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1
IMPEDANCE DISTANCE RELAY

BRIEF SUMMARY OF THE INVENTION

The voltage and magnitude at which electric power is

© transmitted is constantly being - increased. This in-

. creased power makes it desirable to interrupt any fault
. current in as short a time period as possible to maintain

_System stability and to minimize fault current damage
and at the same time to maintain system security by
preventing interruptions due to transient conditions
which do not require such an interruption.

In accordance with this invention the peak mag-
nitude of the sinusoidal quantity or quantities is deter-
mined by utilizing the first and second derivatives of
the quantity. These derivatives are obtained by measur-
ing the quantity of the sinusoidal component either
continually or at frequent intervals. In the case of an
analogue device, the sine and cosine quantities may be

-elimihated by squaring the cosine quantity of the first

derivative and squaring the sine quantity of the second .

20

derivative of the sinusoidal quantity. The two quantities -

are thereafter added together and equated to unity in
accordance with the trigonometric functions that the
sum- of the sine quantity squared and of the cosine
quantity squared equals unity.
In the case of a digital sampling of the sinusoidal
quantity, the first and second differences of the quanti-
'ty which approximate the first and second differentials
of the quantity are utilized. If desired, these difference
quantities could be treated as set out above by squaring
and equating to unity. I prefer, however, to utilize these
- difference quantities by dividing the second difference
quantity by the first difference quantity and of
‘thereafter using the values which have been established
for trigonometric functions and which are readily
available in table form. For example, by determining
the angle from the tangent table portion and thereafter
using the cosine quantity for that angle the peak mag-
nitude of the quantity may be mathematically deter-
mined.

25
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40

If the magnitudes. of two sinusoidal quantities are

" substantially simultaneously - sampled - the angle
between the two quantities is equal to the différence
between the two angles as determined from. the tables.

If the sinusoidal quantities are current and-voltage the

magnitude of the impedance of that portion of the line
" through which the fault currént flows may be deter-
. mined by ratioing the peak magnitudes of the quanti-
ties. : ' :

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an impedance relay as-
sociated with a transmission line embodying the inven-
tion; ’

FIG. 2 is a more detailed block diagram showing the
relay of FIG. 1 in somewhat greater detail;

FIG. 3 is a diagram helpful in understanding the oc-

-tant determination of the angles;

FIGS. 4A, 4B and 4C are block diagrams showing the
relay of FIGS. 1 and 2 in still greater detail;

FIGS. 5A and 5B are tables setting forth the operat-

" ing of the AND networks of FIG. 4; ) :
FIGS. 6A, 6B, 6C, 6D and 6E are abbreviated flow
charts showing the flow. of information through the
" block diagram of FIG. 4; . .

. FIG. 7 is a chart illustrating the logical outputs of the
octant determining units;

45

2

FIG. 8 is a schematic diagram of a modified form of
relay embodying the invention; -

FIG. 9 is a schematic illustration of an implementa-
tion of a Four Bit AND and Buffer; _ »

FIG. 10 is a schematic illustration of ari implementa-
tion of a Four Bit AND;

FIG. 11 is a schematic illustration of an implementa-
tion of a Four Bit adder;

FIG. 12 is a schematic illustration of an implementa- .
tion of a Four Bit Two’s Complement Logic; ,

FIGS. 13A, 13B and 13C are schematic illustrations
of an implementation of the three Look-Up tables; =

FIG. 14 is a schematic illistration of an implementa-
tion of a multiplier; and '

FIG. 15 is'a schematic iilustration of an implemerita-
tion of a divider. :

DETAILED DESCRIPTION

Referring to the drawings by characters of reference,
the numeral 1 indicates generally a power transmission
line connected to first and second busses 2 and 4
through power circuit breakers 6 and 8 respectively.
Only the protective relay 10 associated with the
breaker 6 is illustrated. The relay 10 is of the class of
relays known as distance relays and more specifically
the class in which the relay provides a control signal

- which is a measure of the impedance Z of the line from

the bus 2 to the fault F. If the magnitude of the im-
pedance Z at its angle 6, is above a predetermined
value the breaker will not be tripped even if the line is
faulted. If the magnitude of Z at its angle 6, is less than
a predetermined value, the fault is considered as being
within the reach of the relay 10 and the breaker 6 will
be tripped to disconnect the line 1 from the energized
bus 2. :
The relay 10 is energized with voltage and .cufrent
signals from the potential and current transformers 12
and 14 and as will be discussed in greater detail below
to determine the magnitude of Z from the magnitude of
the first and second derivatives {first and second dif-
ferences) of the sinusoidal current and -voltage com-
ponents. and the angles thereof at the instant the
sinusoidal components were measured. As illustrated in
FI1G. 1, the magnitude of Z is determined by multiply-
ing the ratio of the larger voltage derivative to the-

" larger current derivative by the ratio of the cosine of

the angle of the currerit with respect to the cosine of

~ the angle of the voltage. When the magnitude of Z at
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the angle 74; is below a critical value. for a critical
number of consecutive measurements the relay 10.trips
the breaker 6. ‘ ' "

" The voltage samples, V0, Vi: and Vkpy are derived
from the transformer 12 by the voltage sampling net-
work 13. These samples are taken at equal intervals A
which do not necessarily have any relationship to the
frequency of the sinusoidal voltage component. The
current samples Ixyy; Ix; and Igp, are similarly taken by
the current sampling network 15 by the transformer 14.

Preferably the corresponding current and voltage sam-

ples are simultaneously taken but sinice the value of h is
small and the samples are sequentially taken, the error

. will be small. For example, 4 may be of the magnitude

1/2w of the sinusoidal component at the nominal line
frequency.. ‘

The componént magnitudes are taken in the order

KM1 K; and KP1 and converted into the ﬁrst;and'
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second difference quantities by the networks 16 and
18. As will be explained in greater detail below, these
quantities are simplified into voltage quantities AA and
BB and into current quantities CC and DD. The sign of
each of these quantities AA through DD is sequentially
checked in the sign check network 20 and sign signals
‘are delivered to the octant determining network 22 for

later use in determining the true angle 6, and 6, of the -

voltage and current sinusoidal wave components.

The .quantities AA through DD are sequentially
delivered -to the larger-smaller determining networks
24 where the positive absolute value of AA is added to
the negative absolute value of BB. If the sign of the sum
is positive, |44 > |BB|, |44] = LGRV and |BB|
SMLRV. If the sign of the sum is negative, [44| < |BB|
|AA| = SMLRV and |BB| = LGRV. The signs of these
additions are checked in network 20 -and supplied to
network 22 which together with the individual signs of
AA and BB enablé the network 22 to determine the
proper octant of the angle 8,. The magnitude of the
quantities CC and DD are similarly compared by ad-
ding + ICCI and — [DD| to determine the SMLRI and
LGRI

The angles 0, and 8, are determined by the angle
magnitude determining network 26 which includes an
arctan look-up table for determining the first octant
angle §'; and thereafter ', under control of the AND
gate sequencing network 28. The network 28 maintains
the AND gates enabled throughout the time periods as
set forth in FIGS. 5A and 5B. The octant determining
network 22 determines the addition or subtraction of
9'; and 0', from 90° 180° 270° and 360° so that 9,
and @', are transformed into the absolute angles 8; and
0y as may be seen by reference to FIG. 3. Angle 6, is
determined by subtracting 6, and 6. If the resulting
angle is negative thereafter 360° is added thereto to

- make 6, a positive quantity.

The magnitude of Z is determined in the ‘‘magnitude
of Z" network 30 which is supplied with the quantities
LGRV and LGRI from the network 24 and with the
arctan values of #'; and @'y from the angle determining
network 26. The arctan values are supplied to a two-
part look-up table which is programmed to provide an
output value equal to (128) (Cos #'1)/(Cos 8'y). The
output of this look-up table L1 is then progressively
multiplied by LGRV and divided by LGRI to prowde a
quantity equal to 128Z.

The angle of 128Z is supplied to the Z;y,r look-up
table L3 in the Z;yr determination network 32 which
provides an output equal to 128Z 4. The value of
128Z is negated and added to the value of 128Z ;7 If
the sum AZ is negative, Z is greater than Z,,y,r and no
fault exists within the reach of the relay 10. If the sum
AZ is positive, the value of Z is less than the value of
Z,nar and a fault exists within the reach of the relay.

The output AZ is supplied to the Trip-No-Trip deter-
mining network 34. This network integrates successive
positive values of AZ and when the result of its integra-
tion produces a positive output signal for two succes-
sive AZ inputs will supply a trip signal to the breaker 6.

The sequence control or network 28 when initially
energized energizes a timer 50/0 which after a 50 ms
delay enables an AND.network A108 which as will be
discussed below in connection with FIG. 4 prevents the
energization of the trip- circuit TRIP-CRT by any false

—

5

20

25 =

30

40

45

50

55

4

operation prior to the loading of the buffers or latches
in the voltage or current samplers 13 and 15. As will be
discussed more fully below, three samples of each over
the desired time intérval is necessary to provide a AZ of
the proper magnitude. After the apparatus has made
the original three sequential samples, determination of
AZ is made for each new sample of current and voltage
as will be seen from the flow chart of FIG. 6. ,

The following is a mathemiatical explanatlon of the
operation of relay 10. Since the peak value of the volt-
age and of the current is determined in the same
manner, the explanation will be directed toward the
voltage determination. At any instant in the voltage
wave the value of the voltage v may be expressed as fol-
lows:

AN

v="Vy+ Vpsin 6V

Where V, is the peak value and 6, is the angle (0° to
360°) at the particular instant and Vy is the valie of any
voltage present the value of which changes at a low rate
or remains constant as, :for- example, a D.C. com-
ponent. It will be appreciated that 6y is a time factor
and may be expressed as wt where  equals 2%f where f

=frequency in Hertz and ¢ is time in _seconds
dv/dt=wVp cos wt = (me—-VKM,/Zh)
- f_il%= -—-w2Vp sin otor (VKPl"‘VK)/h h(VK V)b
- —w?Vp sin wt = (VKP,—ZVK+VKM12h2)
sin wt = —( VKP,;ZVK+VKM,) (1/hw®Vp)
cos wt = (Vipr—Ixm) ( 1/2heVp)
tan wt = sin w t/cos o t=—( Vipr =2Vt Vieu ) (Vigy —
V). X 2/wh =tan @y
and »
tan éy = —BBJAA
where |

AA=(Vgpy~Viu) and -

BB = (Viu:—2Vx +Vim1) (2/w )

The function of the voltage angle 6, in the first
quadrant will be defined as angle 6'y. The value of tan
', in the first quadrant will vary from 0 to «. However,
within the first octant (0° to 45°) the value of tan 8’y
will vary from 0 to 1.000 which values are easily
manipulated. In the second octant (45° to 90°.the
values of tan (90° —6'y) will vary from 1.000 to 0. As
will be evident from FIG. 3, 8, in the first octant =49’y =
tan -! (—BB/+AA); in the second octant 0, = 90°—9', =
90°—tan-! (+AA/—BB); in the third octant 8, =90°+ 0’y
= 90° + tan-! (—AA/—BB); and so on until in the éighth

' octant §y = 360°—-0’ = 360°—0'y, = 360°—tan™! (+BB/+

65

AA).

