 3Igr is the relaying current, the

indicated impedances become

mZ I
(L1
3 Togr
Ingr+Iygr Rg | a’ligrtalzer

3her 2 3lygr

Zpy =

1,
(m—m)Zign+ 222 (m—n)Mogn  (33)
T

mZ, 1
0GH+RG+ OHF RG+
3 Toor

Igp+Icnr Rs | aligrta®ligr

Zpiy=

I
(m=m)Zgi+ 22 (m—n) Mg (34)
3IOGF

Here again, exclusive of resistance
terms, for a double line-to-ground fault at
the balance point, that is, for m=n, the
indicated impedances are the same as
would be obtained for a single line-to-
ground fault on the same conductors.
However, the resistance terms involving
Rg/2 may be a source of considerable.
error whenever Rg becomes large in com-
parison with Z,sg, as (Iyer+Ipnr) and
(I.qr+I.4r) will be considerably out of
phase with I.p, thereby producing an
apparent reactance which will be positive
in one phase and negative in the other.

THREE-PHASE FAULTS

On 3-phase faults, using current com-
pensation, the compensated relaying
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currents do not differ fiom the phase
currents, as no ground or zero-sequence
current flows. For the same reason the
zero-sequence impedance does not appear,
so that the indicated impedance on phase
a will be

RS laHF_R;.‘S

Zp=mZigy+—2
R mlaH+2+IaGF2

(35)

with a similar expression for each of the
other phases. '

Using the scheme of voltage compen-
sation described, the relays will not be
operated, as the zero-sequence current is
used, and this current is zero for a bal-
anced 3-phase fault.

From the foregoing it appears that,
fundamentally, the proposed schemes of
ground relaying are not affected ad-
versely by line faults, if the fault re-
sistances are relatively small or bear cer-
tain relations to each other, but, if the
fault resistances are large, the possibility
of considerable variations appears during
double line-to-ground faults, thus requir-
ing larger margins in setting or introduc-
ing the possibility of false tripping. On
relatively short lines, where the fault re-
sistance may become large in comparison
with the line impedance, it may be de-
sirable to lock out the ground relays upon
the occurrence of double line-to-ground
or 3-phase faults, this being accomplished
satisfactorily in most cases by the use of
simple voltage relays operating on line-to-
ground voltage, locking out the ground
relays when low voltage occurs on any
two phases.

Operation of Line Relays
on Ground Faults

Operation of line relays upon the occur-
rence of ground faults is very improbable
as the line-to-line voltage is affected but
slightly by a single line-to-ground fault.
Here again the values indicated by the
line relays are not fixed definitely by -the
fault and section impedances but depend
upon the remainder of the system as well,
so that the values must be determined in-
dividually in each case, whenever this
question must be answered

Effect of Loads

In the preceding discussion and analy-
sis, the system load has been neglected.
However, the equations in the appendixes
for voltages and currents at the fault, and
at a relaying point on the faulted line,
have been derived in a perfectly general
manner from the conditions at the fault,
and are independent of the network ex-
ternal to the two lines between G and H.
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As it is assumed that no loads will be con-
nected to the lines between G and H, the
equations are valid whether loads are in-
cluded or not. Howevet, the loads will
affect, to some extent, the current and
voltage distribution in the network and,
therefore, the actual values of the voltages
and currents entering the equations. The
expressions for impedance on the faulted
phase do not involve explicitly any
voltage expressions but do involve cer-
tain current ratios, and these ratios will
be affected somewhat by the loads. If
the delta-current relaying methods are
used for line faults and the current-
compensation method for ground faults,
as previously described, these current

‘ratios enter only in the fault-resistance

terms and have no effect if the fault re-
sistances are zero. If the voltage-com-
pensation method is used for ground
faults, the same is true for faults at the
balance point, and it is unlikely that the
effect of load will cause any serious diffi-
culty for faults that are not close to a
balance point. Hence, with these methods
of relaying, the system load affects the
relaying indications only in so far as the
redistribution of fault current changes the
effect of fault resistance.

Summary

In the preceding investigation the
quantities upon which distance relays
must depend for -their operation have
been determined for all possible types of
faults occurring at a single location. It
has been shown that the quantities ab-
tained by the use of earlier distance relay
connections for both line and ground
faults do not give the closest approach to
the desired result, a constant indication
for all types of faults at a given location.
It has been shown further that, by the use
of different connections and certain
auxiliary apparatus, a constant relaying
indication may be obtained by the line
relays for all types of line faults and by

“the ground relays for all types of faults

involving ground, if the fault resistance is
zero, and, if the fault resistance is not
zero, that smaller deviations from the
normal value will be obtained for a given
fault resistance. The analysis has been
based upon the assumptions of sine wave
currents and voltages, constant circuit
impedances, and negligible distributed
capacitance in the faulted sections of line.
It has been assumed further that the
fault impedance is resistance only and
that it is effectively constant throughout
each cycle. All of these assumptions,
except perhaps the latter, are reasonably
valid as far as relaying is concerned, al-
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though some consideration must be given
to the d-c component of the short-circuit
currents with very high-speed relays.
Sufficient data are not yet available to
state the characteristics of fault im-
pedances definitely, but undoubtedly
further information will be obtained from
future investigations. Until more ac-
curate data are available, certain margins
determined by experience must be pro-
vided in relay settings to allow for devia-
tions from the assumptions.

