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In recent years, there has been increasing interest in
testing the dynamic and variable characteristics of mho distance
relays in addition to the standard steady state mho plot
(References 1-4). This type of testing is more complex than the
normal plot of a mho characteristic, and requires a greater
knowledge of the relay design, the test set design, and the
response of the actual power system to load and fault conditions.

This paper will discuss the differences between testing the
dynamic response of a protective relay using Doble amplifiers
versus the GE Model Power System (MPS), located at the Malvern,
PA, GE Protection and Control headquarters. A set of three Doble
F2200 amplifiers were used to provide the active test sources.
The current and voltage waveforms produced by the two simulations
will be compared, and the results and test methods will be
discussed.

The dynamic testing available with the Doble amplifiers
consists of three steady state 60HZ conditions: pre-fault, fault,
and postfault. The amplifiers cannot model the transition between
the various steady state conditions. The most obvious transition
being the DC offset that is present on a power system whenever
the current changes at other than a zero crossing. Of course,
other transients also exist on the actual power system such as
high frequency components, CVT transients, CT saturation, etc.
All of which may have an effect on the performance of the
protective relays. The testing done with this hardware and
software should not be confused with testing with EMTP generated
waveforms. Testing with EMTP generated waveforms and using
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suitable amplifiers can successfully reproduce all the transients
of an actual power system. A comparison of EMTP and Model Power
System waveforms is presented in reference 9.

DYNAMIC AND VARIABLE MHO CHARACTERISTICS

The terms "dynamic" and "variable" mho characteristics both
refer to the expanded characteristic which includes a larger area
on the R-X diagram than the typical circular plot that passes
through the origin on the R-X diagram. The dynamic characteristic
is caused by the "memory" action of the polarizing circuit and is
a transient condition that changes as the memory voltage
"decays". The duration of the dynamic characteristic is
determined by the design constants of the relay and the
polarizing voltage in the relay. The variable characteristic, on
the other hand, is a steady state condition in which the expanded
characteristic is due to some form of "healthy phase"™ or "cross"

polarization of the mho unit ( i.e. a polarizing voltage that
includes some unfaulted phase voltage; for example, a quadrature
polarized ground relay ). Depending on the design of a particular

relay, it may have a dynamic characteristic, a variable
characteristic, both a dynamic and variable characteristic, or
neither a dynamic nor a variable characteristic. The dynamic and
variable mho characteristics are discussed in more detail in
references 5-8. A typical dynamic/variable mho characteristic is
shown in Figure 1. It should be noted that the relay operation
for faults below the R axis is restricted to faults in the
tripping direction (i.e. in front of the relay) that are
capacitive in nature.

Both the dynamic and the variable mho characteristics are
functions of the conditions existing on the power system at the
time of the fault as well as the design of the relay. One relay
with a given set of settings can have an infinite number of
dynamic and variable characteristics depending upon the prefault
system conditions. Prefault load will have an effect on the
characteristics because the load flow will produce a phase shift
in the prefault (memory) voltage at the relay relative to the
source voltage; that is the remembered voltage is a function of
the load flow and the location of the relay in the power systenmn.
As the location of the relay changes, the variable mho
characteristic also changes since it is a function of the source
impedance behind the relay. Thus it is apparent that a test of
the dynamic and variable mho characteristics must be based on a
given set of system conditions to produce meaningful results.



TEST EQUIPMENT

GE Model Power System

The GE Model Power System (MPS) is a three phase
transmission line simulator operating at 460 volts. The MPS has
been used to simulate lines of up to 445 miles in length, and was
originally designed to model a 500 KV, 2 conductor transmission
line. The MPS consists of various modules that can be
interconnected in different configurations depending upon the
system being modeled. The basic line impedance module consists of
three 12 ohm (60 Hz) reactors with adjustable shunt capacitance,
in series with a 4 winding transformer which is used to adjust
the zero sequence impedance. The shunt capacitance is set to
match the line characteristics. Adjustable ratio current
transformers are used to set the secondary impedance of the MPS
to match the secondary impedance seen by the relays on the power
system. Faults may be applied at the connection points between
any modules. Any of the 10 fault types can be selected from the
MPS control panel, and faults may be applied at an incidence
angle that is continuously adjustable from 0 to 360 degrees.

The MPS uses ac contactors to simulate the circuit breakers.
The contactors may be operated by the tripping outputs of the
protective relay system under test. The reclosing of the breakers
can be accomplished by a reclosing relay, if one is included in
the scheme or by an external recloser in the MPS control system.
The load current on the MPS is simulated by using an angle
between the source voltages of either 30 and 60 degrees.

