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Abstract: Experience of digital simulator application in
testing distance relays is discussed in this paper. The main
application issues are as follows: automated testing of
distance relay operating characteristics; synchronized testing
of two-terminal relaying schemes; modeling and simulation
of power swings, automated batch execution of a large
number of transient tests; compliance requirements for
power amplifiers.
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1. INTRODUCTION

Recent developments of digital simulators for protective
relay testing offer performance characteristics and user
flexibility not matched by any of the previously known
testing equipment [1-7]. Availability of the simulators gives
new experiences from testing protective relays using the new
capabilities.

This paper reports on recent digital simulator evaluation
activities undertaken by Texas A&M University with
sponsorship of EPRI and participation from Houston
Lighting and Power (HL&P) Company and Western Area
Power Administration (WAPA). The simulator being
evaluated is designed for EPRI and member utilities. Some
initial experiences using distance relays have been reported
in a recent paper [8]. Further analysis of the digital
simulator applications reported in this paper includes the
following issues: automated testing of distance relay
operating characteristics; Synchromized testing of two-
terminal relaying schemes; modeling and simulation of
power swings; automated batch execution of a large number
of transient tests; compliance requirements for power
amplifiers.

This paper has been presented at the First
International Conference on Digital Power
System Simulators - ICDS '95, College
Station, Texas, U.S.A., April 5-7, 1995.
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2. TESTING OF OPERATING CHARACTERISTIC

This testing application was selected to evaluate simulator
performance when used for characterization of the relay
operating characteristics.

2.1 One Terminal System Representation

A one-terminal system representation model as shown in
Fig.1 is used to obtain test waveforms. In the figure, Zg is
the equivalent source impedance, E is the phase-A source
voltage which drives the fault current, I is the phase-A
load current. We use Z¢ to represent the fault impedance
which includes the line impedance from the relaying point to
the fault and the fanlt impedance combined with the in-feed
effect. To obtain a complete characteristic, we assume that
phase angle of Z¢ changes from 0° to 360°. Using this
model with different types of faults at F, we have derived the
relaying voltages and currents for the single-line-to-ground
(A-G), double-line-to-ground (BC-G), line-to-line (BC) and
three-phase fauits (ABC).
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Fig.1 One terminal system representation model

For the relay under test, the input signals (three phase
voltages and currents) contain at least two sets of differeat
phasor quantities, namely, prefault and fault signals.
Details about test wave forms, test procedures and test
resuits have been discussed in [8). Fig.2 shows typical test
results for a distance relay. Three test cases were selected for
each fault type according to the type of the prefault test wave
form. In Fig.2, 'x’ represents Case I (no prefault current and
voltage) test results; ‘o' represents Case II (no prefault
current, with prefault voltage) test results; "' represents
Case III (with full load prefault voltage and current) test
results. Extensive tests have been conducted including:

o different cases or prefault conditions

o different fanlts for the same relay

o different relays (five relays) for the same fault
o different load currents

o different source impedance ratio
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Fig.2 Test results: ABC fault for Relay A
using one-terminal system representation

Five different distance relays have been tested for different
fault types and cases. The results reveal that this test method
can be used to verify design features of phasor operating
characteristic [8].

The test methodology using one-terminal representation
model is efficient to verify design of phasor operating
characteristics under different prefault conditions. It can also
be used to evaluate application performance.

2.2 Two Terminal System Representation

The one-terminal representation model is used to test the
phasor operating characteristic by changing the angle of Z¢
from 0° to 360°. It is very efficient in verifying design of the
operating characteristic. Impedance Z¢ represents the line
equivalent impedance from the relaying point to the fault
containing the fault resistance and the far-end in-feed effect.

The tripping boundary in the first quadrant is most
important for a relay under service. An exception may be the
case when distance relays are used for series capacitor
compensated lines. The tripping boundary in the fourth
quadrant may also be meaningful. To test relay behavior for
the far-end in-feed, a two-terminal phasor test model is
used. The prefanlt and fault signals for the two ends, the
sending end and the receiving end, have been derived by
using a symumetrical component fanit analysis method based
on a two-terminal model as shown in Fig.3.

