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INTRODUCTION :

The continuous advance in the minicomputer and microprocess-
or technology has resulted in an increasing interest in the use
of digital computers for the protection, switching and data ac-
quisition required in modern high voltage substations. The data
acquisition and switching functions were first considered for,
and are installed in, many new high voltage substations. 1In the
late 1960's, Rockefeller (1) broke new ground in the field of
protective relaying. Since then relay engineers have shown
great interest in digital relaying (2-5).

The first phase of the work at Washington State University,
which is the subject of this paper, is to study the feasibility
of substation protection with a digital computer. The major
portion of this effort concentrated in developing computer pro-
grams for providing coordinated three zone phase and ground
distance protection for three transmission lines emanating from
substation S of Fig. 1. The programs were implemented on an 8K
minicomputer and were tested by the current and voltage samples
computed for a model power system.

POWER SYSTEM MODEL:

The single line representation of a power system model used
for data acquisition is sketched in Fig. 1. The three phase
system was modeled by CSMP (Continuous System Modeling Program)
(6) on an IBM 360/67 computer. In the model, distributed para-
meter transmission lines were represented by cascaded T



Zs = (0.0016 + j0.06) Xgy = j4.80
Zy = (0.0053 + j0.20) Xgm = 37.69
Zm = (0.0053 + j0.20)
Line impedance/mile
zy7 = (58.7 + j634) 10-6 Zg = (326 + jl65) 10-6
Xc1 = 143.98 Xco = 256.22

base = 100 mva, 345 kv

Fig. l--Single line representation of
Power System Model

equivalents. Each T equivalent represented 15 miles of line.
The output of the CSMP program contained samples of all line
currents and phase voltages for series of faults with different
fault location, fault type, and fault incidence angle. These
were recorded on magnetic tape.

PROTECTIVE SCHEME :

In conventional analog relays, a number of separate relays
are used for the protection of a three phase line; for example,
the relays for phase and ground faults. 1In analog fashion a
digital computer, upon the detection of a likely disturbance,
will calculate the impedance as if the fault were a phase fault
and then as if it were a ground fault, or visa versa. In this
way, the computer will cover all the eventualities at the ex-
pense of relaying speed. An alternative to this would be to
make a less accurate, but very fast determination of the phases
involved in the fault and the feeder most likely to be faulted,
and then make a distance check on that feeder. The latter
method was used and is discussed in this paper.

The flow chart of the computer program developed on the
Electronic Associates Inc EAI-640 is sketched in Pig. 2. The
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Fig. 2--Flow diagram of the protective scheme

computer program provides percentage differential protection
against bus faults and coordinated three zone phase and ground
distance protection to the three line emanating from substation S.

DATA ACQUISITION AND STORAGE

This is performed by subroutine READER. The subroutine
READER, when called, reads a data set from the paper tape into
the EAI 640 memory. A data set consists of 21 sampled quantities.
Four samples (a, b, c phase and the sum of a, b and c) each for
Iy, I, Ig and Vg taken at the beginning of sampling interval,
four samples for Vg taken at the middle of the sampling interval,
and one sample for a constant reference voltage.

An IBM 360/67 computer program was used to transfer the CSMP
output to the information punched on the paper tape. The pre and
post fault information for each relaying quantity (a, b, and c
phase values of Iy, I, IS and Vg ) was normalized, filtered, and



sampled. A low pass second order butterworth filter with a cut-
off frequency of 1414 rad/sec was used. The substation voltage
and feeder current data computed by the CSMP program, and their
filtered values fed to the computer, for a b-c-G fault are
sketched in Fig. 3.
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Fig. 3--Three phase current in feeder SM and voltage

at substation S for a b-c-G fault on feeder SM,

60 miles away from substation S. (a) CSMP output
(b) filtered output.

All relaying quantities were normalized such that the val-
ues of their sample under all normal and fault conditions will
remain within #8192 (limit of a 13 plus sign bit A/D converter).
The sum of a, b, and c phase quantities of Iy, Iy, Ig, and Vg
was calculated. A constant value for the reference voltage was
used. All currents and reference voltage were sampled at 960 Hz.
All phase voltages were sampled at 1920 Hz.

It is expected that in later program developments, all the
functions performed by IBM 360/67 computer will be transferred
to peripheral equipment dedicated to EAI 640. After each sam-
pling interval this peripheral equipment will write a data set
(21 sampled quantities) on a data buffer and send an interrupt
signal to EAI 640, which then will read the data set into the
memory.



In the EAI 640 memory, the data sets are stored in a circu-
lar array. The circular array is 672 locations long and stores
all the data sets for the last two cycles.

FAULT DETECTION

Fault detection is the only logic in the protective scheme
which is applied during normal power system conditions. All
other protective scheme logics are applied if the detection logic
detects a disturbance in the power system. Fault detection logic
works on the premise that faults cause aberrations in the voltage
waveform. Fault detection is performed by subroutine DETECT.

