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HE subject of the performance of

single-phase directional relay ele-
ments for phase fault protection has
never been completely analyzed with
consideration given to all the possible
variables. The analyses which have been
made have been limited in scope when
intended to be general in nature, or have
been slanted toward specific problems.
It is the purpose of this paper to extend
the boundaries of the generalities of the
analysis in the hope that the results will
be beneficial to the industry through
making answers available which have
heretofore been difficult to obtain.

Scope

The relay directional elements to be
studied in this paper are single-phase
elements only as normally applied for the
purpose of making directional discrimi-
nations for interphase fanits. Polyphase
directional relays are excluded on the
basis that the method of approach used
here is not adaptable to predicting their
performance. Ground relays are excluded
on the basis that they may be more con-
veniently studied as a separate problem,
free of many of the complications that en-
ter into a consideration of phase relays.
The single-phase directional elements that
are to be studied are used widely and thus
form a conveniently separable bloc in the
over-all problem of directional discrimina-
tion. This blocis characterized by certain
conditions that may be grouped into the
two classifications of (1) fixed, and (2)
variable considerations. These are as
follows:

FixEp CONSIDERATIONS

There are three relay directional ele-
ments for a 3-phase system, one for each
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phase. There are four types of faults,
which are phase-to-phase, single-phase-to-
ground, 2-phase-to-ground, and three
phase. There are four types of connec-
tions which are commonly used, these
being the 90-degree, two forms of 60-
degree, and the 30-degree comnections.
(These will be further described.) There
is also the consideration of the location of
the relays in the power system relative to
delta star (or star delta) connected trans-
former banks, parallel feeds, and zero
sequence sources. The author believes
that the variables of location in the sys-
tem can be reduced to three as typified
by Figures 1, 2, and 3, and this will be
discussed.  Multiplying together the
numbers involved in the above groups
yields a product of 144, indicating that
there are 144 facets-to the problem to be
borne in mind while studying the variable
considerations. These are actually re-
duced to 86 in number, however, by
virtue of the facts that: it is only neces-
sary to study one relay out of three for
3-phase faults; some of the relays are not
affected by some of the faults; and, the
system of Figure 2 is a duplicate of that
of Figure 1 insofar as phase-to-phase and
3-phase faults are concerned. These 86
_facets are involved in the interpretation
of the effects of the variable considera-
tioms.

VARIABLE CONSIDERATIONS

The impedances of the power system
are conveniently broken down into two
single equivalent impedances for each
sequence network, which are the im-
pedance of the source up to the relay loca-
tion, and the impedance of the transmis-
sion line from the relay to the point of
fault. The impedance of the line may
vary from zero representing a close in
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solid fault, to a relatively large value rep-
resenting either a fault far removed
from the relay location, or else a fault in-
volving an arc of .very considerable
length. For any given line impedance to
the point of fault, the source impedance
may be relatively small, large, or in be-
tween. The impedance angle of the line
may be different from that of the source.
The author has considered that the line
angle may vary from zero degrees (arcing
fault) to 90 degrees lagging, and that the
source impedance angle may vary be-
tween the limits of 60 to 90 degrees lag-
ging. The zero sequence impedances for
the source and line may differ in relative
magnitude and impedance angle with re-
spect to each other and quite independ-
ently of the positive and negative 'se-
quence network impeddnces. The 88
facets of the problem are interpreted in
the light of these variable considerations.

There are other variables which are not
covered in this study. These are con-
cerned with the effects of load current
and synchronizing current diiring faults,
and the variations possible between the
positive and negative sequence networks.
This study is limited to the effects of
short circuit current only, and is based on
the assumption that the positive and
negative sequence impedances are iden-
tical. In certain special cases, it may be
necessary to consider the effect of load
current, but it is believed that such cases
will be relatively infrequent.

The Four Commeonly Used
Connections

Directional element connections are
conveniently and popularly described in
terms of the angle by which unity power
factor balanced load current flowing in
the tripping direction leads the voltage
applied to the relay potential coil with due
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Figure 1. System diagram showing relay
location and system constants

consideration given to the polarity of the
relay coils. In order that no confusion
will exist with regard to what is meant by
the terminology used in describing the
four commonly used connections, Table
IV identifies these connections in terms of

the voltage and current used on each re-

lay. In this table, as well as throughout
this paper, the double subscript voltage
notation used is in accordance with the
concept recently recommnended to the
AIEE Standards Committee for con-
sideration as a recommended standard
practice, the sense of which is that when
the vector quantity so represented is to be
considered as being in the positive half
cycle, there is a drop in potential from the
terminal of the first subscript to the ter-
minal of the second subscript. Similarly,
the single subscript notation used with
the currents identify them by phases and
in the sense that the vector guantities
(currents) so represented are to be con-
sidered positive when actually flowing
through the line in the tripping direction.

Method of Approach

In the great majority of cases, a suf-
ficient answer is obtained if it is deter-
mined whether the torque on the direc-
tional element is contact opening or con-
tact closing. This might be termed a
.qualitative analysis, and is determined
purely by the relative phase angle be-
tween the current and the voltage ap-
plied to the relay and a consideration of
the phase-angle characteristics of the re-

lay. In a quantitative analysis, it would

be necessary to multiply together the
magnitudes of the voltage and current
and some function of the phase angle be-
tween them as modified by the angle by
which the maximum torque line of the re-
lay leads the referemnce voltage vector,
thus determining the magnitude of the
torque as well as its direction. The
qualitative analysis method serves the
purpose, remembering that if the voltage
is zero, the directional element will not

operate anyway, and this method greatly -

simplifies the problem. The guestion
then becomes that -of determining the
relative phase angle between the current
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and voltage applied to the various relavs
for the various connections for the various
faults. To illustrate the method used,
consider relay 4 operating with the 90-
degree connection. It is actuated by the
voltage V,, and the current I,. We may
arbitrarily write
Ve

Zp= A (1)
in which Zp represents an artificial im-
pedance value obtained by dividing
Vse by I,. Recalling the principles of
vector algebra, it is remembered that
when the operation is done in polar form,
the characteristic angle of the quotient
(Zp) is obtained by subtracting the angle
of the denominator (I,) from the angle
of the numerator (¥,.). Using the mathe-
maticians’ concept for positive angle, it is
clear that when this is done, the resulting
angle characteristic of Zp will be that
angle by which V). leads I,, or, con-
versely, the angle by which 7, lags V.
This is exactly the kind of answer that is
wanted to determine directional element
operation.

It was found through making a general
analysis by the method .of symmetrical
components that the relay voltage and
relay current could be reduced to terms
involving only the source voltage and the
system impedance constants such that
when one is divided by the other, the
source voltage cancels out and the remain-
ing expression consists of one or more
system impedance values together with
complex operators. With the expression
for Zp thus being reduced to a function
of impedance, it is possible to substitute
the appropriate values for the impedances
involved for any particular system loca-
tion and determine the characteristic
angle for Zp, for that particular condition,
and thereby determine the angle by
which the relay current lags the relay
voltage. The work of deriving the Zj
formulas for the 86 facets of the problem
is given in the Appendixes. All quantities
are kept in primary terms, neglecting the
instrument transformer ratios.

Tabulation of Results

Tables I, 11, and IIT show the final
form of the Zp, formulas. These formulas
are applicable to any system which can be
reduced to a simplified equivalent rep-
resented by Figures 1, 2, or 3, respec-
tively. These three figures are believed
to be adequate to represent the portion of
interest of any system. While it is pos-
sible to make specific applications of the
formulas to fit particular conditions, it is
desirable to study the formulas in general
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Figure 2. System with zero sequence source
concentrated at opposite end of transmission
line

terms on the basis of determining the
maximun possible spread of possibili-
ties. This has been done and the results
are shown in Tables V, VI, and VII, cor-
responding respectively to Tables I, II,
and III, and Figures 1, 2, and 3. In
Tables V, VI, and VII the relay voltage
vector is shown as the reference vector in

- each case, extending along the x-axis, and

the maximum spread of angular position
of the current with respect to it, either
leading or lagging or both, is shown by the
shaded area and with symbolic notation
that will be explained.

