
4. Turbine-electric (alternating current). type of co-ordination control desired may kinds of drives, based on accuracy
Where low-pressure process steam, not be a decisive factor in selecting the type of adaptability, and stability.
readily available from other sources, is
needed and where the simple co-ordination drive. Table I lists the various kinds of _
control of the a-c system is sufficient. co-ordination control with indication of

In addition to these considerations, the suitability of the control for the different No Discussion

JFI Basis Relaying pedance which is present. On polyphase
undamental tSasis tor vistance Relaying systems the ratio is not necessarily equal

to the circuit impedance, but may be

o3 L
a

affected in various wavs by the type of
ofl fiuiase oystIIem fault, the system load, and other con

ditions external to the section being pro

W. A. LEWIS L. S. TIPPETT tected, as well as by the fault impedance
FELLOW AIEE NONMEMBER AIEE As the impedance in the fault is primarily

resistance, it generallv is assumed that a
relay operating on the reactive component

FOR THE PROTECTION of trans- However, additional protection is re- of the impedance will be unaffected by
mission lines against short circuits and quired for single-line operation and to the fault resistance. On a radial single-

ground faults, it is desirable to have a take care of the possibility of simultaneous phase system this is quite generally true!
system of relays which will divide all faults on both lines, for which distance but, if the fault is fed from two or more

faults on the line it protects, regardless of relays are well suited. Therefore, if the points or if a polyphase system is in-
type or system conditions, into two distance relays are made sufficiently volved, it does not follow necessarily
classes: one, those which occur between accurate and rapid, the balanced-current Current flowing through the fault re
the relaying station and the next section- relays may be dispensed with or provided sistance produces a voltage drop in phase
alizing point on that line, and two, all for backup protection only. A systematic with it. This voltage drop is added to the
other faults. It is also desirable that this and comprehensive analysis of the volt- line drop and thus affects the voltage at
classification be performed instantane- ages and currents which may be used to the relay. Unless the current through
ously, so that the section in trouble may operate the distance relays, to determine the relay is exactly in phase with the cur

be isolated immediately, thus reducing their suitability and the results which rent through the fault, the fault resist-
the damage at the point of fault and the may be expected, has not appeared pre- ance drop will have a component 90 de-
shock to the remainder of the system, and viously. The aim of this paper is to pro- grees out of phase with the relay current
in general permitting operation nearer vide such an analysis. thus producing an effect similar to re

the stability limit. The quantities which Distance relays consist of two basic actance in the line This apparent re-

may be utilized for classification are cur- types: impedance relays and reactance actance can be either positive or negative
rents, voltages, the phase relations be- relays. The impedance relay compares thus making possible an increase or de
tween them, and time. The demand for the magnitudes of the voltage and the crease in the indicated reactance and ad-
high speed of fault isolation, rendered current, the ratio being the indicated im- versely affecting the relay operation. If
acute by the development of high-speed pedance. The reactance relay compares the fault resistance becomes very large in
circuit breakers, largely has disqualified the magnitude of that component of the comparison with the reactance of the
time as a fundamental means of dis- voltage 90 degrees out of phase with the transmission line section, this effect be-
crimination, leaving only the other three. current and the magnitude of the-current, comes quite serious and may prevent the
For protection of single lines, the near- the ratio being the indicated reactance. application of the relay in some cases,

est approach to this ideal, exclusive of Since the original presentation of this particularly on very short lines.
pilot-wire or superposed high-frequency paper, several modified types of relays Because the circuit impedances are not
methods, has been obtained by the use of have been developed, having character- absolutely invariable and the relaying in-
distance relays. For parallel lines a some- istics which are modifications of, or com- dications not an absolutely accurate
what closer approach has been obtained binations of, the characteristics of im- measure of the distance to the fault, it has
by means of balanced-current relayvs. pedance or reactance relays. The pur- been found impractical with distance re-

Paper 47-66, recommended by the AIEE committee pose of these special types has been to lays to classify all faults into the two
on protective devices for presentation at the AIEE minimize the danger of undesired relay classes specified. For faults near the re-
winter meeting, New York, N. Y., January 27-31,
1947. This paper is based on one originally pre- operation during load swings or other mote end of the section, the relay is un-
sented at the AIEE Middle Eastern District meet- system disturbances, while rtingor able to determine whether the fault is
ing, March 11-13, 1931. Manuscript submitted reann
November 14, 1946; made available for printing improving the ability of the relay to oper- just within or just beyond the end of the
Decemberl12, 1946. ate for faults in the protected zone with section. Hence, an intermediate class
W. A. LEWIS is dlean of the graduate school, Illinois fault resistance present. has been introduced to include faults in
Institute of Technology, Chicago, Ill.,> and consultant
for the ArmourResearch Foundation; L.S. TIPPETT, Under line-to-line fault conditions on the immedate neighborhood of the end of
formerly switchboard engineer, Westinghouse Elec- an sige-hs th-di th.eto n ~ sd.I al al
tric Corporation, is now wvith Westinghouse Rose- in dividual sigepaeline, th ni h eto neither sd.I al al
bery Proprietary, Ltd., Waterloo, Australia. cated impedance is equal to the actual in the first class, the circuit breaker is
The authors acknowledge the co-operation and en- impedance of the circuit from the relay to tripped instantly. If a fault falls in the
couragement of H. A. Travers, S. L. Goldsborough,
and the late R. D. Evans and L. N. Crichton. the fault, plus the effect of any fault im- second or intermediate class, a definite
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Figure 2. Single.
Ideal - Practical Distance- line diagram-as-

L& Characteristic Relay Characteristic sumed equivalent

E e First econd_ Third system

e

ClassICass Generator mI Circt Generator
Relay Sec onalizing Distance from Breaker
Considered Point Relay

First Second
Balance Point Balance Point

Figure 1. Ideal and practical distance relay any reason, to open when they should. H are the same as those occurring under
characteristics However, it is highly desirable that the the actual conditions. This is always

variation be kept to a minimum, so that a possible, although the practical applica-
short section of line may follow a long one tion may be quite difficult For our pur-
without danger of the balance point mov- poses, it is necessary only to know that

time delay is introduced before the circuit ing out of the section, or extending beyond the representation is possible, the actual
breaker is tripped, and if the fault falls in the first balance point of the relay pro- values of the equivalent circuit constants
the third class, the circuit breaker either tecting that section. being required only in special cases Ade-
is not tripped or is tripped only after a If the quantity indicated by the relay quate neutral grounding is assumed at
considerably greater time delay. This is is constant for all faults in any given lo- both ends of the system, although from
shown in Figure 1. If the fault is beyond cation, but increases as the distance to the standpoint of the following theory it
the end of the section, it will be cleared the fault increases, and decreases as the may be either solid or through impedahce
by other circuit breakers and relays be- distance to the fault decreases, it is Shunt loads and distributed capaci-
fore the expiration of the time delay, and obvious that the balance points may be tance have been neglected, for simplicity,
the relay will reset. If the fault is just fixed accurately. If the quantity is vari- in line with the usual practice in the calcu-
within the section, the relay will trip the able for different faults at the same loca- lation of short-circuit currents, although
circuit breaker at the end of the time tion, the balance points will shift an later the effects of loads will be discussed
interval. Thus, the final classification amount depending upon the maximum However, the simplification of assuming
for faults in the intermediate group is variation. It is, therefore, important to both generating sources in phase is not
made in conjunction with the operation of eliminate or reduce the variations in indi- permissible, as phase relations have an
other circuit breakers and relays during a cated impedance or reactance as far as is important bearing on the results.
short time interval. practicable. The use of symmetrical components for
When impedance or reactance relays The quantities which would be indi- the determination of short-circuit currents

are used, the fault belongs in the first cated by the two basic types of relays during unbalanced faults is now well
class, if the indicated impedance or re- under different fault conditions are de- known, but the application to the de-
actance is below a definite lower limit; in termined in the paper in terms of the cir- termination of voltage conditions is not so
the intermediate class, if the indicated cuit constants and fault currents, and a widespread, due to the fact that the
quantity lies within two given limits; and comparison is made to show the possible voltages are not required so often. For
in the third class, if it exceeds the upper variations. The methods which will re- present purposes the voltages at relaying
limit. It will be convenient to call the sult in smaller variations are pointed out. points are of particular importance, and,
points at which faults must occur in order For the purpose of developing the neces- as the relaying voltages generally will be
to produce the limiting values of indicated sary formulas, a typical 2-circuit trans- compared with the relaying currents, it is
impedance or reactance "balance points," mission system has been assumed, as desirable to know the voltages in terms of
as for such faults the relay just balances shown in Figure 2, with a source of power the fault currents and the constants of
between one type of operation and an- at each end of the line. The 2-circuit the circuit, instead of in absolute values,
other. To achieve the ideal, it is neces- line between stations G and H has been thus facilitating the comparison. In the
sary to make the first balance point coin- shown in detail, with bussing of the two appendixes, the voltages at relaying
cide exactly with the remote end of the lines assumed at these points. The re- points, line to neutral and line to line, as
section. In practice this is not possible, mainder of the system at each end has well as their symmetrical components,
but in order to prevent false operation, been represented by a single equivalent have been worked out in terms of the
and give full protection, the first balance circuit and a single generator. In general, fault currents and circuit and fault im-
point never must extend into the adjoin- any section of a system may be represented pedances for all the common types of
ing section, and the second balance point in this manner for short circuits outside faults. In the body of the paper these
in the adjoining section never must ex- the section so simplified, although the con- voltages will be compared with the fault
tend into any other section. The smaller stants of the equivalent circuit and currents to determine the impedance or
the variations in balance point position, equivalent generator may change. If reactance indicated by the relay which
the closer the balance points may be lo- there are ties between the two generating should be operated for the particular
cated to the remote end of the section, stations other than the lines shown, pro- fault, and comparisons drawn for possible
and the more nearly the relaying system vided these ties are so remote that they relay connections.
approaches the ideal. do not have appreciable mutual coupling The notation used is that of sym-

It is not essential for the second hal- with the two lines considered, the effects metrical components with additional sub-
ance point to be located close to the end may be taken into account bygiving to the scripts to indicate the particular point or
of the first section, as advantage may be constants of the equivalent circuit and path involved. The notation is given in
taken of its presence in the adjoining the equivalent generator variable values, Appendix I.
section to provide backup protection for such that at every instant the vroltages For simplicity in writing the equations,
a portion of the second section, in case the and currents flowing from the simplified the single-subscript method of indicating
circuit breakers in that section fail, for portion of the system into stations G and delta voltages has been used. The rela-
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tion between the single-subscript nota- ground. In the following discussion, the DOUBLE LINE-TO-GROUND FAULrStion, using capital-letter subscripts, and faults have been divided into two general
the more common double-subscript nota- types, the first consisting of line faults in- Equation 130 of Appendix IV gives thetion, using lower-case subscripts, is indi- volving two or more conductors, and the value offAG in terms of (- IbGF) for thiscated in Figure 3. In all cases voltages second consisting of ground faults in- tYPe of fault. Dividingby (-IbGF) givesr . ,~~~~~~n

the indicated impedance asrepresent voltage drops. When a single volving one conductor and ground.
lower-case subscript, a, b, or c, is used, the