DETECT compares the present value of Vg, with a one cycle
old value, and upon detecting a variation greater than TOLP (set
as 0.025 p.u.) increments phase-a counter KA by one. KA is dec-
remented by one, i1f KA is greater than zero, whenever the varia-
tion is less than TOLP. The logic is repeated for voltages Vg,
Vger and Vgg. A fault is flagged if any one of the counters KA,
KB, KC, or KO has a value of six (tolerance TOLN) or more. Since
there are two voltage samples in each data set read by READER,
the value of a counter can change by 0, 1, or 2 when DETECT is
executed.

The calculation time of DETECT varies between 284 to 374 pUs.
DETECT takes 374 uS when all the phase counters are incremented,
while it takes 284 AS when the power system has no disturbance.

FAULT TYPE ANALYSIS

This is performed by subroutine FTYPE. Once a fault is
flagged by DETECT, FTYPE classifies it as a-b, b-c, c-a, a-G,
b-G, or c-G fault. FTYPE also determines if ground is involved
in the fault. FTYPE classifies a fault on the basis of the mag-
nitude of phase counters (KA, KB, KC, KO). Any phase (a, b, c,
or G) whose counter has a value greater than 3 is assumed to be
involved in the fault. If only one phase counter is greater than
3, FTYPE resets the fault flag and DETECT is executed after the
next sample data set is read. It takes 46 US to execute FTYPE
on the EATI 640 computer.



FAULT ZONE SELECTION

Subroutine DIFFDR classifies a fault as a bus fault or a
feeder fault. In the case of a feeder fault, DIFFDR determines
the feeder most likely to be faulted. For fault zone selection,
DIFFDR uses the feeder currents in the faulted phases (classified
by FTYPE or MAIN) only. DIFFDR employs a percentage differential
scheme, similar to conventional analog relays, to determine bus
faults. For bus differential check, the total current (between
the faulted phases for a L-L fault and phase current for a L-G
fault) leaving the substation (differential current) is compared
with the sum of the absolute value of the current leaving the
substation in each feeder (restraining current). If the differ-
ential and restraining currents fall within the tripping charac-
teristic of the differential relay for two different samples, a
bus fault is declared.

differential
current

|$14]

Restraining current % |Ijf
Fig. 4--Percentage differential relay characteristic

To ascertain the faulted feeder, DIFFDR computes the dif-
ference in the sampled value of a feeder current taken after the
inception of a disturbance and its corresponding value sampled
one cycle ago. For faults involving ground, this change in
feeder current is equal to the ground current. The counter of
the feeder which undergoes the maximum change in current is in-
cremented by one if the change in current is greater than TOLF
(set as 0.05 p.u.). DIFFDR logic is applied to a maximum of four
different samples, and the feeder whose counter reaches two is
declared faulted.

The execution time of DIFFDR depends on the number of sam-
ples to be checked, type of fault, and fault zone. For feeder
faults which do not involve ground, DIFFDR takes (132 + n * 290) us,
where n is the number of samples checked (n = 2-4). DIFFDR takes
less execution time for all other types of faults.



IMPEDANCE CALCULATIONS

The basis of the impedance calculation method is the solu-
tion of basic transmission line differential equation for resist-
ance (Rl) and reactance (Xj;) of the faulted section. For each
type of fault on a three phase line, a single phase relaying
voltage and two currents are derived on which the method of
measurement is applied (7). Neglecting the distributed shunt
impedance of the line, the relationship between the single phase
quantities is:

v =Ry i, + X1 9y piid
w dt

where (a) for L-L faults

<
Il

voltage between the faulted phases.

feeder current between the faulted phases.

-
li
=
1l

(b) for Li=G faults

v = faulted phase to ground voltage.
iX = faulted phase current plus (RO—Rl)/3Rl times
residual (i_ + i, + 1 ) current.
a b c
iy = faulted phase current plus (XO—Xl)/3Xl times

residual current.

Integrating equation (1) in time intervals t; to t; and tg to tj:

A v dt = Rl e ixdt + — _i (tl) - ly(t3)J ... (2)
3 3 w
/ft3 /t3 g :
. . . 7
and /;5 v dt = Ry t5 i at < Wi L_J.y(t3) - 1y(t5U ...(3)

Solving the simultaneous equations (2) and (3):
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CONCLUSION:

A working computer program has been developed for the pro-
tection of three transmission lines emanating from a substation.
Using the available minicomputer and fault data from a model
power system, the program has been shown to be reliable.

The feasibility of transmission line protection within
10 ms is demonstrated. It is, however, felt that even with
faster computers the relaying time cannot be reduced substantially.

Some basic requirements for the substation computer, for
relaying functions, have been found to be an 8K machine with
16 bit word and cycle time of 0.8 - 1.6 4S. An A/D converter
with low pass filters and associated interface linked to the
computer through a data buffer.
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