Systems Studied

Figure 1 represents the simplest system
layout wherein the relays at bus G pro-
tect the line from G to the fault at F. In
general terms, Zj, represents the imped-
ance of the line to the point of fault and
includes the arc resistance, if any. The
source is represented schematically by the
generator having an impedance Zg. The
positive and negative sequence source
circuit may or may not include the zero
sequence source circuit, so that an al-
ternate location is shown for the latter,
illustrating the freedom of variation of se-
quence source impedances, This figureis
adaptable to a section of any system not
otherwise bound to be considered in line
with Figures 2 or 3. For example, a sys-
tem section (not shown) feeding the fault
from the right-hand  side and having
similar sequence amrent distribution
factors will not affect the section shown
other than through increasing the ap-
parent magnitude of the arc resistance.
This contingency is taken care of by the
freedom of variation of the line impedance
Z; in the formulas, Again, other ties be-
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Figure 3. System with tansformer bank
located between the relay and the fault
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Table ). System Figure 1—Zp Values

e Rear A e 3 e ©
20° | BC 0 V32, /279°+ 2 E, [240° ViZs[270°+2 %, [300°
A-G |ElezstRost 22+, ] f270° 0 %0
BC-G 0 VEAZ330°+(1+2A) 2, [300° | VEAZ,sR10°+(1+2A)Z,, [240°
1+A [ec® 1+ A /300°
ABC v3 &, [270°
€01 | BC | VIE10°+2%, [240° .‘%‘Z\s'@l‘f‘*‘ Z, [300° 2Z,
‘ _
A-G R gle1ot(z oz, 12, ) [330°] c0 Vi [2R st 2ost2Z, 42, |R70°
BC-6 VSAE;;[;;Q%C!&A%LL [300° V3AZs 270°+ (1 +2A)E, [300° (+znz, [3009
I+ A /c0° 1+ 2A 1+ A [300°
ABC =, [300°
° 2 : 1
60*2 | BC 0 5 [Zst 2] [270° 5 [z‘s [e70°+ 22, lsaoe]
A-G [a[akror 2o paclrs o, 2, 2008 0 i
BC-G 0 Vl.l-z AZ g+ Zos +(H'2A)Em '[__330" 1 A'zls&‘)o*" Zos @"‘l‘(]?ﬂ)z, M
30 1+A [e0° 3 i +A [300°
ABC Z,_ [300°
30° | BC 0 VIE ¢ [270°+ 2, [300° 22,
A-6 |5[Es 2104 (B o2 2, 42, [3307] | <0 0
BC-G 0 V3 AZ 5 [330°+(1 +2A) &, (1+2A) 2, [300°
, 1 +A [60° i+A [300°
ABC V3 E,_ [330°

tween a system section to the right of the
fault and the bus G have the effect of
changing the value of the source imped-
ance Zg to use in the formulas as the fault.
is moved down the line.

There is one effect of a source circuit
to the right of the fault which is not ade-
guately represented in Figure 1 and the
formulas pertaining thereto, as follows.
With a.relatively low zero sequence im-
pedance in the grounding source com-
nected to bus G, there tends to be a pre-
ponderance of zero sequence current in
the line compared to positive and nega-
tive sequenice currents as faults involving
ground are moved closer to the bus G,
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LINE 2

Figure 4. System showing altemate fault
locations
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and to a degree depending upon the mag-

nitude of the positive and negative se-
quence source impedances to the right
of the fault compared with those to the
left of the relay. This is illustrated in
more detail in Figure 4, fault location 1.
With a preponderance of zero sequence
current from the left, the effect will be to
produce faunlt current in B and C phases
for a phase-4-to-ground fault, and in 4
phase for a phase-B-to-C-to-ground fault.
The formulas in this paper do not take
care of this situation. Itis dismissed from
analysis in this paper in view of the fact
that such an analysis does not appear to
be strictly necessary for the following
Teasons:

First, it is the prime function of a pro-
tective relay to operate when the fault
les in its protected section. Single-
phase-to-ground faults are to be cleared
by ground relays and they may be elim-
inated from further consideration be-
cause this paper is concerned with direc-
tional elements for phase relays. Two-
phase-to-ground faults, however, do lie
within the domain of phase relays but
generally more so when the system is
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grounded through an impedance. In
this illustration the zero sequence im-

‘pedance connected to bus G is low, no

additional impedance being used in the
neutral, or else the effect under discussion
would exist only to a limited extent.
Under these conditions, it may be prop-
erly expected that for the more ag-
gravated conditions, even the 2-phase-to-
ground fault may or should be properly
cleared by the ground relay because of the
magnitude of the zero sequence current.
With all of this shifting the responsibility
to the ground relay, however, it is believed
as a result of a separate vector analysis
not included here that the preponderance
of zero sequence current for a close in
fault involving ground would not prevent
the correct phase relay directional element
from operating.

Secondly, it is a function of protective
relays not to trip when the fault is in
some other location. If one of the 3-
phase relays gives an incorrect direc-
tional indication for fault location 1 in
Figure 4, it is of no consequence as long as
tripping is obtained by another relay.
The question then arises if the incorrect
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Figure 5. System diagram showing relay
location requiring special consideration

indication can cause false tripping if the
fault is back of the relay, as in fault loca-
tion 2. There are two answers to this
question. The answer for the relay loca-
tion as shown in Figure 4 is that the con-
ditions affecting the relays at bus G on
line 1 are completely changed by a fault
at location 2 on line 2. The preponder-
ance of zero sequence current disappears
from all parts of line 1, and the analysis
of relay action for this case is made by
considering therelaysof Figure 2 inreverse.

The second answer is involved when
the relay location is as shown in Figure 5,
and connected for the tripping direction
as shown. In this case, with fault loca-
tion 1 or 2, and with a heavy preponder-
ance of zero sequence current from the

left, it appears quite likely that false
tripping might result with three of the
commonly used connections, which are
the 90 degree, the 60 degree number 2,
and the 30 degree. This is because of the
tendency of the large zero sequence Com-
ponents to draw the three line currents
together in phase position, and since
these are used with three different volt-
ages in the three different elements, it
appears that at least ome is likely to
operate incorrectly. If the connection
jdentified as 60 degree number 1 is used,
however, the difficulties are removed inas-
much as the relay is then not sensitive to
zero sequence components, either current
or voltage.

Figure 2 represents the opposite con-
dition to that discussed for Figures 1, 4,
and 5 in that all of the zero sequence
comes from the far end of the line so that
the relays are operable from positive and
negative sequence currents only. Since
the result of this study can be applied in
reverse to cover fault location 2 in Figure
4, it is important that all directional ele-
ments associated with fanlt detecting
elements (such as overcurrent elements,

A,
Table H. System Figure 2—Zp Values

impedance elements, and so forth) -re-
ceiving enough current to operate should
give a correct indication. The study of
Figure 2 does mot repeat the considera-
tion of phase-to-phase and 3-phase faults,
as in this respect, Figure 2 is a duplicate
of Figure 1.

Figure 3 represents a typical condition
wherein a delta star connected trans-
former bank is interposed between the
relay location and the fault. Here again,
it is important that all directional ele-
ments associated with fault detecting ele-
ments receiving enough current to operate
should give a correct indication inasmuch
as the conditions affecting the relays of
Figure 3 may be applied in reverse to
other relays at bus G protecting source
circuits feeding into bus G.

The study of Figure 3 has been based
on the connections as shown schematically
in that the star side of the bank is con-
pected to the line. Further, the line
voltages X, Y, Z, lead the bus voltages
A, B, C by 30 degrees in accordance with
American Standards Association stand-
ard practice based on the line having the
higher voltage. Other combinations were

CONN PSS RELAY A RELAY B RELAY C
20° | A-G ”’-3;— £+ [210° V3[R [270 (Bt 22,) [230°] | VE[Risl10™H(2o¥2 2,) 210" ]
(] [ )
BC- 6 ~3 (1+2R) 2, [270° 3AZ,g 300%4V3(142A) Z, [270° | 3AZ,5[240°+ VB(1+2A)E, [270°
I+ 3 A [30° I+~3 A [330°
60’s | AG | 5[2l2i0"HZ.T22,)[330°]| 0 % Erl270°
BC-6 ~V3AZ,g[330°+(1+2A) 2, [300° | VEAZ 270+ (1+2A) 2, _[300° Ot+t2A) =, [300°
1+A [60° I+2 A 1+A [300°
co*2| A-G ‘E[vs 2,6 [270%~3 2°1_33._f)%2i,, Eooj 2 Ew ~3 2, [270F V3 B [210% 22, [240°
VERZ,4300%(1+30) %, [300° | (1+V3A[300) &, [300°
- +V3A[330° 300° 2 = 1L
BC-G | (+V3A[) 2, [200 1+v3 A [30° i1+~3 A [330°
30° | A-6 | E[2)s [210°H(Eo+2E,)[330°] | V3 [Zis 20+ (2ot 2Z,)30° ] ~5 Z7/270°
. | 3A 2 300%+VE (1+2A) 2, [330° | VEUI+2A)Z [230°
- 2A 3 ) L L
BC-G | 3AE s +VE(142A)2y [330° ¥ VZ A $3 A [330°
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Table 1.

