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FAULT PROTECTION WITH A DIGITAL COMPUTER

Abstract

A fundamental basis has been developed for the use of a time-
shared stored-program digital computer to perform many of the elec-
trical power-system protective-relay functions in a substation.

Logic operations are given to detect a fault, locate it and initiate

ot

the opening of the appropriate circuit breakers, whether the fault

is in the station or on lines radiating from the station.

The instantaneous value of the station voltages and currents

are sampled at a 0.5 ms rate. converted to digital form and stored
for computer main-frame use. Operating times are compatible with
the 25 ms breaker trip capability of modern two-cycle breakers.
Computer speed in initiating tripping is a maximum of 4 ms for

severe faults and a maximum of 10 ms for moderate or distant faults.

Little attention has been given to hardware or programming
aspects; instead this treatment represents the viewpoint of a
protective~relay engineer who is attempting to answer the question:
can it be done and what is involved? However, major emphasis was

placed on minimizing computer main- frame duty.
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T. INTRODUCTION

a. Background

Digital computers are beginning to usurp the functions in the

power-system substation now performed by analog and wired-logic

4

) . . . . . C s
circuitry. TInstallations in service provide data acquisition and
monitoring, including sequence of events recording. With most of

the needed information already in the computer, control of regula-
tors, breakers, switches, shunt capacitors and reactors, cooling
pumps, and transformers seems the natural next step. Later, the
computer should assume the protective-relaying and automatic-oscil-
lograph roles to the point where the control house becomes the com-

puter room, physically and conceptually.

What is involved to provide a computer which will sense and
locate short circuits and grounds in substation apparatus and con-
nections, or on the lines radiating from the station? More particu-
larly what should the input quantities and the computer speed and
storage capabilities be? How about reliability and economics? The
treatment here attempts to form the basis for answering these ques-
tions by interpreting the protection problems in terms which both
protection and computer-oriented people can readily understand.
Digital logic is developed to match or substitute for the functions
of analog-sensing relays. This logic is then integrated into & time-

sharing structure.

1. Pacific Gas & Elec. Co,.
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Fig. 1l shows a sample transmission substation, involving 500kv,
230kv and 66kv levels. The protective zones bounded by current-trans-
former and circuit-breaker locations include apparatus, buses and
transmission lines. Dotted lines define some of these. For example,

a bus 3 fault should be cleared from the system by opening breakers
14 to 18. Current-actuated logic protects the buses, transformers,
shunt capacitors and shunt reactors. The line zones also require
potential, taken from the line-side coupling-capacitor potential de-
vices at 500kv and 230kv, and from bus 3 potential transformers for
the 66kv lines. Series capacitor CPl is protected by the line logic

and by overvoltage circuits on the high-voltage capacitor platforms.

Increasing relay equipment complexity and cost for this protec-
tion job reflects the ever-present pressure for improved reliability
and speed. Moreover, higher power-system voltages which introduce
additional relaying problems lend further impetus to the trend
toward increasing circuit sophistication and complexity. Except
for the almost infinitesimal period during a fault these devices

serve no useful purpose and are largely idle, always leaving some

]
2

doubt as to whether they are capable of operating.

Contrast the relaying trends with those in the digital computer
field where the hardware cost for a given level of capability has
been dropping and where software sophistication and know-how have
been advancing. Consider also that most of the computer circuitry
is in frequent, if not continuous use: further, diagnostic routines

increase the confidence level in the serviceability of the equipment.
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Most any analog function can be duplicated digitally, including a
radio receiverzf Digital filtering of signals is commonplaceB. So
in spite of the tremendous software job, as well as other seen and
unforeseen problems, the time-shared, real-time, stored-program digi-
tal computer will someday perform the substation protection function

as well as control and data acquisition. What, then, is the nature

of the problem?

b. Relaying Philosophy

Faults must be cleared fast and selectively. To avoid generator

instability which could readily lead to a widespread blackout, a 3-
phase short circuit near a modern generating station must be isolated
from the healthy parts of the system in about 0.15s. In this interval
the relays must energize the trip coil of the circuit breaker, wait
about 0.07s to see if the appropriate breakers open, and then trip
other breakers if one of the proper ones fails to interrupt the fault
current. Of course, whether a stability problem exists in a given
application, the objective is to clear fast, minimizing damage and

disturbance to loads.

Fast clearing, per se, is quite easy: the problem is to do it

selectively. A surgeon who excises the heart during an appendect-

omy loses the patient and gets sued for malpractice. So it is with

the protection engineer if service interruptions result from opening

N

REF. 11
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an excessive number of breakers to clear a fault. Many relays sense a
given fault, but only those protecting the faulted zone should initiate

circuit breaker opening.

While a multitude of highly specialized and sophisticated relays
have evolved, for our purposes we need only at this point categorize
their underlying principles. To sense a fault (or perhaps locate it),

all electrical relays use one or more of the following:

1. Level detection--abnormally high current, low frequency, volt-

age, for example.

]

2. Magnitude comparison--The magnitude of voltage compared to
line current provides a basis for distance measurement, i.e.
how far away the fault is located; or a percentage differen-
tial relay compares two currents.

<3 . ~ - - - . O -

3. Angle comparison--a current falling within a 180 band in

relation to a reference voltage may be used to indicate direc-

tion of fault power flow. The movement of a center-zero

wattmeter needle to the left or right, for example, indicates

the direction of real power flow.

Various devices and techniques supplement the basic sensing cir-
cuits to improve selectivity and security: filters attenuate off-
normal frequencies or select a particular harmonic; operation may be
blocked if the period of an ac quantity is too short, indicating a
predominance of high frequencies; time-delay and digital logic cir-

cuits abound; two widely used means for restricting the operating



zone are one, measurement of the direction of fault-power flow and
two, the differential principle, where conditions at the connections
leaving a protective zone are compared to locate the fault inside or

outside that zone (e.g. summation of currents entering and leaving a
= &

bus).

A survey of the above techniques shows only one which computers
do not now broadly perform to the author's knowledge: viz. angle com-
parison. Accordingly, much time is devoted later to this area, al-
though the requirement for 4 ms (0.25 cycles) tripping of severe faults
rules out many of the more obvious approaches to programming the other
areas, As will become apparent, time (or rather the lack of it) rep-

resents the paramount problem,.



IT.  GENERAL APPROACH

a. Analog to Digital Conversion

For the station in Fig. 1 the computer (or peripheral gear) must
convert to digital form the instantaneous value of 129 ac quantities
(35 sets of currents, 8 sets of voltages). FEach is sampled every 0.5
ms. With such a fast rate the station control cabling must be well
shielded to minimize both magnetic and capacitive coupling. However,
this does not relieve the program completely from avoiding tripping

should a surge introduce a substantial error into a sample.

Rated phase to ground voltage is 69V rms, rated current is 5A
rms. Accurate distance measurement by the program should occur down
to 5V peak; two successive voltage samples, then, could be less than
0.5V when the wave is crossing zero. A-D conversion ervor should not
exceed 3% of the correct value (not full scale) over the range of
0.5-100v, instantaneous. Similarly, the current conversion error
should not exceed:

3% 0.5-100A, instantaneous

10% 0.2-250A, instantaneous

Certain readings will be part of the same computation so care
must be exercised as to the order in which all these quantities are
sampled. Otherwise the program must take the time to correct for the

non-simultaneity of related readings.

The objective of 4ms tripping of severe faults fixes the sampling

interval of 0.5 ms. A minimum of six post-fault samples are needed to



trip a transmission line fault, so the maximum speed is about 3 ms for

this zone.

b. Data Storage

Storage requirements include:

1.

10 samples of all phase currents and the phase to ground volt-
ages on each kv level (3450 currents and 270 voltages in Fig.
1).

2 peak magnitudes of the above quantities (754).

Sample number (i.e. time position) of the current peaks (690).
2 peak magnitudes of line to line voltages (36).

33 samples of quadrant position for VAB on each kv level (99).

2 peak magnitudes and sample number of differential currents

(60).

There are a total of 5359 words of storage required for the appli-

cation in Fig. 1 for the above enumerated purposes. While this does

not include program statements nor most of the computational storage

needs

it would appear that memory requirements are moderate unless

speed dictates that flip-flops be used for a substantial part of the

storage.

Pre-Fault Routines

Tio
Fig,

2 visualizes that peripheral gear performs the analog to dig-

ital conversion (AD), providing an interrupt to the executive program



10

EX at the appropriate times so it can call the other voutines shown

here. Table T lists these routines, indicating where they are des-
cribed. Routines MA, CPD and VEFD are called at 0.5 ms intervals (i.e.
after each sample), while TDF is called every 32 ms. VFD looks for an

aberration in the voltages, indicating the possibility of a fault.
Since a low-current fault in station apparatus may not produce a de-
tectable effect on voltage, TDF periodically looks for such a condition
by checking each transformer zone. VFD calls more sophisticated logic
to locate the fault. Before discussing any of these routines in detail

the overall organization will be presented.

d. Executive Structure

Table IT lists routine priorities with the lowest numbered prior-
ity taking precedence of all those routines for which bids have been
entered. A minority have variable priorities as a function of events
enumerated horizontally at the top of the table. Until more is said
about the various routines this tabulation will have little signifi-
cance. Suffice it to say the prime objective of this structure is to
detect and locate faults as rapidly as possible; the secondary objec-
tive is to efficiently utilize any spare time during faults loocking
for another zone that might be faulted. If breaker 2 in Fig. 1 be-
comes faulted both line IT and III zones may see a fault and both
breakers 1 and 4 may have to open to clear this fault. Also, while not
the usual case. separate simultaneous faults may occur, such as on both
double—circuit lines due to lightning or due to an airplane collision.