Doble Amplifiers

Three Doble F2200 test sets were used to provide the active
current and voltage sources for these tests. The instruments were
equipped with the following options:

F2010 Minicontroller

F2810 Fault Rotate

F2820 Value/ Time

F2825 Multiple Sources

F2910 ProTest II Starter Kit

A Toshiba T1600 lap top PC was used to control the
amplifiers. Several software programs were used during the
testing, including: Doble's ProTest II and FLTSIM, Power
Program's Tru-Test, and GE's PC based Short Circuit Analysis
Program (FAULT.EXE).



Protective Relay

The response of a GE MOD10 TYS protective relay system was
evaluated during the tests; The relay, model nunmnber
TYS3B56B12E2FA, was used in a blocking scheme with phase and
ground distance units and ground directional overcurrent. The TYS
mho distance functions are of the phase angle comparator design
and use more than two inputs to the coincidence circuits. Data
was collected using the F2200 timer, a digital oscilloscope, an
analog oscilloscope, and an RIS1630 Digital Fault Recorder.

Power System

For these tests the simple power system shown in Figure 2
was used. This is typical of a 112 mile 500KV transmission system
with out a parallel line. Fault locations on the Model Power
System are indicated on the diagram. The Zone 1 distance
functions of the TYS system were set to 6 ohms secondary which is
100 percent of the line length

8YSTEM vs SOURCE ZERO CROSSING

One option on the Doble F2000 series is the selection of
SYSTEM or SOURCE zero crossing. Since this setting has an effect
on the dynamic testing of a relay, the effects of the setting
will be reviewed. This setting determines how the current and
voltage sources in the amplifiers are turned on at the start of a
test sequence. In the SYSTEM setting, all sources are turned on
at the same time. The point at which they are turned on is at a
"system" zero crossing. This system sine wave is the reference
for the phase angle settings of all the sources. Thus, if a
source is set to a phase angle of zero, it will turn on at a zero
crossing, if it is set for a phase angle other than zero, it will
not turn on at a zero crossing, but will change instantaneously
to its value. With the zero crossing set for SOURCE, each source
channel will switch at its own zero crossing. In this mode, each
current and voltage source may change value at a different time.
Figure 3 shows the oscillograph traces for a zero voltage three
phase fault at the relay location, using the SYSTEM zero crossing
setting, with a prefault VA angle of zero degrees. Figure 4 shows
the same conditions except that the prefault VA angle is =90
degrees. Note that the fault incidence angle (point of wave on
VA) has changed by -90 degrees. This allows the tester to change
the fault incidence angle when using the Doble FLTSIM program.
Figure 5 shows the same conditions as Figure 3 except that the
"SOURCE" zero crossing was used. Note that each of the six
sources starts at its zero crossing. This means that no two
sources start the fault conditions at the same time. This of
course is not a realistic method of applying a fault. Also there
is no one point to use as a reference to start timing the
response of the relay under test since each channel starts its
fault value at a different time.
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Fault Current Initiation

The differences between fault current initiation using
electronic amplifiers and the actual fault current initiation on
a power system have been well documented in the past ( See
references 1 and 2 ). An inspection of the phase B and phase C
currents in Figure 3 shows that the current produced by the
current amplifiers instantaneously changes from prefault to fault
value. The amplifiers cannot produce the decaying DC offset that
the actual power system currents will exhibit. Figure 6 shows the
current and voltage waveforms produced by the GE Model Power
System for a zero voltage fault similar to the conditions of
Figure 3. Many relays employ a replica impedance circuit on the
current inputs, such as transactor. These replica impedance
circuits act as a differentiator. The instantaneous change of
current produced by the amplifiers causes a large error signal to
be generated on the output of the replica impedance circuit.
Figure 7 shows the input current to the relay and the output
voltage from the transactor for both the amplifier and the Model
Power System for a fault current initiation near the current peak
(voltage zero). The large voltage spike caused by the step
increase in the current signal can easily be seen in this
picture. The MPS current, with the realistic dc offset current
component, does not produce this spike. Because of this
unrealistic current transient, Karl Englehardt of BC Hydro
concluded that tests run with this magnitude of dI/dT "should be
considered as doubtful if not invalid" (Ref. 3).

TEST PROGRAM

The testing of the TYS relay involved several distinct types
of tests as outlined below.