System Figure 3—Zp Values

N RELAY A RELAY B RELAY C
20° | YZ | V3[R0t 2(Z1ratEy) [330°] |3 [E s [270% 2(Z e 2 ) [220°] | VE [Eist(Znatzy)]R70°
X6 | VIZRICHRE 28+ Eo] [240° | VEE s[270°H[2E 1at2 R+ 2o ][300° )
NZ-G V3[AZ,c RIOTH 2 N)(Z ra . [270°]| VB[R E 5 [330°H(1 +2NE et 2u) [270°]| VE[2AZ st (142R(E ra t B, )] [270°
| + A [300° 1+ A [60° I+ 2A
XY Z ~3(Zrrt 2, )[270°
2 1 .
60°1 | Yz 0 G [Est(@Eiret 20 [270° B [21s [270% 2(2 1t2)) [3207]
X-6 |3 [zl (22impt2 2, 120)[300] 2Z T2 E o+ 2, V3 2 [210°H22 o V2 2,12 5] [240°
YZ-G | AZgt(H2A)(Z 1et2E,) [300° [2AZH(1+ZN)(ZiratE )] [300° | AZ)s [240°H(I+2R)(Z ratZ) [300°
' 1+v3A [30° 1+V3A [330°
XYZ @ mrtz,) [300°
O o
cox2| YZ 2(ZwrtZL) V3 E[27042(2 et 20 ) [240° "% 2,5 [270°+(Z 1t Z,.) [300°
2 1 . -
X6 | [z,5+z\m+zm+é Z5] [270° | 5[ l220 +(zz,TR+22,L+£QLsggj 0 .
vz-g| +t2MEre+E,) [300° VAZ, 5 [330°H142A) B 17+ 1) [300° | VB AZ g [270°H(1H2A)E, g +2,)[308
1+A [300° \+A [60° 1+2A
AYZ EwrtZ ) [zoo®
. : .,
30° | YZ -‘Gl:z‘s 20°+2(Z rrtZ,.) @0] 2v3 [2-15+(le&+ Eu.)] [270° "’3[515 [270"+(2 7ot 20) !__3300:]
X-G | V3 & o [2TOH2Z 1ot 22, 12,)[300] 2Z . t2Z L2, )
YZ-G ~I[AZ, 5 [B0°HIH AN E mat . ) [330)| VS [0 AZ1s [330% (1 +2AX Zrrat B (3307 VB[AZ s [270°H#2A)(2 gt 201 ) [33¢7]
1+ A [300° |+ A [60° 1t2 A
XYZ V3 (Z ot 2 ) [230°

considered, such as star (low-voltage) to
delta (high-voltage), and with the non-
standard condition of the 30-degree lag-
ging relationship. It was found that the
same results were obtained, the only dif-
ference being that when the 30 degree
lagging connections were used, the for-
mulas became associated with relays for
different phases. Hence it follows that
what is the best connection for Figure 3
also is the best for the other possible
transformer connections.

The Search for Limits

With the formulas derived as shown in
Tables 1, II, and III it became desirable
. to analyze these formulas to determine
the maximum spread in phase angle be-
tween the current and the voltage. The
results of this study are shown in_ Tables
V, VI, and VIL. Several of the vector
diagrams in these tables will now be dis-
cussed in order to clarify the methed of
analysis used as well as the peculiar nota-
tion used with the diagrams. Dash lines
in the table mean that that particular re-
lay received no current for the fault im
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question. Blank spaces in the B and C
relay columns for the 3-phase fault, ABC,
indicate that the consideration given one
relay, relay 4, is sufficient.

Remembering that Table V is asso-
ciated with Table I and Figure 1, it is de-
termined that the diagram for relay B,
line 1 (90-degree connection, phase-B-to-
C fault) comes from the formula
Zp=~/32:/210°+22,, /240" @

The angle of Zp, is the angle by which
the current lags the voltage, so that the
current vector will be plotted clockwise
from the reference voltage vector by
whatever positive angle results from
evaluating equation- 2. The impedance
terms Z,g and Z,; are the positive se-
quence impedances of the source and the

line, respectively. The expressions /270°
and /240° are mathematical operators
“producing a positive angular rotation of
the amount indicated. In this particular
formula, —j could have been used for
/270° and the g? operator of symmetrical
components could have been used for
/240°. These two substitutions were
not made, however, because so many of
the other formulas contain operators in
steps of 30 degrees that is was considered
preferable to keep all of the operators in
this form.

. Equation 2 is to be studied for limits.
One limit is apparent immediately in that
if the fault is close enongh, Zyz becomes
zero and all that is left is V/3Z,g /270°

Table IV. Table of Connections

CONNEC- RELAY A RELAY B RELAY C
TIONS VOLTAGE | CURRENT | VOLTAGE | CURRENT | VOLTAGE | CURRENT
$0° Vbe 1a Vca In Vab Ie
80° NO.t Vac Ia-Ib Vba Ip-Ic Veb I.~Ia
80°NO:2 -Ven 1a —Van In ~¥bn Ic
30° Vac Ia Vba Ty Vcb 1c

Sonnemann—-Directional Relay Elements
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Table V. System Figure 1

CONNEC- | PHASES *

TIONS | FAULTED RELAY A RELAY B RELAY C
Lo , L0530 Lo
120 oo
N - @i
Iz’//l. v 30° v
$90 (-
L0
AG 20° — —
$90 v LO, A%l
4 $90,R1=67 o
BC-G —_— v 27 L90,As
3c* x
Py S90,As : Y
we 590,A"0+ W2 =42,
ABC . E%f.
v
L90
LO L0=S20 Lo 0
€0°"1 | BC o NN Y obe
120 200 Vv
so0 v Ls0 L90
L0 L0
20° v
AG d° — 20*
v
$90
LO,A70+
\or
v
90, Az|
ABC v
30*
L20
Lo - Lo
30° v
€0°s2 | BC — 3 .
s90 v L90
L0
ot
A-G = \') p— —
wb
Eos20 Rgi0+, A0+, L70
150
BC-G —_
Lo
o
ABC
30° v
L9290
LO
0 v
30° BC —_ o R
30° v
L%0 1.90
Lo
300
A-6 =V — —
&0
L9D
LO,A=I
300
- —_ v
BC-6 L
: $950,A<0+
LO
300
ABC %i &0° v
L90
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The source cannot have an angle greater
than 90 degrees, so if we take 80 degrees
for the angle of the source impedance and
rotate it by /270°, the answer comes out

at an angle of 360 or zero degrees. This
is the characteristic angle of Zp and thus -
means that the current and voltage are in
phase. Referring to the vector diagram
in Table V, it will be seen that a current
vector has been drawn in phase with the
voltage vector, and the notation for it is
S90. This notation means that the source
jmpedance (S for source) governs for this
limit, and that it has an angle of 80 de-
grees.

Assume that the source impedance has
an angle of 60 degrees. Adding 60 to 270
degrees yields 330 degrees, meaning that
the current lags the voltage by 330 de-
grees (leads by 30 degrees) and such a
current vector would fall in the shaded
area, not establishing a limit, and hence
was not plotted.

For this case, equation 2, the maxi-
mum possible angular position was found
by assuming that the fault is close in and
involves an arc of great length so that the
impedance of the line is not only at 0 de-
grees, but also so large that the imped-
ance of the source becomes negligible.
In this case, through neglecting Zys, the
expression for Zp is evaluated by con-
sidering the second term of equation 2, or
22)[,/’240°, and with ZH, having its own
angle of zero degrees, it follows that the
current leads the voltage by 120 de-
grees.

Another current vector is shown ac-
cordingly in the vector diagram, and
wherein the notation LO signifies that the
line impedance governs and that it has an
angle of zero degrees. It was felt that it
was a bit pessimistic tolean too heavily on
the. limit thus established because this
calls for the arcing fault to absorb the en-
tire system voltage, even though arcs on
horizontally spaced lines approaching
full system voltage have been reported.
Consequently, a compromise condition
was evaluated as shown by the current
vector at 67 degrees leading, wherein the
notation LO=S5S90 means that the line
jmpedance at zero degrees (all arc) was
taken numerically egual to the source
impedance at 90 degreesand Zp evaluated
accordingly, giving due attention to the
/3 and 2factors. This would account for
the arc absorbing somewhat more than
half of the available voltage. Other in-
termediate vectors representing alternate
conditions are occasionally used in other
diagrams throughont these tables.

The method of analyzing the formulas
is thus established as a study to determine
what possible impedance values, both in
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angle and in magnitude, can be utilized
to yield the maximum angle and the
minimum angle in either direction, and
anything of a more reasonable nature as a
limit in between.