So the program cannot relax once it has located a fault.
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DESCRIPTION
Analog-to-digital conversion of
instantaneous value of a-c voltages

and currents

Bus differential

Breaker failure
Line-current peak determination

Differential-current peak determin-

ation

Executive

Voltage filtering
Line-fault locator
Memory action for Z3PH
Open-breaker keying
Operation logic (90-2709)
Operation logic (0-180°)
Overreaching transfer trip
Current comparison
Quadrant determination

Station overall differential



DESIG-
NATION

TOP

TDF

TRIP

VED

WS

zZ1GS

Z1PHS

Z22GS

Z2PHS

72T

Z3PH

Z3GS

Z3PHS

Z37

TABLE I -

CONT,
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DESCRIBED IN:

SECTION APP.

VI

IV

IIT

v

N

=1

DESCRIPTION

Turn off of fault programs

Transformer differential

Breaker tripping

Voltage fault detector

Wave-shape analysis

Zone 1

ground

Zone 1

Zone 1

Zone 2

N>

Zone

Zone 2

Zone 3

Zone 3

Zone 3

Zone 3

Zone 3

distance logic, phase and

ground-distance calculations

phase-distance calculations

ground-distance calculations

phase-distance calculations

time-delay trip

ground-distance logic

phase-distance logic

ground-distance calculations

phase-distance calculations

time-delay trip
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Fig. 3 depicts the priority and bid movement of key routines when
VFD thinks it sees a fault. Priority numbers are shown in parenthesis.
VFD (block A) may detect a voltage aberration due to switching rather
than a fault. So it enters a bid for TOP (J); after 16 ms delay a bBid
is entered for turn off of the fault program with a priority of 4. If
the locator routines (BDF/TDF and 23) show any indication of a fault

at least one routine will have a priority 3 or better to block turn off.

VFD(A) in Fig. 3 enters bids for SDF, FLOC, Z3G/PH and BDF/TDF
per block B. VFD loses its priority until the fault program turns off.
SDF with the predominant priority sums the currents of all lines enter-
ing the station. However, if SDF becomes suspended awaiting the next
sample, FLOC is given a chance to find the line most likely to be
faulted. If FLOC "locates' a fault before SDF, block K answers yes.
Instead with a fault in the station if SDF operates first, block C
answers yes. Then (in block ) the bus zones BDF and transformer zones
TDF have their priority advanced from 9 to 5, taking precedence over
the line zones ZEG/PH, since SDF has indicated that a fault is some-
where in the station. BDF/TDF are called in an arbitrary programmed
order. Fach sums the currents surrounding its zone. For example, in

Fig. 1 TR2-TDF sums the per-unit currents in breakers 12, 13 and 14,

For any particular zone, shown as BDF/TDF (#), to initiate
breaker tripping there must be two successive passes through that
particular routine which indicate a fault. On the first such pass
the priority of that zone advances from 5 to 3 (see block Fl in Fig.

3), to take precedence over all other zones. If tripping does occur






on the next pass, the bid for this zone is removed, The search for

other faults continues.

When time permits, line-fault locator FLOC in block F is called.
FLOC tries to pinpoint which line is faulted so it can call a partic;_
lar Z3. These Z3 routines use line current and potential to look for
line faults. TFig. 4 shows that zone 3 at station P senses faults in
the entire line section out to station R, and beyond. If Z3G or Z3PH
also senses a fault it enters a bid for Z21(§f) and advances its own
priority to 3, per block Fl of Fig. 3. Zone 1 in Fig. 4 covers only
85.90% of the line to insure that it will not see faults on adjacent
lines such as at F2. It can initiate immediate tripping of breakers
; and 2 with no danger of unnecessary breaker opening. If Z1(#) fails
to find a fault its bid is removed (block F2, Fig. 3). As individuai
73 or apparatus zones fail to find a fault, their priority is reduced
(F2). However, these zones will still be called if time permits be-

fore TOP turns off the fault program and allows non-fault routines to

ran.

Return now to block C in Fig. 3 where it answers no if SDF fails
to find a fault in the station. When this occurs FLOC attempts to
find the faulted iine. If FLOC gets a positive indication, block K
answers yes, advancing the zone 3 priority (G) on both the selected
line and all other lines at that kv level. The latter priority
change guides the program as to where to look next if FLOC selects
the wrong line. As with block F1l, particular routines may advance in

priority (Gl); as with F2, priorities may drop. or be withdrawn (G2).
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If FLOC in Fig. 3 fails to select a likely line, block K answers
no. Zone 3 routines are called in an arbitrary programmed order (H).
As the search progresses priorities may go up (Hl) or down (H2), as
positive or negative indications of a fault appear in the various

zones.



T T T T e s e et

o

: [SRIROr, S ;
M zmxx “.H “
w [ e
M j i “ Uy
!

b S [N

B I o
i : =
| e TN

I SERNE N N4

! i by

“ v AN
: : e

I i s

_ | o

1 ” -

- =

_ -

! RN g

Wt -
o _vi e g
o L4
> N
N I
n BN
; . [ o
- e 4]
i e ; T
| O ! S S R AT
m N | ; Do =z -
] _ ] | w { < =
! ! ] { . ™~ o
| ; ! Lo o
| I 5 g
_n _ L - ;
m ! | : - =
, H _ [FRR 0.
! ) | “
| ! I
H oy 1
i “ __ NI
] H : i
H | i ! P
_ ] ) . [
' ! b
i Wi | !
ar ¢ o ! 2_ W _
) L e ! ol ' i
¥ ¥ g T bl
— - o |
i L e | -]
= Ee..!!,_ —_ _(E\,\;fus faV| Talt!l:.k < | wxg_
oo e e | 2
b 0y et



ITIL. VFD FAULT DETECTOR

a. General

Faults cause aberrations in the currents and voltages. At fault
inception a sudden rise or drop in voltage can occur. Current and
voltage peaks can change in magnitude and/or phase position with re-
spect to prefault conditions. Of course, these aberrations may also
result from switching or load changes. Therefore, the fault-detection
logic must not be so sensitive that non-fault programs are being

interrupted too much for '"false alarms.'

VFD looks only at one set of voltages for each KV level. Tt
ignores currents to minimize pre-fault duty since there are many more

currents than voltages (11 sets of line currents, 3 sets of voltages

in Fig. 1). TFurthermore, voltages can change magnitude instantaneously,
while currents cannot. So the use of voltage offers faster fault de-
tection.

b. Ground Faults

After each sample, VFD first calculates the residual voltage 3V,
(see App. A for definition) and the magnitude of its first difference

1

3V If the latter exceeds 1/64 per unit, detection occurs. For most

o-
ground faults detection will occur on sample O (i.e. the first sam-

ple after fault inception). The voltage changes abruptly per Fig. 5
(a) unless the fault occurs when 3V5 is at angle 09, as shown in Fig.

= - . . . . | . . . t .
5(b). With zero initiation there will be sufficient 3V 4, provided

the 3V o peak exceeds 0.09 pu. As described in App. B, if BV!O is too



small due to a distant fault, the phase-fault logic (to be discussed

below) will detect it.

This logic is performed once per sample for each voltage level.

¢. Phase TFaults

The phase logic looks for a peak by sensing a change in the sign
of the first difference (difference of the present and previous sam-
ple value).IfV, o, Vg, Vegs Vaps Vpes ©F Vep 18 1/64 pu less than the

previous peak of the same voltage, VI'D operates.

An apparent peak may be detected at sample 0 as shown in Fig. 6
(a) where the prefault voltage is in quadrant I or IIT (i.e. first
difference is positive). Here the sign of the first difference changes
between sample -1 and 0. That is:

(V)o - (V)_1 is negative

(V)_l“ V) 9 is positive
Similarly for an unbalanced fault where the fault voltage shifts sub-
stantially relative to prefault, a first difference sign change (and
hence an apparent peak) can occur as shown in Fig. 6(d) at sample 1.

Here the voltage shifts back one quadrant at fault inception.

In the cases of Fig., 6(b) & (¢), detection must await the next
actual peak, since no first-difference sign change occurs at sample
0 or 1 as compared to sample -1, Frequently, this does not require a

long wait to detect the fault, since VFD looks at six voltages.

App. B analyzes the detection time with the following conclusions:
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Detection Sample

three-phase fault 10% minimum voltage 0

collapse less than

10% 0-3
phase-phase or
two-phase-ground near fault 0-2
distant fault 0-11

A two phase-to-ground fault may also be detected at sample O by the
ground logic. Of course, distant phase-phase faults may not be cleared
within 4 ms; however, these are not severe enough to require this fast
an operation. Likewise a distant single-phase-to-ground fault may not
operate the ground logic, so the phase logic may not detect the fault
until sample 17 if only the faulted phase to ground voltage collapses

by a detectable amount.

It can be seen, then, that VFD detects all nearby (and hence
severe) faults by sample 3, allowing time for the locator programs SDI
and 73/7Z1 to set up tripping by sample 7 (i.e. 4 ms after fault). Note
that the locator programs start at sample O rather than the latest sam-
ple (assuming the present sample is 9 or less). This minimizes the pos-
sibility of waiting for more samples to complete the necessary number

of passes.
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IV. DIFFERENTIAL ZONES

a. SDF Overall Station Differential

When called by VFD fault detector, SDF serves to narrow the search
for the fault location. If a bus or transformer becomes faulted, SDF
can sense that the fault is within the station to give BDF/TDF higher
priority than the 723 line routines. The differential routines can trip
at sample 1, while the lines cannot be tripped until sample 5. For this
reason VFD calls SDF rather than FLOC. However, if time is available

EX calls FLOC, while SDF waits for another sample.

After summing the phase A line currents for the entire station,
SDF checks to see if the first difference of this differential current
exceeds 0.05 pu in magnitude. This check allows for a 60 Hz differen-
tial current of about 0.25 pu peak without operating. Without this
check, power transformer steady-state exciting current could cause
false indication. While rated exciting current ranges from 1-2% of
rated transformer current, a rise in the sound phase voltage during a

fault can produce a substantial exciting current increase.