Z = Rq I+b2 F RSvoltage drop from that phase to neutral Line Faults- 22 / 'bOF 2is intended. When two lower-case sub- Star-Current Relaying 'aGF 31G Rscripts are used, the voltage drop from the -mZ1GH-_ ZFzGH+s -first subscript to the second is meant. The earlier connection of impedance or IbGF IbGF \ 2 /The corresponding relation for the single reactance relays for protection against 3IOHF RS (5)capital subscript is shown in Figure 3. A line faults made use of the delta voltage 1bGF 2small plus sign indicates the terminal of and the line current for operating the As in the preceding case, an impedancehigher potential when the corresponding relay. The phase relations usually were relay indicates the magnitude, and avoltage is positive. chosen so that the current lagged the reactance relay the imaginary componentIt is necessary to set up the sequence voltage by 30 degrees at unity power of the foregoing vector expression.networks for the assumed system. The factor. This connection is shown If the fault resistance is zero this benetworks are shown in Figures 4, 5, and 6, schematically in Figure 10, only the con- comes
and the steps involved are explained in nections for the impedance element being
Appendix II. Here also the fault currents given. By using the quantities given in ZR 2ZlaG+ M__ZIGH-3__rF G 11at relaying stations are set up in terms of the appendixes, the impedance or re- IGGF 'bGFtheir symmetrical components for the actance given by this connection may be (6)various types of faults. Certain instru- determined. In setting up the sequence If the circuit breaker at H is open, thesement current transformer connections, expressions, line faults involving only two eXpressons smp1f aS Iwhich will be used, give different relaying conductors are assumed to occur between ePPYression simifacurrents, and these likewise are worked conductors b and c. The delta voltage of H a gigout assuming a 1-to-i transformer ratio. this phase at the relaying point G is then ZR=2(mZ +GHRsThe actual relaying currents may be ob- EAG. The line current which lags the 2GH2/tained by dividing by the transformer voltage by 30 degrees, at unity power 3IoFC(ratio. The connections considered are factor and flows from G to the fault is MZ1GH+-) (7)shown in Figures 7, 8, and 9. (-I_oF).
The use of a single set of relays for pro- and for zero fault resistance givingtection against all types of faults has not LlNE-TO-LINE FAULTS 3been found possible yet. One set of re- Equation 106 of Appendix III gives the ZR =2mZ1GH - mZ.GH (8)lays is required to protect against faults value of EAG in terms of (-IbGF) for this

involving two or more line conductors, type of fault. Dividing this voltage by
and another set of relays is needed for the relaying current (-IbGF) gives the re-
protection against faults between one lay impedance ZR, indicated by the relay 2G12TGj H Z1H _ 254conductor and ground. It is also pos- at G which should trip, as 12 _ lG,,Fsible, by means of a set of transfer relays, T Z2TG Z2IJH Uto use a single set of distance relays, con- z ~2 R 'bHFRFgSur 5 (be Ng Iv q nnected in one way for faults involving two 2 IbGF 2

wofk fof assumed systemor more conductors, and in another way IaGF
for faults involving one conductor and bGFMZIGH

An impedance relay, of course, responds Figure 6 (below). Zero-sequence network forItEA ' ECb ' EC - Eb to the magnitude, and a reactance relay to assumed system
the imaginary or reactive component of S -
the foregoing vector expression. OG --(ZOGH MOG)-IESEa 1 odCTofacilitate comparison it is also de- _OGF F ..EAEA b- sirable to write this expression when the T ZorG PQ( H ZOuH U

impedance ~~~~~~~~~MMO.GH F (I -rm) MOGH/ Eb fault impedance is zero. In that case o MOGHf'c E. -D3 EI,< CWE--'Ea LEC In (ZO MOGH)("E m) (ZOIH-MOGH)c Eb, l~~~~~~aGF
ZR =2mZ1GH+ -GFmZZI,, (2)Figure 3 (above). Voltage vector diagram 'bGF l.ashowing convention in choosing delta voltages If th cici brae at Hasopn
'bHF and '<aGF are zero, and equation 1 be- t fFigure 4(below). Positive-sequence network comes WQ _ccfor assumed systeml

S ZS = ~2(mZioH7+2)(3|

ETr VG E_I U , With no fault resistance this becomes Figure 7. Delta- T) (11()
G mZ108 F(Cm)Z ZIUHU(l* ZR=2mZIGH (4) transformers | i-a 'c"-b 'a ~1
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THREE-PHASE FAULTS la a Cr. Bkr.
Equation 146 of Appendix V gives the m b

value of EAG in terms of (- 40F) for this
co

type of fault. Dividing by the relaying
current (-IbGF) gives Ila lIb l1c t310 -Lb
ZR=2(mZOGHI+-') +2 R-HF'ro±+ Distance Relays2, 'bGp 2 AP10

-aGP mZIGH+ )+ RS (9) t ZV - - - b| A-E, E8=EIbGF 2 Ib_2 Phase Rotation a-2b-c
If the fault resistance is zero, this be- /io-b-

comes. Relays or Other Io Auxiliary TransformerCurrent Devices for Removing Zero-Sequence
IaGF CurrentsZR = 2mZIGH+ mZIGH (10) Figure 10 (above). Distance relay connectionsIbGF Figure 8 (above). Delta-connected device for line-fault protection, using line currents

In this case, however, because of the with zero-sequence Alter
fact that the fault is symmetrical, we have
the following relations between the cur-
rents Figure 9 (below). Special current transformer Figure 11 (below). Preferred distance relayconnection for ground fault protection connections for line-fault protection using1aGP/0bGF = 1aHF/IbHF = a delta-connected current transformers
Also

Cur____Transf__aCir Bkr
Paralle

2 a= __`3__Ej____ CJ
ie_0 0

These expressions then become ca
-~~~~...U~~~ Line Being

V~~(mZaGH+~~~~~eiso0 ~~~~~HV~~~~bHFR~~~ -~Protected
ZR (+ 2 )IbOF 2 .1| D14 IG 2

(I1) ~ix 101 1rz 3(Io+lui) -J AuPot Distance Ways
and, when the fault resistance is zero, Rylap|aTr ans E bormers EBEac

ZR= \/3MZIGM eEj3i (12) 3t3(r,o1+r2I|) Phase Rotation a-b-c
Turn Ratio~r2 L. Turn Ratio r0

If the circuit breaker at H is open,
IbHFp and I'O,HF are zero, and equations 9 Adjustable Ratin Auniliary Transformers
and 11 become, respectively,

Z-2K Z H+! + MeoGFZz+ Rs' the current in one of the faulted con- and phase angles of the currents involved.RyV aG 2/ 'lbGtL2GFk 2 / ductors. In a balanced 3-phase fault, But a difference between maximum and
(13) definite relations exist between the cur- minimum values of 25 per cent of the

and rents in the line conductors, and the magnitude or reactive component of theground current is zero, so that in this case first term is easily possible. As will be
-1 RS Eoo the value of the additional terms may be shown later, all the variations introducedZR= V/3VmZxoH+-2 determined. This is done in equation 12. by the preceding factors may be elimi-

For both line-to-line and double line-to- nated by changing the relay connections,Equations10fand 12, beingaindependent ground faults, the currents in the un- so that it is not essential to analyze these
of currents from H, are unaffected by the faulted conductor and in the ground are limits very carefully.
opening of the circuit breaker at H. determined by conditions external to the After the circuit breaker at H has

section being protected, and are subject to opened, ZR becomes definite for both line-COMPARISON variations over wide limits. The current to-line and 3-phase faults, but is still
First consider that the fault im- in the unfaulted conductor may be posi- variable for double line-to-ground faults.

pedance is zero. Comparison of equa- tive, negative, or zero, depending upon The corresponding values are given by
tions 2, 6, and 10 shows that the first load conditions, exchange of synchroniz- equations 4, 8, and 12. As an impedance
term of each, 2m ZIGH, is the same and, ing power, positions of circuit breakers at relay is unaffected by the 30-degree ro-
therefore, independent of the type of line other points on the system, and so forth. tation of equation 12, the indicated im-
fault. Moreover, it is equal to twice the The current in the ground during double pedance is reduced from 2mZ_H to 1.73X
line-to-neutral impedance between the faults is also subject to considerable vani- mZIGH, a reduction of approximately 15
relay and the fault, and so is proportional ation, depending upon the relative im- per cent. The reactance relay is affected
to the distance from the relay to the pedances to phase and to ground current, by the phase relations, so that the reduc-
fault. However, each of these expres- These v7ariations cause corresponding tion in reactance depends upon the phase
sions contains one or more additional variations in the value of ZR,s affecting angle of ZIGH[. If the phase angle is less
terms which involve not only the con- both impedance and reactance relays. than 75 degrees, the reduction is less than
stants of the line but the currents in the The exact range of variation is difficult to 15 per cent, and, if the angle is greater
remaining line conductor and in the determnine for the general case because of than 75 degrees, the reduction is greater
ground, if any is flowing there, as well as the wvide range possible in the magnitudes than 15 per cent.
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]EFFECT OF FAULT RESISTANCE the last parenthesis, this expression con- expressed in terms of the corresponding

The effect of resistance in the fault is to tains an apparent reactance equal to currents obtained from delta-connected
add two ormor terms to the mpedance (hti'b1IGF) (R8/2) sin (On - 0iGF). If On current transformers.

expressions. One of these additional isgeae ha CF, this apparent re- Frln-oln alseuto 0
terms is always a pure resistance, and, actance is positive, but, if On, iS less than gives
therefore, adds at right angles to the 0bGF, indicating that I1, lags 'bGF, the ( R8 Rs 5
reactance. The other term or terms are of apaet eca2ei ngtve2A
the form (in/IbGF) (Rs/2), where In, may Unless the phase angle (On, - 0bGF) iS

represent ny one ofseveral curents. If very large, the effect of these fault re- For double line-to-ground faults eqia~
In ad IGFre i phse,thes tems lso sistance terms is to increase the indicated tion 124 gives

willbe ureresstacesandwil ad atimpedance, making the fault appear more{-wil bepurrsisancs ad illaddat
remote than it actually is, and therefore EAG IaGF MZ1'GH+-Rs +iaHF