Summarizing the foregoing, it is observed that in
each octant 8’y is equal to tan~! (SMLRV/LGRYV) and
the magnitude of angle ¢, is always between 0° and
45° In the first and second octants, the sign of BB is
negative and the sign of 44 is positive. In the third and
fourth octants, the signs of A4 and of BB are both nega- -
tive; in the fifth and sixth octants, the sign of 44 is
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negative and the sign of BB is positive; and in the
seventh and eighth octants, the signs of A4 and BB are
both positive. The first, fourth, fifth and eighth octants
are distinguishable from the second, third, sixth and
seventh octants by the fact that in the odd numbered
octants the larger LGRV is A4 and the smaller SMLRV
is BB. In the even numbered octants the LGRV is BB
and the SMLRV is AA. The quadrants are therefore
. determined by the signs of 44 and BB and the different
octants within the quadrants are determined by the
relative absolute magnitudes of A4 and BB. Having
- determined the octant, the absolute magnitude of 8 is
obtained by adding or subtracting 8’ to 0°, 90°, 180°,
270°, and 360° as indicated in FIG. 3. -

The value of Z is the quotient of voltage and current.

As may be seen in FIG. 3,
Ve=LGRV/Cos8'y

and
In=LGRI/Cosé',
therefore
LGRV .
Z—KE— Cos ¢'v_ LGRV Cos 0’y
—TIp LGRI ~ LGRI Cos 6’y
~ Cos 0’1

The values of Vp and I» could of course be calculated
and the calculated magnitudes divided. However, to
minimize calculating times the relay.10 determinations
of Z is done by means of a two-part look-up table in
which the input quantity initially supplied thereto is the
- value of the arctan of 6'; or of 8';. The first part of the
look-up table L1 determines the portion of the second
part of the look-up table L1 from which the arctan
value is obtained. The second part of the look-up table
provides .an output quantity which is 128 times the
value of the quotient of the cosines of the angle 8, and
of the 8'y. The constant 128 is equal to 27 and insures
that a number greater than 1 will define the ratio with
sufficient accuracy. The “looked-up”’ quantity equal to
the quantity (128). Cos6',/Cosé’y is thereafter mul-
tiplied by LGRV and thereafter divided by LGRI.

It is believed that the further description of the relay
10 may best be presented by a description of the opera-
tion thereof with particular reference to the more

-detailed block diagrams of FIG. 4, to the time chart of
FIG. 5 and to the flow chart.of FIG. 6. The charts of
FIGS. 5 and 6 are somewhat simplified to eliminate
some. duplication since the same AND networks
beginning with AND network A7 will be rendered con-
ducting at each x, (x + 20) and (x + 40) interval as il-
lustrated in FIG. 5B. In accordance with my invention I
utilize each measurement of each component as the
value KP1, K and KM1 at x, (x+20), and (x+ 40) time
. interval repeating each 60 intervals (FIG. 5A).

As is more clearly illustrated in FIG. 6 the relay 10
uses 34 time intervals to completely process one set of
current and voltage data to its determination of AZ.
During this time interval, however, a second set of data
is being processed so that a AZ determination is made
each 20 intervals as indicated by FIGS. 5 and 6. The
total time for the 20 intervals is equal to time h which
may, for example, be 1.3263 X 10-% seconds. This inter-
val with a 60 Hz wave will make: this quantity 2/wh =
4.000.
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A complete determination of AZ will be described
starting at an initial time interval just prior to time 0 in
which the quantities Vi, and V, are in buffers B1V
and B2V, respectively, and the quantities Ixy; and I
are in the buffer B1l and B2I, respectively. At time 0
the AND networks A3V and A3l as well as the A/D;
and A/Dy converters are rendered conducting. Con-
duction of the AND network A3V and of the A to D
converter A/Dy supplies the value Vyp, to the buffer
3V. Conduction of the AND network A3I renders the
A to D converter A/D, effective to supply the value Ixp,
to the buffer B3l. During this same time interval O the
AND network ASI and A10 are rendered conducting
and the quantity I, is supplied from the buffer B2I to
both of the two input terminals of adder AD2.

During the time interval 1, the AND network A15 is
rendered conductmg and the quantity 2I; supplied by
the adder AD2 is inverted by the twos complement
TC2 into ~2lx and 2l is supplied to the buffer BS.
During this same timeé interval 1 the AND networks
A4l and A7 are rendered conducting, whereby the
quantity Iy, is supplied-from- the buffer B1l through
the twos complement TC1 and AND network Al3:to
the buffer B6 as —I .

At the time interval 2, the AND networks A6I and .
A8 are rendered conducting to supply the quantity I, -
to the adder AD1 to which the buffer B6 is supplying
the quantity —lk,,. These two quantities are added
together and are transmitted through the AND network
A9 to the buffer B4-as (Ixp; —Lgp ) and is designated as
the quantity CC. During this same time interval 2, the
AND networks A6l and A12 are rendered conducting
and the quantity Ip, is supplied from buffer B31 to'one
input of the adder AD3. At the same time, the quantity
—2ly is supplied through the now-conducting AND net-
work All to the other input of the adder AD3. The out-
put quantity (Igp;—2lx) 1s supplied to the buffer B7 -
through the AND network A16.

During the time interval 3 the AND network A21 is
rendered conducting whereby the quantlty (Ixp—2Ig) is
transferred from the buffer B7 to the buffer BS.'

During the time interval 6, the AND network A4l
and A12 are rendered conductmg whereby the quantity
Tian is transmitted from the buffer B1I to one input ter--
minal of the adder AD3, and the AND network All also

conducts to transmit the ‘quantity (Ixp,—2Ix) from the

buffer BS to the other terminal of the adder AD3. The
‘adder AD3 adds these quantities and they pass through
-the AND network A16 into the buffer B7 as the quanti- -

ty (Ixpy=2lgHlgg). Also during this time interval 6, the
conducting AND network A14 conducts the quantity
CC from the buffer B4 into the sign checking buffer
B8A. If this quantity CC is positive, the flip-flop F1 will
be actuated by the logical 0 of the sign bit of the buffer -
8A to supply a logical 0 output quantity of the flip-flop
F2 and a logical 1 to the AND network A2S. The flip-
flop F1, being supplied with a logical 0, supplies a logi-
cal 0 to the AND network A26. Therefore during the
interval 7 when conducting signals are supplied to all of
the AND networks A25, A26, and A27 only the AND

- network A25 will conduct and the quantity of +CC will

65

be transferred from the buffer B8A into the buffer B9
as + |CC| . If, however, the quantity CC is negative the
sign bit 15 of sign buffer B8A supplies a logical 0 to the
AND network A25 and a logical 1 to the flip-flop F1
which provides a logical 1 at its output terminal S and
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to the AND networks A26 and A27 so that during the
time interval 7 the quantity —CC would be supplied
through the conducting AND networks A26 and A27
and through the twos complement TC3 and supplied as
+]CC] to the buffer B9.

The logical O’s or 1’s from the flip-flop F2 are sup-
plied to each of the' AND networks Al17, A18, A28,
A29, A30, and A30A, however, only one of these AND
networks will be rendered conducting at any one time

by this sequencing control (FIGS. 5A and 5B) so that 10

only one of the flip-flops F3-F8 will be supplied with
the logical 0 or 1. Therefore to simplify the explanation
only the AND network and flip-flop combination effec-
tive at that time will be discussed in detail. During the
time interval 6, the AND network A29 will be conduct-
ing and the logical 0 or 1, as the case may be, will be
. supplied to and actuate the flip-flop F6. A logical 0 will
cause the flip-flop F6 to provide a logical 0 at its output
and conversely. The flip-flops F1-F1¢ may take the
form of single bit buffers as compared with the multibit
buffers (see FIG. 9).

During the interval 7, the AND network A22 con-
ducts and the quantity (Igpy—21x+lkp,) stored in the
buffer B7 is supplied to the multiply network M1 where
it is multiplied by the quantity 2/wh and the quantity .
Ukpr—2BK+ 1) (2/wh) which is designated DD is sup-
plied to the buffer BS.

At the time interval 9, the quantity DD stored in the

" buffer B8 is transmitted through the now conducting 30

AND network A23 to the buffer BSA. If the quantity
DD is positive the sign output quantity is a logical 0 and
flip-flip F1 is actuated to provide a logical 1 to the
AND network 25 so that during the next time interval

10, the AND network A25 will conduct and the quanti- 35

ty DD will be transferred directly to the buffer B9 as +
| DD)|. if the quantity DD in the buffer B8A is negative,
the sign output quantity of buffer B8A is a logical 1 and
the flip-flop F1 provides a logical 1 to the AND net-
works A26 and A27 interval 10 the quantity DD will be
transferred through the AND networks A26 and A27
and the twos complement TC3 into the buffer B9 as a
positive quantity + [DD|. ‘As discussed above with

. respect to the quantity CC a logical O or 1 is supplied to 45
- the flip-flop F2 from the sign buffer BSA. During the

time interval 9, the AND network A30A will conduct
to transmit the logical 0 or 1 to the flip-flop F8 which
thereupon maintains at its output a logical 0 or 1 cor-

responding to the logical output of flip-flop F2. 50

During the time interval 9, the quantity + |CC| which
was stored in the buffer B9 transfers to the buffer B11
through the conducting AND network A36. The quan-
tity + |DD] is transferred to the buffer B9 during the in-

terval 10. 55

During the time interval 12, the quantity +|DD]| is
transferred from the buffer 9 through the twos comple-
ment TC4 and through the now-conducting AND net-
work A35 into the buffer B10 as — |[DD|. During this

same interval 12, the AND networks A5V and Al10 60

conduct and transmit the quantity Vi from the buffer
B2V into the two inputs of the adder network AD2
from hence it is supplied to the twos complement TC2
during the time intervals 12 and 13 and the resulting
quantity —2Vy is. transmitted through AND network
A1S to the buffer BS. Also during the interval 13, the
quantity Vg, is transmitted through the AND net-