The first difference check could be unsuccessful for samples O
and 1 for any level of steady-state peak, if the fault occurs near a
steady-state peak; accordingly SDF will process four samples, if nec-
essary. Then, SDF removes its own bid. As derived in App. K, for the

most unfavorable inception angle the differential current must exceed
1.4 pu steady-state peak for SDF detection. More moderate faults will

be detected when EX makes its periodic TDF call. Should VEFD sometimes



be more sensitive than SDF for a station fault, BDF/TDF will be called
after FLOC and Z3 fail in their search to find the fault. The result-

ing delay in this case is tolerable due to the low current level.

By limiting the SDF check to the first four samples, current-
transformer saturation will be negligiblel. PDFC (Fig. 7) also con-
tributes to security against false operation by requiring the differ-
ential current to be proportionately larger as the fault-current level
rises, The summation of the magnitudes of the line currents form the
abscissa. As this sum increases so will the false differential current
due to mismatch of the current transformer ratios on different sides of
power transformers. During operation the transformer voltage taps vary

to regulate voltage by as much as *15% of nominal ratio, as represented

by the 15% mismatch line.

At point M in Fig. 7 the operating-line slope increases to accom-
modate errors resulting from current-transformer saturation. Since
SDF stops at sample 3 this added security measure is not required;

however, BDF and TDF, which also use PDFC, do function during saturation.

With all lines feeding in-phase current to a station fault, the
differential current magnitude (ordinate) equals the summation of the
magnitudes (abscissa); Fig. 7 shows this limit for the operating zone
(line 0O-L). Particularly for faults of load-current level, the vari-
ous line currents will be out of phase, so the operating point can be

below line O-L.

1. App. C
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1f the phase A check fails to find a fault, phase B and, if needed,

phase C conditions are computed.

b, BDF Bus Differential

As with SDF, BDF looks for a differential-current first differ-
ence of at least 0,05 pu. 1In this case the differential current is the
summation of the currents connecting to the bus. Afrer sample 3 if BDF
(#) thinks it sees a fault, BDF (#) of that particular phase suspends
itself and enters a bid for WS wave-shape analysis, which checks for
severe CT saturation. WS also becomes suspended until CPDST detects a
peak in the associated current since WS examines the magnitude and
position of the peaks. 1If WS finds a satisfactory wave form, it re-

moves the BDF (#) suspension, to allow additional passes.

After a successful WS the differential current will be near peak,
where the first difference will be a minimum. Therefore, BDF can
bypass the first difference check if the magnitude of the differential
current exceeds 0.025 pu. If the magnitude or the first difference
exceeds the setting, PDFC (Fig. 7) is called. Two successive positive

passes cause tripping of all the bus breakers.

Ordinarily, BDF would not require WS since it needs only two of

the first four samples to trip. However, if a bus fault occurs subse-

quent to a VID operation where samples O to 3 have cleared the buffer
Storage, a WS call allows for delayed tripping. Low-current faults
may also delay BDF beyond sample 3, where the first difference may not

exceed 0.05 pu.
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c. TDF Transformer Differential

As with BDF, a WS wave-shape analysis can be bypassed on the
first four samples after VFD senses a fault (i.e. before dc CT sat-
uration can occur). However, when EX periodically calls TDF, WS will
not be bypassed. Also with TDF, the possibility of magnetizing in-
rush requires an additional security restriction: do not bypass WS
on the first four samples if any switching has occurred in the last
32 ms. Otherwise if VFD operates due to a transformer energization,
magnetizing-inrush current could cause TDF to trip off those trans-
former breakers. With these exceptions the TDF logic is the same as

BDF.

d. WS Wave-Shape Analysis

Substantial differential current may result from either magnet-
. . 2 . .
izing inrush™ (such as in Fig. 8(a) or (b)) or from dc CT satura-
tion> (such as in Fig. 8(c¢) during external faults.) Successive
peaks of either inrush current in Fig. 8 fail to occur at about 8
ms intervals. 1In Fig. 8(a) the peaks are too far apart; in (b) the

opposite is true. To distinguish between inrush and legitimate fault

currents, WS requires 15 to 20 samples between peaks, or 7.5 to 10 ms.

The current in Fig. 8(¢) meets the requirement of 15 to 20 sam-
ples between peaks during the first four cycles (if we define point

P as a peak). Accordingly, WS also imposes the requirement that a

o

Ref, 3 and 8

3. Fig. 6A and 7 of Ref. 10
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peak be 75 to 125% of the previous peak and, for good measure, of oppo-
site sign. WS then calls BDF(#) or TDF(#) if the peak requirements are

met,

When BDF or TDF bids for WS, the bid is suspended until CPDSI de-

tects a differential-current peak,

e, CPDSTI Differential-Current Peak Routine

VFD enters a bid for CPDSI. This routine computes the three dif-
ferential currents and their first difference for each bus and‘trans—
former zone each sample. When it detects a sign change in the first
difference, the differential current value is defined as a peak. If
the sum of this peak magnitude and the previous peak magnitude exceeds
32 pu and if the two peaks are at least 15 samples apart, CPDSI ini-
tiates tripping. Otherwise, if the associated WS suspended bid has been

entered, the suspension of the particular phase of that particular dif-

ferential zone is removed.

Note, from the above, that CPSDI can bypass the differential and
wave-shape routines to trip on the first peak for a fault exceeding 32
pu, assuming the CT (current transformer) does not saturate prior to
this point. For a 16 pu current, CPDST can trip on the second peak, again
with good CT performance. This logic minimizes trip delays for severe
faults due to WS calls. This feature is particularly important with the
transformer zones when energizing a faulty power transformer. In this
case TDF cannot trip without a WS call due to the likelihood of TDF
operation due to magnetizing inrush. With a slowly decaying dc current

transient, WS could delay TDF tripping for several cycles.



31

V. DISTANCE LINE PROTECTION

a. General

Fig. 4 shows the distance routine coverage. Zone 1 reaches R5 to
90% from station P towards station R, tripping with no intentional time
delay. Zone 2 reaches bevyond station R to insure detection of an end-
zone fault such as at Fl. Since zone 2 also unavoidably sees adjacent-
line faults such as F2, its tripping must be delayed by time T2 to al-

low breaker 4 relaying to clear F2. Zone 3 reaches still further to:

1. Initiate T3 delayed back-up tripping of adjacent-line faults

should the primary relaying fail.

2. Assist in locating which line is faulted.

3. Provide instantaneous tripping of end-zone faults, working
in a pilot scheme, in conjunction with the breaker 3 zone 3

and a transfer-trip channel,

All three zones are directional, operating only for faults in the pro-

tected line or beyond station R,

These routines use the compensated voltage principle1 where the
protected-line currents modify the station voltages. Five angle com-
parisons are made: three for single-phase-to-ground faults (one per
phase), phase-to-phase unit for two phase faults and 3 phase unit for

3 phase faults. 1In the analog relays, compensators, energized on their

1, Ref, 6 and 7
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primary with the line current, induce a secondary voltage which is a
replica of the actual transmission-line impedance drop from the relay
to a preset balance point. TFor example, the phase-to-phase unit of

the phase distance relay develops a compensated phasor voltage vzy:

. _ .. _ 1
Vzy = Vep - (Ig=Ta) Zg (L)
where Zc = the positive-sequence line impedance from the de-

sired balance point (e.g. 90% of the line for the

zone 1 relay)
imile i £ v e v v
Another compensator similarly modifies KAB to yield Vg If Yy
leads V,y by O to 180° the relay trips. The routine, then, must de-

velop these compensated voltages and make a phase angle comparison.

b, Voltage Compensation

Fq. (1) can be written for a zone 1 reach in instantaneous values

d(To-1y)

as: Vyyy = (Veg-Vyg) - Ly —

R]_(IC—IB) (2)

A sampled-data approximation for sample K is:

) 11 [ _
Vavt T Weedk = Uped - w0 ek - Gl
v (Iglgq - Uil - Ry [ (Tde - (g 3)

Actually this approximation for the inductive drop introduces
excessive error as analyzed in App. D, so an average of the first dif-
ference is computed. When the current is in quadrants I and IIIL, the
K and K ¢+ 1 differences are averaged; in Quadrants II and IV, K and K-1

are averaged. While this averaging consumes more computer time and
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delays tripping by one sample, it reduces the reach error to less than
1% as compared to the much larger error in Fig. 13. Of course, an in-
crease in the sampling rate reduces this error but not as effectively

as averaging.

¢c. QD Quadrant Determination

In quadrants I and IV the first derivative of the sine function
is positive; while the second derivative is negative in quadrant I,
positive in IV. Thus, the combination of the sign of the first and

second differences defines the quadrant, as specified by Table IIIL.

Table II1 - Quadrant Determination

Quadrant

First Difference 1 - -

Second Difference - - +

d. OPX/OPY Operation Logic

Fig. 9 shows the angular relationship requiring operation. The
phase-to-phase unit in section V (a) compares Vyyy and Vyyq, with Voyq
corresponding to Vppp and Vxyl to the operating voltage in Fig. 9(b).
When Vgy] leads Vgzy] by O to 180° operation occurs. The three-phase
unit and the ground-distance units have the Fig. 9(a) characteristic;
in this case either voltage of the pair being compared may be the ref-

erence.

Looking at Fig. 9(a) for OPX, note for an operating condifion

that the two voltages can never occupy the same quadrant as they do ir



Fig. 10(a) since they must be more than 90° apart. Conversely, for a
non-operate condition, the voltages can never occupy opposite gquadrants
as they do in Fig. 10(b). They will occupy adjacent quadrants for some
samples regardless of their phase positions, as in Fig. 10(c). With
an angle near 90° the transitional sample can yield erroneous results
due to the finite sampling interval. For example, in Fig. 10(a) near

a quadrant change, QD may erroneously indicate opposite quadrants,

These facts suggest this logic:
1. Increment operation counter with voltages in opposite quadrants.
2. Decrement operation counter with voltages in same quadrant.