R

(16)
right angles, but any phase angle differ- mvn h aac on lsrt h
,,ance will cause them to add vectorially at movingfo thetbalncetpoint clse

W to the- o hs alseuto 4 ie
an angle differing from 90 degrees. Let rlyfrta odto. Wt e o -hs alseuto 4 ie
thehaseangls ofifland OGF e Or an actance relay the first resistance term'i has/

no effect. However, the additional terms EAG -"zIaGF MZGHI+ +I±JafF (17)
0bGF with respect to some arbitrary com- mycueitrannrasorad-2/ 2

benrexpressed inThenform crease, depending upon phase relations These expressions are all the same. It
beexpressedin the formbetween currents, so that the balance is evident, therefore, that if 'aGF is used

(ITn/lbGF) (Rs/2) cos [(On -ObGF) + point may be shifted in either direction. for the relaying current instead of (- b)
jsin (On, - ObGF)I As the balance point never must extend the same fundamental expression will

It will be noted that the current symbols into the next section, allowance must be be obtained for all types of line faults

in this expression indicate the scalar made for this condition in setting the at a given location. If the circuit breaker

values instead of the vector values. Due relay, and, therefore, in general the at H is open, the relay indicates for all

to the presence of te imaginary term in balance point for a fault occurring with- three types of faults
out fault resistance may be made closer (18

Cur Transf irk to the next sectionalizing pitwith an ZR MZIGH+-18
a point ZR2
b impedance relay than with a reactance

relay. This expression consists of an impedance
term which is directly proportional to the

- ~~~~Line Faults- distance to the fault and a variable fault
Delta Current Relay'ing resistance term. Hence, witb the remote

circuit breaker open, a reactance relay
Pot II The clue to a means of obtaining a con- will receive a constant indication for all

Traust \E~=~ ~A Ecb ~ Eac stant relaying indication for all line faults line faults which is proportional to the

'Distance Relays / is given by comparing equations 100, distance to the fault. The impedance
Zero-Sequence Filter 124, and 143 which give the delta voltages relay will receive an indication which may

Phase Rotation a -b-c at G on the faulted phases for line-to-line, vary somewhat due to the presence of
double line-to-ground, and 3-phase faults fault resistance, and- tfie variation de-

Figure 12 (above). -Distance relay connec- pends upon the relative magnitudes of the

tions for line-fault protection using delta-con- li-ne resistance plus fault resistance and
nected relays and zero-sequence Filter Figure 14. Distance relay connections for the line reactance. However, it should be

single line-to-ground faults using voltage noted that only one half of the fault re-

compensation sistance from conductor to conductor
Figure 1 3 (below). Distance relay connec- Cir Bkr sol eue ocmaewt h oi
tions for single line-to-ground faults using Cur Trunsfa tive-sequence, or line-to-neutral, im-

current compensation--
Cit OG ___ b Parallel Line ~~~pedance of the line in determining the

Cur kr. aralsl ineeffect of fault resistance on the indicatedCurTransf c~
0~~ ~ ~ ~ ~ -impedance.

Parallel Line --74....... aWhen the circuit breaker at His closed,
I -~~-n~--- --- 4-~ i b Line Being the vector impedance is affected, of

~7 aIc coictdurse, by the current from the remote
Line Being I7end, and ZR becomes

Protected Line-Drop_______ Compensators
C -P- ece--I Rs IaHlFRS3T 10 I(4 5 ~~~~~~~~~~~~~316ii-VTi0 i ZR= MZIGH1+-+
jJ-Ruis r1 Trnsores y 2 'OFRatr' I

2ee gi,i IaHFhGF isntapr

r~se.d
thatritsisrnotsaltogethe



system external to the protected section. a a current comes entirely from one point.
Two methods are available for obtain- F b F b When the fault current divides and comes

ing the proper current. The necessary R F R F from two or more points to the fault, the
current transformer connections are 2 w',aee 2t

a eResistances proportion of the current in the conductor
shownl in Figures 7 and 8. The first w() R5 which is residual or zero sequence de-
method consists of connecting the current rault Representation (a) pends upon the relative impedance to
transformers in delta and the relays in Y, Fault Representation phase and ground currents in that branch,
in accordance with Figure 7. Connec- _ _6,_,s and, due to the fact that the impedance
tions for a set of three relays using this 0sitives Positive-Sequence of the transmission line is much higher toI Net ork Network __
connection are shown in Figure 11. The F F ground current than to phase current, a
second method consists of connecting the 2 w 2 relatively greater portion of the residual
current transformers in Y and the relays Nnegate-Sequence Negative-Sequencel current usually will come from the end of
in delta, in accordance with Figure 8. Networ_ Network the line nearer the fault.
Connections for three relays using this F R5 The variations in indicated vector im-2 w 2W
connection are shown in Figure 12. In - - pedance discussed affect the indicated
this case, the currents through the relays Netwo,v Connection L Network reactance in much the same proportions,
are IA, B, and 1c, which are equal to one sow3RG SO that the use of a reactance relay pre-
third of the currents obtained by the 2 w sents no advantages when considered
tmethod of Figure 7. Hence the im- Neleork Corooction from the standpoint of these errors alone,
pedance indicated by the relay is three and the justification for such a relay rests
times as great, other conditions remaining Figure 15 (above, left). Representation of on the fact that it reduces the effect of
the same, as it is using the delta-connected line-to-line faults the two resistance terms.
current transformer scheme. When the Figure 16 (above, right). Representation of Use of the residual current does not
system has a grounded neutral, a zero- double line-to-ground faults give any improvement, over the use of
sequence filter is required with the con- line current, as the voltage EaG is not
nection of Figure 12 to provide a path for directly proportional to the residual
the zero-sequence or residual current. fected by the fault resistance, the residual current, even when fault resistance is
One form of such a filter is shown in Fig- current in the line being protected, and neglected, and a detailed analysis of this
ure 8. Any grounding transformer con- by the residual current in the parallel method therefore is not included
nection is suitable for this purpose, so line r
that several other designs are possible. Where two lines parallel each other at Ground Faults-

close spacings, the zero-sequence mutual Improved Distance.Relaying
Ground Faults- impedance between the lines becomes

Conventional Distance Relaying quite appreciable in comparison with the From what has preceded it is evident
self-impedances, and, when m is large, that the use of either impedance or re-

It generally is recognized that the high that is, when a fault occurs near the re- actance relays in the manner suggested
value of resistance which may be present mote end of the section, the value of will not be entirely satisfactory, and
in ground faults is sufficient to eliminate 'OGH/'IaGF becomes of the order of one methods for improving the performance
the ordinary impedance relay from con- third on a normally designed system, so are necessaryif the dlstance principle is to
sideration. However, the use of a relay that an im-portant term is added. How- find extensive application for ground
which effectively eliminates the resistance ever, if the parallel line is not in service, faults. As the currents and voltages
component often is considered, and an this term is not present, and considerable which are available at the relaying sta-
analysis of the available currents and variation in the indicated impedance is tion do not give satisfactory indications
voltages during ground faults is, there- possible. Of course, if only a single line is as they stand, it may happen that they
fore, pertinent. It is customary to use the involved, this term will not enter in any may be modified in accordance with
line-to-ground potential and line current case.
for energizing the relay, although use of The variable term (IOGF/IaGF)mX give more suitable quantities. Modifica-
the residual current has been suggested. (ZOGH-Z1 GH) is also a source of trouble, tion may be made in either the current, or
In setting up the conditions for this type as the ratio (IOGF/IsGF) is not fixed by the voltage, or both. In any case much
of fault in Appendix VI, the fault is as- conditions within the section itself, un- improved performance may be obtained.
sumed to occur on conductor a. The line- less there is only one path for the fault
to-neutral voltage on the faulted phase is, current to take, true in this case only
therefore, EOG. Equation 159 of Appendix after the circuit breaker at II has opened. Equation 159, giving '' aG during this
VI gives the value of EaG during this type In general, where the fault is near the re- type of fault, may be written in a different
of fault. Using the line current, IaGF, for mote end of the section, the ratio ('oGG/ form by factoring m?-lGH out of all terms

tripping, the indicated impedance is 3aGF) often will be less than one third except those involving RG. XVe obtain
when the circuit breaker at H is closed,

ZR~mZaGH+Rc+ RG+ and equal to one third when the circuit Ea" Ja+I GI+-OH-I
'aGF breaker at H iS open, causing an increase \ZsGH

IOGF(Z ~ , in impedance due to the opening of the I MOGH]
IaG '(oa1ZGH) Jr circuit breaker, at which time a decrease 'OGH JmOH

IOGH ~~is much to be preferred if any change (IaGF+IaHF)RG (21)
I'OF & (20) must occur. The value one third given
a ~~~~~forthe ratio (!ou,F/IacF) is imposed by If now we are able to use for tripping a

It is evident that this quantity is af- the conditions at the fault when the fault current 'r defined by the equation
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IGF+Io ZOH-ZlGH Various means of making this correction given by equation 167 in Appendix VI asZlGH are possible, but they introduce con-
Mo,sH siderable complication and are not con- Ea=(IGF+I2GF)mZSG+IOGFmZOGH+

'OGH (22) sidered here. !OGHmMOGH +3(OGF+IOHF)RQZIGH
If IOF is used for energizing the relay,

we obtain a very simple result, as follows VOLTAGE COMPENSATION considerable error and variation will be

IaGF+IaIIF It has been stated earlier in this paper produced by the terms not proportional
ZR = MZIGH+ aGF+IaHFRG (23) that it is desirable to obtain a constant to IOGF. However, for faults at particularI4 relay indication for all faults in a par- locations, these terms, other than the re-

ticular location and that this indication sistance term, may be removed by meansThe first term of this expression iS
directly proportional to the distance from should be proportional to the distance of line drop compensators. Let us assume

the fault to the relay and isindepend from the relay to the fault. This is a that the fractional distance to the firstthefaulttotherelayand1$1ndePendent~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~idpedntteea
ofconditionsexterna.tothsec sufficient condition to establish the bal- balance point is n. Then we may sub-of conditions external to the section being

protected. The second term is a function ance points accurately and divide the tract from the relay voltage the quantity
of the fault resistance and has the effect of faults into the proper classes, but withrelays operating on the balance-point (I1GF+IuaF)nZ1GH+IOHnMDGH
a pure resistance if (1aGF+IaHF) iS in principle it is not a necessary condition.
phase with I,. As, in general, all the im- Itmis,lhowever n ecessaryfordtion. If a fault occurs at the balance point,
pedances involved in equation 22 will It is, however, necessary for the relays m= n, and we have

havenearyte sae pase ngl, uness to receive a constant indication for faults
the lneartaesare very large, andes at the chosen balance points. For faults EaG IOGFnZOGH+ 3 (IoGF+IOHF)RG (24)the line resistances are very large, and

tohrlctos,i simtra
also, as 'aGF, IOGF, and IOGH are usually at otherlotcations, it iS immaterial If Io,, is used for relaying current, the
nearly in phase for this type of fault, this whether the ndication is proportional to measured impedance becomes

,'. the distance from the relay to the faultwill be nearly true. In general, the varia-ywill be nealyru.Ignerl,hev or not, provided the indication given does IOHFtions in phase will be of the same order as
n

, . . ZR=n ZoG±+3RA+.3 RP (25)not exceed the limits provided by faults 1tGFthose occurring between corresponding at th
currents in the preceding analysis of line balance poits This is due to the

fact that a distance relay of the balance- This value of ZR iS composed of a

resitas inte, same porion just point type will trip with practically a definite impedance X ZQGH, a pure re-
as satisfactory prothectioncanbeobtaine

J
constant speed for all faults within the sistance 3RG, and a term which may have

for groundfaultsafotro linbefaults,using limits of the class in which the fault falls a reactance component unless IOiF is
distancegrelays. However, the fault r- regardless of whether the indicated value exactly in phase with YOGF The factor 3

sistance g re achesconideab is well within the class or near the limits. enters here in connection with the re-
highaner values,ral thathesvariatonsid bll Use is made of this principle in applving sistance, making the apparent resistancehigher values, so that the variations willl I

muhlre,btte meacemi
be somewhat larger than the minimum voltage compensation to distance ground much larger, but the impedance term in
obtainable on line faults, and a relay relays. In analyzing this application, ths case is ZOGH, which Si usually three
which is substantially unaffected by the relaying, voltage EaG may be ex- or more times the posiive-sequence im-

* *, p~ressed more conveniently in the form pedance for the line, ZuGH{, SO that thefault resistance generally will be required. ly iratio of resistance to reactance in ZR for a
There are several methods of obtaining giv of RG is notinceased, or

the current I for relaying purposes. that oaine by Rrent coensation,
Where the line resistance is not too large, Figure 17 (below, left). Representation ofr an ther th errontroduedaby
it will be satisfactory to assume that 3-phase faults th d iferece, phero itoHucad bG
(ZoaGH-ZGH), MOGH, and ZiGH are all Figure 18 (below, right). Representation of will be of about the same percentage as
in phase. If this is true, the ratios of single line-to-ground faults before.
these quantities, appearing in equation a If the fault occurs at some other loca-
22 for Ir, become pure numbers or trans- F, . _ w~~~~~~~~~~~~~~~~tion, m is no longer equal to n, and ZR be--
former ratios, so that these currents may c comes
be added to the relay currents by means R,
of transformers of corresponding ratio I 1Hm RG+ZR=MSZOGH+3&G+3~ RG+energized from the residual currents in the . IOGF
two lines respectively. For this purpose, (a) IIGF+I2GF(
the relays may be provided with ad- a Fault Representation IOGF - +
ditional current coils which carry the F b _ ___
added currents. Another method is to Positive -GSequenceH I( ) H 2
introduce these currents directly into the l Network F (
normal coil by means of the zero-sequence Rs RG F The two additional terms are positive
filter, according tao the. scheme of Figure 5W W for m greater than n and negative for m
9. The connections for a set of relays i Negative-Sequence7 less than n, so that, for faults beyond n,>

using~ ~ ~ ~ (athsmtoIr hw nFgr 3 Network I
~~~~~~~~~~~FuslnthRephdresenatown m F l gr3 ..i-ZR increases by a greater percentage thanThe urrntsfloingthrogh he elas Fult eprsenatin RGW m does, and for faults nearer than n, Z.R