As might be expected, the 2-phase-to-
ground fault condition was more difficult
to handle, both in derivation and analysis,
than the other three combined. The only
practical way which could be found was
to introduce a factor 4, a real or complex
number, letting
A5

Z; @)

in which Z, and Z, represents the final
equivalent single impedances for the en-
tire zero and positive sequence networks,
respectively, as used in calculating the
fault current components. The factor 4
is thus a ratio, and may vary from slightly
more than zero to a very large number.
In general, however, its possibilities were
considered on the basis of it being either
0+ or 1. Large values of 4 make the 2-
phase-to-ground fault approach the con-
ditions of a phase-to-phase fault, as may
be verified by comparing the formulas.
(The one case where this does not hold
true is for the 60°, number 2 connection,
Figures 1 and 2, which received the
necessary special attention.)

Typical of a case where 4 is taken at
0+, consider Relay B, line 3, Table V.
The formula is

VBAZ5/330° 4 (14-24)Z,,/300°
1+4/60°

Zp

4)

Consider the limiting condition when the
line impedance is zero so that the second
term of the numerator drops ont. Now
assume that 4 is very small, and a real
number (meaning that Z, and Z, have the
same angle). The denominator is then
practically unity and may be neglected.
This leaves the angle to be determined by
Z,3/330°, and with a 90-degree source cir-
cuit, this yjelds 60 degrees for current
lagging voltage. A current vector is ac-
cordingly shown at this angle in the vector
diagram with the notation 590, A=0+-.

It is of importance of note that the
magnitude of Zp, heretofore not dis-
cussed, is a measure of the ratio of the
voltage to the current. If this ratio be-
comes low enough, the relay will not
operate. The condition just discussed ap-
proaches this condition, where 4=0+.
An auxiliary condition was calculated for
A =1, a real number, yielding an angle of
30 degrees lagging, which has been
shown.

A value of 4=1 can be obtained three
ways. .First, at zero line impedance, the
ratio of source impedances can be unity.

1444

Table V1. System Figure 2

CONNEC- | PHASES) RELAY A RELAY 3 RELAY C
270 Z00 L60
20° A-G 20® Ead v 200 5™
v co®
=790 2090 592 v
LG0,200 LO,AM §30.RL28
BC-G 120* L&D, A0 109" L‘.O,A!O 36°
130° 0 V
\Y; v s
L90, As| w7 390,An %50, A0
Lo 210
2%
co’»1 | A-G T v — 20?
v
Zr90
LO,Asl | Lo,A0t
(=}
LO,A*]
BC-G <o v Te
q v
30 >
y Q'
1.90,A:0+
L90, Az
Lo
o V |LoAn  2a20
60 *a A" G 1342 cor
N L20 sso Y
LO,A| LO,A 0+
. 9% ¢o°
BC-G - @;: v v
30
30° v
L90,A:0+ L20, A0 20,Ax1
Lo 590 £r0
o 30" \'] d v
30 A-G 3g*
Lol 1 .o v
190 Zr90
LO,Ax0+ Lo, A LO,Ax0+
30° »
v 49 30'
BC-G r v v
30 o ™
$90,A=1 L50,A20+ L30, A

Secondly, if the line impedance is repre-
sented by a high value of arc resistance, A
automatically becomes one. Such a con-
dition forms the 90-degree current leading
limit for the diagram under discussion.
Thirdly, an assumption has been made
that, for the sake of even figures, the zero
sequence impedance of the line is equal to
four times the positive sequence im-
pedance, hence if the fault is appropriately
located a sufficient distance down the
line, A becomes unity, even with a low
zero sequence source impedance,
Transferring attention to the diagram

Sonnemann—Directional Relay Elements

for Relay C, line 3, Table V, a new symbol
R/—67°isdiscovered. It represents the
maximum angular rotating effect of —67
degrees which could be discovered by
trial calculations for the portion 4/14-4-
/300° of the formula for this relay as ap-
plied to the Z;5 term with Z;;,=0 and in
which A4 is a complex number occasioned
by the existence of a resistance to ground
in the fault affecting the zero sequence
network only, as illustrated by R, in
Figure 6 The R factor appears again at
different points in these tables represent-
ing the same type of operation with
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Table VH. System Figure 3

9%‘3’;:35(‘ ;ﬁ%@% RELAY A RELAY B RreLAY C
s60 L90 -0
900 YZ 30° v 150' 0®
Go* LO
v v
La0 S90 580
zgo
X-6 207 L90 —_
is;" sV
LO,RE&7 Lo, Asl
‘22. .
- 90.
YZ-6 v
30 Vv
L90,Al 190, A0+
Lo
XYz %w’:
v
EY)
560
° >
60”1 | vz Y
@0
L90
2,0
X-6 I
v
$90
$90,R1:S6
YZ-6 t
30° v
L90,Az0
XYZ
(LI FURRTS Tt T Le
cO'»2 | YZ . 2 - YLy
“‘
L90 sk VY L20
200 $60
ol
X-6 20°* v —
ss0 ¥ L90
LO,A: LO, A" LO,Az
30" Gl *
\V] 60
YZ-6 0" v < v
46° 30
L20, At 1.80,A:0+
Lo 590, 20525
XYZ o
30* v
L50
10
o
590 v 3,,.56
20 | vz i U Y
8 Lo \Y
~ ' 590 |~ Leo
! 200 200
60* oo v
- G —
X s \";
L9o L0 590,272,052 15 RESS
LO, A%l .
A 37 v
YZ-6 e v e
A ZTar0,ZodZn L90,A:0+ L20,A0+
#L0
>N
XYZ Lo
l 190

1€77, VoLurme 69
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angular values appropriate to the occa-
sion. In all cases where the R factor was
used, it was evalnated on the basis that
the source impedances were at angles of
90 degrees lag and that Zyg=0.05Z:s.
In the same vector diagram (Relay C,
line 3, Table V) the factor 4 is used equal
to 1 based on ZoL=4Zu,.

The 2-phase-to-ground fault condition
is particularly tricky to handle for the
60°, number 2 connection by virtue of the
fact that the fault condition in itself is
complicated enough, and with the relay
using phase-to-ground voltage for polari-
zation, the analysis becomes tedious. In
this case, the R, value Figure 6 is likely to
become quite important, as may be seen
by the 150-degree angle shown for Relay
C, Table V, line 11. This diagram also
shows a case where it was desirable to
consider values for A of 1, 4, and in-
finity.

Other symbolic notation used in these
tables is explained as follows:

L=0 means that the line has no im-
pedance, contrasting with the symbol LO
described previously.

Zqs denotes the zero sequence imped-
ance in the source up to the relay, while
Z, denotes the total zero sequence net-
work.

Zy tepresents the total of all imped-
ances used in making the initial fault cur-
rent calculation, as for example, in eal-
culating a single-phase-to-ground faunlt
Zr=2\+Za+ 20

Zrg represents the impedance of the
transformer in Figure 3. .

In preparing Table VII for Figure 3, it
was necessary in some cases to assume &
very low limit for the impedance of the
transformer, but not zero. In such cases,
it was assumed equal to 5 per cent of the
positive sequence source impedance and
is so indicated.

Summary of Results

The vector diagrams now may be
studied in the light of directional element
phase angle characteristics either as they
are, or as they should be.

Considering the 90-degree conmection
first, it will be recalled that when this con-
pection is used, the relay is usually
equipped with phase shifting means to put
the zero torque line at 45 degrees lagging—
135 degrees leading, and the directional
element therefore has maximum torque
when the current leads the voltage by 45
degrees. A study of the vector diagrams
reveals three cases where the current falls
in the contact opening zome by being
either more than 45 .degrees lagging or -
more than 135 degrees leading. These
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Figure 6. Location of fault resistance affecting
zer0 sequence network only

are (1) Relay B, BC-G fault, System
Figure 1; (2) Relay C, 4-G fault, System

Figure 2; and (3) Relay B, YZ fault,

System Figure 3. The last two cases may
be dismissed as nontroublesome on the
basis that the conditions assumed for
these limits are associated with such low
current values that the fault detecting
.element can hardly be expected to oper-
ate. In case of doubt, the formulas may
be used to investigate particular condi-
tions short of the limits shown here. In
the first case, however, a hazard of pos-
sible false operation does exist when the
relay location is as shown in Figure 5 and
with the fault back of the relay as in loca-
tion 1 or 2. It will be remembered that
for this location, a previous discussion
gave the 60-degree, number 1 connection
a preference for other reasons.