If the suggested connections are used,
the vector impedance which is indicated
by the voltage and current applied to the
relay on the faulted phase, at least for all
faults near the first balance point, will
consist essentially of three terms, when
the fault is fed from both ends of the
section. They are: a circuit impedance
term which is proportional to the distance
from the relay to the fault, a fault re-
sistance term, and a term proportional
to the fault resistance multiplied by the
vector ratio of two currents. An im-
pedance relay operates upon the magni-
tude of the vector sum of the three terms,
and, as the two resistance terms are
nearly at right angles to the impedance
term, the magnitude of the sum will be
greater than the magnitude of the circuit-
impedance term, although the increase
will be much less than the added re-
sistance terms, unless the latter are very
large. To maintain a balance at the
relay, the circuit-reactance term must de-
crease as the fault-resistance terms in-
crease, so that the effect of fault resistance
is to shift the balance point toward the
relay. A reactance relay, on the other
hand, operates on the reactive component
of the three terms, and, therefore, is un-
affected by the first fault-resistance term.
However, the second resistance term will
have an apparent reactance if the two
currents involved in the ratio are out of
phase, and this apparent reactance may
be positive or negative, depending upon
which current leads in phase. Hence the
balance point may be shifted in either
direction by the presence of fault re-
sistance.  Although the actual shift
usually will be less with a reactance relay,
the fact that it may be in either direction
must be taken into account, so that where
the fault resistances are moderate in com-
parison with the reactance of the section,
the impedance relay usually will give as
satisfactory protection as a reaetance
relay. However, where the fault re-
sistances are larger, as on ground faults,
the increases in impedance become so
great that the ordinary impedance relay
is disqualified.

In the preceding analysis, all current

AIEE TRANSACTIONS



and voltage transformer ratios have been
assumed as unity. In setting the relays,
the current and voltage transformer
ratios must be taken into account. It is
customary also to set the relays under the
assumption of zero fault resistance, choos-
ing a balance point under this condition
which gives a suitable margin for the
variation introduced by fault resistance.
If 7 is the fraction of the section from the
relay to the balance point, 7, the ratio of
the circuit voltage, line-to-line for line
faults, line-to-ground for ground faults, to
the voltage impressed on the relay circuit,
and 7, the current transformer ratio, the
actual settings of the relays will be as
given below for the different suggested
“connections. If the voltage is obtained
from high-voltage potential transformers,
as shown in the diagrams, 7, is simply the
potential transformer ratio. For line
relaying using delta-connected current
transformers (Figure 11), and for ground
relaying using current compensation
(Figure 13), the relay should be adjusted
to balance for an impedance

Zp=nZigute/ry (36)

For line relaying using delta-connected
relays (Figure 12), the relays should
balance for an impedance

Zp=3nZigur:/7y (37)

For ground relaying using the suggested
scheme of voltage compensation, the
relays should balance for an impedance

Zp=nZogur/(3ry) (38)

The settings for both balance points of
a 3-zone relay will be made in the same
manner, a different value of 7 being used
in the two cases.

Application

Distance relaying for protection against
line and ground faults is suitable for
general application to either single- or
multiple-circuit lines, the only theoretical
limitation being the variations in the
balance-point locations introduced by the
effects of fault resistance. FEither the
first or second balance point may be the
limiting factor. The first balance point
always must remain in the protected
section, and the second balance point in
the adjacent section. Furthermore, for
general application the second balance
point never must extend beyond the first
balance point of the relay at the next
sectionalizing point, or both circuit
breakers will be tripped for some faults.
The shorter the line sections become, the
more difficult these conditions are to ful-
fill, so that a certain minimum length of
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section or impedance is required. This
minimum depends upon such factors as
short-circuit current distribution and the
fault resistances encountered, so that it
cannot be fixed definitely.

Because of the higher values of fault
resistance generally met during ground
faults, distance ground relaying cannot be
applied to lines as short as the minimum
which can be protected satisfactorily by
distance line relaying. However, where
the lines are sufficiently long, this type
of protection may offer substantial ad-
vantages. High-speed ground relaying
of single lines is difficult by the customary
overcurrent methods, as the ground cur-
rent may vary over wide limits for a fault
in a given location, thus requiring selec-
tive time settings to obtain discrimi-
nation.  Either compensated current or
compensated voltage methods of distance

relaying appear to be well suited for this

purpose.

The current compensation method also
appears to be well adapted to cases where
grounded-neutral power transformers are
made an integral part of the line and the
high-voltage circuit breakers are omitted.
This case is particularly difficult to relay
by ordinary methods of ground-fault pro-
tection, as, after the low-voltage circuit
breaker at one end is open because of a
fault near that end, most of the ground
fault current continues to flow from the
grounded-neutral transformer at that end,
making it very difficult to open the circuit
breaker at the opposite end. As the com-
pensated distance relay measures the
impedance or reactance from the relay to
the fault, independent of the relative dis-
tribution of line and ground current, it is
essentially unaffected by such system
connections. The particular compen-
sated voltage method described is not
well suited to this application because of
the low ground current available for
operating the relays at the end remote
from the fault, but a compensated voltage
method using line current for relay opera-
tion instead of ground current, also would
give good results

It should be pointed out that this
analysis has considered only the possible
accuracy, and has not taken into
account the performance of the relay it-
self, its design, itssimplicity, itsreliability,
or its speed of operation. All of these
factors are important and must be taken
into account in a final choice of the type of
distance relay to be used for a given appli-
cation.

The equations derived in the appen-
dixes giving the voltages and currents at
relaying points in terms of circuit im-
pedances and conditions at the fault have
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been used in the paper only for the pur-
pose of determining the performance of
distance relays. However, they may be
found useful for many other purposes
and constitute a contribution to the fur-
ther development of the method of sym-
metrical components.