become Iz, Iv}, and 'z, given by equations | Positive-Sequence rZero-Sequec Hence,easembyageomes quiersmall, thenim-
62, 63, and 64 in which ri I(ZOGR - Network Netork Hne smbcmsqtesal h m
ZOGH)I/(ZOGR) and r2 MoGH/ZiGR. Rs F 4F- pedance may become negative. As the
Where the resistances in the lines are 2 TwI RGW reactance elements of most reactance

large, correction for phase-angle differ- (b') (b) relays will trip for negative reactance,
ences in the impedances may be required. i-etwork Connection Network Connection this introduces no dificulty so long as the
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directional element is not energized from DOUBLE LINE TO GROUND FAULTS reactance effects will tend to compensate.
the compensated voltage and operates T Therefore, the amount of variation intro-
properly. duced into the indicated reactance usually
With the foregoing scheme, four com- conductors b and c and ground. Hence, will be small, unless the two resistances

pensators are required per group of three the relaying voltages are EbG and E`G, RS and Ra run to opposite extremes or
given by equations 122 and 123. Factor-

ground relays. Three of these compen- .
m

are large in comparison with the reactance
sators must be energized from the posi- analysis of current compensation for Athslinen
tive- and negative-sequence components sinle line-to- ound faults, we obtai A similar analysis may be given for
of the current in the corresponding line g voltage compensation. The line-to-neu-
conductors and the remaining compensa- [ (ZOGU -Z101H) tral voltages expressed in the most con-
tor from the residual current in the paral- Eb L 'GGF+IoGF z + venient form are given by equations 132
lel line. The current (I1GF+I2GF) is equal ZMOH and 133. With the scheme of compensa-
to (IaGF-IoGF) or in other words the re- 10GH 1mZIGH+ (IbGF+ tion shown by Figure 14, the voltages
quired current may be obtained by re-

Rs
subtracted from the line-to-neutral volt-

moving the zero-sequence component (bHF) + (IOGF± IOHF)3RG 27) ages will be (a2IiGF+a120p) UZ +IbHF) +(IoGF+IIOGF)MOGH and1 (aI2GF+ anZqGH X
from the line current. This may be ac- 2 10GHnMOGM and (I1GF+a2I2GF)nX
complished by means of the zero-sequence r (ZOGH -Z1GH) Z1GH+IOGH n MOGH respectively.
filter previously described. Use of this E'G LICGF+IOGF ZIGH + The resultant relay voltages become
method of compensation is made in the MOGH EbG = IOGF (mZOGH± 3RG) +3JOHFRG+
relay connections shown in Figure 14. 1OGH Z1GH jZIGH+ Rs
However, the current through each relay RS (/bGF+IbHF)-+(a2IlGF+aI2GF)X
is (3 I,) so that the indicated impedances (IcGF+ICHF) + (IOGF+±IF)3R±G 2

are one third of the values given by 2 (m-n)Z1GH+IoGH(m-n)MoGH (31)
equations 25 and 26. (28)

Other schemes of compensation may be Except for the fault resistance terms, ECG =IOGF(MZOGH+3RG) +3IoHFRG+
utilized, making use of line current, the foregoing equations are of exactly the RS
residual current or any of the symmetrical same form as would be obtained for single (IcGF+IcHF) 2 + (aIlGF+a2I2GF) X
components of the line current for tripping line-to-ground faults on the corresponding (m-n)ZLGH +1o0G(m-n)MMOGH (32)
the relay, and eliminating the terms in phases. Hence, exclusive of the fault-
the voltage not proportional to the dis- resistance terms, if the relaying currents As 3IOGF is the relaying current, the
tance from the fault by means of com- are equal to the expressions in brackets, indicated impedances become
pensators. the same indicated impedance is ob- mZOGH 'OHF

tained for double line-to-ground faults as ZR(O- 3 +R+ OGF+
Operation of for single line-to-ground faults. If the IbGF+IbHF Rs a2I1GF+ac2GF
Ground Relays on Line Faults circuit impedances are such that we may 2 + X

assume (ZOGH-Z1GH) and MOGH in 3IOGF 2 3IOGF
Operation of ground relays upon the phase with ZIGH, these currents reduce (m-n)ZIGH+ 9G (m-n)MogH (33)

occurrence of line-to-line faults is not to to 'yGF and IZGF, as given by the connec-
be expected, unless the fault current is tions of Figure 13 and equations 63 and
very large, because the line-to-ground 64, rH and r2 being l(ZOGH-ZIGHZ)llZCGH I0I+ F

voltage maintains a large proportion of and MOGH/ZlGH respectively. Under 3 Ioap
its normal value, and the indicated im- these assumptions ZR for the two relays ICGF+IcHF Rs alGF+a2I2GFX

becomes +pedance or reactance is, therefore, usually 3IoG, 2 31oGF
sufficiently great to prevent operation. IFIH R
In the few cases where the line-to-line ZRb = MTZIGH I 2 + 31OGF
fault currents are large enough to operate I +2
the ground relays, it is almost certain oIGFIHF3RG (29)
that the corresponding line relay also IYGF Here again, exclusive of resistance
should operate, so that false tripping will ICGF+ICHF RS terms, for a double line-to-ground fault at

ZR(C)=MmZ1GH+ -+ the balance point, that is, for m=n, thenot occur, but indication of a more severe IZGF 2 indicated impedances are the same as
fault involving ground occasionally may IOGFIOF±-
be obtained. The indicated impedance or IoFoHF3RG (30) would be obtained for a single line-to-
reactance is not fixed by the impedance of ground fault on the same conductors.
the line and fault, but is affected by the For this type of fault, the currents in However, the resistance terms involving
remainder of the system, so that deter- the line conductors are usually con- RS/2 may be a source of considerable
mination of the actual value requires siderably out of phase with the residual error whenever RS becomes large in com-
consideration of each individual case. currents, and the relay currents, being parison with ZQG7H, as (IiGF+JbHp) and
Double line-to-ground and 3-phase made up of both, will be intermediate in (ICGF+ICllF) will be considerably out of

faults previously have been classed as phase between the two. Hence the indi- phase with IOGF, thereby producing an
line faults. However, operation of the vidual resistance terms never Willl appear apaetracac.hc wil be psitv
ground relays upon the occurrence of such as pure resistance but will have reactance in one phase and negative in the other.
faults normally will take place, and an components. However, as the relaying
analysis of the operation is required. current has a phase position intermediate TREPAEFUT
Analysis is given only for ground relays between the lineX and residual currents, it On 3-phase faults, using current com-
provided with compensation as described, will lead one and lag the other, so that the pensation, the compensated relaying
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currents do not differ fiom the phase As it is assumed that no loads will be con- though some consideration must be given
currents, as no ground or 'zero-sequence nected to the lines between G and I-I, the to the d-c component of the short-circuit
current flows. For the same reason the equations are valid whether loads are in- currents with very high-speed relays.
zero-sequence impedance does not appear, cluded or not. Howevei, the loads will Sufficient data are not yet available to

so that the indicated impedance on phase affect, to some extent, the current and state the characteristics of fault im-
a will be voltage distribution in the network and, pedances definitely, but undoubtedly

therefore, the actual values of the voltages further information will be obtained from