1. Steady State Testing

2. Reach Tests

3. Fault Resistance Capability
4. Trip Times

S8teady State Testing

This portion of the test program was intended to investigate
any effects that the dynamic and variable mho characteristics
might have on the normal steady state testing that can be
accomplished using ProTest. One concern was the time required to
fully energize the memory circuit between successive fault
applications to insure that the polarizing voltage magnitude was
large enough for proper operation of the mho unit. This was
accomplished by using the F2200's to apply balance three phase
voltage to the relay while observing the response of the
polarizing voltage memory circuit. If the tests are applied so
close together that the memory circuit does not have time to

-5



stabilize, the results of the testing may be invalid. Figure 8
shows the charging of the memory filter in the TYS when the
voltage is applied. Based on these tests, the prefault conditions
should be applied to the relay for at least 6 cycles before the
fault conditions are applied. Note that this time will vary
depending upon the specific relay type being tested and may be
much longer than 6 cycles for some relay designs.

Reach Tests

The reach of the TYS relay was checked using both the F2200
test sets and the Model Power System; both the steady state reach
and the dynamic reach were tested. To test the reach using the
F2200's, the GE Short Circuit Analysis program was used to
calculate the prefault and fault currents and voltages for a
single line to ground fault and a phase to phase fault at the
remote end of the line with the remote breaker open ( radial feed
). First, the fault quantities were applied to the TYS on a
steady state basis and the relay reach was adjusted to find the
point at which the relay just operated (balance point). Next, the
FLTSIM program was used to apply the faults dynamically and again
the reach was adjusted to find the balance point. The tests were
then repeated using the Model Power System to supply the relay
inputs. The results of these tests are shown in Table I.

Table I
MPS F2200
Test Ph~Ph SLG ‘ Ph-Ph SLG
Steady gtate 6.3 6.4 6.2 6.2
Dynamic 6.3 6.4 6.1 6.1

Trip Times

The trip times of the TYS relay for various fault types at
different points on the protected line were measured using both
the FLTSIM program and the Model Power System. The currents and
voltages for the FLTSIM program were calculated using the GE
Short Circuit Analysis Program. The results of these tests are
shown in Table II. Note the incidence angle of the fault was
varied at all fault locations on the MPS testing to find the
minimum and maximum operating times. In the FLTSIM testing the
incidence angle was only varied at fault location F3 (mid-line).
There are no operating times given for the FLTSIM at fault
location F1 (relay location) because the fault current magnitude
was higher than the capability of the amplifiers. The Zone 1
units were set for 100 percent of the line (6 ohms) for these
tests.
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Fault Resistance Capability

An attempt was also made to use the Doble FLTSIM program to
show the fault resistance capability of the mho ground distance
units. For these tests a different system was used, as shown in
Figure 9. The relay setting were changed so that the Zone 1 reach
was 4 ohms and the zero sequence current compensation (KO) was 4.
This was to match previous testing performed by Doble on other
relays. Using FLTSIM, the TYS would operate consistently for a
fault resistance of 4 ohms, and occasionally for a fault
resistance of 5 ohms. Similar testing was performed on the Model
Power System and showed consistent operation at 5 ohms and no
operation at 6.2 ohms.

Table II
Fault Doble MPS

Location Type FLTSIM

Fl AG ——— 5-10 ms
F1 BC -— 5-10 ms
Fl 3PH - 5-5.2 ms
F2 AG : 8.8 ms 10.0-13.9 ms
F2 BC 11.0 ms 10.0~-13.9 ms
F2 3PH - 9.6-10.2 nms
F3 AG 10.3-15.1 ms 11.0-16.4 ms
F3 BC 10.4-15.2 ms 11.2-16.0 ms
F3 3PH 10.2-11.2 ms 11.0-11.6 ms
F4 AG 16.6 ms 12.0-19.0 ms
F4 BC 19.1 ms 12.0-18.5 ms
F4 3PH 16.2 ms 12.0-13.5 ms
F5 AG No op No op

F5 BC No op No op

F5 3PH 32 ms- No op No op

CONCLUSIONS

This series of tests has again demonstrated that the present
electronic amplifier based test sources can not duplicate the
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currents and voltages as they actually appear to a protective
relay that is in service on a power system. Figure 10 shows that
the spike on the transactor output due to the suddenly switched
amplifier current is approximately 10 times the steady state peak
current value. It is easy to imagine that an error of this
magnitude could cause errors in relay operation as reported in
earlier papers (References 1 & 3). In the case of the particular
TYS relay system used in these tests, no misoperations were
observed. The operating times of the relay were similar using
either the F2200 equipment or the MPS. The transient over reach
of the relay was not increased by the use of the amplifiers. This
consistency is probably due in part to the nature of the
filtering used in the TYS relay system since this system is based
on a relay designed to be applied on lines with series
capacitors.