The 60-degree, number 1 connection is
generally used with an element having a
watt-type characteristic, which means
that the zero torque line falls at 80 de-
grees leading and lagging the reference
voltage, with a maximum contact closing
torque produced when the current and
voltage are in phase. With this type of
characteristic, the onmly possibilities of
trouble are for Relay 4, BC fault, System
Figure 1, and for Relay C, X-G fault,
. System Figure 3. In each of these cases
it is doubtful if the fault detecting ele-
ment will receive enough current to
operate. .

In the case of the 60-degree, number 2
connection, if a watt-type element is used,
the first possibility of trouble is encoun-
tered in connection with System Figure 1,
BC-G fault, Relay C, for the condition of
R,=0+, A=0+, L=0, where an incor-
rect directional indication would obtain.
This fault would be clearcd by rclay B
acting alone, The problem of the incor-

“rect indication of relay C caunsing a false
trip out is, once again, limited to a loca-
tion as shown by Figure 5. Other cases
where the current leads the voltage by
more than 90 degrees are discovered for
System Figure 2, 4-G fault, Relay C,
and Systéh Figure 3, YZ fault, Relay B.
The possibility of causing a false trip out
by approaching these limits depends on
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the magnitude of current involved as it
affects the fault detecting element.

The 30-degree connection remains free
of trouble only as long as the application
is described by System Figure 1. If ap-
plied as shown by Figures 2 or 3, it is
easily seen that erroneous directional in-
dications will result with probable current
magnitudes within the range of operation
of the fault detecting element, thus lead-
ing to false tripping.

Conclusions

1. The general practice of shifting the
angle of maximum torque to approxi-
mately 45 degrees leading for the 90-de-
gree connection appears to give the best
characteristic to fit the spread of possible
phase angles.

2. A watt-type element appears to be

best suited to the three remaining types .

of connections.

3. Each connection theoretically in-
volves possibility of trouble in certain ex-
treme cases.

4. The 30-degree connection is not
suited to systems as shown by Figures 2

and 3.
A,

General Notes on Derivation
of Formulas

The following appendixes I, II, and
111, cover the calculation of the necessary
fault currents and voltages for the four
types of faults, following which the Zp
formulas appropriate to the several relay
connections are derived for enough cases
to illustrate the method. The sequence

"network connections for the various fanlt
calculations are not shown as it is taken
for granted that those who check this
work will be familiar with the method of
symmetrical components.

The following remarks, however, are
appropriate.

V' represents the genmerated voltage
which causes the fault current to flow.

Subscripts 1, 2, and 0 denote positive,
negative, and zero sequence, respectively,

. as applied to current, voltage, or imped-
ance.

Subscripts S and L denote source and
line, respectively.

Impedance symbols with 1, 2, or 0 sub-
scripts only denote the total impedance of
the respective positive, negative, or zero
sequence network to the point of fauit.

The relay voltages are calculated for
the bus G.

A is the ratio Zo/Z;.

For simplicity, phase-to-ground volt-
ages at bus G are written without the
second subscript, ¥, instead of V.

Sonnemann—Direciional Relay Elemenis

Appendix . System Figure 1

Zi=Zg+2Z,1

Zy=2,

Zy=2Zus+2ZoL

Phase-to-Phase Fault on Phases BC

Calculate currents and voltages

| 2
@ BT Zr I+ Za ®)
Ja=Ial+I¢2=0 (6)

7

Ib=a=1.,1+a1.,,=.z‘i (/240 4 /300°) =

T
Vﬂ' o
——+/3 /270 )
Zr

Ic=ar.,1+a=1,,=:z’f1(/120° +/60°) =
T

Vo' °
—=4/3/90 (8)
Zr
| L% o
I,—Iy=—=+/3/%0 (9}
ZT :
Yo'y = °
Iy—I.=—22+/3/270 (10
Zr
Va' o
I, —I,=—"+/3/90 (11)
Zy T T
Voltages at relay location, bus G
’ . V“’
Vaa=V, _IaXZIS =V —5—Zg=
Zr
V r V T
T (Zr—Zis) = (Zis+2Zu) (12)
Zr Zr
Vg’
Var=—1nls=——2:s (13)
Zr
Va'
Va=Vat+ V.n=z—(2zns+2zu) (14)
T .

»=a*Vgt+aVa= Z—a(a‘Zw-f-%’Zu,‘{-az:s)
T

=%:."I(sz@+2zu./_m°)_ (15)
Ya

Vc =g V¢|+Gz Vuazr

(0Z1s+20Z11+

@3Z;s) = —Z; (Z15/180° +-22,, /120°) (16)

V r
Var=Ve— V,=5=-(3zw+2\/§zu/30°)
T

an

Ve’ »
Voe=Vp— Vc=?r(2~/'§zw’m ) (18)

Vo' o
Vea=Ve— Va - 2"‘(3213/_1& +
T
2v32,./150%) (19}
Derive the Zp formulas

90° CONNEBCTION

¥ .
Relay A: Zp --}E = o (no current) (20)
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V.
telay B: Zp=—"=
I

32,5/180° 424/32,,/150° /%07
~/3/270° /90°

The term Vq'/Zr is not shown because it
_ppears in both numerator and denominator
1d therefore cancels onut. The multiplica-
jon by /90°/ /80° is to convert the denomi-
1ator to a real term.

Zp=+/32,5/270° 427,, /240° (21)

=

V.
Relay C: Zp= I‘w

€

3Z,6+2+/32,,/30° /270°

3/ 90° /270°
=+/328 '270°+2Zm/300°
(22)
50° CONNECTION
NUMBER 1
Vac Vm
Relay A: Zp=——=——"=
A SR Ny N
3ZJS+2\/§Z;L/33O° /270°
4/3/80° /270°
=+/32,5/210°4-27,,/240°
(23)
Voa —Va
Relay B: Zp= —Yab
d » JD"Ic ID—I,_
3Z:5/180°4-2/37,,/210°  /90°
2+/3/270° /90°
= %Zas/?ﬁnzu/aw
(24)
» Vt’b - Vb:
Rel C: = —_——
elay,C: Zp To1. 1.~1.
2~/32,,/90°
=2z @9)
60° CoNNECTION
NUMBER 2
-V,
Relay A: Zp=——== (26)
a
—_— Vﬂ

Relay B: Zp= =
I

27,5/180°4-27,,/180°  /90°
V3 [270° JE
g—_\72—3{2,g[270°+2n.m)
27)

-V
Relay C: Zps——b=
<

Zis+22,,/60°  /270°
V3 /%00 /2707

‘;/1‘?3 (2:5/270°422,,/330°)

(28)
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30° CONNEBCTION
Ve

Relay A: Zp=— = (29)
I '
Relay B: Zp= ﬁz
Iy
__3218/1_80"'1‘2 V32,,/210°  /90°
= V3 [210° *7%0°
=+/32,5/270° 4 22,, /300°
(30)

Voo 2+4/32:./90°
Relay C: ZD_T, _—\/‘E—[g.:’ =271

(31)
Phase A-to-Ground Faunlt

Calculate currents, and voltages at bus G

Va' Va’
Iy =lge=lgp=——""T—"=—
| ° Zv+Z.+Z, Zr 52)
Ta=3m=3- 33)
a -2 ZT (
Iy=I.=0 (34)
Va’
I,,—Ib—azr (35)
Ib —Iz =0 (36)
Vo’ o
I.—I,=3->/180 ™ 37)
Zy
’ ’ i’ﬂ'
Va=Va' —IaZis=Va'— —Zis
Zr
Va o
== (Zr+2,5/180%) (38)
Zr
V ?
Vn"—‘ ""quZzs =—0213/180° (39)
Zr
Vo’ °
Vao=—1goZos = Zos/180° (40)
Zr
Ve=Var+ Vazt Var=
V r
7 Cr+2Z.s/180°+ Z,s/1807)  (a1)
T
But Z7=2215+2Z11+Zas+201 (42)
V ?
Vo=~ (Zu+Zu) . 43)
T
Vo =a*Var+8 Vart Vao

=-z‘ﬁ*-(z,/240°+z,s/eo°+szsoo°+
T
Zys/180%)

= %‘— (v/3215/270°+ \/3Zs/210° +
T
27, /240° 42, /240°)  (44)
Ve =aVa1+a? Va:+ Vao

=%"(27/120°+Zas/300°+213[§0_°+
T
Z,3/180%)
=Z—“w§zw19_0_°+ VBZus/150°+
T
22,,/120°+2,, /120°)  (45)
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The phase-to-phase voltages are derived
as in a preceding section by taking the dif-
ference between the appropriate phase-to-
ground voltages, above. Substitutions are
made within the parenthesis for Zr in ac-
cordance with equation 42 in order to sepa-
rate the source and line impedance terms so
that the end results are:

V ! = o 1 o
vqﬁz“—wszw/go +4/3Zu3/30°+
T

2+/32,1/30°+~/3Z,../30°) (46)
Vaem 22 (382 2T0° + v3Zes 210"+
T

24/32,,/270° + /32, /270°) (47)

Vu=;—'w§zm/10:+ V3Zus/150°+
T

2+/32,,/150° 4 /324, /150%)  (48)

The relay formnlas are derived in the same
manner as in a preceding section. The
expression for current in each case is so
simple that performing the necessary divi-
sion of current into voltage is done in one
step, yielding at once the formulas which
are already tabulated in Table I for phase-
A-to-ground fauit, hence there is no point in
repeating them here.