R2 'IaGF RS (35) and currents entering the equations. The future investigations. Until more ac-
2 'aGF 2 expressions for impedance on the faulted curate data are available, certain margins

with a similar expression for each of the phase do not involve explicitly any determined by experience must be pro-.
other phases. voltage expressions but do involve cer- vided in relay settings to allow for devia-

tain current ratios, and these ratios will tions from the assumptions.Using the scheme of voltage compen-
sation described, the relays will not be be affected somewhat by the loads. If If the suggested connections are used,
operated, as the zero-sequence current is the delta-current relaying methods are the vector impedance which is indicated

used, and this current is zero for a bal- used for line faults and the current- by the voltage and current applied to the

anced 3-phase fault. compensation method for ground faults, relay on the faulted phase, at least for all

From the foregoing it appears that, as previously described, these current faults near the first balance point, will

fundamentally, the proposed schemes of ratios enter only in the fault-resistance consist essentially of three terms, when

ground relaying are not affected ad- terms and have no effect if the fault re- the fault is fed from both ends of the

versely by line faults, if the fault re- sistances are zero. If the voltage-com- section. They are: a circuit inipedance
sistances are relatively small or bear cer- pensation method is used for ground term which is proportional to the distance

tain relations to each other, but, if the faults the same is true for faults at the from the relay to the fault, a fault re-

fault resistances are large, the possibility balance point, and it is unlikely that the sistance term, and a term proportional
of considerable variations appears during effect of load will cause any serious diffi- to the fault resistance multiplied by the

double line-to-ground faults, thus requir- culty for faults that are not close to a vector ratio of two currents. An im-

ing larger margins in setting or introduc- balance point Hence, wlth these methods pedance relay operates upon the magni-
ing the possibility of false tripping. On of relaying the system load affects the tude of the vector sum of the three terms,
relatively short lines, where the fault re- relayig idications only i so far as the and, as the two resistance terms are

sistance may become large in comparison redistribution of fault current changes the nearly at right angles to the impedance
with the line impedance, it may be de- effect of fault resistance. term, the magnitude of the sum will be

sirable to lock out the ground relays upon greater than the magnitude of the circuit-

the occurrence of double line-to-ground Summary impedance term, although the increase

or 3-phase faults, this being accomplished will be much less than the added re-

satisfactorily in most cases by the use of In the preceding investigation the sistance terms, unless the latter are very
simple voltage relays operating on line-to- quantities upon which distance relays large. To maintain a balance at the

ground voltage, locking out the ground must depend for their operation have relay, the circuit-reactance term must de-

relays when low voltage occurs on any been determined for all possible types of crease as the fault-resistance terms in-

two phases. faults occurring at a single location. It crease, so that the effect of fault resistance

has been shown that the quantities ob- is to shift the balance point toward the
Operation of Line Relays tained by the use of earlier distance relay relay. A reactance relay, on the other
on Ground Faults connections for both line and ground hand, operates on the reactive component

faults do not give the closest approach to of the three terms, and, therefore, is un-
Operation of line relays upon the occur- the desired result, a constant indication affected by the first fault-resistance term.

rence of ground faults is very improbable for all types of faults at a given location. However, the second resistance term will
as the line-to-line voltage is affected but It has been shown further that, by the use have an apparent reactance if the two

slightly by a single line-to-ground fault. of different connections and certain currents involved in the ratio are out of
Here again the values indicated by the auxiliary apparatus, a constant relaying phase, and this apparent reactance may
line relays are not fixed definitely by -the indication may be obtained by the line be positive or negative, depending upon
fault and section impedances but depend relays for all types of line faults and by which current leads in phase. Hence the

upon the remainder of the system as well, the ground relays for all types of faults balance point may be shifted in either
so that the values must be determined in- involving ground, if the fault resistance is direction by the presence of fault re-
dividually in each case, whenever this zero, and, if the fault resistance is not sistance. Although the actual shift

question must be answered zero, that smaller deviations from the usually will bemless withareactancerelay
normal value will be obtained for a given the fact that it may be in either direction

Effect of Loads fault resistance. The analysis has been must be taken into account, so that where
based upon the assumptions of sine wave the fault resistances are moderate in com-

In the preceding discussion and analy- currents and voltages, constant circuit parison with the reactance of the section,
sis, the system load has been neglected. impedances, and negligible distributed the impedance relay usually will give as
However, the equations in the appendixes capacitance in the faulted sections Of line, satisfactory protection as a reactance
for voltages and currents at the fault, and It has been assulmed fulrther that the relay. However, where the fault re-
at a relaying point on the faulted line, fault impedance is resistance only and sistances are larger, as on ground faults,
have been derived in a perfectly general that it is effectively constant throughout the increases in impedance become so
manner from the conditions at the fault, eac cycle. All of these assumptions, great that the ordinary impedance relay
and are independent of the network ex- except perhaps the latter, are reasonably is disqualified.
ternal to the two lines between G and H. valid as far as relaying is concerned, al- In the preceding analysis, all current
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and voltage transformer ratios have been section or impedance is required. This been used in the paper only for the pur-
assumed as unity. In setting the relays, minimum depends upon such factors as pose of determining the performance of
the current and voltage transformer short-circuit current distribution and the distance relays. However, they may be
ratios must be taken into account. It is fault resistances encountered, so that it found useful for many other purposes
customary also to set the relays under the cannot be fixed definitely. and constitute a contribution to the fur-
assumption of zero fault resistance, choos- Because of the higher values of fault ther development of the method of sym-
ing a balance point under this condition resistance generally met during ground metrical components.
which gives a suitable margin for the faults, distance ground relaying cannot be
variation introduced by fault resistance. applied to lines as short as the minimum Conclusions
If n is the fraction of the section from the which can be protected satisfactorily by
relay to the balance point, r, the ratio of distance line relaying. However, where
the circuit voltage, line-to-line for line the lines are sufficiently long, this type This analysis has shown:
faults, line-to-ground for ground faults, to of protection may offer substantial ad- 1. That the earlier conventional methods of
the voltage impressed on the relay circuit, vantages. High-speed ground relaying distance relaying are subject to errors other
and r, the current transformer ratio, the of single lines is difficult by the customary than those caused by fault impedance..
actual settings of the relays will be as overcurrent methods, as the ground cur- 2. That these errors may be eliminated in
given below for the different suggested rent may vary over wide limits for a fault relays protecting against line faults by the
connections. If the voltage is obtained in a given location, thus requiring selec- use of "delta relaying.t" Delta relaying
frshom n

igh-vltge potental transfmers, tive time settings to obtain discrimi- current transformers in delta or by connect-
as shownl in the diagrams, rv is simply the nation. Either compensated current or ing the current windings of the relays in
potential transformer ratio. For line compensated voltage methods of distance delta, using a suitable zero-sequence filter.
relaying using delta-connected current relaying appear to be well suited for this 3. 'That these errors may be eliminated in
transformers (Figure 11), and for ground purpose. relays protecting against ground faults by
relaying using current compensation method also the use of current or voltage compensation
(Figure 13), the relay should be adjusted appears to be well adapted to cases where suitablherefrouthatdflttante telayinfgths
to balance for an impedance grounded-neutral power transformers are impedance of the section being protected is

ZR = nZ1GHrC/rv (36) made an integral part of the line and the sufficiently great.
high-voltage circuit breakers are omitted. 4. That the limitation in the application

For line relaying using ctelta-connected This case is particularly difficult to relay of distance relaying is the error introduced
relays (Figure 12), the relays should by ordinary methods of ground-fault pro- by the presence of fault impedance, which
balance for an impedance tection, as, after the low-voltage circuit pedance and wtht itnhcresing tectionffimt
ZR = 3nZlGHrC/rv (37) breaker at one end is open because of a distance relays of both the impedance and

fault near that end, most of the ground reactance types, although to a different ex-
For ground relaying using the suggested fault current continues to flow from the tent. t

scheme of voltage compensation, the grounded-neutral transformer at that end, 5. That distance relaying may be made to
relays should balance for an impedance making it very difficult to open the circuit approach even closer to the desired relaying

breaker at the opposite end. As the com- ideal and that within the limits of its ap-
ZR = nZOGHrc/(3rv) (38) reaker at te opposte end. As the com- plication it should give satisfactory protec-pensated distance relay measures the tion, regardless of generator capacity or
The settings for both balance points Of impedance or reactance from the relay to system conditions.

a 3-zone relay will be made in the same the fault, independent of the relative dis-
manner, a different value of n being used tribution of line and ground current, it isAppendix . Notationin the two cases. essentially unaffected by such system

connections. The particular compen-
Application sated voltage method described is not a= -0- 5+jO. 866

well suited to this application because of F= physical point of fault along transmis-
Distance relaying for protection against the- low ground current available for sion line

line and ground faults is suitable for operating the relays at the end remote G= substation where relaying iS coslesideredgeneral application to either single- or from the fault, but a compensated voltage H= substation at opposite end of line section
multiple-circuit lines, the only theoretical method using line current for relay opera- P, Q = equivalent junction points in zero-
limitation being the variations in the tion instead of ground current, also would sequence network
balance-point locations introduced by the give good results

T=equivalent point of application of E1Teffects of fault resistance. Either the It should be pointed out that this U=equivalent point of applicationof E Iu
first or second balance point may be the analysis has considered only the possible W=equivalent point of fault when fault re-
limiting factor. The first balance point accuracy, and has not taken into sistancevispresent
always must remain in the protected account the performance of the relay it- EIT=equivalent positive-sequence gener-
section, and the second balance point in self, its design, itssimplicity,itsreliability, ated voltage of part of system feed-
the adjacent section. Furthermore, for or its speed of operation. All of these ing station G
general application the second balance factors are important and must be taken E1u=equivalent positive-sequence gener-
point never must extend beyond the first into account in a final choice of the type of ated voltage of part of system feeding
balance point of the relay at the next distance relay to beused for agiven appli- station H
sectionalizing point, or both circuit cation. E= voltage symbol, with subscript notation
breakers will be tripped for some faults. The equations derived in the appen- First subscript:
The shorter the line sections become, the dixes giving the voltages and currents at a, b, or c = line-to-neutral voltage of corre-
more difficult these conditions are to ful- relaying points in terms of circuit im- sponding phase
fill, so that a certain minimum length of pedances and conditions at the fault have A, B, or C=line-to-line voltage of corre-
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sponding phases, cb, ac, ba respec- Appendix I. Network enough to be neglected, but in the zero-
tively. See Figure 3 Representation Currents sequence network this is not true, because

1, 2, 0 =symmetrical components of line-to- and Fault of the great distance between the conductors
neutral voltage, phase a as reference In order to calculate the fault currents a and the ground return, as compared with the

