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by
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ABSTRACT

Starting with a discussion on the expanding nature of
the polarized Mho relay and what test requirements it imposes
on the relay tester, this paper discusses the models requir-
ed, the types of tests and the requirement for timing tests
along with their pros and cons. Also included is what char-
acteristics result if the relay is tested incorrectly. A
discussion on both dynamic and static relay testing is also
included.

INTRODUCTION

Over the past fifteen years electronic distance relays
have become very sophisticated devices that are applied to
protect power systems that are more and more being driven to
their design limits. In order to apply these relays to the
power system the relay application engineer must understand
not only the power system but also the inner workings of the
distance relay. This by no means suggests that such was not
the case previously, but what it does suggest is that the ex-
ception has now become in many cases the rule. One of the
best ways to understand how the distance relay works on a
power system is to test the relay by injecting equivalent
system voltages and currents under controlled conditions and
observing how the relay behaves. Before doing this it 1is
necessary to have some idea of how the relay is expected to
behave. The purpose of this paper is to present one utili=-
ty's view on how this can be done. The test methods de-
scribed in this paper have been used by the Saskatchewan Pow-
er Corporation and the paper relates first hand experience
gained from their use. While this paper deals primarily with
off the shelf test equipment, it is recognized that the test
methods are applicable to other equipment used in the testing
of distance relays.

REVIEW OF FUNDAMENTALS

A mathematical model of two input distance relay using



phase comparison techniques is presented. The relay is lead-
ing phase polarized, that is for an B-C fault the relay uses
Vp-¢ for the faulted voltage and Vpa.p for the polarizing
voltage.

51 = Igfdy - Vg
8, = Vg + KVp

Where I¢ is the fault current, %, is the relay reach
setting, Vg is the fault voltage, K the polarizing constant
of the relay and V, is the polarizing voltage all in second-
ary quantities. %%e bold face type is used to indicate a
phasor gquantity.

Referring to figure 1, and ignoring the fault type for
simplicity, the equations shown above can be solved to obtain
the relay characteristic. First divide the equations by the
fault current, Ig, yielding:

S;] = Zp —- Zf
Sy’ = % + aK(Zg + %g)

In the above equation for Sz', Vp is equal to aE and is
one of the source voltages for the system. "a" is the famil-
iar symetrical component operator for 1/1200 and in subse-
quent notation the "1" will be understood. Division by Igf

yields the loop impedance of the faulted phase which includes
both the fault impedance, Zg, and the source impedance, Zg.
This result is the key to understanding how the polarized Mho
relay develops an offset characteristic under unbalanced or
fault conditions.

Defining K as having a scalar value, k, from 0 to 1 and
an angular component of "a2" or 2400 and recognizing that the
polarizing voltage 1is phase shifted by "a" or 12009, from the
unfaulted source voltage, Sy can be rewritten:

Szl = &g + k(Zf + Zs)

For a circular characteristic S; and 32' are in quadra-
ture and the equations can be solved by setting 87 and §j
equal to 0 and solving the equations for Zf.

For Sy Ze = %

For Sp ' Zf = -Zgk/(1 + k)

This solution is wvalid only when Vp is phase shifted to
coincide with the prefault voltage.



The above yields two points on the diameter of the re-
lay's circular characteristic. Any other point on the cir-
cumference can be found by using the following eguation of a
circle:

where R¢,X¢ is the magnitude of the real and imaginary of %g,
RnXn is the magnitude of the real and imaginary of %y,
Rs',Xs' is the magnitude of the real and imaginary of

~Zsk/ (1 + k)
The angle of Zy is chosen by design and substitution of

the various knowns yields a quadratic equation in |Zgl.

MODELING THE POWER SYSTEM

To test a relay correctly, one must choose an appropri-
ate model. There are a number of ways to model the power
system, but before we discuss these models it is necessary to
know what model is best for a given service condition. To do
this an estimate of the line loading in degrees from terminal
to terminal is required. Starting with the concept of surge
impedance loading, SIL, and recognizing that current travels
down the line at very nearly the speed of light, ¢, it is
readily calculated that line loading in degrees can be esti-
mated from:

6 = 0.072 X L X MW/SIL

where; 0.072 is the phase shift in degrees per kilometer at
SIL, L the line length in kilometers and MW and SIL are line
load and surge impedance load in megawatts respectively. For
a given system various values will apply but the following
can be taken as a general rule and modified to suit the par-
ticular power system.