Two-Phase-to-Ground Fault on Phases
Band C

The sequence networks are, of course, con-
nected in parallel, and from this considera-
tion
ZsZo
Zr=2+——
r=Z+ Ztz
Letting

Z
4==

Z, “9)

and since Z,=Z, is assumed
1424
Z’"z‘( 1+4 )

Calcnlate the currents, and voltages at bus
G

(50)

Va!
Zr

Im=
_ & A8 4 x
Zo+Zy  VZ,0+4) 1+4
10 /180°
51

In= —1q

-] _i_
“Z.0+4)

1
1+4

Zs
Zs+Zo

lgop=—Im

I,,/180°

(52)

Ia=In+Igpatla=0
= c=1c1+¢1n+1ao=

(53)

A 1
240° 4. - /300° 4 —— /180>
In(/ +1+:§/3 +1+A/

—

Vo' /3/210°434/270%) (s4)

TZr0+4)
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Similarly,

Lot S (VB/150° + v/34/90°)

Zr(1+4) (55)

Ig—Ip= (v/3/30°+/34/90°)

(56)

W
Zr (1+A)

Iy—1.= (v/3/270° 4-2./34/270°%)

z (1 +A)
Gy

Vo’
g —————— 150° 90°
le—1g= Zr (1+A)(\/3/ +\/3A/ )
(58)

'V 7
Vo=V —1aZg= Vs’—_azls
Zr

- ;_:(ZT-Zm) (59)

4
Va: = "‘Irnzxs = 1__*_—‘4"1111213
Vﬂ’ A
= Zr(l’*‘AZIS) (60)
1
Vao=—Iqeleg = 1+A1a1203
V,’ 1
1+Az::s) (61)
Ve=Va+ Vart Vao
Kc_' Zos >
Zr (z’+z‘°( H' 1+A)+1+A
Va'
m(ﬂzm+zm+2u(1 +24))
(62)

Vb=c’Vu+aVaﬂ+Vao=
Vq’ A
— (Zr—Z15)e*+—— 3
Zr(( =Ll 1+a%5s 1+AZ°“)

V’

—_— 180°
=z (1+A)(AZIS/ 80°+Zos+(1+24)

21,/240°%)  (63)
V=sVar+a*Var+ Voo

Va' .4

ZT((ZT—ZIS)CT1+AG le+1+A)
__Va
Zr(1+4)

(AZ,3/180°+ Zyg+ (14-24)

Z./120%)  (64)

The phase-to-phase voltages are derived as

before, and separating source and line im-
pedances, they are found to be

Vo=

Z (1+A)(3A4213+ Vv3(14+24)Zu X

£30%) (65)

Vie= (v3(1424)2,:./270%)  (66)

Zr (1+A)

V'

Vea= o1+ 4)

2 (342,5/180°+ \/3(1+24)X
Zy./150%)  (67)
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With the expressions of voltage and current
now available, the relay formulas are de-
rived in 2 manner similar to those in the two
preceding sections. The algebra of the
operations is a bit more complicated in this
case, however, because of the greater com-
plexity of the current expressions, hence the
derivations will be given here for the “90°
Connection,” to illustrate the method.

80° CONNECTION

Relay A: 21)3&‘: © (68)
I,
Relay B: ZD=E~—
Iy
3A4Z,5/180° 4 /3(1+-24)Z,,/150° (69)

V3/210° 1 \/34/270°

There are two different angular operators in
the denominator so that it is impossible to
reduce each of them to a real number in the
same way that the denominators in previous
illustrations were reduced. The best that
can be done is to reduce one of the factors
to a real term, and the factor chosen is the
one not involving 4. Inspection shows
that if an angle of 150° is added, this will be
done, hence multiply both numerator and
denominator by /150°, and cancel out /3
from each.

\/3Azls/330 At (1+2A )Zu’,/3m
1+4/60° /60°

Zp=

(70)

Relay C: Zp

3425+ v3(1424)2,,/30° /210°

+/3/150° 4 /34/90° /210°

\/3A213/210°+(1+2A)Zu./240°
1+4/3C0°

Utilizing the above method of derivation
yields the formulas for the remaining relay
connections, and these are listed in Table I.

(71)

Three-Phase Fault
Calculate the currents, and voltages at bus G

Val Vul
I T e——— Y
" ZuatZu Zr @2
Taa=I00=0 (73)
In=In= Y (74)
T
Va’
Ib=a’1¢u=a’—' (75)
Zy
V‘ r
I¢=aI¢1=Gz_: (76)
Va' jane
Ta—Iy=~/3_~/30° n
Zyp
Vg' o »
Iy—I.=+/3_=/270° (78)
Zr
Ve’ °
Ic_Iar"\/g—!_'ﬁ (79)
Zr :
V ’
Va=InZu=——2Zu (80)
Zy
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Va=a’Vl=ﬁ-Zu./240° (81)
Zr
V 2
Ve=sa V,——z.,,/120° (82)
Vo’ >
Vao=Vo— Vo= \ﬁé—zxt& (83)
T
Va' °
Vae=Vy— V= \/32—311./27_0 (84)
T
ch = Vc - (85)

Because of the symmetry of the 3-phase
fault, only one relay formula is needed per
connection. These are derived as before,
and are listed in Table I.

Appendix Il

Inasmuch as Appendix I has shown the
method of derivation of the Zp formulas for
the relay directional elements as well as the
method of deriving the currents and voltages
this appendix will merely list for reference
the currents and voltages involved. This
will only be necessary for faults involving
ground, because for phase-to-phase and 3-
phase fanlts, Figure 2 is a duplicate of
Figure 1. The Zp formulas are given in
Table 11,

Phase-A-to-Ground Fault

System Figure 2

Zrp=2\+V‘Zy+2y=22,+2Z, (86)
Tu=Ta=Ta=t® (87)
Z7
Va'
Io=2 Zr (88)
Va' °
=— /180
h=o /1807 (89)
LT (%0)
T
Vg .
Ip—Iy "‘3'2_— (01)
I) —Ic =0 (92)
I —I,=3—/180° (03)
V., o
Va =-E;(Zr+zxs/ 180°%) (1)
V= t® 7,0/150° 5)
Zr
Va’ o.
Zy
N AN
Vo= Z-fzz, " o7)
Vs ___;._ (V/32,5/270° 4 1/32,/210° 4
v ;
2Z,,./240°) (98)
v, ,%’1 (V/3215/90° +-1/3Z,/150° +
T
2211-11_21,. (99)
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Ve . ° °
1'.,-—24(\/3213/90 +/32,/30° +
T

24/32,./30°) (100)

V.’ o Qo
V.C-Z—(zx/ézmﬂ?o +/32,/270°+
T
2+/32,,/270%) (101)
Va' °
Vu"“z‘g‘(‘\/ﬁzm/go°+‘\/§zo/l5o -+
T
2+/32,,/150%)  (102)

Two-Phase-to-Ground Fault on Phases
Band C

Z2Z, 1424
Zp=Z14 = 1
r=lty iz 114 (103)
Z
A=Zand Z,=2, (104)
Zy
V'
Jog=—"
«=z. (105)
A V. o
=2 n%0
le=1" zZ (106)
1 V. °
- Z= 180
Ie 1+AZr / (107)

Currents at relay location, bus G, do not
involve zero sequence.