These results, however, can not be generalized even for the
TYS relay system. A different set of relay settings or a
different power system configuration could result in a greater
difference in performance between the test methods. The design of
the the various measuring functions in a relay will also have an
effect on the performance differences. For instance, a direct
trip over current unit that responds to peak current level is
very likely to overreach for the current transients shown in
Figure 10. Distance relays of different designs and/or different
manufacturers will also respond differently to the amplifier
waveshape.

In general, we conclude that since the amplifiers can not
duplicate the wave shapes of the power system the response of the
relay using the amplifiers may not reflect the response of the
relay on the actual power system. In order to properly evaluate a
protective relay, it should be subjected to realistic inputs.
These inputs should also include transient conditions that are
likely to cause performance problems ( CVT transients, high
frequency components etc. ). The validity of any test results
must be in doubt unless it can also be confirmed by other means.
This is not to say that dynamic testing using amplifiers is not
useful. The dynamic test procedure exercises the relay in a
manner similar to an actual fault and gives the tester more
information than is available through steady state testing. This
data can be used to diagnose problems and to track changes in
relay performance over time.
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APPENDIX A.

PLOTTING THE VARIABLE MHO CIRCLE.
Bob Ryan, Doble Engineering Company .

1.SUMMARY.
The variable mho circle of a TYS- 3B relay was plotted and compared
to the steady state and “COMPENSATOR" characteristics. This plot was

derived from the results of tests using FASLD, FAULT SIM, PROTEST and
F2080 test instruments.

The TYS- 3B 1is a Static transmission line protective relay with
individual variable mho elements for each of two zones for each phase
to phase pair and each phase to ground loop, an optional intermediate
sone is available through stage switching the Zone 1 element. Pilot
relaying and backup phase to ground overcurrent as well as a
continuous monitor were included in the package under test.

FASLD is the demonstration package supplied for Power Programs fault
analysis and test package TRU-TEST.

Fault Sim is a Doble Engineering Application programs for reproducing
Three steady state stages of pre—, post and fault period waveforms.
Protest is a Doble Engineering Protective Relay Test Software FPackage
and includes functions, called MACROs, to test all kinds of power
system protective relays.

The F2080 test instruments are solid state voltage and current Active
Sources with digital waveform generation and are capable of changing
output on a cycle by cycle basis under the control of the built in
microcomputer.

2.METHOD.

2.1. DEFINING THE RELAY OPERATING REGION.

The variable mho circle was first hounded by applying a Protest macro
called ZPLBOV to prove Maximum Torqgue Angle and steady state reach.
Protest provides a plot of the steady state characteristic, the test
screen and results are shown in table 1 a & b, and the Protest plot
forms the basis for the composite plot of figure D—-1.. The relay was’
=2t for a reach of 4.3 ohms at 75 degrees. 10 simplify the
consideration of the results the plot was scaled on a “L00P
IMPEDANCE" basis resulting 1in a plot showing a maximum reach of 9
ohms. The “LO0OP IMPEDANCE" 1is equal to the phasor sum of the two
fault voltages divided by the current and for phase faults this 1is
mroportional to the positive sequence reach setting of the relay
times two. A source impedance of 4 ohms, B8 ohms loop, was then drawn
onto the plot, and the CCOMPENSATORY or fully cross palarized mho
characteristic was constructed by drawing a circle including the
origin of the source impedance and the point of maximum reach as
found by Protest.



2.2, GENERATING TEST VALUES FOR THE VARIABLE MHO RESISTANCE BOUNDARY.
Assuming that the" " COMPENSATOR" circle would be the maximum possible
extent of the variable mho circle, a series of calculations were
performed to determine the relaying gquantities for various arc
resistance values at zero%Z of line reach. These calculations model
the effect of the scource and line sequence impedances to produce
secondary values of voltage and current at the relaying point. The
recsults show marked movement in the phase and or amplitude of the
unfaulted phase(s). This contrasts against a steady state test where
the voltage vectors remain 120 degrees apart and the amplitude of the
unfaulted phases remains at nominal value. The model used was of a
radial line with no load, i.e. no generation or load at the remote
end, for simplicity. Load or remote generation alter the fault and
pre—-fault values of polarizing voltages complicating the process of
predicting the expected operating characteristic.

cAS1D was used for the calculations because it provides a utility to
convert the results of it's calculations into FAULT SIM files. The
later version of Power Programs Fault Analysis "TRU-TEST package runs
F2B00 instruments directly and could have heen used for this section
of the test. However it was decided to use FAULT SIM to drive the
instruments so that any instrument drive problems could be more
readily evaluated.The results of the calculations were therefore
converted into FAULT SIM files.