4

o

8
works A4V and A7 and through the twos complement
TC1 and AND network A13 where it is stored in the
buffer B6 as the quantity minus —Vy,,,. Likewise, dur-
ing the interval 13 the quantity + |CC| from the buffer

5 BI1 and the quantity — |DD! from the buffer B10 are

transmitted through the conducting AND networks
A37A and A37 to the adder AD4. The quantity
CC—DD from the adder AD4 flows through the con-
ducting AND network A38 to the buffer BSA. If the
quantity |CC| is greater than the quantity |DD|, the
sign buffer B8A will have a logical 0 at its S output and
the flip-flops F1 and F2 will be actuated to provide logi-
cal O’s at their outputs. If, however, the quantity |DD)|
is greater than the quantity |CC|, the sign buffer B8A
will have a logical 1 at its outputs, which is energized by
bit 15, and the flip-flops F1 and F2 will be actuated to
supply logical 1 at their S outputs. At the same time the
AND network A18 is energized and if the S output of

20 flip-flop F2 is a logical 1 the flip-flop F4 will provide a

logical 1 at its output indicating that the quantity |DD|
is LGRI and is greater than the quantity |CC| which
becomes SMLRI

If the quantity CC-DD is positive then the quantity

25 |CC]| in the buffer B11 becomes LGRI and logical 1’s

are supplied to the AND networks A40 and A42. Dur-
ing the time interval 14, when the AND network Ad4
and A46 are conductive, the LGRI quantity is trans-
‘ferred to the buffer B13 through the AND networks
A42 and AA44. If, however, the quantity CC-DD is
negative, then the quantity CC is SMLRI and logical 1’s
are supplied to the AND networks A39 and A41 so that
at time 14 the quantity SMLRI is transferred to the
buffer 15 through the AND networks A41 and A46. If
the quantity in buffer 11 is LGRI, the quantity in buffer
B9 is SMLRI and conversely. During the interval 15 the
AND networks 44 and A46 will remain conductive and
the quantity |[DD]| in the buffer B9 will be transferred
to the buffer B13 if it is LGRI or to buffer B15 it is is
SMLRI because of the logical 0’s and 1’s supplied to
the AND networks A39 and A40.

During the interval 14, the AND networks A6V and
A8 will be conducting to transmit the quantities Vp; to
one terminal of the adder AD1. The buffer B6 enet-
gizes the other terminal of the adder. AD1 with the
quantity —Vg, whereby the quantity (Vipi—Vian) will
be placed in the buffer B4 through the conductirig
AND network A9 and is the quantity A4. Further, dur-
ing the time interval 14, the quantity Vgp; will be trans-
mitted from the buffer B3V through the AND networks
A6V and A12 to one terminal of the adder AD3. The
other terminal of adder AD3 is supplied with —2V by
the buffer BS through the AND network A1l. The out-
put quantity of the adder AD3 is supplied through the
AND network A16 to the buffer B7 as the quantity
(Vgp —2%). o

During the interval 15, the quantity (Vyp—2Vg) is
transferred from the buffer B7 through the conducting
AND network A21 to the buffer BS, ’

The AND networks A4V and A12 conduct during
time interval 16 to transmit the quantity V,, from the
buffer B1V to one terminal of the adder AD3. At the
same time, the AND network A11 conducts to supply
the quantity Vgp,—2Vy from the buffer B3 to the other
input terminal of the adder AD3. The output quantity
(Ve —2Yk + Vim) Will be transmitted through the con-
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ducting AND network A16 to the buffer B7. Also dur-
ing the interval 16, the quantity, LGRI in the buffer
B13 is transmitted through the conducting. AND net-
works A48 and A51 to the denominator or divisor ter-
minal of the divide network D1 and the quantity
SMLRI will be transmitted from the buffer B15 through
the conducting AND networks A58 and A52 to the nu-
merator or dividend input terminal of the divider D1.
The output quantity SMLRI/LGRI will be supplied to
the buffer B17 through the conducting AND network
AS4. This quantity SMLRI/LGRI is the tangent of ¢',.
During the interval 17, the tangent §'; quantity is trans-
mitted through the conducting AND network A66 to
the look-up table L2 which determines the degree mag-
nitude of the angle 8’; in degrees and supplies it to the
buffer B22.

During the same interval 17, the quantity A4 is trans-
mitted from the buffer B4 through the AND network
A14 to the buffer B8A for a sign check determination
as discussed with respect to the quantity CC during the
time interval & for actuation of the flip-flop FS.
Further, during the interval 17, the quantity LGRI
stored in the buffer B13 is transmitted to the buffer B20
through the conducting AND network A48 and AS9.

During the time interval 18, the quantity (Vgp—2V
x+Vign) is transmitted to the multiply network M1
through the conducting AND network A22 where it is
multiplied by the quantity 2/wh and deposited in the
‘buffer B8 as the quantity (Vgp—2Vgt+Vin) (2/oh)
which quantity is the quantity designated BB. If the
quantity AA in the buffer B8A is a positive quantity, it
will be transferred from the buffer B8A through. the
AND network A25 to the buffer B9 as +|AA4|. If this
quantity AA is negative, it is transferred through the
AND networks A26 and A27 and through the twos
complement TC3 to the buffer B? as the positive quan-
tity + 44 . _

During the time interval 16, the AND networks A20,
A32, and A34 conduct to supply the logical 0’s and 1's
at the outputs of the flip-flops F4, F6, and F8 to the in-
puts of the AND networks A67-A74. Certain of the
input terminals of the AND petworks A§7, A68, and

AT0-A74 are neg_ated as indicated by the 0’s at ‘their

input_terminals. The output connections of the AND
networks A68, A78, A71; and A73 are connected to
the input terminals of an OR network OR. It will be ap-
parent from FIG. 7 that the OR network OR will supply
a logical 1 through the AND network A75 to cause the
flip-flop F9 to provide a logical -1 at its output solely
when the octant of angle 8’ is in the even quadrants.
Therefore, when during the time interval 19, the AND
networks A85 and A92 are actuated by the sequence
control 28, the degree magnitude of the angle ¢, is
transmitted to the buffer B27 either directly through
the AND network A92 or through the AND networks
A85 and A92 and the two's complement TC7 to pro-
vide 'a minus or plus magnitude of 8’, depending upon
the octant of 8',. If the OR network has a logical 1 out-
put, the AND network A7S will be energized to cause
the flip-flop F9 to place a logical 1 signal on the AND
~ network A85 and because of the negated input a logical
. 0 signal on the AND network A92. This occurs if the
angle 6, is in the second, fourth, sixth or eighth octant
whereby the angle 8'; is converted to —8’, by the twos
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in the first, third, fifth or seventh octant, then the OR
network has logical 0 output and will transmit a signal
to flip the flip-flop F9 to cause it to have a logical 0 out-
put signal which prevents the AND network A85 from
conducting and causes the AND network A%2 to con-
duct under control of the sequencing network 28 so
that the angle @', is deposited as +8’, in the buffer B27.

During the time interval 28, the quantity BB is trans-
mitted from the buffer B8 through the AND network
A23 to the buffer B8A for a sign check: If the quantity
BB is negative, the buffer B8A will cause the flip-flop
F1 to have a logical 1 output at its S terminal so that
during the next interval 21, the quantity BB will be
transmitted through the AND network A26, the twos
complement TC3 and the AND network A27 into the
buffer B® as a +|BB| . if, however, the quantity BB is
positive, the R output of the flip-flop F1 supplies a logi-
cal 1 signal to the AND network A25 which will
become conductive during the time interval 21 by the
sequence network 28 quantity +BB will be deposited
directly in the buffer B9 as + |[BB|. The outputs of the
AND networks A§7-A74 are connected to and supply
logical 0 and 1 quantities to the AND networks
A76-A80 so that the proper one of the AND networks
AT6-A80 will conduct to supply an angle magnitude
signal to the buffer B23. All of the AND networks
AT6-A80 are supplied with signals at the same time
from its sequence network 28; however, only the one
thereof which is supplied with a logical 1 signal from
the AND networks A67-A74 will conduct.

During the interval 21, the 6'; quantity stored in
buffer B27 will be transmitted to the adder ADS
through the AND network A86. At this same time, the
AND network A87 will be conducting to supply the
angle quantity in the buffer B23 to the adder ADS.
Therefore, depending upon the octant in which the
angle of 8, lies, adder AD3 will add to the quantity #6',
(in B27) the proper angle quantity which is in buffer
B23 to devise the absolute value of the angle of 6,

which is transmitted through A82 into the buffer B25.

During the interval 22, the quantity 6, is transmitted
from the buffer B25 through the twos complément TC8
and the conducting AND network 88 into the buffer

- B34 as —6, and the quantity + [BB| in buffer B9 is
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complement network TC7. If, however, the angle 8; is -

transmitted through the twos complement TC4 and the
conducting AND network A35 into buffer B10 as the
quantity — |BB|.

During the interval 23, the quantity — |BB | from the
buffer B10 and the quantity +|44| from the buffer B11
are supplied to the adder AD4 through the AND net-
works A37 and A37A and the total A4-BB is supplied
through the AND network A38 to the buffer BSA
which checks the sign to determine which is the larger,
the quantity |44| or the quantity |BB|. If the quantity
|AA] is larger, a plus quantity will be in buffer BSA and
the flip-flops F1 and F2 will have logical 0 output
signals at their S output terminals. If, however, the
quantity |BB| is larger than the quantity |AA!l, the
quantity in the buffer BBA will be negative and the flip-
flops F1 and F2 will ‘have logical 1 output signals at
their $ output terminals. As discussed above, the
sequence network 28 will render the AND network
A17 conductive to supply this logical 1 signal to flip-
flop F3. If {AA| is greater than |BB| and consequently
the LGRV then AND networks A42 and A43 are con-
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ductlve (time interval 24) and this signal is transmitted
into the buffer Bi2. If, however, |BB| is larger than
~ |AA|, then |4A4|, is SMLRYV and the AND networks
Ad41 and A45 will be conducting and SMLRYV will be
deposited in the buffer B14.

' During the interval 25, the quantity |BB| in buffer
B9 will be transmitted to one of the buffers Bi2 and
B14. If the quantity |BB| is SMLRV then the AND net-
works A40 and A45 will be rendered conducting and it
~ will go into the buffer B14. If, however, the quantity
|BBJ is greater than the quantity |44 thenitis LGRV
and the networks A39 and A43 will be rendered con-
ducting and the quantity LGRV will be deposited in the
buffer 12.