Second subscript: In order to calculate the fault currents and spacing between the two parallel lines. Be-W=sspoint: atwhichvoltageis voltages during unbalanced faults, by the cause of the common use of the earth returnF, G, H, W= point at which voltage is method of symmetrical components, it is and ground wires, the mutual impedancemeasured necessary to set up sequence networks for also may contain a resistance component.
the flow of positive-, negative-, and zero- The mutual impedance is represented byI =current symbol, with subscript notation sequence currents, corresponding to the the vector symbol MOGH.

as follows: system under investigation. The positive- It is well known that two circuits, havingFirst subscript: and negative-sequence networks comprise a a mutual impedance between them and con-
a, b, or c = line-to-neutral current in corre- group of impedances having a branch cor- nected together at one end, may be replaced

sponding line responding to every branch of the single- by three impedances connected in star,
A, B, or C=line-to-line or delta current of line diagram. Synchronous machines are the branch connected to the original junc-

corresponding delta phase, obtained represented by their equivalent circuits for tion being equal to the mutual impedance
by delta connection of relays. See a single phase, with single-phase voltages and the other branches being equal to theinserted at the proper point. As synchro- original branches minus the mutual imped-Figure 8. nous machines generate only positive- ance. Use is made of this property in settinga ,B, or y = delta current obtained from sequence voltages, generated voltages ap- up the zero-sequence impedances between
delta-connected current transformers- pear only in the positive-sequence network. stations G and H and the fault F. The
See Figure 7 The positive- and negative-sequence net- symbols for impedance are similar to those

x, y, z = relaying currents obtained from the works, for the system shown in Figure 2, are used in the positive- and negative-sequence
connection of Figure 9 given in Figures 4 and 5, respectively. In networks, except that the first subscript is

1, 2, 0= symmetrical components of line-to- the positive-sequence network, two voltages, now 0 instead of 1 or 2.
neutral current, phase a as reference EIT and Elu, are inserted to represent the The current flowing in the variousSecond and third subscripts: voltages generated by the equivalent syn- branches of the networks is indicated by theGF, HF, GH, TG, UH, SG, SH, FW, and chronous machines at T and U respectively. symbol I with three subscripts, the first a

so forth= stations betweenwhich cur- The impedance of each branch of the net- number (1, 2, or 0) indicating the sequence
rent fows. Assumed positive direc- works is represented by the symbol Z with of the current, and the second and thirdtionofcurrentflows Ass dpromsitive o

three subscripts, the first a number indicat- letters indicating the stations between whichtion of current is from station of ing the sequence network in which the im- the current is flowing, the assumed positive
first letter to that of second. pedance appears, and the second and third direction being from the station indicated

Z=impedance symbol, scalar value, with the points between which the impedance by the first letter toward the one indicatedZ=ipedacesybo,scr v , wh is measured. As ELT and Elu are expressed by the final letter.subscript notation same as for Z in terms of line-to-netttral voltage, the other If the currents and voltages at various
Z= impedance symbol, vector value, with terminals of these voltages are connected to points in the sequence networks are known,

subscript notation as follows: the common neutral S of the positive-se- the actual currents and voltages in the three
First subscripts, ifnonl aole: quence network. In the negative-sequence phases at corresponding points in the actual
Rssimpedance indicated by relay for various network, these voltages are equal to zero, system may be found by combining the cur-
Ripes of faulte so that the terminals T and U may be omit- rents and voltages according to relationstYPes of faults ted and the impedances connected directly that follow. Phase a, line-to-neutral, hasD = impedance of current winding of relays to the corresponding point S. For all static been assumed as reference, and the phase

or other current devices apparatus the negative-sequence impedance rotation is assumed to be a, b, c. ThenFirst subscript, if more than one: is equal to the positive, so that the branches
1, 2, 0 = sequence of current with which im- between G and H, corresponding to the Ea=El+E2+Eo (39)

pedance is to be used transmission line, will have the same imped-
Second and third subscripts: ance as in the positive-sequence network. Lb=a2L+E2+Lo (40)
GF, HF, GH, TG, UH, SG, SH= stations be- This has been represented by substituting = 2

tween which impedance is measured. ZIGH for Z2GH in Figure 5. The fault is as- L= aL±a2+Eo (41)
Between stations G and H value is summed to occur at F, intermediate between and
for one line only G and H, at a fraction m of the distance fromG to H. As the impedance from G to H of Ia=i1±+I2O (42)

one line has been taken as a unit, and as,
MOGH = zero-sequence mutual impedance neglecting distributed capacitance, the im- 'b a + 2+Ii (4)

between the two parallel lines from pedance is proportional to the distance, the Ic=call+a2I2+IO (44)G to H impedances from G to F become mZLGIH and
from F to H become (1-m)ZIGH. As the The voltages between lines, or delta volt-
branches between T and G and between ages, defined in accordance with the vector=fault resistance for line faults between H and U contain synchronous-machine diagram of Figure 3, may be determined bytwo line conductors impedances, they will in general be different subtracting the phase voltages in pairs, as
for the different sequences. follows. In performing the subtraction it is

Rq=fault resistance for ground faults The zero-sequence network is made up convenient to make use of the following rela-only of those branches which may carry cur- tions concerning the vector a
rent having an earth-return path, and, there-m=fraction of the distance from G to H at fore, in general it has a smaller number of 1a=jV3 (4)which fault is assumed to occur branches. The corresponding impedances
are also usually quite different and generally a-a2i (46)

n = fraction of the distance from C to H at larger, although in certain special cases a2 - 1 =jda (7
which the first balance point is lo- such as grounding transformers, the zero-
cated sequence impedance to ground may be less Thus:than the corresponding positive- and nega-

tive-sequence impedances. The zero-se- LA=LC-E=jV(ELiE2) (48)r=potential transformer voltage ratio quence network for the system shown in LB=L-L,j/(aE aL)49
Figure 2 is given in Figure 6. As adequate E aE XaE E)(9

r=current transformer current ratio grounding has been assumed at each end of L =Lb'La =j\ (aELi- 2L2) (50)the system, branches are required from G
and H to S. In the positive- and negative- For the purposes of relay operation, itr2, r2=auxiliary transformer turn ratios, sequence networks, the mutual impedance will be desirable to consider three special

See Figures 9 and 13 between two parallel lines is generally small forms of current transformer connection,
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as shown in Figures 7, 8, and 9. In the I (82)
following analysis it will be assumed that Ic=J- ( zl 2I2) = - (61)
the main current transformer ratio is 1-to-i, 3 The foregoing values are general and ap-
so that the results will be the same as if The connection of Figure 9 is adapted par- ply at any location. Hence, the expressions
the actual line currents had been manipu- ticularly to altering the zero-sequence com- for the corresponding currents between par-
lated. In actual cases the currents in the ponent of current through the relay, which ticular points may be obtained by adding
secondary circuits can be obtained by divid- may be desirable because of the difference the proper subscripts, in accordance with
ing by the current transformer ratio. In between ZOGH and ZIGH. Residual current Appendix I.
Figure 7 the current transformers are con- may be introduced not only from the line
nected in delta, and leads from the corners of being protected but also from a parallel or
the delta are taken to current utilizing de- other adjacent line. Adjustable-ratio auxil-
vices, connected in star. With this connec- iary transformers serve to introduce the de-
tion the leads carry currents which are the sired proportions. Let r, and r2 be the turn Appendix -111. Line-to-Line
differences of the line currents taken in ratios of the auxiliary transformers, and Fau It
pairs. It will be noted that these currents 3I1 and 3Io' be the currents in the pri-
are of the same mathematical form as the maries of these transformers, the primed
delta voltages EA, EB, and EC, and the cor- symbol indicating the current from an ad- Assume that a line-to-line fault has oc-
responding currents are designated by jacent line. Then the current feeding the curred at point F of one of the parallel lines
40 Is, and Iy, determined as follows neutral of the interconnected-star trans- of Figure 2, between conductors b and c,

Ia=1-VIb=jV,3(U1-2) (51) former is equal to 3(Ior1+Io'r2). The and that a fault resistance Rs is present be-interconnected-star transformer divides this
'a JV(a )) current into three equal portions,s tween the two conductors. It wsll be con-

I,a-I,=j\/3(a2IaI- 2) (52) cur(Iorn--o'r2) is added to the line current in
venient to consider that a resistance Rs/2(IOrl +IO'r2) isis connected to each line conductor at F and

I' =Ib-Ia=JV33(al-a2I2) (53) each relay. Let us designate these currents that at a point W the remaining terminals

In Figure 8, the utilization devices are as- Z, y, and Iz respectively of the resistors on phases b and c are con-

sumed to have identical impedances, ZD, = Ia+Iori+IoIr2 (62) nected together, as shown in Figure 15a.
and are connected in delta. At the corners This device has the advantage of making the
of the delta, the line currents Ia Ib, and I, ly =I+IOor+Io'r2 (63) system symmetrical up to the point W, at
are introduced. This delta connection offers which point we have
no path to any residual or zero-sequence z=c+or+ r2 (64) Ew=Ecw (83)
current in the line conductors, so that, if the Equations 42, 43, and 44 for 'a, lb, and
system is grounded, allowing zero-sequence I,, equations 51, 52, and 53- for I4, I,B, and IbFW= -IcFW (84)
current to flow in the line, some additional I), equations 59, 60, and 61 for IA, IB, and
path must be provided for this current. It Ic, and equations 62, 63, and 64 for ix, I,a
is also desirable that this additlonal path and I apply in general and for unbalanced I -0 85)
pass as little positive- and negative-sequence faults involving ground. During line-to- aFW= (
current as possible. These conditions are line faults on an otherwise balanced system Resolving the currents into symmetrical
satisfied by means of the small intercon- no ground current flows so that 10=0, and components, we obtain
nected-star transformer bank shown. Any equations 42, 43, and 44 become
other grounding transformer connection 1
may be used as well for this purpose, as it is Ia=IIi+I2 (65) IFW=-(a-a2)bFw= -I2FW (86)
the function of a grounding transformer to
offer very high impedance to all but zero- lb = a2Ii +a12 (66) 1
sequence currents. I2FW=-(a2-a)IbFW -IlFW (87)
The currents in the branches of the delta , = a!l+ a2I2 (67) 3

may be denoted by the symbols 'A, IB, and Equations 62, 63, and 64 become IoFW = 0 (88)
Ic. Following the convention previously
adopted, IA is the current in the delta branch IX=I=1I+I2 (68) As the system is assumed symmetrical at all
opposite the line a, and so forth. Writing other points, the fact that IOFW= 0 requires
the equation for the voltage drop around the Iv = Ib = a2I±+ al2 (69) that Eo = 0 and I - 0 over the entire system.
delta, we obtain Resolving the voltages into symmetrical