The calculations could be performed with by hand or by any other
fault calculation program. The resultscould then be manually,or 1in
the latter case possibly automatically, inserted into FAULT SIM
screens.

General Electric has generously offered to make avallable the program
CSHORT CIRCUIT ANALYSISY which performs similar calculations and a
program “MAKE_FS1" which will convert the results into FAULT SIM
files.

2.3, TESTING FOR RELAY OPERATION.

Test values were applied to the relay from F2008 test instruments
driven from an IBM compatible computer via an RS232 port under the
control of the program FAULT SIM. '

CAULT SIM is a DDOS based Doble Engineering application program
providing a framework for applying pre—,post and fault quantities to
a relay via F2008 instruments and measuring the relay response(if
any). A typical FAULT SIM directory screen 1s shown in Table 2f, the
CDIRECTORY OF TESTS" side of the screen shows the files that were
created using FASLD. The "TEST MANAGER" window shows the functions
fhat are accessible at this level. The “CREATE A TEST" function
allows manual creation of a fault file. The "EDITOR SCREEN" allows
manual entry of test data for interactive test running or storage 1In
a2 test file,and viewing the test data during tests. Previous stored
files may be selected at the Directory level for manipulation or
running at the EDITOR SCREEN. Tests are run or printed from the
EDITOR screen via a pop up menu window.
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and wvaricus trial valuwes of arc rosistance.as explalined shove. These

files were run successively until the file with the highest value of
arc resistance which operated the relay, and the lowest which did
not, were found. These two values of arc resistance defined the
boundary of the TYS zone 1 BC element(M1BC) at zero/ of line length .

Having found the resistive reach boundary at zero’ of line, this
point was added to the Protest plot of Flgure D~-1. Two points on the
relays variable mho circle were now known:

the reach at maximum torque angle, confirmed by PROTEST

the variable mho resistive reach at zeroZ of line.
Though it 1s not necessarily always true ,for the purpose of
generating approximate test values a third point was assumed:—

the origin of the source impedance,
These points were used to construct a notional circle shown as the
“COMPENSATORY circle in figure D-1.

2.4, FINDING THE REACH AT OTHER LINE POSITIONS.

The boundary point value of fault resistance at a series of positions
along the line length was scaled from the notional circle. For each
position a fault calculation was performed for each of two or three
arc resistance values above and below the notional circle boundary
value. The results were converted to FAULT SIM files as before. The
files were run via FAULT SIM to find which resistance values defined
the operating boundary.

Z.5. COMPLETING THE PLOT.

These '"on test" boundary values were plotted manually onto the
notional circle. The values are shown plotted on fig D-1 and the
FAULT SIM files are reproduced in Table 2, files TYSPH28 to I7.The
Variable mho Characteristic as found on test followed closely the
notional boundary constructed from the original three points and over
the region plotted the Variable mho characteristic followed a curve
which would be described by an Offset mho element with an 80@°
characteristic. Since the Variable Mho does not necessarily include
the arigin of the source impedance no exact conclusions can be drawn
from these empirical results. The 88 degree notional characteristic
angle is shown as the included angle between the construction lines
at the boundary on the resistance axis of figure D-1.



<. OBSERVATIONS ON OPERATING TIME.

1t should be noted that because the FAULT S5IM tests applied do not
completely reflect the conditions during a power system fault, 1in
terms of the rate of change of the current and the lack of a d.c.
offset., the operating times do not necessarily reflect those which
could be expected under power system fault conditions. Further all
times included in the tests where a zone 1 trip occurred represent
faults near the boundary of operation and therefore are comparatively
long. Tests showing typical operating times at points clearly within
the reach of the relay are shown elsewhere in this paper.

Superfluous files generated during the tests to define the boundary
were discarded except for a few values approaching 100% of line where
the effect of boundary conditions on relay operating time was
considered of interest. The operating torque for the relay 1is
proportional to "V-I1Z". Under boundary conditions at fault angles
near the maximum torgue angle this quantity approaches zero therefore
the operating torque is low. In electromechanical relays the low
torgue leads to low acceleration of the output element and thus
relatively long operating time. In solid state relays the equivalent
mechanism is the commonly due to charging time in input filters or
integrators in the output of the measuring element.

In these cases the relay operating time increases much beyond what is
normal for a clearly defined fault. This action is normal and 1is
found in almost all protective relays including electromechanical,
static or microprocessor designs.