" During the interval 26, the quantity LGRV from the
buffer B12 is transmitted to the denominator or divisor
terminal D of the divide network D1 through the con-
ducting AND circuits A47 and A51 and the quantity
SMLRYV is transmitted from the buffer B14 to the nu-
merator or dividend terminal N of the divide network
D1 through the now-conducting AND networks A49
and A52. The output quantity SMLRV/LGRYV of the
divide network D1 then flows into the buffer Bié
through the conducting AND network A53.

During the interval 27, the quantity SMLRV/LGRYV,
which is the tangent of 8'y, is transmitted to the two-
part look-up table L1 through the conducting AND
network AS5S. The magnitude of the tangent of 8’y
selects a circuit through which the tangent of 8, quan-
tity SMLRI/LGRI from the buffer B17 will flow into the
second part of the look-up table L1 through the AND
network A56. The output of the second part of the two-
part look-up table L1 supplies an output quantity (128)
(Cos#',0',) to the buffer B18.

During this same interval 27, the quantity
SMLRV/LGRY in B16 which is equal to the tangent of
the angie 8’ is supplied through the AND network A65
to the look-up table L2. The output of table L2 is a
quantity equal to the magnitude of the angle 8', and is
stored in buffer B22. _

The octant of the angle 8, is determined by the AND
networks A67-A74 under control of the flip-flops F3,
F5, and F7 which flip-flops control the AND networks
A67—A74 in the manner described in connection with
the octant determination of 6, above. If angle 6y is in
the first, third, fifth, or seventh octant, the output signal
of OR will be a logical 0 and the output of flip-flop F9
wiil be a logical 0, so that the magnitude of the angle
0’y will be deposited in the buffer B27 as +6'y. If the
angle is in the second, fourth, sixth, or eighth octant, a
logical 1 signal will be supplied by the OR network and
a logical 1 signal will be supplied by the fiip-flop F9 to

the AND networks A8S and A92 whereby the quantity:

—'y is stored in the buffer B27.

During the time interval 28 the quantity (128) (Cos
6'))/(Cos 9'y) from the buffer Bi8 and the quantity
LGRYV from the buffer B12 are supplied to the input of
the multiplier M2 through the conducting AND net-
works A58, Ad47 and AS7 as absolute numbers. The
product output of the multiplier M2 is supplied as a 32
bit number to the 32 bit latch or buffer B19.

During the time interval 29, the 16 bit quantity LGRI
stored in the buffer B2@ is transmitted to the denomina-
tor input D of the dividing network D2, through the
conducting AND network A64 and the 32 bit quantity
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(128) (Cos8';) (LGRV)/COS8'y stored in the buffer
B19 is transmitted to the numerator terminal N of the
dividing network D2 through the 32 bit AND network
AG3. The resulting output of network D2 is a 16 bit
quantity [(128) (Cos@’;) (LGRV )/Cos@'yLGRI], equal
to the quantity Z and is deposited in the buffer B21. As
will be discussed more fully in connection with FIG. 15,
the divider D2 includes an overflow indicator whereby
the quantity supplied to buffer B21 will be a maximum
positive 15 bit quantity should the quotient be a quanti-
ty which cannot be expressed in 15 bits.

During the time interval 30, the quantity in buffer
B27 which is either —8'y of +8'y, depending upon the
octant of 8y is supplied to one terminal of the adder
ADS through the AND network A86 and the angle
quantity stored in the buffer B23 is supplied to the
other terminal of the adder ADS through the AND net-
work A87. The output of ADS5 is the magnitude of the
angle 8y and flows to buffer B24 through the AND net-
work A81. Also, during the time interval 30, the quan-
tity Z in the buffer B21 flows through the conducting
AND network A95 and the twos complement network
TC9 and to the buffer B30 as the quantity —Z,

During the interval 31, the quantity 8, from the
buffer B24 and the quantity —6, from the buffer B34 is
supplied to the adder AD6. The sum quantity (6y—6;)
passes through the conducting AND network A9%3 into
the buffer B29 and is equal to angle 8, the impedance
angle. The magnitude of angle 8, is supplied to the sign
checking buffer B8A through the AND'network A94. If
the magnitude of this quantity is negative the flip-flop
F1 and F2 will be actuated to render the AND circuit
84 conducting whereby the quantity 360 is supplied to
one terminal of the adder AD7. During the time inter-
val 32, the AND network A83 conducts and transmits
the magnitude of the angle 6y to the other terminal of
the AD7. The output quantity of the adder AD7 is the
value of +8; which is transmitted to the buffer B28
through the AND network A89.

During the time interval 33, the AND network A97 is
rendered conducting to supply the magnitude +8; to
the look-up table L3. The output of the table L3 is the
lower limit of the magnitude of Z (Z ) and is stored
in the buffer B31. Z,r is the minimum limit of Z
which does not represent a fault within the reach of the
relay 10.

During the time interval 34, the AND networks A98
and A96 are rendered conducting to supply the +Z ;7
quantity from the buffer B31 and the —Z quantity from
buffer 30 to the adder AD8. The sum thereof (+Zpr—
Z) is supplied through the AND network A99 to the
buffer B32 as AZ.

If the magnitude of AZ is a negative quantity no fault
exists within the reach of the relay 10. Conversely, if
the magnitude of AZ is positive, a fault should exist
within the reach of the relay 10. In order to insure the
maximum security of the line and not deenergize the
line falsely, the first AZ which indicates a fault within
the reach of the relay 10 will not trip the breaker. To
trip, there must be at least two consecutive AZ trip
signals. Since these AZ quantities are supplied each %o
seconds or every 1.3263 X 103 seconds, the use of two
successive fault signals will not cause excessive damage
to the line even with a close in fault and a stiff bus

supply.
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In accordance with my invention, I provide a Trip-
No-Trip determining network 34 which requires an in-
* creasing number of AZ trip signals as the location of the

fault approaches the reach limit of the relay 10. The
operation of the network 34 will first be described as-

“suming a no-fault line condition in which the AZ’s are
negative or at-the most only an occasional positive AZ
which may be caused by transients or otherwise. The
first AZ, which is provided as described, will be trans-

. mitted by the AND network A100 to the one input ter-
minal of the adder. ADY during the time interval 35 and
will be assumed to be of a magnitude equal to —30. At
the same time interval, the quantity in the buffer B33
(assumed to be —200) will be transmiited through the
AND neiwork A101 to the other input terminal of the
adder ADY.

Thereafter, during the time mterval 36, the output
quantity of the adder AD9 (—230) will be transmitted
to the buifer B33 through the AND network A102.
During the time interval 37, the —230 quantity is sup-
plied to one terminal of the adder AD10. When a nega-
tive sign is supplied to the flip-flop F10 through the
AND network A104 it provides a “‘clear” signal to the
counter CTR which, if it had been energized to a count,
will be returned to 0. The —230 .quantity supplied to
the adder AD10 will be added to the Z bias signal
which has the magnitude +200. The resultant sum out-
put of the adder AD1¢ will be negative (—30), and
when AND network A105 conducts the negative sign,
will be supplied to the flip-flop F11. With a positive
input sign, the flip-flop F11 supplies a logical 0 signal to
the AND network A106. Conversely with a negative
input supplier to the flip-flop F11 a logical 1 signal is
transmitted to the enable input of the AND network
A166. This logical 1 signal causes the AND network
A106 (internal 38) to supply a quantity —200 from the
—Z bias to reset buffer B33 to a —200 quantity. This
resetting of buffer B33 occurs each time the quantity
supplied thereto from the adder AD9 is greater than
‘=200.,

" It will be appreciated from the foregoing that when-
ever a series of +AZ signals.is supplied, the quantity
stored in buffer B33 will become less and less negative

“at a rate depending upon the magnitude of these +
signals. Since the flip-flop F11 resets the buffer B33
only when its quantity decreases below —200, the +
quantities will eventually put a + quantity in the buffer
B33. When this occurs, the next time in which AND
network A104 conducts it will place a -+ input sign on
the input of flip-flop F10. This causes the flip-flop F10
to transmit a count signal to the counter CTR. If
thereafter a second + signal is transmitted by the adder
AD9 the subsequent conduction of the AND networks
A102and A104 will supply a + sign to and actuate the
flip-flop F10 to supply a second signal to the count
input CT of the counter CTR. The counter CTR at a
second. count signal will actuate the trip circuit of the
breaker.

It will be appreciated that a close-in fault will cause
AZ to be a positive quantity approaching Z,,r and if
such quantity is +201 or greater the counter CTR will

actuate the trip circuit at the second AZ output. If, .

however, the fauit is closer to the reach or decision
making point, the value of + AZ will be less and a
greater number of AZ signals will be required to over-
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come the —200 quantity which is initially stored in the
buffer B33. This permits a longer decision making
period which is permissible because the fault current
will be less at the more remote fault location. An initial
—200 quantity can be stored in buffer B33 by closing
the manually operable switch MS1 to render AND net-
work A167. conducting. This will prevent any false
tripping due to an uncontrolled + quantity in buffer
B33. '

It will be appreciated that if desired the elements of
FIG. 4 may be combined and reduced in number. As
for example, a single adder, a single multiply network, a
single divide network, and a single analog to digital
sampler with a plurality of buffer or storage networks
which hold the various quantities and provide these
quantities to the networks which manipulate them
could be used. Such an apparatus could be a general
purpose digital computer such as the Prodac-2000
computer sold by Westinghouse Electric Corporation
which may be programmed to manipulate the quanti-
ties Vpr; Vi Vs Iker; Ix; and [y, into the quantities
Z, 07, and AZ and finally into the decision made output
quantity for the trip circuit.

In the form of the invention 1llustrated in FIG. 8,
analog quantxtles derived by differentiating the analog
current and voltage quantities are utilized. The current
in line 109 is sampled by the current traiisformer 102
and the quantity is filtered in the low pass filter 104 and
is supplied as the quantity (Ix + I, sinwt) to. the dif-
ferentiating and multiplying network 106. The filter ef-
fectively removes any high fréquency in the output of
the transformer 102, however, any low of charge
transient passes through as the quantity Iy. The net-
work 106 includes an operational amplifier 108 having
a feedback resistor R, and an input capacitor C; and
provides an output quantity —R;C, (di/dt). The values
of R; and C, are chosen to equal 1/& whereby.the out-
put quantity of network 106 equals the quantity _Ip
Cos.wt. :

This quantlty is supplied to a second dlfferentlatmg
and multiplying network 110 wherein the values of R,
and C, are chosen to equal 1/w whereby. the output

quantity of network 116 will equal I, sinet. The quanti-

ty —Ip Cos wt is supplied to both input terminals of a
first multiplier network 112 so that it is effectively
squared and becomes. (Ip)%(Cos’wt). Similarly the
quantity (—Ip sin wt) is squared by the second multipli-
er network 114 and becomes (I5)%(Sin® wt). Any suita-
ble analog multiplying network may be used such as the
multiplier sold by Intronics Incorporated and
designated model M420.