0C to 20° a simple model
20° to 30°© a more complex model
greater than 30° a full system model

Up to 20° across a line represents an upper 1limit of
about 2 times SIL and would represent normal loading for most

power systems. In the region 20° to 30° the line is loaded
above 2 times SIL and line loading may affect relay perform=—
ance. Above 30° line loading will affect relay performance.

This is illustrated in figure 2.

How the relaying system is designed to work must be in-
cluded in the decision of what model to use. For instance,
if the line is to be single pole switched and reclosed and is



loaded to, say, 15© you might decide that a full model of the
system is required to assess the effects ©f healthy or un-
faulted phase interference on relay performance.

Now on to the models; they are shown in figure 3 of the
paper . The first model, see figure 3a,; is a simple radial
system operating unloaded. This model is designed to give
minimal healthy phase interference and will do so 1if one
voltage and one current are used. For a polarized Mho relay
two or three voltages are reguired and most test set ups
will, when using this model, energize the relay with three
voltages and one current. For a relay that includes both
prhase and ground elements all the voltages circuits are ener-
gized and current flows in both the phase and ground ele-
ments. Using a method developed by Wedepohll figures 4a and
4b show the extent of healthy phase interference expected for
zone 1 on a 175 km line. In this representation the line im-
pedance is held constant and the characteristics are allowed
to rotate on the R=X plane. This method of representing the
relay characteristic is adequate for the simple model of fig-
ure 3a since the source impedance is held constant. The rep-
resentation becomes impractical when Zg is not constant.

Figures 3b and 3¢ are valid for the second loading con-
dition. 1In this model the rest of the system is represented
by a shunt impedance and a second source is added. Figure 3c
represents a refinement of 3b. In these models the source
impedance changes as the fault location changes and the rep-
resentation of the relay characteristic on the R-¥X plane re-
quires a different method. Such a method was proposed by
MarttilaZ2. In this representation of the relay characteris-
tic, a transform is used to convert the polarized Mho relay
equations to those of a simple Mho relay, see figure 5.
There is a drawback to this representation in that each relay
characteristic requires its own plot.

Figure 3d shows part of the Saskatchewan Power Corpora=-
tion's system and 1is required when assessing relay perform-
ance on a heavily loaded line, which 1is defined as a line
loaded above 30©, or on a line that is used for single pole
trip and reclose. Such a model uses a computer program to
solve the load flow. Faults are then applied to the line in
question. A further program3 developed by SPC takes the per
unit fault data and converts it to secondary relay voltages
and currents in a tabular form that is suitable for relay
testing. In addition, it may be necessary to test the re-
lay's performance using a model power system and to eventual=-
ly do staged fault tests on the power system.

TYPES OF TESTS

The relay tester must decide what types of tests he
wants to perform on his relay. The first guestion 1is, does



he follow the manufacturer's recommended test procedures,
does he develop his own test procedures or does he combine
both. It is safe to say that the majority of utilities test-
ing distance relays choose option three. With that out of
the way the next question is, do you test on the line imped-
ance or at the boundary characteristic of the relay.

There are some compelling reasons for testing at the re-
lay boundary characteristic as opposed to along the impedance
line. The first reason is the VA required to test the relay
increases as you come down the impedance line from the set
point to the relaying point. Two things may happen: you may
exceed the test set VA capability, or you may exceed the re-
lay I2¢ capability. If the former happens first, the test
set has protected your relay; if the latter happens first,
you could have a relay problem in the future. At SPC when
testing the relay along the impedance line is required, the 1
second relay rating is converted to an I2t rating and when 20
amps Or more are redquired a 1 second on 1 minute off rule is
followed. At the relay boundary characteristic less current
is required and except for short lines or lines with low
source impedance, high currents are generally not required.
This method is preferred by SPC.

The second reason for testing at the boundary character-
istic is that all those concerned with relay testing readily
see the expanding nature of the polarized Mho relay charac-
teristic.

The third and most compelling reason is that all the in-
puts to the relay are tested. Most polarized Mho distance
relays that the author is familiar with will restrain in the
absence of the 8; signal and operate without the 85 signal.
In testing the relay then it is very important to get outside
of the simple Mho charateristic, see figure 6, so that you
know that the relay is operating on both the $; and S; sig-
nals.

