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Abstract

This paper reviews the basic principle of the mho
distance relay using a phase-angle comparator.
Described is how a multi-processor approach is used
to create adaptive characteristics that enhance relay
performance according to power-system conditions.
The design of a novel phase-angle comparator,
which can be implemented by microprocessors
without the need for analog-to-digital converters, is
covered. The comparator enables full advantage to
be taken of partially cross-polarized designs (with
shield-shape mho characteristic), while ensuring
excellent discrimination for close-up, single-phase to
ground faults.

The paper also includes a description of a load-
compensated quadrilateral ground-fault characteristic
This characteristic is of particular value on short
lines where the source impedance is low and high-
resistance faults must be cleared without dependence
on a signalling channel.

The paper concludes with a discussion of test
methods which can be used to demonstrate these
adaptive characteristics.



Introduction

The application of microprocessor-based technolo-
gy allows the design of adaptive characteristics which
enhance relay performance. When designing a digital
relay, the available options for the measuring circuit
are:

. Single measuring circuit with a switching
circuit

. Numerical measuring algorithm

. Multiple comparator circuits.

The comparator technique was chosen for the
relay design because of its proven ability to provide
simultaneous measurement. A single measuring
circuit can be used to provide the required relay
functions, and it’s a cost effective solution. However,
in the design of protective relaying, high reliability is
ccritically important. Using multiple measuring cir-
cuits provides high reliability by virtue of redundan-
cy. This multiple measuring technique has been used
with electromechanical relays and it has provided
excellent service. In 1975, the multiple measuring
technique was first employed - digitally - in the
MICROMHO relay.

In addition to providing enhanced reliability, mul-
tiple measuring circuits allow the relay to operate
properly under certain conditions, such as evolving
faults and sequential clearing. Under these condi-
tions, a relay using one measuring circuit has a high
risk of maloperating or of delayed operation.



Multi-processor design

Microprocessor measuring circuits duplicate the
traditional relay comparator measurement and also
allow the use of advanced measuring techniques to
enhance relay performance. A minimum of one
microprocessor is dedicated to each zone of relay
protection. This approach increases reliability and
provides high-speed protection (one-cycle relaying)
with a level of in-built redundancy. In addition,
adaptive characteristics, which enhance relay perfor-
mance, can be optimized using the multi-processor
approach.

Relay characteristics

In designing a relay characteristic, there are three
elements that must be considered: 1) directional
discrimination in order to determine if the fault is in
front or behind the relay; 2) reach accuracy in order
to correctly determine the zone of operation; 3) fault
resistance coverage to provide adequate protection
for high-resistance faults.

To show the adaptive effects of a multi-processor
design, we’ll limit our discussion to ground-distance
relay characteristics. The first to be considered is the
self-polarized mho design.

Self-polarized mho characteristic

The self-polarized mho characteristic is a circle
through the origin of the R-X diagram. A technique
to create this characteristic is one that converts V-IZ
and Vpol signals into square waves and compares
the relative phases of V-IZ and Vpol by observing
the zero crossing of both signals. (Figure 1)
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If V-IZ leads Vpol, it is a restraint condition; if
V-IZ lags Vpol, it is a trip condition. The key in
relay operation is the polarizing signal. Obviously, if
a self-polarized technique was used the relay would
not operate for a zero voltage fault - the polarizing
voltage would be zero. Therefore a different polariz-
ing signal must be used to assure operation. A tradi-
tional approach is to use a 100% cross-polarized
design.

100% cross-polarized mho characteristic

A 100% cross-polarized relay uses the sound-
phase voltage, which is unaffected during a fault
condition. Figure 2 shows how the B and C voltages
are combined to create a voltage in phase with the
pre-fault phase A voltage. The cross-polarized volt-
age is defined as Vy which equals minus (VB + V()
for the phase A measurement.
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Figure 2
For a zero voltage phase A to ground fault (Figure
2), the polarizing voltage would be unaffected.

Figure 3

Figure 3 shows the true characteristic for faults in
front of the relay. The relay characteristic expands
as a circle with the end points of its diameter equal
to the set impedance (Z) and the source impedance
(Zs). Mathematically, the diameter equals the vector
difference of the set impedance (Z) and the source
impedance (Zs) of the source feeding the fault.
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Figure 4

Figure 4 shows the true characteristic for faults
behind the relay. In both cases (faults in front and
behind), the use of 100% cross-polarization allows
for increased fault resistance coverage and improved
directional discrimination.
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Figure 5

The expansion of the characteristic for faults in
front of the relay is a function of the source imped-
ance behind the relay. Figure 5 shows the expansion
with a system impedance ratio (SIR) of 10.
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With such a large expansion in the third and
fourth quadrants, there is a concern that the
unfaulted phase relays may operate incorrectly for
reverse faults under certain system conditions. With
this design, relay engineers are required to make
calculations in order to verify relay settings. A better
approach would be to limit the expansion of the
characteristic in the third and fourth quadrants. This
is achieved by utilizing partially crossed-polarization
techniques.