The quantities 1,2 (cos? wt and I,® sin® wt) are sup-
plied to the two input terminals of an operational am-
plifier summing network 116 which provides the quan-
tity Ip? (coswt + sinfwt). Since cos’wt + sin’et equals
unity the output quantity of néetwork becomes I,

Similarly as described, the bus or line.voltage is sam-
pled by the potential transformer 118 passes AND
through the low pass filter 120 so that the quantity

(Vx+Vp sin wt) is supplied to the differentiating and

multiplying network 122. This network, like the net-
work 106, is adjusted to provide a multiplication factor
of 1/ and its output quantity becomes (—Vycos wt)
and is supplied to the differentiating and multiplying
network.124. The network 124 like the network 110 is
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adjusted to provide the multiplication factor of 1/w
whereby its output becomes (+V, sin wt). The quanti-
ties (—Vp cos wt) and (+V, sin wt) are squared by the
multipliers 126 and 128 and the squared quantities are
added together by the adder 130 to provide the quanti-
ty Vp.

The quantmes 12, and V?, are- supplied to the
" denominator and numerator terminals, respectively, of
~ the dividing network 132 to provide an output quantity
Z2. The dividing network 132 may take any of various
forms, as for example, the analog divider sold by In-
tronics Incorporated as model D461. The output quan-
tity Z? actuates a timer 134 through a NOT network
136 and a zener diode 138. The network 136 and timer
134 may be similar to the NOT network 68 and timer
62 of Altfather U.S. Pat. No. 3,443,159, dated May 6,
1969 with a time interval of 4/0 milliseconds. The zener
diode interrupts the logical 1 signal and supplies a logi-
cal 0 signal to the NOT network 136 when the value of
Z is less than the critical reach value or Zppr
representing the maximum reach of the relay. There-
fore, when the value of Z becomes less than Z; .y the
zener diode 136 supplies an 0 logical signal to network
136 which initiates the 4 millisecond timing of the
timer 134. If the value of Z remains less for the
complete 4 ms timing of timer 134, the timer actuates
the trip network 140. If the value of Z does not remain
less than Z,r, then the NOT network 136 resets the
timer without intended delay as indicated by the
designation 4/0.

FIG. 4 is a block diagram showing AND networks
having the prefix A, buffer or storage networks having

- the prefix B, adder networks having the prefix AD,

multiplying networks having the prefix M, dividing net-
works having the prefix D, twos complement networks
having the prefix TC and look-up tables having the
prefix L. For purposes of simplicity, single lines inter-
connect these blocks as if single bit numbers are used.
In reality multiple bit numbers are 'used in the handling
of quantities. ‘The number of bits is not important
beyond the necessity of having a sufficient number to

determine the quantities with a reasonable degree of .

accuracy. For example, 16 bit quantities may be used
except where discussed as being otherwise.

By having the number of bits equal to an even multi-

ple of 4, standard chips may be utilized to make up the
blocks. In some instances the AND network controlling
the input to a buffer may be combined with the buffer
into a single chip. As for example, the AND network
A1V and buffer B1V may take the form of four “Four
Bit AND and Latch” chips, as for example, the Texas
Instrument chips SN 74175 (see FIG. 9). Similarly the
AND networks which follow a latch or buffer such as
network A4V following a latch or buffer BI1V may
comprise four chips such as Texas Instrument chips SN
7409. (see FIG. 10). Chips SN 7409 may also be used
for AND networks A7, A8, A22, among others. The
buffer networks supplied from two or more AND net-
works may take the form of the combined AND and
latch of FIG. 9. However, in this instance the load latch
signal is applied to the combination after the AND gate
. is opened to permit the new quantity to be supplied
thereto and latched in the combination AND and latch.

.- The adders AD may take the form of four chips such
. as the Texas Instrument chips SN 7483 (FIG. 11)
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wherein the 16A inputs are connected to receive the 16
output bits of one of the amounts to be added and the
16B inputs are connected to receive the 16 output bits
of the other of the amounts to be added. A logical 0 is
supplied to the C§ input of the chip having the least sig-
nificant number supplied thereto. The C4 output of the
first chip is supplied to the C0 input of the second chip,
etc.

The twos complement TC may, for example, take the
form of four Texas Instrument chips SN 7483 as used in
the adder (FIG. 11) and four chips Texas Instrument
SN 7403 (FIG. 12). The A rather than the A signals are
supplied by the chip SN 7403 to the A inpuis of the
chips SN 7483. The chips have their input B1, B2, B3,
and B4 supplied with logical O signals. A logical 1 signal
is supplied the CO terminal of the chip having the least
significant four bits supplied thereto. The second chip
which is supplied with the sécond least significant four
bits has its least significant bit input C0 connected to
the C4 terminal of the first chip. The remaining third
and fourth chips SN 7483 are similarly connected
together and to the secord chip.

The look-up networks or tables L1, L2, and L3 may
take the form as illustrated in FIGS. 13A, 13B, and
13C, respectively. The look-up table L1 (FIG. 13A)
comprises a plural number of decode and memory cells
such as the Texas Instrument SN 54/7488 chips. As-
suming an eight bit output, 17 SN 54/7488 chips
501-517 will be used to provide an eight bit output
which will provide a satisfactory accuracy for lookup
table L1 without necessitating the use of an undue
number of chips. The look-up table L1 is of the two
part type which provides 289 addresses. The five binary
select input terminals A, B, C, D, and E, respectively,
of the chips 510-517 are connected in parallel with
each other and selectively to the five least significant
bits of the 16 bit output of the buffer B16 through AND
ASS.

The least sngmﬁcant five of the 16 bit output of
buffer B17, namely bits A,~A, and their complements
Aq—A, are connected to the five input circuits 1, 2,3, 4,
and .5 of the memory enable circuits of the chips
501-517. The complement or bar signals A, and A, of

. the two most significant of the five utilized bits of
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buffer B17 are connected to the input lead 4 of the
chips §10-508 and 517 and to the lead five of the chips
501-516. The status or real signals of the least signifi-
cant bit of the two most significant bits used Ay is con-
nected to the enable circuits 4 of the 509-516 chips.
The status or real signal of the most significant of the
two most significant bits used A, is connected to the
memory enable circuit 5 of the 5§17 chip. The memory
enable circuit 1 the chips 501, 503, 505, 507, 509, 511,
513, 515, and 517 are connected to the complement
signal A,, while the memory enable circuit 1 of the
chips 502, 504, 506, 508, 510, 512, 514, and 516 are
connected to the status signal A, of the least significant

- of the five used bits of the buffer B17. The memory

enable circuit 1 of the chips 501, 502, 505, 506, 509,
510, 513, 514, and 517 are connected to the comple-
ment or bar signal A;, while the chips 503, 504, 507,
508,511,512, 515 and 516 are connected to the status
signals A, of the second least significant of the five used -
bits of buffer B17. The memory enable circuits of the
chips 501-504, 509-512 & 517 are connected to the
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complement or bar signal A, while the chips 505-508
and 513-516 are connected to the status signals A, of
the third least significant bit of the five used bits of the
" buffer B17. Each of the respective eight outputs F-M of
the chips 501-517 are individually connected together
to provide an eight bit output to the buffer B18 which is
equal to (128) Cosf',/Cosd’ .
The look-up table L2, (FIG. 13B)isa 17 place table

and consequently needs no more than a 5 bit address .

with a six bit output and as such may utilize a single
chip (SN 54/7488) rather than the plural chips used for
the table L.1. The five bit address which comprises the
five least significant output bits of the one of the buffers
B16 or B17 which happens to be connected thereto by
the AND networks A65 or A66. A logical 0 is applied
to the memory enable. The output bits will be supplied
by the outputs 1-6.

The look-up table L3 (FIG. 13C) is a 361 place ta-
ble. An address of 8 bits is supplied thereto from buffer
B28 and an eight bit output is provided thereby to
buffer B31. This table L3 comprises six chips §20-521
(SN 54/7488). The like numbered output connections
F-M of each chip are respectively connected together
as are the binary select connéctions A-E. These con-
nections A-E are connected respectively to the least
significant five bits of the eight bit address with connec-
tion A connected to the least and connection E con-
nected to the most significant of the five least signifi-
cant bits. The status and complement signals of the
three most significant bits of the eight bit address are
connected to three memory enable circuits 1, 2, and 3
of the memory enable in the manner set forth with
respect to enable circuits 1-3 of FIG. 13A.

The analog to digital converter A/D; and A/Dy are
alike and, for example, may be the multiplier digitizer
sold by Xerox Data System as type MD 41 and
described in their publication No. 901254c, dated July
15, 1968. This device will- digitize a 10 volt -input
sighal to a 15 bit quantity, of which the upper 14 bits
are used. The most significant or sign bit 14 is strapped
" to the top three bits of the current and voltage mag-
nitude storage buffers through the AND’s A,-A, in an
extended manner so that the most significant bit 15 of
- the 16 bit signal will be the sign bit. The input signal for
the A/D, is derived from a current transformer through
a low pass filter while the input signal for the A/Dy is
derived from a potential transformer through a second
. low 'pass filter. The converters are each pulsed to
digitize the voltage and current signals at time intervals
0, 20, and 40, and multiples thereof by the sequence
control 28.

The flip-flops or flags F3-F9 are single bit devices
and may take any of various forms. They should be
devices which will be actuated to provide a logical 1 or
0 output signal in response to the application thereto of
a logical 1 or 0 signal at the time a triggering pulse is
applied to the respective input controlling AND net-
work associated therewith and to maintain the logical
signal until reset by the application of a subsequent
triggering pulse. If desired, one of the bit circuits and
the latch signal of the chip of FIG. 9 could be utilized.
In such event the latch signal input would be energized
during the interval that the respective input AND net-
work is enabled to energize the respective flag network.
In the case of the flags F3-F9 the input ANDs could be

20

3,731,152

18

eliminated and the flags controlled by a trigger signal
from the sequence control subsequent to the time that
the flag input signal is present (during the interval that
the respective input AND is rendered conducting).

Buffer 8A is similar to the buffer or latch illustrated
in FIG. 9. Its sign checking function is obtained by con-
necting the input terminal of flip-flop F1 to the most
significant bit 15 of the buffer B8A, which is utilized as
the sign bit. When the bit 15 is a logical 1 the flip-flop
F1 is set to place alogical 1 at its set output terminal §
indicating a negative sign of the quantity in buffer BA
and conversely the flip-flop F1 will be reset to place a
logical 1 at its R output when the bit 15 is a logical 0 in-
dicating a positive number in buffer BBA.