Conclusions

This analysis has shown:

1. That the earlier conventional methods of
distance relaying are subject to errors other
than those caused by fault impedance..

2. That these errors may be eliminated in
relays protecting against line faults by the
use of “delta relaying.” Delta relaying
may be obtained either by connecting the
current transformers in delta or by connect-
ing the current windings of the relays in
delta, using a suitable zero-sequence filter.

3. "That these errors may be eliminated in
relays protecting against ground faults by
the use of current or voltage compensation
and, therefore, that distance relaying is
suitable for ground fault protection, if the
impedance of the section being protected is
sufficiently great.

4. That the limitation in the application
of distance relaying is the error introduced
by the presence of fault impedance, which
will decrease with increasing section im-
pedance, and that this limitation affects
distance relays of both the impedance and
reactance types, although to a different ex-
tent. .

5. That distance relaying may be made to
approach even closer to the desired relaying
ideal and that within the limits of its ap-
plication it should give satisfactory protec-
tion, regardless of generator capacity or
system conditions.

Appendix |. Notation

a= "= —0.54;0.866 )

F=physical point of fault along transmis-
sion line

G =substation where relaying is considered

H =substation at opposite end of line section

P, Q=equivalent junction points in zero-
sequence network

S=equivalent point of zero potential

T=equivalent point of application of E;p

U =equivalent point of application of E;y

W =equivalent point of fault when fault re-
sistance is present

E,r=equivalent positive-sequence gener-
ated voltage of part of system feed-
ing station G

E,y=equivalent positive-sequence gener-
ated voltage of part of system feeding
station H

E =voltage symbol, with subscript notation
as follows:

First subscript:

a, b, or ¢=line-to-neutral voltage of corre-
sponding phase

A, B, or C=line-to-line voltage of corre-
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sponding phases, ¢b, ac, ba respec-
tively. See Figure 3

1, 2, 0 =symmetrical components of line-to-
neutral voltage, phase a as reference

Second subscript: ’

F, G, H, W=point at which voltage is
measured

I'=current symbol, with subscript notation
as follows:

First subscript:

a, b, or c=line-to-neutral current in corre-
sponding line

4, B, or C=line-to-line or delta current of
corresponding delta phase, obtained
by delta connection of relays. See
Figure 8.

a B, or y=delta current obtained from
delta-connected current transformers.
See Figure 7

x, ¥, 2=relaying currents obtained from the
connection of Figure 9

1, 2, 0 =symmetrical components of line-to-
neutral current, phase a as reference

Second and third subsecripts:

GF, HF, GH, TG, UH, SG, SH, FW, and
so forth =stations between which cur-
rent flows. Assumed positive direc-
tion of current is from station of
first letter to that of second.

Z=impedance symbol, scalar value, with
subscript notation same as for Z

Z=impedance symbol, vector value, with
subscript notation as follows:

First subscripts, if only one:

R=impedance indicated by relay for various
types of faults

D =impedance of current winding of relays
or other current devices

First subscript, if more than one:

1, 2, 0=sequence of current with which im-
pedance is to be used

Second and third subscripts:

GF,HF,GH, TG, UH, SG, SH =stations be-
tween which impedance is measured.
Between stations G and H value is
for one line only

Mgy =zero-sequence mutual impedance
between the two parallel lines from
GtoH

Rg=fault resistance for line faults between
two line conductors

Rg=fault resistance for ground faults

m=fraction of the distance from G to H at
which fault is assumed to occur

n=fraction of the distance from G to H at
which the first balance point is lo-
cated

ry=potential transformer voltage ratio
r¢=current transformer current ratio

r, ro=auxiliary transformer turn ratios,
See Figures 9 and 13
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- Appendix Il. Network
Representation and Fault Currents

Inorder to calculate the fault currents and
voltages during unbalanced faults, by ‘the
method of symmetrical components, it is
necessary to set up sequence networks for
the flow of positive-, negative-, and zero-
sequence currents, corresponding to the
system under investigation. The positive-
and negative-sequence networks comprise a
group of impedances having a branch cor-
responding to every branch of the single-
line diagram. Synchronous machines are
represented by their equivalent circuits for
a single phase, with single-phase voltages
inserted at the proper point. As synchro-
nous machines generate only positive-
sequence voltages, generated voltages ap-
pear only in the positive-sequence network.

The positive- and negative-sequence net-
works, for the system shown in Figure 2, are
given in Figures 4 and 5, respectively. In

the positive-sequence network, two voltages,

Eir and E,y, are inserted to represent the
voltages generated by the equivalent syn-
chronous machines at 7 and U respectively.
The impedance of each branch of the net-
works is represented by the symbol Z with
three subscripts, the first a number indicat-
ing the sequence network in which the im-
pedance appears, and the second and third
the points between which the impedance
is measured. As Eir and E;yp are expressed
in terms of line-to-neutral voltage, the other
terminals of these voltages are connected to
the common neutral S of the positive-se-
quence network. In the negative-sequence
network, these voltages are equal to zero,
so that the terminals T and U may be omit-
ted and the impedances connected directly
to the corresponding point S. For all static
apparatus the negative-sequence impedance
is equal to the positive, so that the branches
between G and H, corresponding to the
transmission line, will have the same imped-
ance as in the positive-sequence network.
This has been represented by substituting
Zigy for Zygy in Figure 5. The fault is as-
summed to occur at F, intermediate between
G and H, at a fraction m of the distance from
G to H. As the impedance from G to H of
one line has been taken as a unit, and as,
neglecting distributed capacitance, the im-
pedance is proportional to the distance, the
impedances from G to F become mZyqy and
from F to H become (1—m)Zigy. As the
branches between T and G and between
H and U contain synchronous-machine
impedances, they will in general be different
for the different. sequences.