TIMING TESTS

Distance relays operate at different speeds for differ-
ent faults. Let's look at figure 7. At the boundary point
S1 and 8 are in quadrature and the run up and run down times

f the coincidence circuit are equal and relay operation is
indeterminate. As the fault moves off the boundary point to-
wards the replica impedance, relay operation speeds up since
the run up time is longer than the run down time. A maximum
speed is reached when there is no run down time and at this
point 81 and S5 are in phase and lie on the diameter formed
by the end points of 8; and S, equations, the solution of
which was given previously. To do timing tests, you must
know where on the R-X plane your fault is otherwise the re-
sult will be meaningless.



Also the relay tester must consider the waveform pre-
sented to the relay. The faster the relay operates the
greater the bandwith of information that is required to ac-
curatelz access the relay performance on the power system.
Shannon® stated that in order to accurately process a signal
you must have twice the signal content. The speed of opera-
tion of a relay can be equated to a bandwidth. If this pre-
mise is accepted, the relay must be presented with twice the
frequency bandwidth in order to operate reliably and restrain
securely.

Under certain conditions a distance relay can operate in
a 1/4 cycle. In terms of frequency then the relay operates
at four times the fundamental. From Shannon, then signals
with a bandwidth up to eight times the fundamental must be
processed.

Looking at it another way any fault on a power system
has four components:

1 - a dc offset dependant on fault incidence angle for
amplitude and the system X/R ratio for duration

2 - the 60 Hz load component

3 - 1low frequency transients in the range 120 Hz to
about 1000 Hz from connected equipment; generators, motors,
transformers, reactors, capacitors, etc

4 - high frequency traveling wave components the fre=-
quency of which are inversely proportional to line length.

A distance relay operating in a 1/4 cycle must accept
and process 0 to 480 Hz of fault information which is natu-
rally occurring on the power system in order for that relay
to operate reliably and restrain securely. Filtering of the
signals may introduce unacceptable time delays for relay op-
eration.

Timing tests must include signals which contain harmonic
and non-harmonic voltages and currents naturally present in
the fault in order for the operations people to accurately
assess the speed of relay operation.

For these reasons and another to be discussed later SPC
does not do speed of operation tests on distance relays.

OTHER RELAY CHARACTERISTICS

Let's look at what happens if you don't test your relays
properly. First, go back to the equations for a two input
phase comparison relay.



Again dividing by If yields:
81/1f = Zn - Vg/Ig
Sy/1f = Vg/Ig + KVP/If

The relay tester has under his control the voltages and
currents applied to the relay. Previous SPC practice calcu-
lated a set of voltages and currents for a fault at %, and
with V¢ and V, held constant; If was varied in magnitude and

phase angle. "The result as shown by a previous paper- was a
simple Mho characteristic, that is a circle with one part of
the circumferance on the origin. Let's look at the reasons

for this. V¢/If yields a "fault impedance" on the R-X plane.
KVp/If yields a "fault impedance" and a "source impedance”.
When calculating the initial "fault" the source was assuned
constant. For subsequent "faults" V¢ and V, are held con-
stant. Since the "fault impedance" can be extracted from
KV,/If as shown previously and must be equal in magnitude and
phase to Vg/If the “source impedance" must be changing in

magnitude and phase. Looking at it from another viewpoint
the voltage drop across the "source impedance” is held con-
stant but If is a variable. The result to the relay tester

is a simple Mho characteristic. From a mathematical view the
characteristic is still expanded since the "source impedance"
is changing in both magnitude and phase.

If the relay tester is to test his relay properly, he

must calculate a set of voltages and currents for each fault
position.

DYNAMIC VERSUS STATIC TESTING

Any discussion on dynamic versus static testing of dis-
tance relays must begin with the definition of the terms.
Dynamic refers to energy or physical force in motion while
static refers to bodies, masses or forces at rest or in equi-
librium. The power system is dynamic. Testing of distance
relays should by logical extension also be dynamic. With the
exception of staged fault tests and model power systems relay

testing is conducted using static testing equipment. The
rest of this section shows that this is an acceptable prac-
tice. It also raises some questions on the requirements for

dynamic testing.