IZ=IC=aI1+a2I2- (70) components gives
(IA+IB+IC)ZD =0 (54). During balanced 3-phase faults, both I2 1

or and Io are zero, so that the foregoing be- Elw=(Eaw-EbW) =E2w (89)
IA+IB+IC= . (55)

The interconnected-star transformer or, a 1 (71) E2w=-(Eaw-Ebw)=Eow (90)
more generally, the zero-sequence filter by- Ib = a21 (72)
passes all of the zero-sequence currents and, 1
if properly designed, only a negligible por- ,= af (73) Eow= (Eaw+2EbW) = 0 (91)
tion of the positive- and negative-sequence 3
currents, so that at the junction of the Ia =i,,13'I1 = 3IA (74) Hence
delta we may write =Vl_3a (75)

IB-C = 'a-O =11+12 (56) = I Eaw=-2EbWc=(-2Ew (92)

IC-IA =Ib-IO=a21,+aI2 (57) /V 1

IA-IB=IC-Io=aIl±a0I2 (58) 'A-] 3h1l=3Ia (77) Eow=E2f=-EbW=~EcW=EaW/2 (93)
These conditions will be satisfied if the

These four equations, of which onjly three V3 1 networks are connected as shown in Fig-
are independent, may be solved for 'A. 'B 'B=j3 a0Ii=' -4 (78) ure 15b.2-4
and IC, giving As the system is symmetrical elsewhere,

('/ I.a / .V3([ 11 the sequence currents flow independently,0-4
/AJ= (l-1 = (59) c-i 3"'3 Y (79) and the sequence potentials at point G may

3 be obtained by adding to the sequence volt-

+/3 1 I~~~~~~=11 (80) ages at W the sequence voltage drops be-
SB=i (a21-z==-A (60) tween W and G. The currents flowing from3) 4 =a2I (81) F to Ware the sums of the currents flowing
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from G to F and H to F. Mlaking these /G 2Rs the proper sequence voltage drops. Rememn-
substitutions, we obtain E bGF MZ 2 /2 bering that the currents through the resist-

/ RS\ RS RS ances RS/2 are made up of the corresponding
F G=IiGF(mZ.GH+ 2 +IIHF+E w 21bHF 2 IaGFmZIGH (106) currents from G to F and H to F, we obtain

(94 / RS
EIG =I1GF MZIGH+ I+

E20=120 K8ZIGH+-)+1-RsIR Appendix IV Double Line-to- 2H /EG1GMZIGH±- I+2HF±+El FautRs
2/) 2Ground Fault IlHF-+Elw (118)(95) 2

F=OG=0(96) Assume that a double line-to-ground fault ( Rs'
has occurred at point F of one of the parallel E2G I2GF mZIGH+2 ±

The phase voltages at G become, from lines of Figure 2, between conductors b and c,
equations 39 to 41 and 48 to 50, that a fault resistance R is present between I2HF-+Eiw (119)

the two conductors, and that a fault resist- 2
/ RSX I RS ance RG occurs between some point of RSEa=aGF1 MZIGH+-R '+ aHFRs+2Eiw and ground. Representation of* FOGheOFmosGHt+Rs/ mZH 2/ aHF 2 general case requires that the e most EOGIOGFMZGH+ 2 +3R)+

(97) nection of RG viay be at any point of Rs, /RS
but in order to obtain a simple analysis, it is IOHF -+3RG +

EbG=I(GFMZIGH+Rs +Ib--ERS E necessary for RG to be connected to the mid- \2
2 2 point of RS. In most practical cases, it is IOGHmMOGH+EIW (120)

(98) expected that either the resistance between
phases will be small, or that the two parts The line-to-neutral and line-to-line volt-

E RS\ RsE will be nearly equal, so that the case as- ages may be obtained by substituting inECG=IcGFMZ1GH+ +ICHF -E sumed is sufficiently general for most pur- equations 39 to 41 and 48 to 50
(99) poses It is convenient to consider again KR

that a resistance of Rs/2 is connected to EaG=IaGF mZIGH+ +IaHF +
each line w re at the fault, and at a point W, 2 / 2

EAG=EcG-EG=I=G,GFMZIGoH+Rs+ the remaining terminals of the resistors on IQGF(mZOGH -mZ1GH+3RG)+
2 phases b and c are connected together and

RS to one terminal of RG, the remaining ter- 3IOHFRG+IOGHmMDGH+3E1w (121)
IaHF 2 (100) minal of RG being connected to ground KR

This is shown in Figure 16a. EbG=IbFMZIGH+ - +IJHF+
Then at the point W, we have 2, 2

EBG=EaG-ECG=I#GF1 MZIGH+ -)+ - 107 !OGF(mZOGH -mZGH +3KR,) +
2 aFW=° (107) 3IoHFRG+IOGHmM GH (122)

ISHF 2 +3E,W (101) EbW = FcW =(JbF W +I,FW)RG [108) / K

Resolving the currents into symmetrical EcG=IcGF mZIGH+ 2 +icIIF ±+
/ RK\ componens2 2

EcG = EbG-EaG= I-YGFK mZIGH+ components gives IOGF(MZOGH - mZlGH+ 3RG) +

K8 11FW=- (albE W±a 1.FI (109) 31oHFRG+IOGHMnMOGH (123)
IJyHF -3E w (102) 3AG = ECG EbG

** * B~~~~,-IGW=( 'bFWV+' 1FW) (llO) =l GF MZIGH+- +For convenience in connection with star- 3 2(F(Z 2+
current relaying connections, it is desirable
to rewrite the foregoing in a different form. 1 KS
As 10=0 everywhere during this type of FW'3('bFW+ cF ) (111) 2
fault, we may arbitrarily write (IaGF+
IbGF+IcGF) (mZIGH+RS/2) + Jan F+IbHF+ From which EBG EaG ECG
IcHF) (RS/2) = 0. (mZGH±)2RsSubtracting this equation from the fore- IFW+IFW+IFT (112)MZG+ 2 +
going gives and

1
RSX RS [bFIl +I.FT -310F[F (113) I,_HF±+3E,W (125)

EAG= -2bGF mZLIGH+ 2 ±-21bF1F ( 2
2 2 Resolving the voltages into symmetrical ECG = EbG- EaG

IaGF(\ MZI GH+s-) i KHF Y ( 1 B comnponents gives Rs
2 2 1 'YGF MZIG1+ 2 +

El, =(EaW-3IoFWRG) (114)

EBG=-2ICGFImZIGH+-R-2ICHF - 3I yHF S_-3EW (126)
EBG 2lcIJF2y2 2

R, K FR's2W (Fa3IiFWKG) (115)
'bGF mZ GH+- -IaHF +3EIQww For convenience in connection with star-2/ 2( 1 current relaying connections, it is desirable

l ) Ec =-(FEw+64oFWRG) (116) to rewrite the foregoing in different form.
3 AS IaGF+IbGF+'eGF = 3IO0F and IaHF+

Ec0 ~ =S2GmZR+EK_' KIbHF +ICHF = 3IOHF, we may write arbi-ECG-2aGFmZlN+2 J21U1-l from which trarily

SCFmZ OH + K8FC Ew FH-3,w 17 (IaGF±'bGF+'CGF-3OGF) >X2 / 2 These conditions may be satisfied by con- / KS
3- ¾v 105) necting the networks as shown in Figure tmZIGH+2 +(IaHF+IbHF+

16b.4 As all networks are symmetrical upi2
As 'aGF+IaiiF =41? "=0 equation 103 to the point W,wemaywrite the expressions ICHF-3I0HF)-=0
simplifies to for the voltages at the point G by adding 2
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Subtracting this identity from the foregoing Appendix V. Three-Phase Fault Appendix VI. Single Line-to-give; Ground Fault
/RS\ RS Assume that a 3-phase fault has occurred

EAG -2lbGF MZIGV+ 216HF 2 + at point F of one of the parallel lines of
Figure 2, between all conductors and Assume that a single line-to-ground fault

( RS ground, and that a fault resistance RS/2 is has occurred at a point F on one of the(3loaFPJaaF) KmZIGH+ 2 ~ + present between each conductor and ground. parallel lines of Figure 2, between conductor
In the general case, the fault resistances will a and ground, and that a fault resistance RG

(3IOHF- IaHF) - (127) not be exactly equal, but the treatment of is present. It is convenient to assume that a
2 the general case is much more complicated, resistance RG is connected to each conductor

and the case of equal resistances is probably at F and at a point W the other terminal of
EB{G=-21,F MZIGH+ --2lCHF- + sufficiently general for our purposes. Mak- the resistance attached to conductor a isERGcGF~G 2 / H2 ing use of the previous assumption that a grounded, as shown in Figure 18a. Then the

/ Rs resistance Rs/2 is connected to each con- system is symmetrical up to the point W.
(3IoaF-IbGF) 1MZ1GH+L + ductor at the fault, we may consider the At W we must have2/ remaining terminals connected together

RS and to ground at point W, as shown in IbFW = ICFW 0O= IbGF+IbHF(31oHF-IbHF) +3Eiw (128) Figure 17a. Then we have =/cGP+/cHF (149)

/ RS\ Rs8 Eaw=Ebw-EcWO° (134) and
ECG=-2IaGF mZIGH+ j2IaHF? +

2 2 IaFW+IbFW+IcFW=3IOFW= ° (135) Eaw= 0 (150)

(3oGF -IcGF) MZiGHr+R)+ From symmetry Resolving into components, we have

RS 2IFW =0 (136) 1(3IOHF ICHF) --3E1W (129) I1FW = 'laFW =2FW = IOFW = IIGF+IIHF2 These conditions are represented by the 3
As IaGF = -IaHF, equation 127 may be sim- connection of Figure 17b. Hence, =I12F+12HF=IOGF+IOHF (151)
plified to / RS RElG=IIGFKmZIGH+ 2 )+IIHF2 (137) Eiw=-(aEbw+a2Ecw) (152)
EAG= -2I(F Z-GH+LRs _2IbHFRs 3E=bGFmIGH2/J-b2 F 2 E2G=0 (138) 1

RS RS E2w= -(a2Ebw+aEcw) (153)
310G,F mZ,gH+ 2 +310HF2 EoGO= (139) 3

AaGFMZLGH (130) andI Eow =-(Ebw+Ecw) (154)
RS\ RS 3

For studying ground relaying, it is desir- EaG=IaGF(mZIHG++ )+IaHFj (140) sothat
able to have the line-to-neutral voltages ex- /
pressed in terms of the symmetrical com- RS RS Elw+E2w+Eow=0 (155)ponents of current. This may be done by EbG=IbGF+MZlHG2 +IbH- (141)
substituting for the line currents in equa- 2 2 These relations will be satisfied by con-tions 121 to 123 inclusive, giving ( R necting the sequence networks as shown in

EcG= cGF mZlGH+- +ICHE (142) Figure 18b. It is immaterial, as far as theRS\ 2 / 2 actual system is concerned, whether a re-
Ea09 (I1GE+I2GF) mZIGH+-± + RS\ R sistance RG is connected between each pair2 / EAG=IaGF Z1GH+- +±IaHF (143) of networks as shown, or whether a resist-

RS 2J 2 ance 3RG is inserted between terminal F of(I1HF+I2HF) +IOGFX the zero-sequence network and S of the posi-2 Rs R tive-sequence network, as is more common.4

OGH+ EBG=RGF MZIGH
2 +1j6HF 2

(144
However, as some use is made in this analy-MZOGH/-R3RG+ sis of the voltages at the terminals of the

/RS X ECG=IyGF MZIGH+ +I-HFR (145\) fictitious resistances connected to conduc-IOHF -+3RG-+IOGLmMOGH+ 2 / 2 tors b and c, the representation shown is
preferred in this case.