3. Operate when counter reads 2 or more,

I~

Counter range: 0-3
Fig. 9(b) for OPY dictates similar logic to OPX:

1. TIncrement operation counter with operating voltage in adja-

cent leading quadrant. (e.g. Vop 1n I, Vppp in IV).

2. Decrement operation counter with operating voltage in adja-
cent lagging quadrant,

3. Operate when counter reads 2 or more.

4.  Counter range: 0-3,

Fastest operation occurs when Vgp and Vppp are at 180° for OPX,

or when Vop leads Vpgp by 90° for OPY. At these angles the maximum
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number of samples yield counter incrementation. This situation approx-
imately prevails for at least one of the five angle comparisons (three-
phase, phase-to-phase, A-to-ground, B-to-ground and C-to-ground logic)
for faults with small fault resistance compared to the impedance reach
setting (e.g. Hy). Note that each of the five angle comparisons for

each zone of each line uses a separate operation counter.

e. Computing Sequence

Zone 3 (23G and Z3PH) is called first since it covers a larger
area than do zones 1 and 2., When one of its operation counters is

first incremented, zone 3 advances the priority of itself and zone 1

(Z1G, Z1PH) of the same line. EX makes no priority distinction between
the phase (PH) and ground (G) routines for two reasons: first, some of

the computations are common to G and PH, and secondly, Z3PH may oper-
ate for a phase-to-ground fault sooner than Z3G, even though ZI1PH will

not operate, while Z1G will,

f. Time-Delay Trip

When any zone 3 operation counter reaches two it enters a T2
delayed bid for zone 2 (z2T). If zone 3 remains operated until T2
has expired, Z2T is called. After about the first 16 ms of the fault,
zone 3 computes only at 16 ms intervals, allowing time for non-fault
routines to run. When Z2T is called if Z2GS or Z2PHS fails to operate,
22T enters a (T3-T2) delayed bid for z3T. If Z3G or Z3PH continues
to operate at 16 ms intervals until (T3-T2) elapses, Z37 trips the

line breaker(s).
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g. Overreaching Transfer Trip (Pilot)

This logic provides fast clearing of all faults in the immedi-
ate line section (between stations P and R in Fig. 4), if the trans-

fer-trip channel is serviceable,

Its prime value is to clear end-zone faults such as Fl in Fig.
4, since zone 1 clears the closer faults at high speed. When a zone
3 operation counter reaches 2, ORTT keys the transmitter associated
with that line. This signal (30-300kHz) may be coupled to a phase
wire of the protected line or sent over a telephone or microwave chan-
nel. Receipt of this information indicates that the remote-end relays
see fault-power flow into the protected line, TIf the local zone 3
also operates, ORTT immediately trips, provided a coordinating time

delay has elapsed since zone 3 first operated. This delay equals

the channel drop-out time plus 4 ms.

OBK provides continuous transmitter keying when the line is dis-
connected from the station, so the remote zone 3 can trip immediately
should the other end be closed on a faulted line. OBK also uses its
breaker position information to advise the potential-selection logic
when the line again connects to the station. This logic prevents the
program from using isolated line potential for relaying of the other
lines on the same kv level. Transfer to an alternative source occurs
when the breaker trip circuit is energized either by the computer or

by non-automatic means.

h. Line-Current Peak-Change Supervision

Z3PH contains logic to prevent line-breaker tripping due to
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potential-circuit trouble with the power system normal. If, for ex-
ample, a potential fuse blows, VFD erroneously detects a fault. Even
though FLOC fails to find a fault, EX will call Z3PH. Unless Z3PH
detects a 0.1 pu change in peak magnitude compared to the previous
peak or the time interval between these peaks is abnormal, tripping

is blocked.

i. MA Memory Action

For a nearby AB or 3 phase fault, where V,, drops to nearly zero,
MA provides the distance routines with prefault quadrant determinations.
EX calls MA each sample to make a QD unless V,p and its first differ-
ence both drop below 0.003 pu. MA stores the last 33 QD values. When
the voltage is too low for a reliable QD, the program uses the stored
QD value determined 33 samples earlier (or a multiple thereof); at 60Hz
this is almost a multiple of one cycle (33 »x 0.5 Z 16.5 ms) so the
stored QD values tend to match those which would have been determined
had Vpp continued normally. The sampling period inaccuracy 1s toler-
able, since the computations are not close to a balance for a nearby

fault. However, eventually the drift would become excessive. Accord-

ingly, access to these stored values is blocked after 32 ms.
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VI. OTHER PROTECTION

a. BF Breaker Failure

When any routine initiates breaker tripping, it also enters a 64
ms delayed bid for BF(#). After 64 ms, BF checks all phases of each
breaker to see that current has ceased flowing (less than 0.05 pu).
After 8 samples indicate no current is flowing, BF(#) turns off. If
current is still present, the routine operates a multi-contact lockout
relay, which latches in the operate position, tripping back-up breakers

and bloecking reclosing until the lockout relay is manually reset.

b, TOP Turn Off

TOP resets flags and counters, allows VFD to run again and re-
structures some of the priorities (see Table II). It will not run if
any higher priority routine is suspended or on time-delay bid, with the
exception of Z3G/PH and BF delayed bids. The latter routines continue
too long to allow low priority fault routines to run in preference to
non-fault routines. So the program returns to pre-fault status except

when these delayed routines run.

c. Routines Not Included

The areas covered in the above sections are representative, but

incomplete. Additional routines could include:

1. Out-of-step tripping of line breakers

2. Automatic reclosing

3. Synchronism verification across an open breaker
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Automatic synchronization of breaker closing

Negative-sequence directional overcurrent protection of the

shunt reactors (SR in Fig. 1)

Voltage unbalance detection and overcurrent protection of

the shunt capacitor bank (CP2 in Fig. 1)
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VIT. CONCLUSIONS

This study has disclosed no reason to bar eventual application
of the digital computer to perform the complete substation protective
relaying function., Many existing relay techniques--such as digital
logic, level detection and timing--match identical stored-program com-
puter operations., Others with no direct digital counterpart have been

developed here; key examples in this category include:

1. Angle comparison (cylinder-unit equivalent)

~)

Percentage-differential characteristic
3. Magnetizing-inrush restraint

4. Line-drop compensation

5. Filtering of transients

This paper also has demonstrated how to adapt present-day protec-
tion techniques to fit the time-sharing, sampled-data computer world.
For example, fault-detecting and locating logic has been devised to
take control away from nen-fault routines and to direct the program

to the routines most likely to effect fast breaker tripping.

The following salient advantages to the use of a computer are

foreseen:

1. Taster breaker tripping, with securily against undesired

operations comparable to existing relays. (The logic here
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provides 4 ms nominal trip time.)

Greater dependability, since the hardware is in frequent use

as contrasted to the protracted idleness of existing hardware.

More economical. Cost can be shared with non-protective

functions for data acquisition and control.

Readily adaptable to use with digital current and potential

transducers.

While long-range optimism seems justified, many roadblocks promise

to deter the development of an economical, serviceable system. Some of

the likely key problem areas are:

Programming effort Based upon an experienced real-time pro-

grammer being able to write and debug 10 program statements

1

per day many man years must be expended.

3

Input requirements The instantaneous value of each ac current

and voltage must be converted to digital form every 0.5 ms

(372 quantities in Fig. 1).

Computer Speed The program imposes massive speed requirements,

For example, six passes of 21682 should be performed in 0.3 ms,
requiring a total of 54 multiply, 162 add and 6 left-shift

operations. Also storage of converted ac inputs should not

1. A rule of thumb in the vogue in the author's company.

2. Egs.

(33) to (49), (56) to (59) in App. E.
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entail more than 0.2 ms of main-frame time (372 inputs in Fig.

1).

Security The computer will find the substation environment
most inhospitable. Much programming and analog-to-digital-
conversion hardware effort will be needed to keep undesired

breaker tripping to tolerable levels.
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VIII. RECOMMENDATIONS

This thesis represents only a rudimentary attempt at organizing
an approach to the problem. No practical analysis has been made rela-
tive to the state of the art in areas of A-D conversion and machine
speed. Are process computers available to handle the speed require-
ments? What kind of fast-memory is needed and how much? Do parallel
accumulators offer a significant advantage? What kind of reliability
could be expected? Are the economics now favorable? How could the
program be better organized to reduce cost, main-frame duty, memory
needs and operating time? These are questions for someone well

versed in computer technology.
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First Difference
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DEFINITIONS

Appendix

Current Transformer
Counter

| |

}ZOM/ZOLJJ a stored constant for each line
; ]

Decrement

Summation of all currents flowing into
a protective zone (e.g. bus 1 in Fig.