Fig.3 Two-terminal system representation model

In order to test operating characteristics of a distance relay
taking into account the far-end in-feed effect, test waveforms
(the three phase voltages and the three line currents) have
been derived for a specified terminal based on the two-
terminal representation model as shown in Fig.3. The relays
have been tested for different faults using different
waveforms. Fig.4 shows a typical set of test results for Relay
B, single-line-to-ground fault.
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‘x:  Test results using one-terminal model

‘0"t Test results using two-terminal model
Fig.4 Characteristic comparison of different model

It can be seen from the figure that the test results obtained
by using the one-terminal model are very close to the
thearetical characteristic. The results obtained by using the
two-terminal model are different because of the far-end in-
feed. The far-end in-feed effect depends on the fault
resistance, the source impedance and the fault location.

3. TWO-TERMINAL BACK-TO-BACK TEST

This evaluation scenario was selected to demonstrate
capability of digital simmlators when used for back-to-back
testing of two terminal relaying schemes for transmission
lines.

3.1 Test strategy

Test set up for two-terminal testing is shown in Fig.5. A
pair of distance relays are tested together with a certain
relaying scheme. A time-delay device is used to simulate the
communication channel between the two ends. The test
signals for the two ends are generated synchropously and
sent to the simulator terminals at the two ends.
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Fig.5 Two-terminal phasor testing strategy
3.2 Test Procedure

The two-terminal line model, as shown in Fig.3, is derived
from a short line section in the HL&P system. The relays
under test were set according to a specified relaying scheme.
The test procedure is controlled by a computer program. For
a given fault type, fault location and fauit resistance, the test
waveforms for both sides are gemerated from a set of
equations that have been derived based on symmetrical
component analysis. The test waveforms are sent out from
the simulators to the relays under test, and the relay trip
contacts are fed back. The operating times of the trip contact
and the pilot signals of the two sides are saved in the
computer memory before the next set, of test waveforms are
sent out to the relays. A test result summary file is
automatically generated and saved on the disk after all the
test are completed.

3.3 Test Resuits

Different relays have been tested with different relaying
schemes for various faults including single-line-to-ground,
line-to-line and three-phase faults, The relay schemes
include:

¢ basic step distance (no pilot)

¢ permissive underreach transfer trip

e permissive overreach transfer trip

¢ blocking

Internal faults along the line from the local busbar to the far-
end busbar as well as external faults behind the relaying
points with different fault resistance have been simulated. A
typical set of test results for Relay C is shown in Table L
The relay was set for permissive overreach transfer trip
relaying scheme. Three-phase faults are located along the
line, 10%, 20%, ..., 100% with different fault resistance 0,
0.25, 0.50 and 0.75K. In the table, the first column contains
the values of fault resistance Rp; the second column
contains the values of the line length m, from the relaying
point to the fault, The third and the fourth columns contain
the local relay operating time (TT#1) and the local relay
signal-sending time (SST#1) respectively. The fifth and the
sixth columns are the remote relay operating time (TT#2)
and signal-sending time (SST#2).
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TableI Three-phase fault test result for Relay C
with permissive overreach scheme

Rp M TT#1 SST#1 TT#2 SST#2
0.00 0.10 14.42 14.39 23.94 12.74
0.00 0.20 15.17 12.49 14.32 14.12
0.00 0.30 12.94 12.79 13.14 12.94
0.00 0.40 13.84 13.82 14.09 13.47
0.00 0.50 14.77 14.52 14.14 14.02
0.00 0.60 13.17 13.19 13.44 13.02
0.00 0.70 14.27 14.02 13.34 13.22
0.00 0.80 13.77 13.72 13.34 12.92
0.00 0.90 25.61 14.39 13.37 15.19
0.00 1.00 24.14 12.92 13.99 13.87
0.25 0.10 15.92 15.77 24.84 17.59
0.25 0.20 16.47 16.39 25.29 18.02
0.25 0.30 16.69 16.37 25.91 16.34
0.25 0.40 16.79 16.67 25.74 16.59
0.25 0.50 19.49 16.82 18.27 15.67
0.25 0.60 19.64 16.99 18.22 15.42
0.25 0.70 23.79 16.92 15.57 15.27
0.25 0.80 26.04 17.07 17.79 17.29
0.25 0.90 25.66 18.82 17.39 17.07
0.25 1.00 25.86 18.89 17.02 16.57
0.50 0.10 xxxx 22.09 KKXXX XXXX
0.50 0.20 XXxx 16.92 XXXX XXXX
0.50 0.30 xxxx 21.41 XXX XXX
0.50 0.40 xxxx 15.79 XKXKX AXXX
0.50 0.50 33.96 20.59 30.04 24.86
0.50 0.60 28.66 15.42 25.09 20.16
0.50 0.70 xxxx 14.34 23.04 16.04
0.50 0.80 XXXX XXXX xxxx 21.11
0.50 0.90 XXX XXXX XXXX KXXX
0.50 1.00 XXXX xxxx 15.69 15.49
0.75 0.10 XXX XXXX AXXX XXXX
0.75 0.20 XXXX XAXX XXX XAXK
0.75 0.30 XXXX AKXX XXX XXXX
0.75 0.40 XXXX XXXX AXXK XXXX
0.75 0.50 XXKX XXXX XXXX ARXX
0.75 0.60 XXX KXXX KXXX XXKX
0.75 0.70 RXRX XXXX XXX XXXX
0.75 0.80 XRXX XXX Xxxx 16.09
0.75 0.90 KXXX XXX XXKXX XXX
0.75 1.00 pléoled KKK XXX XXX