3E1w (131) As the system is everywhere symmetrical, Adding the voltage drops from G to W,IaGF+IbGF+IcGF=O, hence (IaGF+IbGF+ we may obtain the voltages at G as
EbG=(a'.IIGF+a2GF) MZIGH+RS + IcGF) (MZ1GH+RS/2)=O. Likewise (IaHF+

EbG=aG+2G a 2JIbHF+JcHF) (Rs/2) =0. Subtracting these E1G =IIGF(mZIGH+RG) +IIHFRG+Elwexpressions from the foregoing equations, we (156)
(a2IIHF+aI2HF)- +IOGFX obtain the useful forms given below as2 E2G =I2GF(mZ1GH+RG) +I2HFRG+E2W
(mZoGH+f2 +3RG)+ EAG= -2IbGF(mZIGH+Rs _-2I&HFRs (157)

2 D EOG IOGF (mZOGH+RG)+IOHFRG+
IOHF(2+3RG)+soGHmMoGH (132) MaGE(mZ1GH+2)-laiaH Rs (146) IOGHmMOGH+EOW (158)

FEaG IaF(ZGH RG) Ia9FRG IOGMm
ECG (alGF+2l2G)(mlG+ )+EB 21 ( HZ RB 21cH - (ZOGH-ZiGH) +IOGHmMoGH (159)

RS / ~~~~~~RARS EbG-IbGF(mZIGH+RG) +IbHFRG+
(aIlHp+a2hHfiF) 2+1OGFXx bGFKmzIGH+y2J IbHE 2 (147) IOGEm(ZOGH -ZIGH)+IOGHmMOGH+
RS R \ R 12aGFmZLj3(aE1W-a2E2) (160);

mzGH+±2 +G 1+ G=i-2aFm H S)-1 F 2 EcG"'cGF(mZIGH+R))+ICHERG+
oHFQ2§+3RG)+IOGHmMOGHf (133) ICGF(mZ1GH+2))-CHF 2

(148) IOGF(ZOGH ZiGH +IoGHmX
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EAG =IaGF(MZSGH+RG) +IlaHFRG+ C. L. Fortescue. AJEE TRANSACTIONS, volume 37, 15. PERFORMANCE OF DISTANCE RELAYS, G.1918, pages 1027-1115. Calabrese. AIEE TRANSACTIONS, volume 55, 1936:
jV"3(E1w -E2W) (162) 2. STUDTES OF TRANSMISSION STABILITY, R. D. pages 660-72; discussion pages 1254-5.

EsaG= I,3GF(MZlGH+RG) +I,3HFRG+ Evans, C. F. Wagner. AIEE TRANSACTIONS, 16. A COMPREHENSIVE METHOD OF DETERMINING
volume 45, 1926, pages 51-80. THE PERFORMANCE OF DISTANCE RELAYS, J. H.

jx/\3(a'Elw-aE2w) (163) 3. CALCULATION OF SINGLE-PHASE SEORT CIR- Neher. AIEE TRANSACTIONS, volume 56, 1937,
CUITS BY THE METHOD OF SYMMETRICAL COMPO- pages 833-44; discussion page 1515.

EC= IyGF(mZZlGH+RG) +IHFRG+ NENTS, A. P. Mackerras. General Electric Review 17. HIGH-SPEED RELAYING, W. A. Lewis. Pro-
2E2W)

64 (Schenectady, N. Y.), volume 29, April 1926, page ceedings, Midwest Power Conference, volume 5,
-\1 3(aEjW-a E (164) 218; July 1926, page 468. 1942, pages 137-55.

As IbGF = -IbHF and IcGF = ICHF, fur 4. SYMMETRICAI COMPONENTS, C. F. Wagner, 18. DISTANCE RELAYING WITH LOW-TENSION PO-
ther simplification of equations 160 and 161 R. D. Evans. Electric Journal, March 1928, page TENTIALS, J. L. Blackburn. Westinghouse Engineer,
may be made, giving

151; April 1928, page 194; June 1928, page 307; Pittsburgh, Pa., volume 3, 1943, pages 61-4.
may be made, givingeJuly1928, page 359; September 1929, page 426;

19. PERFORMANCE REQUIREMENTS FOR RELAYS
EbG = IbGFmZlGH +IOGFm(ZOGH - ZIGH) + December 1929, page 571. ON UNUSUALLY LONG TRANSMISSION LINES, F. C.

*2/2_W2 5. MODIERN REQUIREMENTS FOR PROTECTIVE RE- Poage, C. A. Striefus, D. M. MacGregor, E. E.
IOGHmMOGH+j\3(aElW a2E2w) LAYS ON IMPORTANT SYSTEM INTERCONNECTIONS, George. AIEE TRANSACTIONS, volume 62, 1943,

(165) 0. C. Traver, L. F. Kennedy. AIEE TRANSAC- June section, pages 275-83; discussion pages 422-5.
TIONS, Volume 49, 1930, pages 1226-31.

ECG IeGFMZIGH+IOsFm(ZOGH Z1GH)+ 6. HIGH-SPEED PROTECTIvE RELAYS, L. N. 20. PROTECTIVE RELAYING FOR LONG TRANSMIS-
CrictonAIE TRNSACION,voume49,siioN LiNEs, A. R. van C. Warrington. AIEE

IOGHMrMoGH-j\/3(aGEsW-aE2W) 1930, pages 1232-8T v TRANSACTIONS, volume 62, 1943, June section,
(166) pages 261-8; discussion page 427.

7. FUNDAMENTAL BASIS FOR DISTANCE RELAYING, 21. STAGED FAULT TESTS oF RELAYING

For certain purposes it is desirable to have W. A. Lewis, L. S. Tippett. ELECTRICAL ENGINEER- STABILITY oN KANSAs-NEBRASKA 270-MILE 154-Kv
the foregoing voltages in terms of the sym- ING, volume 50, June 1931, pages 420-2. INTERCONNECTION, C. W. Minard, R. B. Gow,
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Discussion of nearly every piece of equipment that goes the sequence impedances of machines byinto an electric power system. It is used in test and calculation.
C. G. Dewey (General Electric Company, determining the short-circuit currents for It perhaps is not surprising, therefore, that
Philadelphia, Pa.); In connection with the which the generators and transformers must this paper, an excellent contribution of sym-
discussion of fault resistance, it is worth be braced. It is used in determining the metrical components to the relaying field,
noting £Ihat there is nearly the same disad- interrupting duty of the circuit breakers and has come from the hands of a man who was
vantage in having the second zone balance fuses. It enters into the application of closely associated with Doctor Fortescue.
point to retract to a point within the first lightning arresters and protector tubes, and Wagner, and Evans.
section, as for the first zone balance point to into the insulation of transformers and other At the time of the writing of this paper the
extend into the second section. The former equipment. However, nowhere has the symmetrical component method was in
also may cause loss of selectivity, which method of symmetrical components con- quite common use for relay current calcula-
would mean losing power unnecessarily at tributed quite so much as in the field of pro- tions. However, distance relays, particu-
some substation. tective relaying. For in this field it has be- larly of the high-speed type, were in their
Even if it is granted that the balance point come the indispensable tool for visualizing, infancy, and little was known of the merits

for no arc resistance can be set nearer the as well as computing, the currents and volt- of different arrangements. Expression of the
end of the section for the impedance relay ages during fault conditions, which are the relay balance points in ternms of the sequence
than for the reactance, the protection is not fundamental basis of relay operation. impedaeces and currents of the system, pro-
necessarily better. This advantage is lost The introduction of the method of sym- vided, as the title implies, "A Fundamental
directly on arcing faults, as such faults cause metrical components by the late Doctor Basis for Distance Relaying.'
an automatic retraction of reach in the im- Fortescue was followed by its expansion It showed immediately that the delta
pedance relay, particularly on short lines. and development into a general industry tool currents should be used to avoid a 15 per

by many of his associates, nlotably by cent difference in the reach of the relay for
Wagner and Evans, who developed and 3-phase and line-to-line faults. It provided

E. L. Harder (Westinghouse Electric Cor- first presented in book form the working an accurate basis for appraising the relative
poration, East Pittsburgh, Pa.): The data and methods for treating machines, merits of reactance and impedance relays.
method of symmetrical components now lines, and transformers. Wright, under In this paper appear the fundamental for-
enters vitally into the design and application their direction, and Kilgore determined mulas that show the twzo ways to make
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ground distance relays measure correctly. earlier judgment that this paper by Lewis 2. The analysis was extended by Calabrese4 to
Subsequently ground distance relays have and Tippett is the classic paper in the field cover the case of relays on the side of a Y-delta-con-been developed along both of these lines, of power-system circuit theory as applied to nected power transformer bank away from the fault.
The work is so systematic, so thorough, predicting the behavior of protective relays. 3. An alternative method of obtaining the effect

and so fundamental that it stands today, Nothing equalling it in this field had appeared was devsentsd, whicrhfthnes of hadtwone currents,
as when written-the fundamental basis for before, and very little such has appeared windings each carrying one of the line currents.
distance relaying. since. Attempts to analyze the behavior of

directionial elements as Lewis and Tippett
analyzed distance elements have produced REFERENCES
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paper on pernnlanent, accessible record, pages 372-84.

wherc it deserves to be. 1. The relay connections recommended in the 4. PERFORMANCE OF DISTANCE RELAYS, G. Cala-paper have been used widely for phase relays and, to brese. ELECTRICAL ENGINEERING, volume 55,The passage of 16 years has but confirmed a lesser extent, for ground relays. June 1936, pages 660-72.
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