Also at high line percentages the line of increasing fault resistance
tends to a tangent with the characteristic boundary. In this case
seeming large percentage changes in the fault resistance do not move
the fault point very much with respect to the boundary but the
operating torque is reduced leading to increased operating time. The
files TYSP3I® to 33 and TYSP34 to 37 of Table 1 show this effect. In
Files TYSP3@ to 33 the increase in coperating time can clearly be seen
varying from 26 through 43 to 110 milliseconds before stepping to
sone 2. In files TYSP34 to 36 the operating times are all long as the
points are all very near to the boundary and the line of increasing
fault resistance is almost tangential to the boundary.

This effect would be difficult to observe at low line percentages due
to the much greater effect of the decaying memory on the relay reach
in this region. In this area of the variable mho characteristic the
reach is greatly expanded by the cross polarizing signal from the
positive sequence voltage memory. Therefore as the operating time
tends to increase the memory begins to decay from the steady state
value to a new value proportional to the fault condition positive
sequence voltage. This reduces the relay reach toward the steady
state characteristic. The result is that the operating boundary at
low linme percentages tends to be more clearly defined and the
possibility of long operating times is reduced. At high line
percentages the expansion of the characteristic is small and the
effect of boundary conditions on operating time becomes visible.



4 .SOURCE SYSTEM AND POINT OF WAVE SWITCHING.

The F2000 instrument range and FAULT SIM provide for the selection of
two modes of changing amplitude values, for the purpose of this
discussion turning a source ON may be considered an amplitude change.
The two modes are SOURCE and SYSTEM.

In the SOURCE mode all amplitude changes take place at each source’' s
own system zero crossing. Thus changes occur at an instantaneous zero
producing no appreciable discontinuity in the wave. For relays which
exhibit transient over-reach this reduces the effect of abrupt value
changes. However 1f several sources are in use and they are set to
different phase angles the changes will take place successively as
the waves reach their zero crossing point. Thus when changing a group
of sources from onme value to another an intermediate state will exist
when some states are at the new value and some states are at the old
value.

In the SYSTEM mode all amplitude changes take place at SYSTEM zero.
SYSTEM zero is equivalent to the zero degree zero crossing on a
source whose phase angle is set to zero degrees. Thus in SYSTEM mode
changes 1in any source’s amplitude whose phase angle 1s set to zero
will, incidentally, take place at that spource’'s zero crossing. [T the
phase angle is set to a non zero value (other than 180 degrees) the
source will change amplitudes at some non- zero value producing a
discontinuity in the wave. However since all sources will change at
the same time there is no intermediate state when some sources are at
the old value and some are at the new value. When the amplitude of
more than one source is to be changed this mode is normally
recaommended.

All phase angle changes take place at SYSTEM zero regardless of the
SOURCE/ SYSTEM mode.

Since all sources change values simultaneously in the SYSTEM mode
this mode behaves like a multi-source point of wave switch. The
cewitch activates at a fixed point in time— SYSTEM zero. The point of
wave on the output of any source corresponding to SYSTEM zero is
variable by varying it's phase angle. Thus 1f 1t is desired to have a
change occur at any point on a selected waveform this can be achieved
by setting the source to the appropriate angle and selecting system
mode .

As an example the phase angle of source VB in the FAULT SIM file
TYSP37-2 of Table 2e is set to 240 degrees. Since the SYSTEM zero
crossing mode is selected the transition between Pre— fault and Fault
conditions will take place on all sources at SYSTEM zero. At this
point VB will be 240 degrees into it's cycle. If a transition at zero
daegrees on this sources wave was required the phase angles of ALL
sources on ALL states could be shifted forward by 120 degrees
bringing this source’'s zero ilnto line with SYSTEM zero. Similarly 1if
a transition point at 30 degrees on VB was desired this could be
achieved by shifting ALL sources and ALL states forward by 15@
degrees, thus moving VB to a point where it would be 30 degrees i1into
it s cycle at SYSTEM zero.



A1l sources and states must be changed so that they maintain the same
relationship. This may be done manually by modifying the values on
the editor screen. Alternatively a function to perform this rotation
could be included in the originating calculation program.

Again it must be born 1n mind that Fault Sim and the F2000 sources
reproduce the STEADY STATE values of pre—,post and fault conditions.
In a real power system the point of wave of fault inception has a
major effect on the unidirectional transient or “D.C. OFFSET" as it
is commonly called. This is due to the inductive nature of power
system sources. This transient is mnot synthesized or reproduced by
FAULT SIM and normal F2000 sources. A Model Power System, or a
fransient simulation program such as EMTP and a Transient Current
Source such as the F2375 are required for this level of simulation.

S.CONCLUSION.

The combination of Fault calculation programs; & dynamic state
simulation program, such as FAULT SIM; and test instruments with
dynamic cycle by cycle control, such as the Doble F20080 range,
provides a valuable tool for the investigation of the dynamic
characteristics of protective relays.