It will be apparent from FIG. 4 that a positive quanti-
ty in buffer BBA will result in a first enabling logical 1
signal from flip-flop F1 into AND A2S5 and a disabling
logical O signal into AND A26. Therefore the positive
quantity is transferred to buffer B9 through AND A25

. upon the application of the trigger signal from the
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sequencing control 28. Conversely, a negative quantity
in buffer BSA causes a first enabling logical 1 signal to
be applied to ANDs A26 and A27, whereby the nega-
tive quantity is transferred into the buffer B9 as a posi-
tive quantity. It will be appreciated that a logical 1
signal can be applied to the flip-flops F3-F8 only if a
negative quantity is in the buffer B8A at the time the
proper AND network is rendered conducting by the
sequencing control 28.

The flip-flop F9 is similarly controlled by the OR net-
work OR which supplied a logical 1 signal when a logi-
cal 1 signal is supplied to any of its input connections
from the AND networks A68, A70, A71, and A73. The
logical 1, so supplied, causes flip-flop F9 to supply a
logical 1 signal to be supplied to the AND network
A85, A81, and A92. Since the AND network A92 hasa
NOT input the logical 1 output of F9 disables the AND
A92 and provides a first enabling signal to the ANDs
A85 and A91. Conversely, a logical 0 from flip-flop F9
disables’ A85 and A91 and provndes a first enabling
signal to AND A92. :

The AND network A104 and fhp-flop F10 comblna-
tion may take the form described above in connection
with the F3-F8 networks except that a second or com- .
plement signal is utilized and which may be derived by
the use of a NOT output terminal. The input of A104 is
supplied from the sign bit or 15th bit of the signal in
buffer B33. The AND network A105 and flip-flop F11
combination is likewise similar and its logical 1 output
supplies a first enabling signal to the AND network
A106. The output bit 15 of adder AD10 which is ener-
gized by the sign bit is negated so that when the bit 15
indicates a negative sum quantity it supplies a logical 1
to the A105-F11 combination to cause a logical 1
enabling quantity to be supplied to the AND network
A106 so that the network A106 will transmit a —200
quantity to the buffer under control of the sequencing
control 28 as described above.

FIG. 14 shows schematically one form of multiplying
network 300 which may be used for the multipliers M1
and M2. One of the quantities, which is designated as
the multiplier in FIG. 14, is supplied as a 16 bit quantity
by the conductor means 300A to the shift register 301.
The shift register may, for example, be a Texas Instru-
ment SN 74195 device. The other quantity, which is
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designated the multiplicand, is supplied as a 16 bit
quantity by the conductor means 302 to the adder 303
which, for example, may be a Texas Instrument SN
7483 device. At the proper time interval (see FIG. 5B)
the sequence control 28 opens the proper ANDs and
the quantities to be multiplied are supplied to the mul-
tiplying network. At this same time, the sequence con-
trol 28 supplies an initiating pulse to the pulse timer
304 through the lead 306. When initiated, the timer
304 supplies a reset pulse RE to the reset input of shift

register 308 and a pulse L to the loading input terminal -

314 of register 301. After the short time interval
required to load the quantities, the timer 304 provides
an N number square wave spaced main pulses as there
are bits in the quantities which in this instance is 16.
These N main pulses sequence the N operations
required to multiply the input quantities after which the
timer 304 will reset itself for its next operation.
Each N main pulse comprises two sequentially oc-
curring pulses ¢, and ¢;. Assuming the timer 304 has
been initiated and the initial loading pulse has been
" supplied to the N bit multiplier register 301 and the
multiplier loaded therein and the resulting pulse RE has
been applied to and has reset-the 2N bit register 308,
the next ¢, pulse will enable the AND 310. If the LSB
bit in register 361 at output terminal 316 is a 1, the
AND 310 will conduct and enable the AND 318 to load
the N bit sum from adder 303 into the N most signifi-
cant bits of the register 308. Since initially the bits in
register 308 are all 0’s, this N bit sum will be the N bit
multiplicand which in the case of M1 is derived from

_buffer B7 and which in the case of M2 is derived from
buffer B18. If the LSB at terminal 316 is a logical 0 the
sum from the adder 303 will not be loaded into the re-
gister 308.

After the ¢4 logical 1 pulse is terminated, a logical 1
¢5 pulse will occur which is applied to the shift input
terminal 312 of register 308 and the shift input terminal
320 of the register 301. This shifts the least significant
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bit LSB of the N most significant bits in the register 308

into the most significant of the N least significant bits.
The shift in register 301 connects the next least signifi-
cant bit of the multiplier to the LSB terminal 316 and
the operation described is repeated N times, whereby
the product will appear in the register 308.

In the case of multiplier M2 the desired product
loaded into buffer B19 should be equal to 16 times the
actual product of the multiplicand and multiplier sup-
plied thereto.:For this purpose the 16 bits loaded into
the buffer are bits 5-21 (4-20 if the least significant bit
is numbered 0). The product of M2 will always be posi-
tive because absolute or positive values are supplied as
both the multiplicand and multiplier.

In the case of M1 the product will be plus or minus,
depending upon the sign of the quantity in buffer B7.
The most significant bit is utilized on the sign bit and if
a logical 0, the quantity is posmve and if a logical 1, the
quantity is negative. The sign bits of the multiplicand
and multiplier are supplied to the two input terminals
of an exclusive OR 322. The output terminal 324 of OR
322 is supplied to the NOT input 326 of AND 328 and
to the real input 330 of AND 332. If the sign of each
the multiplicand and multiplier is the same, a loglcal 0
signal is supplied by the OR 322 and the AND 328 is ef-

45

50

55

60

65

fective to transmit the N bit product in the register 308 -
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as a positive number through the output conductors
334 to buffer B8A. If the signs of multiplicand and mul-
tiplier are different, the OR provides a logical 1 and the
negative product in the register is transmitted through a
twos complement 336 (see FIG. 13), the AND 332,
and conductors 334 to the buffer B8A.

FIG. 15 shows schematically one form of dividing
network 400 which may be used for the dividers D1
and D2, The numerator or dividend input will provide
2N or 32 bits. The least significant bits of the dividend
are supplied to the 16 bit paraliel input 401 of the shift
register 402 which may for example be of the Texas In-
strument type (SN 74195). The 16 most significant bits
of the dividend are supplied to the 16 bit parallel input
403 of the shift register 404. The divisor is a 16 bit
quantity and is supplied to one parallel input 406 of the
parallel adder 408 through a twos coniplement 409.
The twos complement may take the form illustrated in
FIG. 12, wherein the adder may take the form illus-
trated in FIG. 11.

The most significant bits MSB from the registers 402
and 404 are serially supplied to the least significant bit
LSB serial input 410 of the shift register 411. The 16 bit
quantity in the register 411 is supplied to the other
parallel input 415 of the adder 408. The 16 bit output
sum from the 16 bit output 417 of the adder 408 is con-
nected to the parallel input 412 of the register 411, and
the output sum may be loaded in the register 411 when
a logical 1 signal is supplied to the loading control input
424. .
The most significant bit MSB in the adder output (b!t,
15 in the instant case of a 16 bit number) is supplied to
the output terminal 416 which is connected to the input
terminal of an AND circuit 418. The sign of this bit is
tested each ¢ pulse and for this purpose the MSB. of
408 is supplied through an AND 418 to one input ter-
minal 420 of an AND circuit 422 having its output ter-
minal 423 connected to the parallel loading control ter-
minal 424 of the register 411. When ¢ pulse; to. be
described in .greater detail below, is supplied to the
second input terminal 426 ‘of AND 422, a logical 1
signal is supplied to terminal 424 when the sign of this
most significant bit MSB, then at the terminal 416, is a
logical 0 (indicating a plus quantity at output 417).
However, if the sign of MSB is a logical 1 indicating a
negative quantity the quantity will not be inserted in
the register 411.

An AND 418 is also connected to the last significant
bit LSB serial input terminal 427 of an output shift re-
gister 428. The series of MSB’s as they appear at each

¢éc pulse are sequentlally placed in the output register
428.

The dividend reglsters will accept a 32 bit input and
the divisor register will accept a 16 bit input. Since the
desired quotient quantity is a ‘16 bit quantity, the sig-
nificant bits supplied to the output register may con-
ceivably be more than 16 resulting in an overflow con-
dition and a meaningless output. In the case of divider
D1 thisis nota problem since the dividend or numera-
tor input quantity is always less than 16 times the
divisor or denominator quantity-and the output quo-
tient will never exceed the 16 bit divisor and the 16 bit
capacity of the output register 428,

In the case of the divider D2, however, the mput
dividend quantity may contain as many as 22 bits while
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the input divisor quantity may contain no more than
eight bits. This situation, as for example, could occur
with full line voltage and low line current. When this
occurs, the quotient will be a quantity exceeding 16
bits. When more than 16 bits are serially placed in the
register 428, its 16 bit output quantity is meaningless.
For example, suppose the quotient output was a 17 bit
quantity in which the most significant bit MSB was a
logical 1 followed by 16 logical 0 bits. This would in-
.. dicate a quotient equal to zero and not an exceptionally
large quantity and in the apparatus of FIG. 4 a mag-
nitude of Z less than rather than greater than Z, ;.

In order to prevent such a result from an overflow,
the divider is provided with an overflow indicator
which when an overflow occurs provides at its output,
not the quotient, but the maximum possible 16 bit
number. In the case of the output quantity Z of the di-
vider D2, it is not necessary to know its exact mag-
nitude; it being satisfactory to know that it is at least the
maximum quantity which may be represented by 16
bits which indicates a value of Z in excess of Z;y,r and
no line fault within the reach of the relay. Of course, if

-such a maximum value would not be satisfactory, the
overflow indicator or designator could be arranged to
have the output completely ignored.

More specifically, the-overflow designator compnses
an AND network 432 having three input connections.

- One of these connections is connected to the “carry
output” terminal 433 of the adder 408, a second is con-
nected to receive the ¢, pulses, and the third is con-
nected to receive the ¢;—den_r output pulses of a pulse
timer 446. The NOT output terminal 434 of the AND
432 is connected to the operate input terminal 435 of a
flip-flop network 436. The output terminal 435A of
network 436 is connected to the enable input terminal
437 of an AND 438 and to the enable NOT input ter-
minal 439 of an AND 440. When logical 1 signals are
supplied to all of the input connections of AND 432, a
logical 1 signal is supplied to the enable input terminal
436 of AND network 438 and to the enable NOT input
terminal 439 of an AND network 440. The 16 bit out-
put terminals of both ANDs 438 and 440 are connected
to the conductors 442 and: thereby to the 16 bit input
terminals of the buffer B21. The 16 bit output of the re-
gister 428 is connected to the conductors 442 through
the AND 440 and its 16 bit quantity will be supplied to
the buffer B21 at all times when a logical 0 signal is sup-
plied to the enable Not input 439 of AND 440. In the
event the overflow designator AND 432 provides a log-
ical 1 to the input 438, the flip-flop 436 will flip to pro-
vide alogical 1 to the enable input 437 and the enable
NOT input whereby the 16 bit circuit through the AND
440 will be interrupted and the AND 438 will be ena-
bled to transmit the maximum 16 bit number from the
16 bit maximum number source 444 through 442 to
buffer B21.