It can be seen from the test resuits that the two relays with
pilot signal channel can protect the whole line if the fault
resistance is smaller than 0.25Q. The relays can not cover
the whole line if the fanlt resistance is larger than 0.50Q. K
the fault resistance is larger than 0.75€2, the relays can not
respond to three-phase faults at any point of the line. The
test results also show that different relaying schemes have
different fanlt resistance coverage. Relay designs with
different polarization schemes also affect the faunlt resistance
coverage ability.

4. SIMULATION OF POWER SWINGS

Simuiation of power swings is an important capability of
the digital simulator design. The use of this feature in the
digital simulator is illustrated in this secti >n.
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4.1 Modeling of Power Swings

A two-terminal model shown in Fig.6 is used to derive the
swing test signals. The system parameters are based on the
HL&P system.

7 = 12260
r « L7 P13

Fig.6 Two-terminal model for power swing study

Suppose a fault ovcurs outside the line at the R busbar as
shown in Fig.6. “the fault is cleared after 5 cycles. This
disturbance may cause power swing after the fault is
cleared. A swing period of 100 cycles is simulated. The
frequency at the receiving end (R side) is fixed at a constant
value fy. The frequency of the sending end (S side) is
expressed according to three periods, prefault (3 cycles),
fault (5 cycles) and postfault (100 cycles) periods, as
follows:

f 0<t<yy
f=15 L Stst
L+h-4) St<y

Test waveforms have been derived mathematically.
Different swing frequency deviation from the fundamental
frequency (60Hz) have been used to test the distance relays.

4.2 Testing of the Power Swing Block Function

Under power swing condition, the impedance locus may
enter an operating zone to cause an impedance measuring
unit to issue a trip signal. Usually, a power swing block unit
is used to block the relay operation under swing condition.
An inner and outer zone boundaries and timer constitute a
swing block unit. If the impedance locus enters the inner
zone boundary from the outer zone boundary, and the time
is longer than a set value, then the unit will block the relay
trip.

The two terminal equivalent model is reduced from a
section in HL&P system. The equivalent source impedance
at R side is little bit higher than that at S side. Suppose the
system swing exists on the line, the impedance locus will
enter the operating zones of the relays at both S and R sides.

Relay C is used as an example to illustrate the power swing
block unit as shown in Fig.7. The inner zone boundary is
formed by the A-B zone 3 or zope 2 phase fanlt
characteristic. An additional power swing block starting
characteristic, zone 6, is set concentric with the zone 3 ar
zone 2 characteristic depending on the zone 3 direction. i
the power system A-B phase impedance locus enters the

operating area of the starting characteristic, which has an
adjustable timer setting Ts of 20-90 ms, and takes longer
than this value to enter the fault characteristic, [T-T;>Ts,
the power swing blocking unit will block the selected zones
if the A-B phase impedance does eventually pass into the
fault characteristic area.
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Fig.7 A typical power swing block scheme
4.3 Test Results

Different swing frequency increase rates have been
simulated. Table I and I list the times it takes the locus to
travel from the starting boundary to the other boundary. The
times are measured by the relays at the two sides.