L)

Present sample value minus the previous

sample value

Sampling interval, seconds

Ll/h, a stored constant for each line

L,/h, a stored constant for each line

Ly/h, a stored constant for each line

Lpp/h, a stored constant for each line

Lyo/h, a stored constant for each line
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TasIpsTe
LartpIc

H i 1
Tarip-Ic

't Tt

Inslpstc

=

p-1
Ip (ss)

INCR

o
~J

Lp3/h, a stored constant for each line

Phase currents, instantaneous

Phase currents, phasor

Phase A first difference (prime always

connotes first difference)

Phase A second difference (double prime

always connotes second difference)

Breaker current (any phase), instantaneous

Delta current (difference of two phase

currents), instantaneous

Transmission-line currents, instantaneous

Zero-sequence current, instantaneous

Parallel-line zero-sequence current,

instantaneous

Value of latest current peak

Value of previous current peak

Value of steady-state current peak

Increment

Sample designation (e.g. (I;)y)



L15L2>L3

Lo1sLo2:Fo3

PT

Rl,Rz,R3

Residual Current

Rp1:Rp2,Rp3

Routine Abbreviations

Routine States:

Running

Bidding to run

Time Delay

Suspended

Executive turnoff

Positive-sequence line inductance of zone

1, zone 2 and zone 3, respectively

Zero-sequence line inductance of zone 1,

zone 2 and zone 3, respectively

Per unit (69V, rms; SA, rms)

Potential transformer or capacitance device

Positive-sequence line resistance of zone

1, zone 2 and zone 3, respectively

3In. instantaneous

Zero-sequence line resistance of zone 1,

zone 2 and zone 3, respectively

See Table I

In operation

Awaiting completion of higher priority

routines

Awaiting preset time interval to elapse

Awaiting information from some other

routine

Machine preempted by higher priority
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routine or by lower priority program

running under hardware or software lockout

Turned off

Second Difference Present first difference minus the pre-

vious sample's first difference

Vo Zero-sequence voltage, instantaneous
: i duce i =y + oy LAY/
3V Residual voltage 'sc T Vg Vegs

(instantaneous)

7 . . N - . - - P ~

\AG,VBG,VCG Phase-to-ground voltages, instantaneous

201, Zero-sequence line impedance to remote
station

ZoM Zero-sequence mutual impedance between
the protected line and a parallel line

Zone A protective zone: transmission line,
bus, transformer, etc., usually bounded
by circuit breakers

(i) Used to denote specific zone, rather than

complete set (e.g. Z3G(:#) vs Z3G)



APPENDIX B

VFD SPEED/SENSITIVITY

1. Single Phase to Cround Faults

The residual voltage 3V, and its first difference 3vg are defined
in App. A. Fig. 5 shows that the first difference at sample O will be
larger if the fault occurs when 3V, is at other than 09, due to the
jump in voltage at inception. Fig. 5(b) represents the most unfavor-
able situation with sample O at 10° from inception and sample 1 at
20.8°. For this case the magnitudes and first differences for a unit of

3Vy at 60 Hz are:

Sample 3V, iBVO
-1 0 0
0 0.174 0.17
1 0.355 0.18
2 0.524 0.17

H
Using the Maximum |3VO‘ of 0.18, the minimum 3V peak to yield a

[3\](’)] of 1/64 is:

. 3 1 5
(3Vo) min. = o=y = 0-0%u

(0.09) (3) (69) = 18.V, rms.

If the fault occurs at 90°:

(3v,) min. = 1/64 = 0.016 per unit, or 3. V, rms.
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So the ground detection sensitivity ranges from 0.016 to 0.09 pu
(3-18 V, rms) depending upon fault incidence angle. This analysis
assumes zero residual voltage prior to the fault. 1In practice, both
fundamental and triple harmonics exist. Load or line-impedance un-
balance produces fundamental residual voltage, while transformer non-
linearities produce the triple harmonics. The maximum normal 3V _ which

will not operate VFD is:

|
i3Vé1 max. 3V, max., rms.
60 Hz 0.188 17.
180 Hz 0.564 6.

These values are quite ample to insure no misoperation of VFD,

Detection occurs at sample 0 or 1, which yields a maximum time of

l ms, excluding machine time.

2. Three Phase Faults

Phase faults are detected by a drop in peak magnitude of Vags Vg
Vees Vaps, Vpe or Vep. Since an apparent peak can occur where the pre-
fault voltage is in quadrant I or III, as in Fig. 6(a), a 3-phase fault
can always be detected at sample 0 unless the voltage collapse is too
small as in Fig. 6(b). Since the six voltages enumerated have peaks
spaced at 30° intervals, some of these will always be in either quadrant

I or IIT.

Fig. 11 illustrates how the required collapse must exceed the first
difference. As an approximation the prefault and postfault sinusoids are

assumed to be linear and their first difference equal to the maximum






value of 0.19 which occurs when the samples straddle zero. Then regard-
less of where samples -1 and 0 occur in this region, the collapse must
exceed 0.19pu to detect the fault at sample 0. Actually, the collapse
need only be about half this amount since another voltage would be about
60° from zero and its first difference would be about 0.09pu. The
voltage at 60° is 0.%7pu prefault, so the required voltage collapse is
about 10%. For lesser drops VID waits for an actual peak, as in Fig.
6(b) and (c). Since these peaks occur every 30°, the maximum detection

time is at sample 3 (10.8° per sample).

é;M Phase to Phase Fault

Fig. 12(a) represents the most unfavorable time for a distant
fault. Assuming Vpp and Ve, peaks do not drop by 1/64 pu and an appar-
ent peak of Vees VCGJ or VBC cannot be detected in quadrants T and IIT,
VFD must await the next Vg, peak about 115° later. Operation would

occur at sample 11.

For a fault somewhat closer, the peaks of VAB and Vea will also drop
1/64 below prefault level, decreasing maximum detection time to about

60° (sample 6).

For the close-in fault of Fig., 12(b), Vap drops from 0.92 to 0.58
Pu creating an apparent peak at sample 0., 1If the fault occcurs about
30° later when Vpp (prefault), shown dotted, is in quadrant II, none of
the voltages experience an apparent peak, so VFD must await a Vg peak
at about sample 2. If the fault occurs about 60° later than shown in

Fig. 12(b), after VBG> VCG’ VAB and VCA are past peak, VBC will be in
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quadrant I and will have an apparent peak. 1If the fault should occur

150° later, after Vpc passes into quadrant II, Vg, has an apparent peak
at sample 0. This situation continues until about 180° beyond £he posi-
tion shown in Fig. 12(b), at which point the above sequences repeat for

the next 180°,
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APPENDIX C

TIME TO CURRENT-TRANSFORMER SATURATION

Even high quality current transformers will saturate due to dc

offset current transients unless their decrement is quite fast. The

time required for the transformer to saturatel is a function of:

Eg = rms voltage at which the CT saturates

I = rms steady-state secondary fault current
R = burden resistance, including CT winding
T = dc time constant of primary current

For example, let Eg = 400V, I = 200A, R = 2 ohms and T = 2 cycles (33
ms). Saturation occurs at 0,24 cycles, or 4 ms following fault incep-

tion,

1. TFig. 6 of Ref., 2



APPENDIX D

INDUCTIVE-DROP ERRORS USING FIRST DIFFERENCE

The inductive drop may be approximated at any instant by the
expression:

. t 7
pdi- I (
dt h

where 1 = sin 377t (lpu current)

di
dt

= 377 cos 377t units/sec
Th = Ig - Ixa

IK = sin 377t

IK——] = sin (377t - O.l88>

h = 0.5 ms or 0,188 radians

The error E in approximating the current derivative is:

E = 377 cos 377t - 2000 sin 377t - sin (377t - 0.188) (

Fig. 13 plots this error. Note that the percentage error is intol-
erable. It can be reduced to less than 1% by averaging the first

difference for samples K and K + 1 for use in the K-sample calcula-
tions, when the current is in quadrant I or IIT. When the current
is in quadrant II or IV, Iy and Iy 1 are averaged for the K-sample

calculations.

4y
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APPENDIX E

DISTANCE-ROUTINE CALCULATIONS

The following equations define the machine
operations required for distance relaying. The currents
and voltages are instantaneousvpu values of ac quantities.
See App. A for definition of terms. App. G gives a

numerical example.

a, Operations Common to ALl Zones

Vag = Vac - Vne (6)
VAR = (Vapdx - (VaB)k-1 (7)
Vap = (VAé)K - (VAR)K-1 (8)
Ig = 1/3 (Ip + Ip + Ig) (9)
Iap = In - To (10)
Igp = I -~ Ip (11)
Icp = I¢ - 1o (12)
TaD = (TAD)K - (IAD)K-1 (13)
Tap = (TAD)K - (TAD) k-1 (14)

3 ¥ H
Iapa = 1/2 [<IAD)K + <1AD)K+i]
(It Ipnp 1s in quadrant I or ITI) (15)
{
Iapa = 1/2 [(IAD)K + (IAD)K~1}

(If Iapp is in quadrant II or IV) (16)



i

L
Igp = (Igp)x - (Ipp)k-1

{
Ihp = (Ipp)k - (IBD)K-1

t
Ipps = 1/2 [(IED)K + (E%D)K+1 (1gp in quad. I or

T11)

IéDA = 1/2 [(IED)K + (I%D)Kel] (Igp in quad. 11 or
IV)

{
Icp = (Icp)r - (Icp)k-1

-1

ft )
Iep = (Iep)k - (Ibp)k-1

I‘CDA = 1/2 [(fCD>K + (fCD)K+lJ (Icp in quad. I or
T11)

[
IbDA = 1/2 [(ICD)K + (IbD)Kfl] (I¢cp in quad. IT or
V)
I
Ip = (Ip)k - (IQ)k-1
Ip = (To)x - (To)k-1
IbA = 1/2 {klb)K + (Ib>K+4 (Ig in quad. I or III)

f

Thy = 1/2[k15)K + (15>K-1] (1o in quad. TI or IV)
Egs. (6) to (8) provide polarizing voltage for the

3 phase mho unit® of Z1PHS, Z2PHS and Z3PHS. Egs.

(9) to (28) develop the first differences Ixpas Ippas

Icpa and Iga required to compensate the bus voltages

for the inductive line drop. See App. D for the

basis for Egs. (15), (16), (23), (24), (25) and (26).

1 - Ref. 9

(17)

(18)

(19)

(20)
(21)

(22)



b. Operations Common to Z3PHS and Z3GS (Zone 3)

The zero-sequence compensation 2 is:

Vors = IoRg3 + 1oaHO3

The compensated phase-to-ground voltages are:
VxG3 = VAG - IADR3 - IppaH3 - Vor3

VyG3 = Vpg - IppR3 - IppaH3 - Vor3

N { v .
Vze3 = Veog - IcpR3 - IgpaHs - Vora

c. 73GS

App. F describes how the magnitude comparison

of Ref. 6 is converted to an angle comparison.
compensated zero sequence voltage is:

Vo3 = 1/3 (Vygz + Vygs + Vgga)

2VWo3 = 2/3 (Vggz + Vygs + Vyo3)

VR3 = Vxg3 = 2Vy03

<
W
w
]

<
=<
P}
W
!