While this combination does not provide the rigorous simulation
possible with a Model Power System or an EMTP driven Transient Power
System simulator, in this application it provided a realistic and
repeatable assessment of the Variable Mho characteristic of a modern
solid state relay, the Beneral Electric model TYS 3. The combination
is much easier to manipulate than either of the previous methods and
available at much lower cost.

Users of Doble F2080 instruments and Protest have access to FAULT SIM
through the application library and the General Electric Company has
generously offered to make it's SHORT CIRCUIT ANALYSIS program and a
file conversion utility, MAKE_FS1, available through the same source.
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Appendix B to
COMPARATIVE TESTING USING DIGITAL SIMULATION AND AN
ANALOGUE MODEL POWER SYSTEM

AUTOMATIC TESTING AND PLOTTING OF PROTECTIVE RELAY
EXPANDED MHO CHARACTERISTICS.

Introduction. ,
This section of the paper looks at the results of tests performed
using a new program, written by the author, to test and plot the
expanded mho relay characteristics of protective relays using
digital fault simulation techniques. The results are compared with
those found in the main body of the paper and Appendix A using the
model power system and other programs. The calculation program used
in the main body of the paper was the GE Short Circuit Analysis
program. In Appendix A Power Program's Tru-Test was used for
calculation. Both of these are powerful general purpose programs
that were applied, in conjunction with Doble's Fault Simulator
program, to run single point tests.

The new program, called Taztest, has been in development for a
couple of years but was one of those midnight engineering projects
that always end up at the bottom of the interrupt priority queue.
During the preparation of the main body of the paper the program
was running tests and plotting results in the first guadrant but
was giving erratic results. Discussions with the co-authors led to
ideas for expansion of functionality into the other three guadrants
and a discussions with Doble software staff on another applications
problem revealed the cause of the erratic results. The acceptance
of this paper for this conference provided the stimulus necessary
to get the program completed so that a more comprehensive appraisal
of the capabilities of digital simulation could be made. The
program will be more fully discussed and applied to other relays
in a paper under preparation for the 1991 Doble conference.

Program description. .

The program calculates appropriate test voltage and current phasors
based on radial fault calculations using symmetrical components
from line and source parameters entered by the user. The formulas
used in the program are similar to those given 1in several
protection reference books (see Ref 1 & 2). Single point tests
using similar techniques and manual calculations have been used
with manual test instruments in the past (see Ref 3 & 4). In this
case the test voltage and currents are applied to the relay via
Doble F2000 test instruments, driven automatically from the program
using a proprietary protocol known as DobleCol.

The program first searches for the relay reach point for a fault
at line angle, using the user entered line and source parameters.
The program then searches for the maximum operating arc/ground
resistance at several points along the 1line, to delimit the
operating characteristic in the first quadrant.



The method is expanded into the second quadrant by the use of
"negative" resistance in the fault calculations. The third and
fourth quadrants are completed in a similar manner by the insertion
of capacitance, at several points up to the equivalent impedance
of the source, into a fault at the relaying point. The test
excursion into the capacitive quadrants is limited by the maximum
current that can be derived from the sources and or the rating of
the relay. The program tests at each point to see if the normal
minimum impedance test will result in a current exceeding the
limit. If so, it searches for the lowest value of fault resistance
that will result in a current below the limit and then makes this
the new minimum value for that point.

A print out of the results 1is available showing the fault
anplitudes and angles of voltage and current for each reach oint.
Sample result print outs for two reach points are shown in List 1.
Also available is a plot showing the test reach points superimposed
on steady state and fully expanded mho circles, these circles are
derived from the user "input line and source characteristics.
Scaling for the plots follows the gquantities used in the fault
calculations for the total loop impedance. That is source and line
positive sequence impedances cnly for three phase faults, positive
and negative sequence impedances for phase to phase faults, and
positive, negative and zero sequence impedances for ground faults.
The scaling of the fault resistance is similarly determined by the
fault resistance multiplier used in those calculations.

Results.

The program was applied to find the operating characteristic of
the TYS relay used as the test bed for previous tests. Typical
results and plots are shown in Tables B1,B2 and B3 and Figures
B1,B2, and B3 for single phase to ground, phase to phase and three
phase faults. Note that the resistive reach shown is from the point
of fault, that is to say that it does not include the resistive
portion of the line for line faults. This is in contrast to the
tables and figure of Appendix A which separated the Real and
Imaginary portion of the line impedance. In order to compare the
results the resistive portion of the line loop impedance must be
subtracted from the tests of Appendix A.