Englehardt6 in his paper discussed testing a memory po-
larized Mho relay by using a "try and try again method" to
achieve zero crossing current waveforms. A limitation to the
test method which is common to all test sets is that a time
decaying dc offset cannot be included in the test. Warring-
ton’ has stated that "Over 95% of all faults occur within 409
of a voltage maximum". The statement excludes lightning in-
duced faults. This statement can be interpreted loosely as



the fault incidence angle will correspond to the angle of the
system X/R ratio. Under the majority of conditions on a pow-
er system E leads I and a test regime using a zero current
crossing design would have the voltage in the range noted by
Warrington and this would suffice for normal bench testing.

The effect of the dc offset is still to be considered.
If you are testing an integrating phase comparator, the relay
manufacturer has by design minimized the effects of dc off-
set. You could during testing ignore the effects of the dc
offset.

What effect do harmonics have on relay performance? For
the non relay designer, this is a difficult guestion to an-
swer. As dicussed above waveforms containing harmonics from
connected plant are required to accurately assess relay per-
formance. For relays using a zero crossing principle for op-
eration the inclusion of harmonics then is mandatory.

SPC, when considering the need for dynamic testing of
distance relays, took the above into consideration. Also,
the SPC system requires 100 msec tripping times for zone 1
faults which in turn dictated a relay speed of 50 msec. Our
conclusion was that dynamic testing and timing tests were not
a reguirement.

RELAY TESTING

It is time now to look at how to test distance relays.
First, we now know what type of tests are required based on
the type of service for the relay. Second, we know what pow-
er system model to use for our system. Third, we have made
an assessment of what equipment is required to test the re-
lay.

A previous section of this paper showed that the dis-
tance relay must be presented with a sat of voltages and cur-
rents that correspond to the fault location. The principle
of superposition allows the inclusion of load current if this
is required by the test.

Testing down the replica impedance line with or without
arc resistance is straight forward for the faulted phase. An
assessment of what is happening to the five other impedances
is the major benefit of this test. The limitation discussed
earlier lies in the current required by the relay. The cur-
rent required for the test may exceed the relay 14t capabili-
ty and damage to relay insulation may result.

The second test is to test the relay at the boundary of
operation. This test is preferred by SPC for the reasons
stated earlier. For testing our relays we have determined
the boundaries on the R-X plane to be -30° to 130C since this



represents the practical limits of relay operation on the SPC
systemn. In deciding on the test procedure it is important
not to over test the relay or to impose operating conditions
outside those normally seen or practical. Any relay can be
made to maloperate under test, the point to consider is was
the test meaningful.

Since a dependent set of voltages and currents is re-
quired for each %f a computer program can be written to gen-
erate the voltages and currents for the test.

This method can also be used to test memory polarized
relays. Those relays use the pre fault voltage and a time
delay circuit of typically two cycles. The relay tester can
design his test such that the fault voltage, Vg, remains rel-
atively constant. The drawback to this test 1is that it can
lead to high fault currents and quickly becomes impratical
for both the test set and the relay. Another option is to
recognize that the offset is fault voltage dependent and the
diameter of the characteristic changes as the fault voltage
decreases.

Static relay testing is available using off the shelf
test equipment and for the majority of relay applications
this is acceptable. For other applications it may be neces-
sary or desirable to test the relay on a model power system.
On a model power system8 it is possible to do full scale tim-
ing tests which include all the components of a fault. The
capabilities of the model power system can be designed to
closely match those conditions found on the power system giv-
en the scaling of the components used.

Finally, you may decide to do staged fault tests. SPC
no longer conducts such tests. They were once tried and the
operations people judged them to be a failure. Staged fault
tests are useful when assessing the effect arc impedance has
on relay performance. When doing such tests a non-ferrous
wire should be used to initiate the fault. A copper wire is
best since a ferrous wire will contain the arc due to its
magnetic properties while the copper wire will be expelled
from the arc path giving a truer representation of the arc
impedance.

CONCLUSIONS

This paper has taken a broad look at distance relay
testing and what the relay tester must know. The basic con-
clusions to be drawn are:

- How the relay is expected to behave on the part of the
power system it is applied.



- The type of tests required to prove relay operation.
- The expected resultg of those tests.

As a concluding remark it is important that the relay be

tested to prove operation not tested for abnormal or impossi-
ble conditions that prove relay maloperation.
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