2Vyo3

VT3 = Vzg3 - 2Vyo3

VR = (VR3)g - (VR3)g-1
53 = (Vs3)g - (V§3)K-1

Vrs = (Vopgdg = (Vpdyog

VR3 - (VRIDK - (VR3)k-1

Vg3 = (V530K - (Vg3)k-1

)
j—

(29)

(30)
(31)

(32)

(33)
(34)
(35)
(36)
(37)
(38)
(39)
(406)
(41)

(42)



vy = (Vr3)r - (VT3)K-1

vke3 = (VXe3K - (VXG3IKR-1
vye3 = (Vye3dr - (Vye3)k-1
vze3 = (Vzg3)K - (VZG3K-1
vxe3 = (VXG3DK - (VXG3)K-1
Wes = (vve)r - (WW63)K-1
Vhe3 = (VEe3)k - (VZG3)K-1

CALL OPX to compare VR3 and Vyxg3; Vg3 and VvyG3s

VT3 and VzZG3

d. Z3PHS

VXy3 = Vg3 - VYG3

Viys = (Vxy3dk - (Vxy3)k-1
Vxy3 = (Vxy3)K - (VXY3)r-1
Vzy3 = VzG3 ~ VYG3

Vzy3 = (Vzy3)x - (Vzy3)r-1
Vzy3 = (Vzy3)k - (Vzy3)k-1

CALL OPX to compare Vyxy3 and VAB (reference).

CALL OPY to compare Vxy3 and Vzy3.

e. Operations Common to Z1PHS and Z1GS (Zone 1)

VoTl = IoRpol + IpaHol

i

. 1
VGl VAG - IapR1 - IapaH1 - Vorl

(43)
(44)
(45)
(46)
(47)
(48)

(49)

(50)
(51)
(52)
(53)
(54)

(55)

(56)

(57)
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i
Vyel = Veg - IppRi - IppaH1 - Vori (58)
N | .
Vzglr = Voe - IcpRi - IcpaHi -~ Vorl (59)
£. Z1GS

These operations are identical to those of
Z3GS, except that here the equations contain texrms
with the subscript "1'" rather than '"3''. For example,
eq. (33) becomes:

Vwolr = 1/3 (Vxg1 + Vygl + Vzgl) (60)

g. Z1PHS
These operations are identical to Z3PHS, except

for the use of subscript "1'" rather than '"3".

h. Operations Common to Z2PHS and Z2GS (Zone 2)

Vor2 = IpRo2 + ToaHO?2 (61)
VXG2 = Vagc - IADRZ - IADAHZ - VOT? (62)
Vyg2 = VBG - IBDR2 - IBDAH2 - VOT2 (63)
VzG2 = Vgg - IcpR2 - IcpaH2 - VoT2 (64)
i. 22GS

These operations are identical to Z3GS, except
that here the equations contain terms with the

subscript '""2'" rather than '""3". For example, eq.
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(33) becomes:

Vwoz = 1/3 (Vxgo + Vyg2 + Vzg2) (65)
Where compensation for zero-sequence mutual

induction from a parallel line is desired, redefine

Voo as:
Vor2 = (Io + Ico)Ro2 + (Ioa + IGoa) Hoz (66)
(if |Igol < |To] )
Vor2 = ToRo2 + IpaMo? (67)
(if |Igo| = [To| )
where Icg = dIOM (68)
Ieo = (Igo)k - (Ieodgei (69)
Ico = (Ito)K - (Tco) k-1 (70)

Tooa = 1/2 [(Tcodk + (Toodxi]

(if Icp is in quadrant I or III) (71)
[ !
Icoa = 1/2 {(ICO}K + <1E0>K~§}

(if Igp is in quadrant II or IV) (72)

Note from the alternative solution for Vgpy in
Eq. (67) that mutual compensation is not used if the
compensating current gets excessive, as it can for
nearby parallel-line faults. Compensation is of no

5 . . . 1
value for these faults and results in misoperation.

1 - Ref. 6.



j. Z2PHS

These operations are identical to Z3PHS, except

for the use of subscript '2" rather than "3".

65
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APPENDIX F

CONVERSTION OF THE GROUND-DISTANCE MAGNITUDE COMPARISON

TO ANGLE COMPARISON

It is well known that an angle-comparison device can be used to
compare the magnitude of two a-c quantities X and Y by reacting (X-Y)
and (X + Y); and that a magnitude-comparison device can be used to
determine the relative phase-angle position of X and Y by comparing
(X-Y) and (X + Y). The ground-distance logic uses such a transforma-

tion.

Distance-unit operation should occur when the operating-voltage
peak exceeds the restraint-voltage peak regardless of their phase
position. However, the program cannot wait for these peaks to occur,
since severe faults should be tripped in 4 ms maximum. Therefore,
the two voltages are manipulated so that the OPX angle logic may be

called.

Fig. l4(a) shows that the angle (b + ¢) between (X-Y) and (X + Y)

is 90°, when X[ = ¥} . Since [X| = 4

az- b and ¢ = d (68)
Also:

a + b = 180° - (¢ + d) (69)
or

2b = 180° - 2¢ (705

(b+c) = 90° (71)
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Tn Fig. 16(b) where |v| = |

¢ " d and b ~
SO

(b + ¢) (a
but

(a + d) = 180°
SO

(b + ¢) = 180°
or

(b ¢+ ¢) - 90°

Similarly, if

Accordingly, if operation is required when |Y]

be used to operate if (X -

then,

(as modified

X =

Yz
(¥ + YY) =
(X + YY) =

Note that Eq.

X - YY) =

M

is the operate voltage; ¥, the restraint.

r

a
d)
- (b " e)
- (b )
S |X|, then (b + c¢)  90°.

X

(o]

¥) leads (X + Y) by 90° - 270°.

for sampling techniques):

H

VN

Yo =

xn F

7 -
\AC

(78%) is the compensated phase to ground voltage.

oL Y

Vye3 -

(Vag - Vo) - IapR3 - Tapa 13

- Vv
Yo = Vors
Yo
T - V4 -V
Iap B3 = Tapa M3~ Vors XG3

y - 2y

2Vyo = Vr3

From Ref. 6

(72)

(74)

angle logic may
- - ¥ 7
Quantity Y,

for phase A

(76)

(77)

(78)



Operation should occur when Vpq leads VXGB bv 90 to 270°,

Comparable operations exist for phases B and C.
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_APPENDIX G_

DISTANCE-ROUTINE EXAMPLE

1. General

A phase-A-to-ground fault occurs in Fig. 15 on line M-N, 75% of
M-N from M, Prefault currents are neglected, Prefault voltages at the
fault point are 1 pu with the phase A voltage at zero degrees for ref-
erence, Impedances are in ohms at 138KV. Positive-sequence values use
the subscript '"1'", while the zero-sequence impedances use the subscript

”OH.

Fig. 15 lists the per-unit steady-state current and voltage inputs
to the computer, which were calculated using symmetrical component
principlesl. The actual inputs included the d-c¢ transient as well.

The voltage transient and the d-c current decrement are neglected.
Prefault voltage on phase A at the fault is VAGF- Fig. 16 shows the

H
input quantities, assuming a fault at a Vpgp angle of 40°, with the

T
first post-fault sample arbitrarily at a Vagr angle of 45.89,

Note in Fig. 16 that Vag experiences a sudden drop; however, Table

IV shows that V is higher at sample 0 than at sample -1 so VFD does

AG

not see an apparent peak. VFD does operate, though, since BVO' =

0.072 at sample 0 (1/64 = 0,016 required).

2. Zone 3

Table IV performs the Z3GS computations based on App. E and F, with

1. Ref. 11, pp. 26-72
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computer operations beginning with the 310 calculations. Current first

H

and CDA*

- I

differences are averaged per App. D to obtain I;D\ =
S LML

IéA’ IADA
At sample 4, Z3GS increments the phase A operation counter based on OPX
logic described in Section V. At this point 23GS advances Z1GS and

Z1PH priority to 3. On the next pass (5), Vg3 moves to quadrant 1T, but
VXG3 is delayed in moving to quadrant IV until sample 6. According

OPX does not increment the phase A operation counter at sample 5 since
Vr3 and VXGB are caught in adjacent quadrants. So transmitter keying
Occurs at sample 6, which is one sample later than the minimum, From

a time standpoint transmitter keying occurs at sample 7 since the cur-
rents progress to quadrant I at sample 5 where the adjusted first-differ-
ence uses the K + 1 sample, Therefore, keying occurs about 4 ms after

the fault, assuming a solid-state interface between the computer and

the transmitter.

23G requires that JBIO'! “ 0.04. At sample O 1310'

- 0.126, so

Z3G may operate.

Zone 3 1is set to reach 200% of the line M-N impedance. For example:

. base voltage

Zp - 1 imped =
B pase impecance base current
= 62"3 = 13.85 ohms

Re = CT ratio = 1000/5 = 200

Ry = PT ratio = 13%,000/115 = 1200
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L= Zpri Rg 1
relay SFYT Ry Zg

pu

27 Re 1
L = _1]1 _A(J\ X -
3 G &) C 7

-,60.0 1 -
=¢S5y 0.167)(_~_)= 0.00192 pu
(377 )€ )83.85)

ol

3 = (0.00192) (2000) = 3.83 pu

Hy = L3
37 H

1
Hy multiplies times Tpj,, the averaged first difference of positive-plus
negative-sequence current, to generate the zone 3 positive-and negative-

sequence inductive line-drop compensation.

Fig. 17 shows the phasor relations for Z3GS at sample 2. Input
voltages Vun, Vgn, Veoe are compensated by the line currents to produce
Vye3s Vygs and Vg, respectively; these are further modified by sub-
tracting 2Vyns to produce Vpjy, Vg3 and Vryg, respectively, OPX compares
the quadrant positions of Vpgy and Vyeog, Vgg and Vynz, Voz and Vyeoa. Were
OPX operative at sample 2, all phase operation counters would be incre-
mented since the three pairs occupy non-adjacent quadrants. By sample 4
Vygy has moved to quadrant IV so that Vgq and Vyg3 are in adjacent quad-
rants; OPX neither decrements, nor increments the phase B counters. Also
by sample 4, Vpg moves to quadrant II, so Vs and Vog3 are in adjacent

quadrants.