Therefore
Vo' 1

I.=I.u-i--1.n==‘z:r 154 (108)
n=Yo 3 (1/240° 1 1/34/270%)  (109)

Zr 1+4
IC-V—"Lu/mow\/:';A/QO‘) (110)

Zr 1+4

Va’
-] e ———————— 30° 90°

L (1+A)(\/§/ ++/34/99%)

(111)

Vo' o
T PR £ N 270
Iy—1I. Z¢(1+A)(\/§/ +
24/34/270%) (112)

lomIam b % (/3/150°++/34/90°)

Zr(1+A4)
(113)
V-x-%’n—(zr—zm) (114)
Tr
A VS
AV 115
Va 1+Az,z,, (115)
1 V. A VY
1 v, 4V 116
Var 1+A21'Z' 1+AZTZ’ ¢ )
Vem—V8  (3AZis+Zu(1434) (117)

Zr(1+4)

Ve 240° 270°
Vs 17(1+A)(21L(1/ ++/34/270%))

(118)
17 =——”i——§,L(1/120°+xf3A/90°))
T Ze+A) T —
(119)
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Va’

=Em(3AZ:s+v’§(l+

24)2,./30%)  (120)

an

Va' _(\/3(1+24)2,,/270°)

Voem———
¥ Zr 1+ A4)

(121)

Va'

- s 180°
Tt A)(sAzls/ +4/3(14-24)

Z/150°%) (122)

¥ea

Appendix Il

In this case, a delta star connected trans- .
former bank is interposed between the relay
location and the fault. The phase relation-
ships assumed are that the star side voltages,
%, ¥, 3, (high voltage assumed) are 30°
leading the delta voltages g, b, ¢ (low volt-
age assumed). Calculations are made ini-
tially from the star connected side, but it
must be remembered that in passing through
the transformer bank to the relay location,
the positive sequence currents and voltages
are rotated 30° lagging, the similar negative
sequence components are rotated 30° lead-
ing, and the zero sequence current and volt-
age disappear.

In line with the policy established in
Appendix 1I, only the expressions for the
necessary currents and voltages will be
shown here, remembering that the Zp
formnlas are given in TFable 3. Also, V.’
ijs nsed for the source voltage in this case
rather than V.’ because of the different
phase terminology used to identify the side
of the transformer bank away from the
relay.

Phase-to-Phase Fault on Phases YZ

System Figure 3

Zy=ZigstZaretZin =2 (123)
Zp=Zy+ 22 =22, (124)
Ve’ °
= — O
Im 22‘/33 (125)
Vs’ °
=—3./210
I 22!/ (126)
Ve’ °
=2 /270
Ia 22,/ (127)
Vs’ o
=% /270 8
1 221/ uzs)
Vz' jane
= —, %
1. z,/ (129)
lo—I=0 (130)
3V’ o
—].=2 /270 131
1. 2z, 2 (131)
3V’
I.—I= 2£ /90° 132)
V=it (22,/330°+2:s/150%)  (133)
2Z,
V=t z,0/30° (134)
-] 221 18;
Vg' o o
V¢=-2E(221/3_:£+Zzs@_) (135)
1
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‘V,=£(2z,/210°+z‘s/90°) (136)
2z,
Vem 2 (22,/90°+22,5/270°) (137)
22,
Var=+/3Vx’ (138)
3V . .
V,cn"; % .(22,/240° 1. /32,5/90°) {139)
1
3V’ o o
Veam Y2V 2, 120° 4 /32:5/270°)
$}
' (140)

Phase-to-Ground Fault on Phase X

ZT=Z]+ZS+ZQ=221+Z| (141)
Zy=Zg+Zarzt+Zu (142)
Zoy=2era+2u (143)
vy’ o
In=—"— (144)
Vi’
=—=/30°
Toa Zr (145)
I30=0 {146)
VA
Is=+/3—"> 147
. Zr (147)
vV’ °
Iy=+/3-—/180 {(148)
Zr
a.=0 (149)
V!
Ia—1,=2/3— (150)
Zr
= Vz' nane
Iy—I.=+/3-=/180 (151)
Zr
=V’ jene
1,—TI,=+/3->/180 (152)
Zr
Vz' o -]
Var ='Z_'(Zr/3_3i+z:sﬂ) (153)
T
vy’ °
Ver=——Z,5/210° (154, _
© Zr
V ’ > ° -]
V..szi(zrl_@+~f§zu/1_80_) (155)
T
V' °
Vbnz—(z,/f%m +/3Z:5) (156)
T
?
V¢=£Zg-/90° 57
Zr
Ve = - o
Var= Z—(«327+2\/32‘s!180 ) (158)
T
V ’ — (-]
Vae= z: (+/327/220°++32:5) (159)
VS' e lmo
Vea= Z(ﬁzr/ ++/32:s) (160)

Two-Phase-to-Ground Fault on Phases
YZ

Zy=Zg+ZirrtZii=2Zs (16
Zo=Zorr+Zor=AZ: (162)
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Zp=Z =Z—
7Otz =2 (163)
o =2 /330° (164)
Zr
v A .
Ta=—2 2 /210
" Zr 1+A/ (165)
Tqa= (166)
Jom—VE _(1/330°4+4/270%)  (167)
Zr(1+4)y —— T
Ty=—VE_ (1/210° 4 4/270%) (168)
Zr(1+4) —
1¢=-—V”—(1/90°+2A/90°) (169)
Zp+4) — T
I—I ——v@l— (170)
Y1+ 4)
I—l.m—E (\/3/240° 134 /270°)
Zp(1+4) T T -
(171)
Tmlam—2% (\/3/120°434/90°)
Zp(1+4) T T -
(172)
V,’ Q o
V== (27330 +2,5/150°%) (173)
T
V' A .
L 30
Var Zr (1+AZIS/_) (174)
Vam—— E(VBAZis+(1424)
*TZr(1+4) s
(Zire+2:2)/330%)  (175)

Vbai—(\/§AZ,s/180°+(1+2A)

Zp(1+-4)
(Zrrr+2Z1)/210°)  (176)

Ve .
-t %
Ve ZT(1+A)((1+2A)(2173+21L)/ )
arn
V2’3
Vo= ir A)(szs+(1+2A)
- (Zarr+Zu) (178)
V:'v3 o
Vo= —{A42,3/180°+ (1424
> Zr(H-A)( 18 +(1+24)
(Zarr+Z1)/240°)  (179)
Vz’ﬁ’ 1800
V”=—-_ZT(I+A)(AZ’3/ +
(1424 Zirz+2:2)/120%)  (180)
Throo-Phace Favlt
Zr=Z\=Z\gtZirzt+2u (181)
Im=-E/'33°° (182)
Z .
Toa=Ta0=0 (183)
Ic=Ial=E'__/33_0: (184)
Z
14350

Iy=22/210° (185)
Z,
Ve’
=—/90° 186
=% (156)
Ig—fa=v—z\/§ (187)
z

No other *“'delta’” currents are needed.

V' o
Va=IaZirp+Zin) =~ Gira+2Zu)/330
1

(188)
Vi’ R
Vo= (Zirg+2Z:1)/210° (189)
1
Ve .
Vc=—z (Zirr+Z)/90° - (190)
1

Ve’ o
Vae=Va— Ve =3‘- (Zsrp+2Zi1)V/3/300°
1
(191)
V' = Joan©
Vae= Vo= Ve=—r (Zirs+2Zi)v/3/240°
1

(192)

No other voltages are needed.

.\ L]
Discussion

Myron A. Bostwick (Portland General
Electric Company, Portland, Oreg.): I
wish to compliment Mr. Sonnemann for his
excellent analysis of single-phase directional
element connections. He has used a simple,
readily understood approach to the prob-
lem, and provides more definite limits for
successful operation than have been pub-
lished previously. A glance at the many
pages of calculations provides an indication
of the thoroughness of his investigation.

Fortunately it is not necessary to dig
through these voluminous calculations to
use the information that has been pro-
vided. The wvector diagrams tell the
whole story, when considered in terms of
the particular relay characteristics and
connections. It also is essential to consider
details of the power circuit as Mr. Sonne-
mann has indicated.

The need of this is emphasized by con-
sideration of the diagrams, as described in
the section on Summary of Results. The
author has indicated that there are *three
cases where the current falls in the contact
opening zone by being either more than 45
degrees lagging or more than 135 degrees
leading.” He then discusses three condi-
tions that may cause undesirable operation.
In this discussion he fails to mention two
conditions (the B relay, 90-degree connec-
tion, for a phase A-to-ground fault on system
Figure 2, in table VI and the phase A relay,
90-degree conmection, in Table VII for a
¥-Z fault in system Figure 3) that also
cause contact opening torque. Discussion of
these was apparently omitted .because the
relays will not trip incorrectly on the re-
versed flow of current to an external fanlt.
I think it desirable to have consideration of
these relays included in the discussion for

Sonnemann—Directional Relay Elements

future reference and suggest that it be added
to the paper.

The analysis has clinched my opinion that
the 90-degree connection should be nsed
generally in all applications, except those
noted as being subject to incorrect operation.
Individual study of those installations may
then be required. In closing these remarks,
I wish to thank Mr. Sonnemann for his
clear analysis of the problem, and the tre-
mendous amount of work that was required
to present it.