The zero-sequence network is made up
only of those branches which may carry cur-
rent having an earth-return path, and, there-
fore, in general it has a smaller number of

branches. The corresponding impedances’

are also usually quite different and generally
larger, although in certain special cases
such as grounding transformers, the zero-
sequence impedance to ground may be less
than the corresponding positive- and nega-
tive-sequence impedances. The zero-se-
quence network for the system shown in
Figure 2 is given in Figure 6. As adequate
grounding has been assumed at each end of
the system, branches are required from G
and H to S. In the positive- and negative-
sequence networks, the mutual impedance
between two parallel lines is generally small
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enough to be neglected, but in the zero-
sequence network this is not true, because
of the great distance between the conductors
and the ground return, as compared with the
spacing between the two parallel lines. Be-
cause of the common use of the earth return
and ground wires, the mutual impedance
also may contain a resistance component.
The mutual impedance is represented by
the vector symbol Mygy.

It is well known that two circuits, having
a mutual impedance between them and con-
nected together at one end, may be replaced
by three impedances comnected in star,
the branch connected to the original junc-
tion being equal to the mutual impedance
and the other branches being equal to the
original branches minus the mutual imped-
ance. Use is made of this property in setting
up the zero-sequence impedances between
stations G and H and the fault F. The
symbols for impedance are similar to those
used in the positive- and negative-sequence
networks, except that the first subscript is
now 0 instead of 1 or 2,

The current flowing in the wvarious
branches of the networks is indicated by the
symbol I with three subscripts, the first a
number (1, 2, or 0) indicating the sequence
of the current, and the second and third
letters indicating the stations between which
the current is flowing, the assumed positive
direction being from the station indicated
by the first letter toward the one indicated
by the final letter. B

If the currents and voltages at various
points in the sequence networks are known,
the actual currents and voltages in the three
phases at corresponding points in the actual
system may be found by combining the cur-
rents and voltages according to relations
that follow. Phase a, line-to-neutral, has
been assumed as reference, and the phase

rotation is assumed to be @, b, ¢. Then
E,=E\+{E,+E, (39)
Ey=a’E1+aE,+E, (40)
E,=aE+a*Ey+E, (41)
and

I=5+IL+I, (42)
Iy=a’l+al,+1, (43)
I=al\,+al,+1, (44)

The voltages between lines, or delta volt-
ages, defined in accordance with the vector
diagram of Figure 3, may be determined by
subtracting the phase voltages in pairs, as
follows. In performing the subtraction it is
convenient to make use of the following rela-
tions concerning the vector a

1—a=j1/3a (45)
a—a*=j\/3 (46)
a’—1=j1/3a 47)
Thus:

E =E,—Ey=j\/3(E:—E) (48)
Ep=E,—E,=j\/3(a?E,~aE,) (49)
Eo=E,—E,=j/3(aE,— 2*Ey) (50)

For the purposes of relay operation, it
will be desirable to consider three special
forms of current transformer connection,
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as shown in Figures 7, 8, and 9. In the
following analysis it will be assumed that
the main current transformer ratio is 1-to-1,
so that the results will be the same as if
the actual line currents had been manipu-
lated. In actual cases the currents in the
secondary circuits can be obtained by divid-
ing by the current transformer ratio. In
Figure 7 the current transformers are con-
nected in delta, and leads from the corners of
the delta are taken to current utilizing de-
vices, connected in star. With this connec-
tion the leads carry currents which are the
differences of the line currents taken in
pairs. It will be noted that these currents
are of the same mathematical form as the
delta voltages E 4, E 3, and E¢, and the cor-
responding currents are designated by
I, 1Ig, and I, determined as follows

Io=I,—I,=j~/3(I,—1I,) (51)
Ig=1,~I,=j\/3(al,~al)) (52)
I,=I,~I,=j\/3(al;—al) (53)

In Figure 8, the utilization devices are as-
sumed to have identical impedances, Zp,
and are connected in delta. At the corners
of the delta, the line currents Iy, Iy, and I,
are introduced. This delta connection offers
no path to any residual or zero-sequence
current in the line conductors, so that, if the
system is grounded, allowing zero-sequence
current to flow in the line, some additional
path must be provided for this current. It
is also desirable that this additional path
pass as little positive- and negative-sequence
current as possible. These conditions are
satisfied by means of the small intercon-
nected-star transformer bank shown. Any
other grounding transformer connection
may be used as well for this purpose, as it is
the function of a grounding transformer to
offer very high impedance to all but zero-
sequence currents.

The currents in the branches of the delta
may be denoted by the symbols I 4, I 5, and
I,. TFollowing the convention previously
adopted, I 4 is the current in the delta branch
opposite the line @, and so forth. Writing
the equation for the voltage drop around the
delta, we obtain

I a+1p+10)Zp=0 (54)
or
Iy+Ip+1:=0 (55)

The interconnected-star transformer or,
more generally, the zero-sequence filter by-
passes all of the zero-sequence currents and,
if properly designed, only a negligible por-
tion of the positive- and negative-sequence
currents, so that at the junction of the
delta we may write

IB—IC=Ia—Io=I|+[2 (56)
Io—I,=I,—I,=al,+al, (57)
I,—Ig=I—ILi=al+al, (58)

These four equations, of which only three
are independent, may be solved for T4, Ig
and I, giving