While the Vg3-Vygy and Vp3-Vyeg angles exceed 90°, which is an
operate condition, they occupy non-adjacent quadrants for relatively

short periods of time. So slow operation could result if the routine

depended upon these comparisons. However, Vpy and VXGS are almost 180°
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out of phase, so they almost exclusively occupy non-adjacent quadrants,
Only occasionally at quadrant transitions (such as sample 5) do VRB and

Vxc3 occupy adjacent quadrants for this fault,

Table V for Z1GS utilizes the current calculations of Table IV,
Ground distance reach is set for 85% of line M-N impedance, so the fault

is at 88% of relay reach,. le and V occupy about the same phase posi-

XG1
tions as for 7Z3GS., While the phase B and C voltages occupy somewhat dif-
ferent phase positions, as compared to Z3GS, they fall in the same

quadrants as for Z3GS. Accordingly, counter incrementing occurs during

the same samples.

While tripping occurs at sample 6, in the computations, first
difference averaging requires the use of sample 7, so breaker tripping
occurs after sample 7 (in time) or at about 4 ms. This is one sample

longer than the minimum,

Z1GS starts computing at sample O, although it is not called
until after sample 4, Unless the computer duty is excessive, a ten-

sample buffer is ample.
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APPENDIX H

QD quadrant determination utilizes the sign of the first and
second differences rather than the sign of the quantity and its first
difference in order to minimize the effect of transients below the sys-
tem frequency. The filtering routine described here attempts to elim-
inate the influence of higher frequencies such as in Fig. 18, where a
transient is superimposed on voltage VAB" Note that the filtered values

are plotted.

When a quadrant changes to other than the succeeding one, FIL is
called. 1In Table VI a jump occurs between sample 2 and 3. If sample
-3 QD had been quadrant I, FIL would not have been called. The pro-

cedure 1s as follows:

1. When a quadrant jump occurs at sample K, average the voltages

of samples K-3, K-2, and K-1 and replace the (K-2) voltage

2

with this average, (e.g. sample 1 average of -0.49 replaces

-0.76).

2. Average voltages K-2 (original), K-1 and K, replacing the (K-1)

voltage with this average.

3. Perform new QD for sample K-1,

Average voltages K-1 (original), K and K+ 1, replacing the K

_1_\

voltage with this average,



5. Perform new QD for sample K.

6. Using averaged K voltage, make QD for sample K + 1.
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Note in the above that the "original'' value may mean a filtered value
from a previous pass as is the case at sample 5 in Table VI where the
averaged value of -0.44 results from use of the filtered value of ~0.39

in sample 4.

Except for sample 4 the filtering logic has successfully deter-
mined the quadrant position of the steady-state voltage. See the last

row of Table VI.



APPENDIX T

(CPD TINE- CURRENT PEAK DETERMINATION

CPD processes each line-breaker current each sample per Fig. 19.
Block A computes the first difference. Upon a sign change of the first
difference (B), the value of the sample is recorded as the peak (C)
along with the time position, Two peaks are stored so that Z3PH may

compare the pre- and post-fault values to confirm that VFD saw a fault.
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_APPENDIX J

VFD VOLTAGE FAULT DETECTOR

VEFD processes each voltage sample as shown in Fig. 20. Block A
looks for a significant jump in 3V, since the last sample. Block A
makes one such check per voltage level (three in Fig. 1) unless a
fault is indicated sooner., Then, block B looks for a sign change or
a zero value in the first difference of the phase to ground voltage
(one check for each of three voltages on each voltage level, unless
a fault is detected sooner). Block E stores the measured value as
the peak., 1If this value is at least 1/64 p.u. less than the previous

peak a fault is detected,

Either A or F enters bids (C) for selected fault routines as
well as a 16 ms delayed bid for TOP. VFD then removes its own prior-
ity. VFD will not turn on until TOP turns off the fault routines. This
will occur in 16 ms unlesgs at least one of the differential or line

routines finds some indication of a fault.
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APPENDIX K

SDF STATION OVERALL DIFFERENTTIAL

Refer to Fig., 21. Block A sums the line currents, To handle
the phase shift in wye-delta power transformers, delta currents or
phase currents less zero-sequence current must be used, If in Fig. 1
the 500 kv and 230 kv phases are identified A-B-C, while the 66 kv

phases are identified 1-2.3, the three line-current summations would

involve:
IA - IC with Il - IO Phase A
Ip -~ Ip with I, - Iy Phase B
IC - IB with 13 - IO Phase C

Note that these computations exclude zero-sequence current, This
avoids false operation during ground faults external to the station

due to current flow in the power transformer grounds, which is not

measured.

Block B calculates the Phase A first difference; if it exceeds
0.05 p.u., block C sums the magnitudes of the line currents for use
by PDFC (block D). If B answers no, phase B line currents are
summed, If any of the phases sees a fault (E, G or H), block F removes
the SDF priority (also see Table II) and advances BDF and TDF prior-

ities. EX then checks all bids, calling the lowest numbered priority

being bid.
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After four unsuccessful passes block J removes the SDF priority
and enters a FLOC bid. SDF requires a minimum of two samples since
block B requires a first difference which is not available until sam-
ple 1 (SDF begins computation with sample 0). If samples 0 and 2
straddle the peak per Fig. 22(a), samples 1 and 2 detect very small
first differences; accordingly, SDF may continue to sample 3 if needed.
Fig. 22(b) represents the limiting case for a minimum first difference
for samples 1 to 3, For this case SDF detects a minimum differential

current of:

0.05

-t T = /
Ip (ss) 0,035 1.4 pu



APPENDIX L

FLOC LINE-FAULT LOCATOR

Fig. 23 indicates how FLOC tries to pinpoint which line is faulted
to expedite tripping. If VFD found sufficient \3Vé§ , block A answers
yes. Block B decides which voltage level is faulted, while C looks at
all BIO currents on that level since the faulted line usually carries
the highest current. Block D advances the zone 3 priorities on that
line to 5, giving this line precedence over the other lines which have

a priority of 8 and over the differential zones with a priority of 9.
3 P .

If VFD called [FLOC due to a phase-to-ground voltage drop, A an-
swers no. Then, I searches for the highest line-current first-differ-
ence magnitude, TIf it exceeds 0.35 pu indicating a fault current
greater than load current, the zone 3 priorities are advanced on that

line (H). Maximum first difference occurs for samples which straddle

Zero:

)1'\ (max) = (2 sin 5.49) I, (ss) = 0.191  (ss)

FLOC will not operate for a load current less than:

0.35
I.(ss) = = 1.8
p(s8) 019 pu

Block G sets a flag for use by Z3PH. Block I limits FLOC to the
first 4 samples. For the most unfavorable fault inception angle per
Fig. 22 and App. K there mav only be 0,035 Ip(ss). Thus, block F may

require fault current as high as:
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0.35
0.035

Ip(ss) =

Where FLOC cannot narrow the search, the zone 3 routines are

called in arbitrary order.



APPENDIX M

ADF BUS DIFFERENTIAL

See Fig. 24 which applies for one phase. Block A sums the
phase currents connecting to the bus and looks for a magnitude ex-
ceeding 0.25 pu. If the differential current is too small, block B
checks for a first-difference magnitude exceeding 0.05 pu. A yes
from either A or B permits H and J to perform a percentage-differen-
tial check per Tig. 7. If J detects a fault, block K increments op-
eration-counter Cl1. If the counter now reads more than 1, block L
calls TRIP and BF. All breakers surrounding the bus are tripped.

BF watches to see that all are successfully tripped.

If block L answers no, indicating this is the first successful
pass, M advances the priority of this BDF (#) phase. If the WS flag
is set (P) showing that the wave shape is satisfactory., the program
Teturns to EX for a bid check. If P answers no and the routine is
processing one of the first four samples (R), no WS call is needed,

since the CT's have not yet saturated.

If block R answers yes. S clears counter Cl while T suspends
BDF (#) and enters a suspended bid for WS- When CPDST detects the
next peak of the associated differential current it will allow a WS
call. Tf WS finds a satisfactory wave shape it in turn removes the

BDF () suspension. BDF(#) starts over Since S cleared counter Cl.

Tripping requires two successive positive passes, since block

C clears operation-counter Cl on each negative pass. Blocks D and
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E provide a means to reduce a BDF(#) priority (F) if no fault 1is found
after three negative passes. If time permits another try is made; block

C requires another WS call on a subsequent BDF(#) call.
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_ APPENDIX N

TDF TRANSFORMER DIFFERENTIAL

Blocks in Fig. 25 with letters identical to those in Fig. 24 have
identical logic, except the currents connecting to the power transformers
are summed. On the delta-winding side of a wye-delta transformer (e.g.
TR2, Fig. 1) the phase current is compared with the '"delta' (differcnce
of two phases) current. Assuming that the delta winding is on the

higher voltage side the current summations are:

Phase Delta Side Wye Side
A Ty Il - IZ
B Iy Ly - I4q
C IC IB - I1

With an autotransformer (e.g. TR1 in Fig. 1) delta currents are com-

pared to eliminate zero-sequence current.

TDF uses the added blocks Q and X. EX, as well as VFD, can call
TDF. If EX makes a periodic call, Q requires that T bids for WS. This

is needed since the program must assume the possibility of dc CT

saturation or that magnetizing inrush current is flowing for an EX call.

Even for a VFD call and for the first four samples, block X
requires a WS check (T) if switching has occurred in the last 32 ms
since VFD might operate at the time of switching a fault; moreover,
this switching could subject power transformers to initial recovery

magunetizing-inrush conditions. Switching means:
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a. Any breaker opening or closing in station
b. Any disconnect switch closing in station
c. Trip initiation by the program.