The operation of the dividing network 400 is in-
itiated by a pulse supplied from the sequence control
28 through conductor 445 to the pulse timer 446 and to
the proper ANDs effective to load input bits as in-
dicated in FIG. 4 and at the time intervals indicated in
FIG. 5B. The pulse timer 446, when initiated, first sup-
plies a resetting pulse RS for transmission to the reset
inputs of the registers 411 and 428 and flip-flop 436,
and a loading pulse L to the parallel loading of control
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terminals of the registers 402 and 404 and to the enable
input 409E of the twos complement 409. A short time
later, which time is sufficient for the bit input signals to
be loaded, the pulse timer deenergizes the outputs RS
and L and provides a 2N number of sequential square
pulses ¢. During the existence of each pulse the timer
446 provides an ¢, an ¢, and an ¢¢ pulse. The ¢, pul-
ses are transmitted to the shift inputs of the registers
404 and 411, the ¢ pulses are transmitted to the ANDs
422 and 432, and the ¢, pulses are transmitted to the
shift input 432A of register 428. The pulse timer 446 is
provided with 2N output terminals for the ¢ pulses as
indicated by the designation ¢,—@,y. The terminals ¢,—
dan-m are connected together and to the AND 432.

If during the initial portion of the dividing process,
&1—den-m Operations, a logical 1 bit appears at terminal
433 which indicates an zero bit at output 416 it would
constitute a significant bit which would be completely
shifted out of the register 428 before the end of a divid-
ing step and would render the 16 bit output at the re-
gister 428 meaningless. Because only the ¢,—der-m
pulses are supplied to the AND 432, only the logical 1
pulses at 433 are effective to actuate the oveiflow
designator. The subsequent logical 1 pulses at 433
which occur each time a MSB at 416 is 0 will not be ef-
fective to actuate the overflow designator and the
quantity in the register 428 will be the true quotient.

In the case of the divider D1, the output quantity is
desired to be 16 times the actual value of the quotient
of the quantities supplied thereto. This is accomplished
by connecting the 16 bit input signal to input bits 4-19
of the dividend registers 402-404. The 0-3 bits of re-

- gister 402 are not used. The 20-31 bits of the register

404 are strapped to bit 19 to provide logical 0 signals
thereto. This is possible since ‘only positive quantities
are used in D1 as well as D2. The OR network 435 of
D1 will be supplied with ¢,3 pulses. However, because
of the relative values of the input quantities to D1, no
overflow is expected and the overflow designator of D1
could be dispensed with. If it is used, the OR network
436 is supplied with the ¢;—¢;; pulses. However, in the
case of D1, the maximum number is not-to be inserted
and the AND 438 and maximum number device 444
should be omitted.

'What is claimed and is desired to be secured by
United States Letters Patent is as follows:

1. Apparatus of the character comprising, first input
terminals adapted to be energized by a first-pulsating
electrical quantity which has a first sine wave com-
ponent having a angular frequency o, mathematical
circuitry effective to derive a first derived quantity
which is proportional to the first derivative of a varying
magnitude electrical quantity supplied thereto, said cir-
cuitry further being effective to derive a second derived
quantity which is proportional to the second derivative:

- of said varying quantity, connection means connecting

60

said circuitry to said input terminals for supplying said
pulsating quantity thereto, said first derived quantity
being a cosine function, said second ‘derived quantity
being a sine function so that said derived quantities and
said maximum magnitude of said sine wave may be
represented by the sides of a right triangle in which the
two shorter sides are proportional in length to the mag-
nitudes of said derived quantities and in which the.
length of the longest side is proportional to the max-
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imum magnitude of said sine wave component, and
trignometric triangle solving means energized by said
derived quantities for solving said triangle to determine
the length of said longest side of said triangle and
thereby said maximum magnitude.

2. The combination of claim 1 in which at least one
of said means includes multiplying means which mul-
tiplies its said derived quantity by a constant other than
unity.

3. The combination of clalm 2 in which said constant
is a function of .

4. The combination of claim 1 in which said first
-means includes multiplying means which multiplies its
said derived quantity by a quantity having the ratio
(1/w) to provide a third derived quantity and said
second means includes multiplying means which mul-
tiplies its said derived quantity by a quantity having the
ratio (1/w) to provide a fourth derived quantity.

5. The combination of claim 4 in which said circuitry
includes means squaring said third and fourth derived
quantities, and means summing said squared quantities
to provide an output . quantity proportional to the
square of said maximum magnitude of said sine wave
component.

6. The combination of claim 1 in which said connect-
ing means connects and disconnects said circuitry to
said input terminals for brief. intervals at first and
second and third instants, said approximation of said
first derivative being determined by the difference in
magnitude of the pulsating quantity between said first
and third instants, said approximation of said second
derivative being determined by the difference in the
rate of change of the magnitude of said pulsating quan-
tity between said first and second instants and between
said second and third instants divided by one half of the
time interval between said first and said third instants.

7. The combination of claim 6 in which the first time
interval between said first and said second instants is
equal to the second time interval between said second
and said third instants.

8. The combination of claim 7 in n which said first and
said second time intervals are equal to (1/2w).

9. The combination of claim 8 in which the time of
said brief intervals is in the order of magnitude of 10
nano-seconds.

10. The combination of claim 8 in which 6 is an angle
having an arc tangent determined by the ratio of one of
said derived quantities to the other of said derived

quantities, said circuitry including first ratioing means

energized by said derived quantities and having an out-
put quantity proportional to said ratio to determine
said angle @, and means determining a magmtude pro-
portional to the cosine of said angle 6.

" '11. The combination of claim 10 in which said one
derived quantity is the smaller of said derived quanti-
ties and said other derived quantity is the larger of said

" derived quantities.

12. The combination of claim 10 in whlch said cir-
cuitry provides said derived quantities as algebraic
quantities of a plus and minus character, a first selected
derived quantity of said derived quantities being plus
when @ is in the 180° sector between minus 90° and pius

- 90° and being negative when 6 is in the 180° sector
between plus 90° and plus 270° a second selected
quantity of said derived quantities which is not said first
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selected quantity being plus when @ is in the 180° sector
between 0° and 180° and being negative when 9 is in the
180° sector between 180°and 360°.

13. The combination of claim 6 in which @ is an angle
having an arc tangent determined by the ratio A4/BB
and @' is an angle having an arc tangent determined by
the ratio BB/AA, where AA is proportional to said first
derived quantity and BB is proportional to said second
derived quantity, 8 and ¢’ being the complementary an-
gles of a right triangle, the two shorter sides of which
are equal in magnitude to the magnitudes A4 and BB
and the longer side of which is proportional to the max-
imum magnitude of said siné wave component, said cir-
cuitry being operable to determine the angles 8 and 6’
by dividing the smaller of 44 and BB as a numerator by
the larger of 44 and BB as the denominator whereby
the arc tangent of the determined angle remains
between zero and unity.

14. The combination of claim 13, in which said cir-
cuitry provides said derived quantities as algebraic
quantities of a plus and minus character, a first selected
derived quantity of said derived quantities being of plus
sign when 6 is in the 180° sector between minus 90° and
plus 90° and being of negative sign when 6 is in the 180°
sector between plus 90° and plus 270° a second
selected derived quantity of said derived quantities and
which said second selected quantity is not said first
selected quantity being of plus sign when 8 is in the
180° sector between 0° and 180° and being of negative
sign when @ is in the 180° sector between 180° and
360°, said circuitry being effective to provide said
ratios as quantities which provide a signal which distin-
guishes the algebraic quantities A4 and BB as to its nu-
merator and denominator location and as to relative
signs thereof and as to the location of said signs
whereby the arc tangent of 8 is determined for the an-
gles 0°~45° and 135°-225° and 315°-260° and the arc of
0’ is determined for the angles 45°~135° and 225°-315°.

i5. The combination of claim 1 in which there is pro-

~vided second input terminals adapted to be energized
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by a second pulsating electrical quantity which has a
second sine wave component having an angular
frequency o, said connecting means connecting said
circuitry to said second input terminals for supplying
said second pulsating quantity thereto, said connecting
means being effective to connect said circuitry to said
first input terminals at first three separate instants con-
secutively time spaced by first and second time inter-
vals and to connect said circuitry to said second input
terminals at second three separate instants consecu-
tively time spaced by third and fourth time intervals,
said circuitry being effective to provide said first
derived quantity which is proportional to the difference
in magnitude of said first electrical quantity between
said first and third of said first three instants divided by
the sum of said first and second time intervals and to
provide said second derived quantity which is propor-
tional to the change in magnitude of said first electrical
quantity between said first and said second of said first
three instants divided by said first time interval plus the
change in magnitude of said first electrical quantity
between said second and said third of said first three in-
stants divided by said second time interval with the sum
of the addendum being divided by one half the sum of
said first and second time intervals, said circuitry being
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effective to provide a third derived quantity which is
proportional to the difference in magnitude of said
second electrical quantity between said first and third
of said second three instants divided by the sum of said
third and fourth time intervals and to provide a fourth
derived quantity which is proportional to the change in

magnitude of said second electrical quantity between .

said first and second of said second three instants di-
vided by said third time interval plus the change in
magnitude of said second electrical quantity between
said second and said third of said second three instants
divided by said fourth time interval with the sum of the
addendum being divided by one half the sum of said
third and fourth timer intervals, said triangle solving
means including means effective to divide as a numera-
tor the smaller of said first and second derived quanti-
ties by the larger of said first and second derived quan-
tities as a denominator to provide the arc tangent of a
_first angle and to divide as a numerator the smaller of
said third and fourth derived quantities by the larger of
said third and fourth derived quantities as a denomina-
tor to provide the arc tangent of a second angle, said
circuitry being effective to provide a fifth quantity
which is proportional to the cosine of said first angle
and a sixth quantity which is proportional to the cosine
of said second angle, said circuitry being effective to di-
vide the product of said cosine of said second angle and
the larger of said first and second derived quantities as
the numerator by the product of said cosine of said first
angle and the larger of said third and fourth derived
quantities to provide a quantity proportional to the
maximum value of said second sine component.