-

‘\/g Io
L= —1)="2
a=J—g (I, —1I,) 3 (59)
3 1
IB=j\/? (azll—alz)—gﬂ (60)
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: 1
Ic=j‘g~3<an—wz>=§” (61)
The connection of Figure 9 is adapted par-
ticularly to altering the zero-sequence com-
ponent of current through the relay, which
may be desirable because of the difference
between Zogy and Zigy. Residual current
may be introduced not only from the line
being protected but also from a parallel or
other adjacent line. Adjustable-ratio auxil-
iary transformers serve to introduce the de-
sired proportions. Let 7, and 7, be the turn
ratios of the auxiliary transformers, and
31, and 3I, be the currents in the pri-
maries of these transformers, the primed
symbol indicating the current from an ad-
jacent line. Then the current feeding the
neutral of the interconnected-star trans-
former is equal to 3(Jori+1o’72). The
interconnected-star transformer divides this
current into three equal portions, so that
(Ior1+-1y'7y) is added to the line current in
each relay. Let us designate these currents
I, 1, and I, respectively

L=I,+In+1yr: (62)
]y=Ib+IO71+I0,’2 (63)
L=I4Ig+1yrs (64)

Equations 42, 43, and 44 for I,, I, and
1., equations 51, 52, and 53 for I, Ig, and
I, equations 59, 60, and 61 for I 4, I, and
I, and equations 62, 63, and 64 for I, I,
and I, apply in general and for unbalanced
faults involving ground. During line-to-
line faults on an otherwise balanced system
no ground current flows so that I,=0, and
equations 42, 43, and 44 become

L=1L+I, (65)
Iy=al,+al; (66)
I.=al,+al, (67)
Equations 62, 63, and 64 becon;e

1,,=1,,=1A—12 (68)
I,=I,=a+al, (69)
I.=I.=al\+a%, (70)

During balanced 3-phase faults, both I,
and I, are zero, so that the foregoing be-
come

Ia = Il (71)

Iy=a? (72)

I.=al (73)

Io=j+/3I,=31, (74)

Ig=j\/3a¥1=3I3 (75)

I,=jv/3al, =3I, (76)
A3 1

IA—] 3 11—314.! (77)
A3 1

. Jl/g—aﬂh =s (78)
A3 1

I, =J%‘d1=’1v (79)

I-1, (80)

I,=a, (81)
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I,=al, (82)

The foregoing values are general and ap-
ply at any location. Hence, the expressions
for the corresponding currents between par-
ticular points may be obtained by adding
the proper subscripts, in accordance with
Appendix I.

Appendix lll. Line-to-Line
Fault

Assume that a line-to-line fault has oc-
curred at point F of one of the parallel lines
of Figure 2, between conductors b and ¢,
and that a fault resistance Ry is present be-
tween the two conductors. It will be con-
venient to consider that a resistance Rg/2
is connected to each line conductor at Fand
that at a point W the remaining terminals
of the resistors on phases b and ¢ are con-
nected together, as shown in Figure 15a.
This device has the advantage of making the
system symmetrical up to the point W, at
which point we have

Eyw=Ew (83)
ey = —Ipw (84)
and

Iipw=0 (85)

Resolving the currents into symmetrical
components, we obtain

1
IIFW=§(a—a2)IDFW= —Lpw (86)
1
IzFW=§(az—a)Iwa= —Iipw (87)
Ipw=0 (88)

As the system is assumed symmetrical at all
other points, the fact that Iy =0 requires
that Fy=0and I, =0over the entire system.

Resolving the voltages into symmetrical
components gives

1

Elw=§(EaW—Ebw)=E2W (89)
1

ng-_—é'(EaW_'EbW) =Ew (90)
1

Eow =§(an+2EbW) =0 (o1)

Hence

E,w=—2Eyy=—2E. (92)

and

Ey=Eyw=—Eyyw=—Ew=E,;5/2 (93)

These conditions will be satisfied if the
networks are connected as shown in Fig-
ure 15b.274

As the system is symmetrical elsewhere,
the sequence currents flow independently,'~*
and the sequence potentials at point G may
be obtained by adding to the sequence volt-
ages at W the sequence voltage drops be-
tween Wand G. The currents flowing from
F to W are the sums of the currents flowing
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from G to F and H to F. Making these
substitutions, we obtain

EG=110F<szH+ )+Ixm? +Ew

(94)
Eyw=Iy (leGH+ >+12HF +Ew

(95)
E°G=O (96)

The phase voltages at G become, from
equations 39 to 41 and 48 to 50,

EaG—IaGF<mZIGH+ )+ aHF +2E1W
o7

Eye= IbGF<mzlGH+_>+IbHF —Ey

(98)
Rg R
Eco—IcGF(mzch'l"z—)'HcHF‘;—Elw
(99)
Rg
E 6=Eg—Epg=Iagr mzlG’H+'§ +
[aH?F”z_ (100)
Ry
EBG=EaG—EcG=IBGF(mZIGH+E >+
R
IﬁHF'2—S+3£1W (101)
Rs
Ecg=Ep;— aG=I‘rGF<mzlGH+_2—>+
Rg
I’YHF —3Elw (102)

For convenience in connection with star-
current relaying connections, it is desirable
to rewrite the foregoing in a different form.
As I,=0 everywhere during this type of
fault, we may arbitrarily write (Jger+
Lgrp+-T6r) (mZigr+Rs/2)+ o+ onr+
I.47)(Rs/2)=0.