Table I Times (ms) measured from the starting to
the other boundary (Ratio of change of swing
frequency = 1.0Hz/s)

S side IT;-T R side [T;-T
50.7 (Z6-2Z2) 57.6 (Z6—Z2)
39.8 (Z2-57Z6) 42.2 (Z2-26)
249 (Z6—-Z2) 274 (Z6-22)
23.8 (Z2—Z6) 25.0 (Z2—-Z6)
17.4 (Z6—-Z2) 21.0 (Z6—-22)

Table I Times (ms) measured from the starting to
the other boundary (Ratio of change of swing

frequency = 1.5Hz/s)

S side IT;-T, R side [T;-TJ
46.5(26-Z2) 47.6(Z6—Z2)
26.9(Z2—-Z6) 37.0(Z2—Z6)
22.7(Z2672) 21.4(Z6-72)
21.9(Z2-26) 19.3(Z2—Z6)
14.6(26—Z2) 16.8(Z6—Z2)
10.8(Z2—>7Z6) 16.1(Z2—Z6)
14.4(Z6—22) 14.9(Z6—-22)
9.7(Z2—-Z6) 14.8(Z2-Z6)




Different distance relays with different relay setting, the
swing block unit disabled or enabled, have been tested
using the generated waveforms. The relays were tested
using two-terminal configuration. It can be seen from the
test results that if the swing block unit is disabled or the
swing frequency is higher than the value that causes the
impedance locus passing time to be equal to the set value
Ts, the relay will trip. Using simulators to simulate power
swing condition and to test distance relay is useful to check
the swing block unit and to select the set value.

5. AUTOMATIC TRANSIENT TESTING

Automatic transient testing of distance relays is an
important feature that has been demonstrated using the
digital simulator. This section summaries the test results.

A transmission line with its external system has been
modeled using EMTP software. A short line (NBelt-King)
and its external equivalents are modeled based on system
configuration database and power flow data of Houston
Power & Lighting Company. One-line reduced model of the
line section is shown in Fig.8.

Case-by-case test is important for result analysis
corresponding to test waveform. It is also very useful to
verify the model of the actual system and relay settings. The
most important requirement for simulator application in
relay testing is large number of test cases. Different fault
type, location, inception angle and fault impedance
combinations result in a larger number of different cases.
Batch file function has been developed to automatically
generate test waveform using EMTP, to convert data into
required format and to execute tests.

Fig.8 NBelt-King line reduced section
6. REQUIREMENTS FOR POWER AMPLIFIERS

Requirement for power amplifiers is dependent on
technology/hardware implementation of the relay under test.
Usually, low power amplifiers can meet requirement for
testing static and microprocessor based relays.
Electromechanical relays, however, need amplifiers with
much higher power for both voltage and current channels.
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When low power amplifiers are used to test an
electromechanical relay, problems may be encountered. Here
is an example that was encountered during an application in
distance relay testing. When low power voltage amplifiers
(maximum current output 400mA peak) were used to test
phasor operating characteristic, the test results were oot as
expected. Fig.9 shows the test results.
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x: ABfault; o: BCfault; *: CA fault
Fig.9 Test results using low power voltage amplifiers

In an electromechanical distance relay, the voltage and
current coils are coupled together. When a curreat in the
current coil is high, the induced voltage at the voltage coil
can drive a high current in the voltage amplifier circuit. The
voltage amplifier was originally designed to have maximum
capacity of 400mA (peak). The voltage amplifier may give
up the control of the output, if the current is higher than the
limited value. The voitage amplifiers can not control the
outputs when the voltages at the relay terminals go high,
which will drive high curreats in the amplifier circuit.

Voltage amplifiers of high current have been used to repeat
the tests. Comparison of the results obtained by using
different voltage amplifiers are shown in Fig.10. It is
obvious that the 'overreach' for BC faults is caused by the
low current voltage amplifiers.

7. CONCLUSIONS

The evaluation report presented in this paper reveals the
following features of the digital simulator:

o testing of phasor operating characteristics
¢ two terminal back-to-back testing

¢ power swing testing

¢ automatic transient testing

+ power requirements for voltage amplifiers.
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Fig.10 Results by using different voltage amplifiers
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