Part (c¢) obviates any possible problem due to late operation of the

breaker auxiliary switch (position indication).
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APPENDIX O

CPDST DIFFERENTTIAL CURRENT PEAK DETERMINATION

See Fig. 26. Block A computes the delta current for wye-delta

transformer (TR2, Fig. 1) zones. Blocks B and C determine the differ-

ential current magnitude and first difference, respectively. If D

detects a sign change in the first difference, its value and time posi-

tion are stored (E) for WS use. Blocks G, H and J form an instantaneous

trip logic, by summing the present

summing two peaks most of the dc component effect due to a

magnetizing inrush cancels out.

Block J requires that the two
apart to avoid operation due to an
high frequency transient.

If G, H

ping (K), WS(#) bids for that zone

CPDST checks all differential

sample upon VFD operation.

and previous peak magnitudes. By

fault or

peaks must be at least 15 samples
offset peak with a superimposed
and J initiate instantaneous trip-

are withdrawn ().

current first differences every
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APPENDIX P

WS WAVE-SHAPE ANALYSIS

When CPDSI senses a peak, WS in Fig. 27 checks to see if it
cccurred 15-20 samples since the last peak, is opposite in sign, and
75 to 125% of the magnitude of the last peak. 1If so, the BDF(#) or
TDF (#) bid suspension is removed. TIf the wave shape is not satisfac-
tory WS enters a suspended bid for its program, so it can check the

next peak.

Generally, WS will not be successful on its first call since it

requires two peaks subsequent to the faulrt,
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APPENDIX Q

73G AND Z3PH ZONE 3 DISTANCE

Fig. 2% and 29 form an integral routine since EX cannot call 736G
and 7Z3PH separately. Some of the computations (see App. E) are common
to the ground- and phase-fault routines, so they have been tied to-
gether. The routines begin at block A of Fig. 2%. Z3GS-0PX angle
comparison may vield a positive fault indication (yes in block A), a
negative indication (yes in block K) or an indeterminate result (no
in block K). 1If the phase A comparison fails to indicate a fault,
phase B (M) and, if needed, phase C (P) angle comparisons are made.

If results are still negative, the program proceeds to Z3PH.

Each time a definite no-operation occurs, block L of Fig. 28
decrements the phase A operation counter in accordance with OPX
requirements discussed in section V. Note that the operation counter
limits are O to 3. Block I. also increments the priority counter;
after all five of these counters (block V of Fig. 29) reach 3, this

line's zone 3 priority is reduced to allow more time to look elsewhere

for the fault.

The first time block A of Fig. 28 answers yes, block B will
answer no, requiring a residual-current first-difference check (block
C). This block prevents tripping for potential circuit trouble which
severely affects the angle and magnitude of the input potential. The
program cannot reach block C until sample 4 so block C examines as man:

of the first five samples as are needed. If none exceed 0.06 pu, Z3PH
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performs its angle comparisons in Fig. 29. Each time block C gets the
opportunity it checks all new samples since the last check; if necessary,
it will wait for the maximum first difference of 0.188 Ip(ss), corres-

. e - _ _0.06 _
ponding to a sensitivity of Ip(bS) = 5188 © 0.3A.

After block C in Fig. 28 detects a fault, block D clears all five
priority counters and E increments the appropriate operation counter.
If this counter reads one (F), block S in Fig. 29 advances this line's
zone 3 priority and bids for zones 1 and 3. 1If any operation counter
reads 2 or more (F of Fig. 28) and this is the first pass (G), block H
enters a bid for 72T to provide for tripping in time T2 (see Fig. 4) if

not cleared earlier. Block J enters a bid for ORTT(#), which provides

for fast tripping if the transfer-trip channel is operative.

If Z3G fails to find a fault, Z3PH (Fig. 29) angle comparisons
(A and U) are made. TIf either check indicates a fault and B, C, D, E
or ¥ answers yes, blocks J through S function as described for Z3C. If
block B answers no and if FLOC has not found a fault (C), block D looks
at all post-fault samples of all three phases. 1If block D fails, E
checks for a difference in the magnitude of the last two peaks of all
three phases. Also block F answers yes if the peaks on each phase

are not 15 to 20 samples apart.

Block V in Fig. 29 provides the logic ample time to find a fault
and then permits block W to reduce the zone 3 priority on this line.
Blocks W, X and Y reset various items which might have been initiated

on earlier passes. Block Z provides for a 2 ms delay in removing



111

transier-trip keying to allow for continuous keying even though the
angle comparisons fail to yield a fault indication on every sample for

an internal faulc,



APPENDIX R

71 ZONE 1 DISTANCE

Z3G/Z3PH(#) bids for zl. The computations are similar to those
for zone 3 (see App. E and G). While Fig. 30 shows only two angle
comparisons (A and F) for simplicity, there are three ground and twoe
phase checks, any one of which connect to block M. When any of the
five zone 1 operation counters reads 2 or more (counter range is 0-3)
tripping occurs (R), a time-delay BF bid is entered (S) and the trans-
fer-trip transmitter is keyed (T) in case zone 3 did not have time to

do it. Blocks U and L withdraw zone-3(i) and zone-1(¥#) bids.

Fach time a definite operation occurs, block E or J increments
its priority counter; when block K finds all five counters reading 3

or more it withdraws the ZzZ1(#) bid.
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APPENDIX S

Z2T ZONE 2 TIME-DELAY TRIP

If 7Z3G/Z3PH continues to operate until time T2 has elapsed, EX
calls 72T. As outlined in App. E, Z2GS (A) and Z2PHS (E) consist of
five angle comparisons (3 ground and 2 phase). Fig. 4 shows their
reach extending beyond station R, providing back up for the pilot
system (ORTT). Calculations begin with sample t-8, ignoring the two
oldest samples to insure that computations are finished before needed

data is lost from buffer storage.

As with the other distance tripping, block R in Fig. 31 requires
two yes outputs from either block B or F with no intervening positive
non-operation from block C or G. If zone 2 cannot find a fault,
block K enters a delayed bid for Z37T. EX allows Z2T 16 samples to
locate the fault. If it fails, block L enters a delayed bid for
727 on the basis that system conditions might change to allow zone 2
to see the fault. Otherwise, clearing must await the elapse of T3-T2

time (e.g. 1 s).

Block U withdraws zones 2 and 3 bids when tripping is initiated

(S8).
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APPENDIX T

Z3T ZONE 3 TIME-DELAY TRIP

If the fault persists until T3 time has elapsed, as indicated by
continued operation of Z3G/Z3PH, the line breaker(s) is tripped and a
time-delay bid entered for BF. ORTT contains logic for a periodic
check on zone 3 operation (block J, Fig. 33) to make some time avail-

able for non-fault programs.



APPENDIX U

MA MEMORY ACTION

MA checks each sample for a low magnitude of V&B (A) in Fig., 32.

If v and its first difference (B) are both low in magnitude, indi-

AB
cating a nearby short circuit involving phases A and B, no quadrant

determination can occur. Instead, the 3 phase angle-comparison logic
would use the appropriate stored value of the V,p quadrant determina-
tion. This would be the one determined 33 samples previously, or an
integral multiple of 33. Block G limits this memory access time tO

32 ms, since the memory can rapidly drift out of synchronism with the

generated voltage, depending upou frequency. This interval is ample

to allow zone 1 operation on the faulted line.

After 128 successive quadrant determinations, block E clears the
trip blocking (G). Block H requires that these determinations be
successive so the program can insure that all 33 stored values have
been properly updated before any may be used. A counter setting of

128 (E) allows time for fault clearing transients to subside.
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APPENDIX V

ORTT OVERREACHING TRANSFER TRIP

Z3PH enters an ORTT bid. Fig. 33 shows this logic for pilot trip-
ping in conjunction with a transfer-trip channel from the remote station(s).
Block B initiates transmitter keying to allow fast remote breaker trip-
ping. This block also removes a transmitter turn-off bid which may have
been entered by block Z of Fig. 29 on a previous unsuccessful bid. The
channel-delay counter (C and D) allows time for zone 3 and channel drop
out if the direction of fault power flow reverses due to sequential
breaker operation on a faulted parallel line. The counter setting in D
should be at least channel drop-out time plus 4 ms, allowing for the 2

ms delay in block Z, Fig. 29 and for computation of post-reversal samples.

After the coordinating delay (D) if a transfer-trip signal is being
received (E) the line breaker(s) is tripped (F) and a time-delay BF bid
is entered (G). If the fault is not in the immediate line section

(between stations P and R in Fig. 4 no signal will be received from
g g2

s
the remote station(s), so block H removes local transmitter keying,
Block J then provides for temporary turn off of the zone 3 routines to
allow time for non-fault programs to run. When EX calls Z3G/PH(#) and
TOP after 16 ms, Z3G/PH(#) has a 3 priority, while TOP has a 4 priority.
1f zone 3 no longer sees a fault it reduces its priority to 10, so TOP
can turn off all the fault programs. If zone 3 still sees a fault,

block J of Fig. 32 again enters a 16 ms time-delay bid., The cycle con-

tinues until the faulted is cleared.



call,

Block A of Fig. 33 bypasses much of the logic for a time-delay

If an internal fault occurs subsequent to the external fault,

block K allows immediate tripping.
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APPENDIX W

OBK OPEN-BREAKER KEYING

Fig. 34 shows interrupts A and B, The breaker 52b contacts close
as the breaker opens to initiate ORTT transmitter keying (C); this per-
mits a remote breaker to trip immediately if it is feeding a line fault
with the local breaker open. Since the breaker may be opening due to
an adjacent line fault, block C delays the trip signal for 32 ms to

allow time for the remote zone 3 logic to reset.

Tnterrupt B initiates use of an alternative potential source if
the line breaker(s) are being tripped by a local switch or by supervisory
control and the program is using potential from that line. The potential
selection logic similarly switches to another source, if a computer trip

is threatening to deenergize the line-potential source in use.
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