Partially cross polarized mho characteristic

Figure 6 shows a circuit used to create a partially
cross-polarized signal which consists of:

. memory voltage
. 16 percent sound phase voltage
. fault voltage.
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Figure 6

The memory voltage enables the relay to trip
under a three-phase, zero-voltage fault condition.
A digitally generated memory voltage of 16 cycles is
used to ensure that the relay has voltage for suffi-
cient duration to trip the breaker and seal-in the
Breaker Fail Initiate contact. When a fault is de-
tected, memory voltage is allowed to run out.
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Using 16 percent of the sound-phase voltage en-
sures that the relay characteristic expands - in a
resistive direction - to provide fault resistance cover-
age. The advantage of using a 16 percent cross
polarization is that it limits the expansion of the
characteristic in the third and fourth quadrants.
This prevents unfaulted phase operation, which may
occur under certain conditions for fully cross polar-
ized relays.

Memory and 16 percent cross polarized voltages
are square waves, which are added to sinusoidal
fault voltage. This combination results in a unique
shield-shape mho operating characteristic which
provides the advantage of high fault resistance cov-
erage of the fully cross-polarized relay, with the
limited expansion of the characteristic in the third
and fourth quadrants. Limited expansion in these
quadrants increases security by preventing unfaulted
phase operation. See Figure 7.

1 SELF POLARIZED
X RELAY

FULLY CROSS POLARIZED
MHO CIRCLE

SHIELD CHARACTERISTIC

fiecs

EXTRA RESISTIVE
COVERAGE

CONVENTIONAL 16%
PARTIALLY CROSS
POLARIZED
MHO CIRCLE

Figure 7

Circuits have been incorporated along with the
comparator so it is immune to d.c. offset and high
frequency interferences. Details are explained in
References 1 and 2.



The effects of system impedance ratios (SIR) are

shown in Figure 8. The resistive expansion of the
mho characteristic depends on source impedance.
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On short lines, where the source impedance
is low and high-resistance faults may occur, even a
100% cross-polarized mho relay may not provide
adequate resistive coverage for ground faults. For
this application a load-compensated quadrilateral
ground-distance characteristic should be used.

Load-compensated quadrilateral characteristic

A quadrilateral characteristic is shown in Figure 9.
The user can set a resistive setting; hence, for short
line applications, adequate resistive coverage can be

accommodated.
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Figure 9

The unique feature of a load-compensated quadrilat-
eral characteristic is that the top reactance line tilts
down or up, depending upon the direction of the

pre-fault load flow.



The normal state of a transmission line is a loaded
state. If a fixed-reactance characteristic is used to
protect the line, serious over-reach or under-reach
problems may occur if the fault involves fault resis-
tance and pre-fault load. Two typical cases are
shown in Figures 10A & 10B.

- In Case 1, pre-fault load flows from A to B.
Consider a phase-to-ground fault at bus B with fault
resistance RF. The relay at A sees lower apparent
impedance which plots below the fixed reactance
line. With a fixed reactance characteristic, the relay
will misoperate. With the load compensated quadri-
lateral characteristic, the characteristic tilts toward
the R-axis, thereby preventing misoperation.

Case 1 (Figure 10A)
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In Case 2, pre-fault load flows from B to A. Con-
sider a phase-to-ground fault at 70% with fault resis-
tance RF. The relay at A sees the higher apparent

impedance which plots above the fixed reactance

line. With a fixed reactance characteristic, the relay
will fail to operate. With the load compensated qua-
drilateral characteristic, the characteristic tilts away

from the R-axis, permitting the relay to operate.

Case 2 (Figure 10B)

PRE-FAULT POWER FLOW -




Dynamic testing

Under routine test conditions, the true behavior of
the mho and quadrilateral characteristics cannot be
observed. This is because the relay is designed for
optimum performance under power-system condi-
tions. Most test sets do not adequately simulate
pre-fault and fault conditions to obtain true relay re-
sponse.

The relay characteristic can be observed with the
use of a Programmable Transmission Line (PTL),
where power system conditions are simulated. On a
PTL, the effect of source impedance on the mho
characteristic and the tilting of the quadrilateral
characteristic can be demonstrated.

With the increased use of personal computers
(PC), power system simulation is now more portable.
Whereas power system simulation was previously
accomplished by visiting a laboratory, dynamic test-
ing can now be performed at the users’ site with a
PC and computerized test sets. See reference 3.

Reference 3 also explains why, when testing a
100% cross-polarized mho with routine test methods,
a self-polarized mho characteristic is observed. Fig-
ure 11 shows a family of expanding circles that are
created when testing with the routine test method.
For each test angle, a different source and line is
simulated. The plot of balance points for each test
angle appears as a self-polarized mho characteristic.
Obviously, this test does not represent true power-
system phasor conditions for which both the source
and line impedances are highly inductive.
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Figure 11

Every time the test angle is changed, the angle of the
source impedance changes

*
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Relay design

A new relay employing a multi-processor approach
is described in Reference 4. The relay is designated
OPTIMHO and includes unique features such as:

1. Multiple processor design which segregates the
relaying from the non-relaying functions.

2. Load compensated quadrilateral ground distance
characteristic that avoids over-reaching and
problems of under-reaching due to ground
resistance and prefault load.

3. Compact design with vertical or horizontal
mounting.
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