Subtracting this equation from the fore-
going gives

R
21 om«"”2—s -

Rg
I leGH+ Iyr— 2 (123}

Ry
21 cH F‘Q’ -

R
E = —zlbar(mzmy-l-—s ) -

Rg
Ege= —2100F<m21ay+ E )"

R R,
IbGF('mz GH+_2£>—111HF’—2§+3E1 w

(104) -
Rs R,

Eceg= =215\ mZign+ 2 -2,y 5

R R

1 cGF( mZ gu+ j) ~Lgr——
2 2
3Ey  (105)

As Tagpt+laur=Ispw=0 equation 103
simplifies to
706

R
E = _21bG'F<mzlGH+_2§> -

R
2 bm*?s —IyermZigy  (106)

Appendix V. Double Line-to-
Ground Fault

Assume that a double line-to-ground fault
has occurred at point F of one of the parallel
lines of Figure 2, between conductors 4 and ¢,
that a fault resistance Ry is present between
the two conductors, and that a fault resist-
ance Rg occurs between some point of Rg
and ground. -Representation of the most
general case requires that the point of con-
nection of Rz may be at any point of Rg,
but in order to obtain a simple analysis, it is
necessary for Rg to be connected to the mid-
point of Rg. In most practical cases, it is
expected that either the resistance between
phases will be small, or that the two parts
will be nearly equal, so that the case as-
sumed is sufficiently general for most pur-
poses. It is convenient to consider again
that a resistance of Rg/2 is connected to
each line w re at the fault, and at a point W,
the remaining terminals of the resistors on
phases b and ¢ are connected together and
to one terminal of Rg, the remaining ter-
minal of Ry being connected to ground
This is shown in Figure 16a.

Then at the point W, we have

arw=0 (107)

Eyw=F.p=Urw+Irw)Rs

Resolving the currents into symmetrical
components gives

(108)

1
[lFW=§(a]bF‘W+ﬂzl¢Fw) (109)
1 .
leW=é(azlon+a1\Fw) (110)
1
IOFW=§(IZ>FW+ICFH) (111)
From which
Lirw+lew+Ipy =0 (112)
and
Lypw +lpy =3lipw (113)

Resolving the voltages into symmetrical
components gives

1

Ey, =§(EHW_3IOFWRG) (114)
1

E,y =§(an“‘3lonR0) (115)
1

Eow =§(an+6loFWRG) (116)

from which

Eip=Eyy=Eyy—3lyrwRg (117)

These conditions may be satisfied by con-
necting the networks as shown in Figure
16b.¢ As all networks are symmetrical up
to the point W, we may write the expressions
for the voltages at the point G by adding
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the proper sequence voltage drops. Remem-
bering that the currents through the resist-
ances Rg/2 are made up of the corresponding
currents from G to F and H to F, we obtain

R
Elc=llo¢<mzla1{+‘;>+

Ium +EIW (118)
RS
Eza=lch<mzmi1+?s)+
Izm' +E1W (119)

R
Eye =106’F< mZOGH+§+3RG>+

R
Iuyp(§+3Rg)+
IyenmMogy+Ew  (120)
The line-to-neutral and line-to-line volt-

ages may be obtained by substituting in
equations 39 to 41 and 48 to 50

Rg Rgs
Eu —IaG'F( mZigun+— >+1aHF 2 +
Tor(mZogy —mZign+3Re) +
loupRe+TogumMoen+3E1y  (121)

Eye _IDGF<mZIGH+ >+10H1«”— +

Iogr(mZogy —mZign+3Rs)+

3loyr R+ TigumM gy (122)

Rg Rg
E=1I.r mzch+ +1yr— 2 Sy
Togr(mZogy — mzlGH +3Rg) +

3lgrRe+TigamMogy

—EDG
Ry
2)+
Ry

Iam«“;

(123)
E c=Eg

= Iaap( mZigu+
(124)

Epg=E,c—E.q .
Rs
=1Iger (mzxal1+‘2-)+

Ry

13Hﬁ‘§+3Elw (125)

ECG = EbG’_

R,
=Iyor <mZ!GH+ 5‘s>+

EaG’

Rg
I‘YHF *_3E,y (126)

For convenience in connection with star-
current relaying connections, it is desirable
to rewrite the foregoing in different form.
As Togr+Tpor+Igr=3ler and Iggr+

Iyyp+1yp =3Iy, we may write arbi-
trarily
UagrtToor+1or—3logr) X

(ml;ay-!- )+ Iur+Tymr+

R
Im—3tm)—25=o
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Subtracting this identity from the foregoing
give;s

R R
EAG = —21b0p<mzlgy+f>—2lbyyé§+
R
(Bligr—TIqcr) (mzwa-!-'f)-!-

R
(310HF—IW)—2§ (127)

R R
Epg= —2ICGF'<mzlGH+ '5) - 21:HF'2§+

R
(8Togr—Tyar) (mzlGH +"5S ) +

R
Blogr—Tyur) "§§+3Exw (128)

R R
Epq=-2I aGF(mzlG'H + ?s ) —2I ayp_; +

R
Blogr ~1Ir) <leGH+ *2§>+
Rg
(Bhogr—1I.yr) '2—-—3E1W (129)

As I,gr = —1I,yp, equation 127 may be sim-
plified to

R R
E o= —2IDGF(MZ1GH+ES) —2IbHF'—2§+

2
LyormZigy  (130)

R R
3logr ( mZigy+ ES>+3IUHF—S_

For studying ground relaying, it is desir-
able to have the line-to-neutral voltages ex-
pressed in terms of the symmetrical com-
ponents of current. This may be done by
substituting for the line currents in equa-
tions 121 to 123 inclusive, giving

7 R
Eyo=(ligr+1 2GF)(mzlGH +ES )+
R
(IIHF+12HF)'—2_S+IOGF X
R
(mZOGH+‘2_S+3RG>+

R
IOHF(?S"":;RG)"‘IOGH’”MOGH“‘
3E,y (131)