16. A distance -relay for an alternating potential
transmission line, said relay having a first pair of input
terminals energized by the potential of said line and a
second pair of input terminals energized by the current
of said. line, calculating circuit means, means. periodi-
cally connecting said calculating means to said pairs of
input terminals to sample said voltage and said current
at desired time periods, said calculating means being
effective to provide cosine wt quantities which closely
approach the first derivative of said voltage and of said
current divided by @ where o = 27wH; and ¢ = time in
seconds, said calculating means being effective to pro-
vide sine (wt) quantities which closely approach the
second derivative of said voltage and of said current di-
vided by w?, said calculating means also being effective
to divide said sine (wt) voltage quantity by said cosine
(wt) voltage quantity and thereby determine the mag-
nitude of said tangent (o) voltage quantity of a voltage
right triangle and to divide said sin (¢ ) current quanti-
ty by said cosine (wt) current quantity and thereby
determine the magnitude of said tangent (wt) current
quantity of a current right triangle, said calculating
means being further effective to solve said right trian-
gles and thereby determine the maximum values of the
sinusoidal component of said voltage and of said cur-
rent in said line, said calculating means still further
being effective to determine the magnitude of the angle
(wt) of the voltage and of the current of said voltage
and current samples.

17. The combination of claim 16 in which said calcu-
lating means is effective to divide said maximum value
of said voltage by said maximum value of said current
to provide a quantity equal to the apparent impedance
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of said line, fault determining means comparing the ap-
parent magnitude of said apparent impedance deter-
mined from sequential said samples with a predeter-
mined magnitude to determine the presence or absence
of a fault within the reach of said relay.

18. The combination of claim 17 in which there is
provided a counting means connected for actuation by
said fault determining means, said fault determining
means being effective to step said counting means each
time said predetermined magnitude is greater than said
apparent magnitude of said sample and to reset said
counting means each time said predetermined mag-
nitude is greater than said apparent magnitude of said
sample, breaker trip means connected to said counting
means, said counting means being effective to actuate
said trip means solely at a count greater than unity.

19. The combination of claim 18 in which said calcu-
lating means is effective to determine the magnitude of
the phase angle between said voltage and current, and
means determining said predetermined magnitude as a
function of said phase angle.

20. A controlling network of the character
described, said network comprising, a number storage
circuit having input and output connections, number
supplying means connected to said storage input circuit
and including a first gating means, said number supply- .
ing means being effective to supply a desired number
having a first sign, a number adding circuit having first
and second input circuits and an output circuit, second
gating means connecting said storage output circuit to
said first input circuit of said adding circuit, means for
supplying add ends of both + and — signs to said second
input circuit of said adding circuit and including a third
gating means, fourth gating means connecting said out-
put circuit of said adding circuit to said input connec-
tion of said storage circuit, a quantity determining cir-
cuit having an input and an output, fifth gating means
connecting said output connection of said storage cir-
cuit to said input of said quantity determining circuit,
and means connecting said output of said ‘quantity
determining. circuit to said first gating means, said
quantity determining means being effective when the
number supplied to its said input is of said first sign and
is of greater magnitude than said desired number to
enable said first gating means to supply said desired
number to said storage circuit. : ’

21. The combination of claim 20 in which there is
provided a counter, said counter having input and out-
put circuit means, a sign determining means, having an
input and an output, means connecting said input of
said sign determining means to said storage circuit for
energization of said sign means as a function of the sign
of the number in said storage circuit, means connecting
said output of said sign means to said counter, said sign
means being effective each time the number supplied
to said storage circuit is of a sign different from said
first sign to supply a counting signal to said counter,
said sign means being effective each time the number
supplied to said storage circuit is of said first sign to
supply a signal to reset said counter.

22. The combination of claim 21 in which said means
which connects said sign means to said storage circuit
includes a sixth gating means, and means opening said
gating means in the order of said first gating means,
said second gating means, said third gating means, said

- fourth gating means and said fifth gating means.
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23. Apparatus for determining the maximum mag-
nitude of the sine wave component having an angular
frequency w of a complex pulsating electrical quantity,
said apparatus comprising, input terminal means
adapted to have said electrical quantity applied
thereto, sampling ‘means connected to said terminal

means for determining the instantaneous magnitude of -

said quantity during a predetermined desired time in-
terval, conversion apparatus connected to said sam-
pling means, said conversion apparatus including
means measuring a first change of magnitude of said
signal during a first time period and dividing said
changed magnitude by said first time period to provide
a first signal approximating the rate of change of said
component, said conversion apparatus also including
means measuring second and third changes of mag-
nitude of said signal during second and third succeed-
ing time periods and dividing said second changed mag-
nitude by said second time period to provide a second
signal and said third changed magnitude by said third
time period to provide a third signal and thereafter
dividing the difference in magnitude of said third and
second signals by the average magnitude of said second
and third time periods to provide a fourth signal ap-
proximating the rate of change of said first signal, said
conversion apparatus further including signal means
multiplying said first signal by the magnitude (1/w) and
said fourth signal by the magnitude (1/w?) and for
thereafter adding together said multiplied and squared
first and fourth signals to provide an output quantity
having a fixed mathematical relationship with respect
to the maximum magnitude of said sine wave com-
ponent. .

24. The combination of claim 23 in which each of
said time intervals approach zero magnitude whereby
said first signal more nearly becomes the first derivative
of said component and said fourth signal more nearly
becomes the second derivative of said component.

25. The combination of claim 24 in which said first
time interval is coextensive with the time interval of
said second and said third time interval.

26. The combination of claim 23 in which said first
interval is equal to the total interval of said second time
interval plus said third time interval and said first inter-
val is coextensive with said second and said third inter-
vals.

27. The combination of claim 26 in which said
second time interval is equal to said third time inter-
vals.

28. The combination of claim 27 in which said
second and said third time intervals are equal to (1/2w)
and said first time interval is equal to (1/ w).

29. Apparatus for determining the maximum mag-
nitude of the sine wave component having an angular
frequency comprising input terminal means adapted to
arc said electrical quantity applied thereto, first and
second electrical conversion means, means connecting
said first and second means to said input terminals for
obtaining first and second samples of said quantity
which occur during at least first and second selected
time intervals, said first conversion means being ener-
gized by said first sample and being effective to deter-
mine an approximation of the first derivative of said
first sample and to convert the same to a first output
signal corresponding to the product of said approxi-
mated first derivative and (1/w), said second electrical
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conversion means being energized by said second sam-
ple and being effective to determine an approximation
of the second derivative to said second sample and to
convert the same to a second output signal correspond-
ing to the product of said approximated second deriva-
tive' and (—1/w?), third electrical conversion means
connected to said first and second conversion means
for squaring each of said first and second output signals
and thereafter adding said squared products to provide
a third output quantity having a fixed mathematical
relationship with respect to the maximum magnitude of
said sine wave component.

30. The combination of claim 29 in which said first
and said second time intervals are coextensive.

31. Apparatus for determining the maximum mag-
nitude of the sine wave component of a complex alter-
nating electrical quantity, having an angular velocity o,
said apparatus comprising input terminal means
adapted to have said electrical quantity applied
thereto, first electrical conversion means connected to
said input terminals for determining an approximation
of the first derivative of said quantity and converting
same to a first output signal corresponding to the
product of said approximated first derivative and (1/w)
second electrical conversion means connected to said
input terminals for determining an approximation the
second derivative of said quantity and converting same
to a second output signal corresponding to the product
of said approximated second derivative and (—1/w?),
third electrical conversion means connected to said
first and second conversion means for squaring each of
said first and second output signals and thereafter ad-
ding said squared products to provide a third output
quantity, said third output quantity having a fixed
mathematical relationship with respect to the max-
imum magnitude of said sine wave component.

32. Apparatus for determining the impedance of an
electrical circuit in which is present an alternating com-
ponent of current and potential having an angular
velocity o, said apparatus comprising first input ter-
minals adapted to be energized by the current com-
ponent, second input terminals adapted to be energized
by the potential component, mathematic circuitry con-
nected to said first terminals and effective to derive a
quantity which approximates the first derivative of said
current component multiplied by (1/w) and to derive a
quantity which approximates the second derivative of
said current component multiplied by (—1/w?), second
mathematic circuitry connected to said second. ter-
minal means effective to derive a quantity which ap-
proximates the first derivative of said potential com-
ponent multiplied by (1/w) and to derive a quantity
which approximates the second derivative of said
potential component multiplied by (—1/w?), third cir-
cuitry connected to receive all of said signals and to
derive a fifth quantity which approximates the mag-
nitude of the impedance of said electric circuit as
derived from said current and potential components.

33. The combination of claim 32 in which said third
circuitry comprises first and second and third portions,
said first portion being effective to provide a sixth out-
put quantity which is proportional to the ratio of said
first and second quantities, said second portions being
effective to provide a seventh output quantity which is
proportional to the ratio of said third and fourth quanti-
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ties, said third portions being actuated by said sixth and
seventh quantities to provide said fifth quantity.

34. The combination of claim 33 in which said third
circuitry comprises a fourth portion including a plural
number of groups of preselected signal generators, one
of said output quantities being effective to select a
desired one of said groups and the other of said output
quantities being effective to select a desired one of said
quantities of said selected group, said selected quantity
of said selected group being effective to provide said
fifth quantity.

.35. The combination of claim 32 in which at least
one of said mathematic circuitries includes a first
switching apparatus and means measuring the mag-
nitude of the quantity supplied theréto and connected
to said first input terminals through said switching ap-
paratus, said one circuitry also including timing means
actuating said switching apparatus to connect said mag-
nitude measuring means to its said first input terminals
at at least first and second instants in the wave of said
current component, said first circuitry also including
means determining first rate at which said supplied
quantity ' magnitudes changes during the period
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between said first and second instants and multiplying
said first rate by (1/w) to thereby provide said quantity
which approximates said first derivative, said one cir-
cuitry further including means determining a second
rate at which its said first rate changes during the
period between said first and second instants and mul-
tiplying its said second rate by (—1/w?) to provide said
quantity which approximates said derivative.

36. The combination of claim 35 in which said timing
means actuates said switching to connect and discon-
nect said magnitude measuring means at said first and
second instants and at a third instant intermediate said
first and second instants, said first rate being deter-
mined by the change in value of said quantity during a -
first interval which occurs between said first and said
third instants and a second interval which occurs
between said third and said second instants, said
second rate being determined by the change in said first
rate between said intervals. , '

37. The combination of claim 36 in which said inter-
vals are of duration equal to (1/2w).

* * * * *