W. K. Sonnemann: Mr. Bostwick has
picked out two conditions which should
have been discussed in the original paper.
In the fourth paragraph preceding the
*Conclusions,” the reference should be to
five cases where the curremnt falls in the
contact opening zone rather than just three.
As a matter of fact, all of the vector dia-
grams were studied individually for their
implications at the time of their original
derivation, including these two. At the
time of sifting and sorting all of the work
which had been done in order to prepare
the paper, however, these two were missed.
The author regrets that they were missed,
and thanks Mr Bostwick for calling
attention to them.

In the first case, relay B, 90-degree con-
nection, phase-A-to-ground fault, system
Figure 2, there is the possibility of incor-
rect tripout for relays located at certain
other points than that illustrated in Figure
2. For example, relays in the source circuit
at bus G, as well as relays on the left-hand
side of any bus interposed between the bus
G and the fault, will “see’” the vector rela-
tionships of Table VI line 1 in reverse,
hence it is apparent that the possibility of
erroneous tripout for relay B should be

" examined further. It is in cases such as this

that it is well to bear in mind that the vector
diagrams show extreme conditions which
may be more theoretical than practical, and
that an examination of the system constants
may show the trouble to be nonexistent for a
particular system. The formula for relay B
under discussion is:

Zp=1/3[Z13/270°+(Zs+22,1)/330°]

The limit condition of the current lag-
ging by 60 degrees was obtained in this case
by assuming that the zero sequence imped-
ance is the governing factor through being
large enongh to make the other factors neg-
ligible, and that it has an angle of 90 de-
grees. The 90-degree angle is not too bad an
assumption if the fault occurs at the far end
of the line at the grounding bank location
provided that the bank is mot grounded
through a resistor. If the fault is at the far
end of the line, however, the impedance of
the line is not necessarily negligible, and
whether or not the source impedance is neg-
ligible by comparison depends upon _the
system. Assume, for example, that the line

-impedance is negligible, and take Z, at 1.00

790° for reference. If Z,4 is assumed at 90
degrees, it is found that it requires a scalar
value of only 0.366 to bring the Zp value to
a 45-degree angle, the border line condition.
Thus, if Z;5 exceeds 36.6 per cent of Z,, the

-problem disappears for relays having a 45-

degree characteristic. If Zs has a smaller
angle than 90 degrees, a slightly greater
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value will be required. 1f the transformer
is greunded through a resistor, the charac-
teristic angle of Z, approaches zero de-
grees, and the current approaches the 30-
degree leading position.

The second case mentioned by Mr. Bost-
wick covering relay 4, 80-degie2 connection,
YZ jault, system Figure 3 is similar to the
first in that relays in source circuits at bus G
require serutiny. The most severe condi-
tion occurs when the fault is right at the line

terminals of the transformer so that 2,5,
assumed to have a smalier angle than 80
degrees, is zero. The angle of the trans-
former impedance Zyrz is near 90 degrees,
however, and dependence must be placed on
the source imipedance being reiatively large
in order to reduce the angle of Zp to less
than 45 degrees. If there are several source
circuits connected to the bus, the condition

will be materially aggravated for the relays.

on these source circuits by virtue of the mul-

‘“

tiplying effcct of the current from the other
sources on the apparent value of Zirz as
seen, in reverse, by any one set of relays on
a source circuit. It is conceivable that there
will be systems wherein the 90-degree con-
nection, with the 45-degree phase shilter,
will be unsatisfactory., In such cases, the
solution is to modify the 45-degree phase
shifter if this does not cause trouble from
one of the other limits, or else use one of the
two 60-degree connections,

Local Wire Video Television Networks

C. N. NEBEL

NONMEMBER AIEE

Asatisiactory local video distribution
system is necessary to inierconnect
television studios, transmitters, and pick-
up points within a city and to connect
them 10 the coaxial cable and microwave
intercity television networks,™?  Wire ex-
lension circuits aiso are necessary to dis-
tribute video signals from local micro-
wave cireuits which are used to pick up
remole program nsaterial. This is neces-
sary because space om a broadceaster’s
premise i often wnavailable and unde-
sirable from a system maintenance point
of view for the operation of r=mote micro-
wave cyuipments. A local video dis-
teibution system has been developed for
the Bell Telephone System utilizing exist-
ing telephone facilities us much as prac-
ticalile. Buckbone routes in incal areas
use newly developed low lose shielded
video cable paits. In muay cases these
are suppieinenied by end links of oxisting
paper puit cables,

Lcuipnient is provided for the equali-
zation and amplification of the virdeo
signals transmitted over wire circuits.
This equipinent consists of a transmitting
tenminal, an intermediate repeater with
cable equalizers, and a recciving fter-
minel, Viden repeating cvils (line irans-
formers) are sometimes wed at the ter-
minals for direct connections 1o the cable
pairs. A clamper slso is nsed at the re-
ceivirg terminal as a stabilizing clement
for low-frequency circuit noise and for
restering the Jow-frequency signal com-
ponents which are removed by the ter-
minsl repesting coils,

The intermediate repeater contains

Paper $0-234, recommended by the AIEE Wire
Communication Systems Commitice and approved
by the AIEE Tcchnieal Program Cewmmittee for
presentation at the AIEE Fall Gencral Meeting,
Oklahoma City, Okla., Octeber 23-27, 1930,
Manuseript submitted July 31, 1830; made avail-
able for printing Angust 29, 1250,

€. N, NrBrL is with the Bell Telephone Labora-
tories Inc,, Murray Hill, N, J,

1930, VoLuMme 69

four Llocks of gain in the form of input
and output amplifiers and two amplificr
gain networks. The equalization for the
cahle loss is obtained by utilizing the gain-
frequency characteristics of the two am-
plifier gain networks and of the equalizers
which are connccted between the two
amplifiers.  The ecqualization and gain
is distributed throughout the system so as
to obtain a reduction in cable and am-
plifier noise. Increased high-frequency
noise suppression is obtained by means of
signal prcr]istor\im;\,yl]mt is by transmit-
ting the Jow-level Figh-frequency signal
components over the system at a higher
than normal level and restoring them to
normal level at the receiving end-of the
circuit.

It is the purpose of this paper to de-
seribe these video transmission facilities
more fully and to show the results oh-
iained with sone {ypical circnit applica-
tinns. .

Characteristics of Cable Plant

The cable plant in the local exchange
aress availuble for video transmission
consists of coaxial cables, existing inter-
office trunk and subscribier paper insulated
cables, and shiclded polyelhylene string
and tape insulated eables.

Coaxiar CaBLES

The first 4-megacyele video transmis-
sion circuits were used for relatively short
studio-transmitter connections. Special
installations of 0.268-iuch coaxial cables
with specially designed cqualizers were
provided to care for these cases. These
were very special cases where the 4-mega-
cycle loss was less than 20 decibels re-
quiring no intermediate gain in the
cables. Although they were short cir-
cuits, they had the disadvantage that
ground currents induced into the outer
coaxial conductor by necighboring power
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circnits caused sericus interference. Al-
though it could be balanced out by speeial
means on short circuits, it was found im-
practicable to employ long unbalanced
coaxial circuits in a large video transmis-
sion plant. Balancéd pair cables provide
a natural balance of 75 decibels or more to
these interfering power frequencics and
are, therefore, much more suitable for use
in the development of a large video plant
facility.

Ex1sTiNG CABLE PLANT

A wide variety of balanced circuits are
to be found in the existing plant in ihe
form of paper-insulated interoffice trunks
and subscriber cable pairs. These exist-
ing facilities were fairly extensively uscd
in the initial stages of this video plant de-
velopment. It will be interesting at this
point to examnine the limitations of these
cirenits for viden transinission.

There are four principal sources of
noise interference on bhalanced transmis-
sion circuits.  First ure the voltages in-
duced between the line conductors and
ground from neighboring power systems,
‘These act npon unbalances between the
line conductors and ground to produce
compouents  in the metallic  cirenit,
Second are impulse-type noises arising
from cross-induction from message-circuit
pairs in the cable. These originate in the
many sw{lching operations occurring in

Table . Attenuation of Line Facilities for

Video Transmission

Attennation in Decitels

Paper Pair Cables, at 4 Megacycles”

Gauge 1,000 Feet Par Mile
10 “as

13

18

19 CNB.....

22

24 ...16.0..,

26 .422.18.0 ..
Shielded Video Cables
Number 16 PS1 spiral shield.,. 3.41..... 18.0
Number 16 PSY longitudinal
shield....coouaas cevanse see 3.22,....17.0

734C double braid..cveesaieas 3.0.400..27.5
Coaxial Carrier Cables

0.268-inch longitudinal shicld. . ..coo0nute .10.9
0.375-inch longitudinal shield.,ccaeesssees 7.7
Office Cabling
Paired—754B. cevnccnacrsones 8.2 -
Coaxiat—724. .63
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