R
Ey= (a2]1GF+a12GF)<meH + ES)'F
Rg
(a?I 1HF+01211F)E F1ogr X
R
(mzocy+*2;s+3Rc)+
Rs '
I omr(—é‘ +3R0) +logumMogr (132)
Rg
E g=(al, 1GF+a212GF)< mzxey+—2‘)+
© Ry
(aligr+atlypy) 2 +Togr X
R
(mzm+§ +3Rg )+

R,
Im(~2—‘?+3ka>+fuaymMm (133)
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Appendix V. Three-Phase Fault

Assume that a 3-phase fault has occurred
at point F of one of the parallel lines of
Figure 2, between all conductors and
ground, and that a fault resistance Rg/2 is
present between each conductor and ground.
In the general case, the fault resistances will
not be exactly equal, but the treatment of
the general case is much more complicated,
and the case of equal resistances is probably
sufficiently general for our purposes. Mak-
ing use of the previous assumption that a
resistance Rg/2 is connected to each con-
ductor at the fault, we may consider the
remaining terminals connected together
and to ground at point W, as shown in

Figure 17a. Then we have
E;y=Eyy=Ew=0 (134)
Lipw+Tyrw+Iepw =3Ipy =0 (135)
From symmetry

Lrw=0 (136)

These conditions are represented by the
connection of Figure 170. Hence,

R R
E1G=IIGF<mZIGH+ES)+IIHF'E§ (137)
Ey, ;=0 (138)
Ey;=0 (139)
and

R R
Ey=1I aGF(mzmc'l- ‘2‘§ )+1 aHFES (140)

R R
EbG=IbGF<mZJHG+'—2§>+[bHFES (141)

R ¢« R
E, =IcGF<mZIGH+_2§ )"“IcHF’ES (142)

R R
E o¢=Iugr ZIGH+?S>+laHF‘§§ (143)
R R
EBG=113GF(mzlGH+’2_"g)+IﬁHF_2§ - (144)
R R
ECG':I’YGF(leGH'l'?S)'I']’yHF"z—S (145)

As the system is everywhere symmetrical,
Logr+Togr+1Ier=0, hence (Iogp-+Ipgr+
Lor)(mZign+Rs/2) =0. Likewise (Iqyp+
Inur+1.5r)(Rs/2)=0. Subtracting these
expressions from the foregoing equations, we
obtain the useful forms given below as

R R
Ejo=-2I bGF(leGH+-2§)_2I wmgs -

R R
1 aGF( mzu;ﬂ-f-?g ) -1 aHF?'S

R R
Epg= -21cGF<mzmH+';)—2chr‘§—

2
R R
I bar( mZxGH+~2§>—I wrz—s

R R
Ece= -2IaGP(mZIGH+-2§)_2[dHF—2§_

R R
I cGF(mzlcm +?S) -1 cHF_2§

(147)

(148)
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(146)

Appendix VI. Single Line-to-
Ground Fault

Assume that a single line-to-ground fault
has occurred at a point F on one of the
parallel lines of Figure 2, between conductor
a and ground, and that a fault resistance Rq
is present. It is convenient to assume thata
resistance Rg is connected to each conductor
at Fand at a point W the other terminal of
the resistance attached to conductor a is
grounded, as shown in Figure 18z. Then the
system is symmetrical up to the point W.
At W we must have

Iypw =Ipyw =0=Iygp+Irur
=Igrt+Icur (149)

and
E, ;=0 (150)

Resolving into components, we have

IIFW=éIaFW=12FW=IOFW=IIGF+IIHF

=Lgr+Lyp=Ier+Igr (151)

1

EIW=§(aEbW+azEcW) (152)
1

Eoy = 5(“2E0W+GECW) (153)
1

Eyy = g(EbW'i‘EcW) (154)

so that

Eiy+Eyw+Ejw=0 (155)

These relations will be satisfied by con-
necting the sequence networks as shown in
Figure 18b. It is immaterial, as far as the
actual system is concerned, whether a re-
sistance Ry is connected between each pair
of networks as shown, or whether a resist-
ance 3Rg is inserted between terminal F of
the zero-sequence network and S of the posi-
tive-sequence network, as is more common.*
However, as some use is made in this analy-
sis of the voltages at the terminals of the
fictitious resistances connected to conduc-
tors b and ¢, the representation shown is.
preferred in this case.

Adding the voltage drops from G to W,
we may obtain the voltages at G as

Eyo=ler(mZign+Re) +TigrRe+Eiy
(156)

Ey =12GF(leGH +Rg) +I2HFRG+E2W
(157)

Eyg=Iygr (mZogu +Re)+TogrRe+
TogumMogr+Eoy  (158)
Eug=Ioor(mZigy+Re) +LourRe+ Igrm
(Zoern—Zigr) +TogamMogy  (159)
Eye=1Iyor(mZigy+Re)+IyurRe+
Toorm(Zogr — Zign) + TogumMogy +
iV/3(@Eiw—a®Eaw) (160
Eco¢=I.cr(mZigy+Rg)+1.arRe+
Toor(Zign — Zign) + Togum X
Myu—jV/3(a*Eryy—aEwy)  (161)
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E ¢ =IaGF(leG'H+RG) +TanrRe+
j\/é(EIW_EZW) (162)

Epe=1Iger(mZigr+Re)+1gurRe+

7V 3(a*Evyy—aEay)  (163)
Eco=Iy6r(mZigu+Re)+IynrRo+

iV 3(aEry —a*Eay)  (164)

As Igr=—Iygp and Igp=—1Icgp, fur-
ther simplification of equations 160 and 161
may be made, giving

Eyq=IygrmZigr +Logrm(Zogy — Zign) +

LignmMogy +j \/é (aErp— a’Eyy)
(165)

Eg=I.grmZion+Tigrm(Zogn —Zign) +
V/3(a%Ery — aEay)
(166)

For certain purposes it is desirable to have
the foregoing voltages in terms of the sym-
metrical components of currents instead of
the line currents. It also will be more con-
venient to combine all the resistance terms,
making use of the relation that Iigp+ 1 yr+
Lgp+Loyr =2Toer+Toyr). Substituting
and combining, we obtain

EaG = (ligr+Ler)mZigu+TogrmZogy +
IogrmMogr +3Lgr~+Tonr) R

IygpmMogn “j

(167)
Eyo = (a*lgr+alsgr)mZigy+
IngrmZogy -1 EGH'MM oor+
7V8(aEig—aEy) (168)
E o= (al\gr+alier)mZign+
TogrmZogr+TogumMogr —

7V 3(a*Eryp —aEay)  (169)
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Discussion

C. G. Dewey (General Electric Company,
Philadelphia, Pa.); In connection with the
discussion of fault resistance, it is worth
noting that there is nearly the same disad-
vantage in having the second zone balance
point to retract to a point within the first
section, as for the first zone balance point to
extend into the second section. The former
also may cause loss of selectivity, which
would mean losing power unnecessarily at
some substation.

Even if it is granted that the balance point
for no arc resistance can be set nearer the
end of the section for the impedance relay
than for the reactance, the protection is not
necessarily better. This advantage is lost
directly on arcing faults, as such faults cause
an automatic retraction of reach in the im-
pedance relay, particularly on short lines.

E. L. Harder (Westinghouse Electric Cor-
poration, FEast Pittsburgh, Pa.): The
method of symmetrical components now
enters vitally into the design and application
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of nearly every piece of equipment that goes
into an electric power system. It is used in
determining the short-circuit currents for
which the generators and transformers must
It is used in determining the
interrupting duty of the circuit breakers and
fuses. It enters into the application of
lightning arresters and protector tubes, and
into the insulation of transformers and other
equipment. However, nowhere has the
method of symmetrical components con-
tributed quite so much as in the field of pro-
tective relaying. For in this field it has be-
come the indispensable tool for visualizing,
as well as computing, the currents and volt-
ages during fault conditions, which are the
fundamental basis of relay operation.

The introduction of the method of sym-
metrical components by the late Doctor
Fortescue was followed by its expansion
and development into a general industry tool
by many of his associates, notably by
Wagner and Evans, who- developed and
first presented in book form the working
data and methods for treating machines,
lines, and transformers. Wright, under
their direction, and Kilgore determined
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the sequence impedances of machines by
test and calculation.

It perhaps is not surprising, therefore, that
this paper, an excellent contribution of sym-
metrical components to the relaying field,
has come from the hands of a man who was
closely associated with Doctor Fortescue.
‘Wagner, and Evans.

At the time of the writing of this paper the
symmetrical component method was in
quite common use for relay current calcula-
tions. However, distance relays, particu-
larly of the high-speed type, were in their
infancy, and little was known of the merits
of different arrangements. Expression of the
relay balance points in ternis of the sequence
impedances and currents of the system, pro-
vided, as the title implies, ‘A Fundamental
Basis for Distance Relaying.”

It showed immediately that the delta
currents should be used to avoid a 15 per
cent difference in the reach of the relay for
3-phase and line-to-line faults. It provided
an accurate basis for appraising the relative
merits of reactance and impedance relays.
In this paper appear the fundamental for-
mulas that show the two ways to make
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ground distance relays measure correctly.
Subsequently ground distance relays have
been developed along both of these lines,

The work is so systematic, so thorough,
and so fundamental that it stands today,
as when written—the fundamental basis for
distance relaying.

Edward W. Kimbark (Northwestern Uni-
versity, Evanston, Ill.): The new presenta-
tion and publication of an AIEE paper 16
years after it was first presented at an AIEE
meeting and published in pamphlet form is,
I believe, without precedent. The paper
(31-61) first was presented during a period of
depression when, for economy, many AIEE
papers, including this one, were published
in abstract in ELECTRICAL ENGINEERING.
The unprecedented action now puts this
paper on permanent, accessible record,
where it deserves to be.

The passage of 16 years has but confirmed
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earlier judgment that this paper by Lewis
and Tippett is the classic paper in the field
of power-system circuit theory as applied to
predicting the behavior of protective relays.
Nothingequallingitin thisfield had appeared
before, and very little such has appeared
since. Attempts to analyze the behavior of
directional elements as Lewis and Tippett
analyzed distance elements have produced
results far less clear-cut than theirs, Only
two other outstanding analyses in this field
come to the mind of this discusser. They
are the analyses of relay characteristics made
by Neher! and Warrington? and the analysis
of impedances seen by relays during swing-
ing and out-of-step conditions made by
Miss Clarke.?

Since the first publication of the paper by
Lewis and Tippett, the following related de-
velopments have occurred:

1. The relay connections recommended in the

paper have been used widely for phase relays and, to
a lesser extent, for ground relays.
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2. The analysis was extended by Calabreset to
cover the case of relays on the side of a Y-delta-con-
nected power transformer bank away from the fault.

3. An alternative method of obtaining the effect
of delta currents, or differences of two line currents,
was devised, in which the relay had ‘two current
windings each carrying one of the line currents.
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