For phase faults the results can only be directly compared between
Appendix A and Appendix B, for BC faults at the relaying point (0%
of line) and at the half line point. In Appendix A the gap between
the Zone 1 and Zone 2 test points was considerable and therefore
the fault resistance value have been averaged and the median used
for comparison. The results are compared in Table B4, and are very
close:7.9 versus 8.1 at 0% of line, and 5.9 versus 5.8 at 50%.
Fault resistance coverage for phase faults was not tested using the
model power system.



For ground faults the results can only be compared between the test
using the model power system, discussed in the Fault Resistance
Capability paragraph on page 7 of the main body of the paper, and
the results found using the Dynamic Mho test program in Appendix
B. The results are compared in Table BS5, which shows that the new
program results are very close to those found with the model power
system, 5.73 versus 5.6, and about 20% higher than found using the
Short Circuit program and FaultSim. Fault resistance coverage for
ground faults was not tested using in Appendix A.

For reach at line angle the results were obtained under slightly
different conditions and can only be compared with some
manipulation. In the main body of the paper the reach point was
found by applying a known fault(i.e. 6 Ohms) and changing the relay
setting until operation was achieved(e.g. 6.2 Ohms) as shown in
Table I. For the purpose of comparison these results have been
considered as the reach as a percentage of relay setting. The reach
results for Taztest are the maximum values shown in the Fault
percent of line column in Tables Bl and B2. The reach results found
in all methods are similar at around 96% of line within a couple
of percent, the values being somewhat lower in all cases for Single
line to ground faults.

Conclusion.

The results obtained using the new program are comparable to those
found using an analogue artificial line simulation and those found
by individual calculation and test application using Power Programs
Tru-test, or GE's Short Circuit Analysis program in conjunction
with Doble's Fault Simulator. The results show expansion of the mho
characteristic consistent with that expected from the action of the
memory polarization used in the relays design. No evidence of
significant overreach or underreach is evident. The program makes
testing of the mho characteristic, in all 4 quadrants, much simpler
and provides printed and plotted hard copy results. The program
extends the application of digital fault simulation providing a
useful tool for the investigation of the characteristics of
protection relays.
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TEST NAME IS TYS CAPACITIVE FAULTS ARE AT RELAY POINT

FAULT-PERCENT OF LINE FWD RESISTANCE REV
0 5.660157 ~3.761719
8.535156 5.841407 -3.9726586
19.07031 6.082032 -4.183594
28.60547 6.082032 ~4.253907
38.14063 5.941407 -4.183594
47.67578 © 5.730469 -4.042969
$7.21094 5.449219 -3.761719
66.7461 4.957032 -3.357422
76.28125 4.253807 -2.784922
85.81641 3.3222686 —-1.880859
95:351586 - 0 0

EQUIV. SOURCE caP. FWD RESISTANCE REV
10 5.519532 -3.550781
20 5.308594 . -3.462891
30 . 5.097657 ~-3.181641 e
40 4.746094 -2.935547
50 4.431023 ~2.741158
60 4. 003006 -2.312004
70 3.397797 0
80 2.925659 0 T
g0 2.932182 0

Table 1. Fault Resistance Capabilty of Tvs relay for Single Line
to Ground faults at varicus points on line and at
with fault capacitance as found with Taztest.

relay point

TAZTEST TIVMAMIC MHO PLOT

TEST MANE = TVS " S
T T
\‘\‘ Oc:
™, o
\\"\__ \j ,
END ,“"

SHIET-Prt Sc I0 PRINT, Z TO

Figqure 1. Plot of TYS Dynamic mho characteristic for Single Line
to Ground Faults as found with Taztestf



TEST NAME IS TYS 2 PHASE CAPACITIVE FAULTS ARE AT RELAY POINT

FAULT-PERCENT OF LINE FWD RESISTANCE REV
0 7.898047 -5.446289
9.832031 7.69336 -5.674805
19.66406 7.274414 -5.803321
29.4961 6.893555 ~-5.903321
39.32813 6.360352 ~5.827149
49. 160186 5.9803321 ~5.750977
58.99219 5.293946 ~-5.522461
68.82422 4.532227 -5.217774
78.65625 - 3.561035 -4.608399
88. 48828 2.228027 -3.675293
98.32031 0 0

EQUIV SOURCE CAP. FWD RESISTANCE REV _
10 7.845703 ~5.293946
20 7.68336 ~-5.06543
30 7.350586 ~4.684571
40 7.045899 —-4.303711
50 6.547806 -3.553076
60 6.031042 0
70 5.355091 0 -
80 4. 495405 0
90 0 0

Table 2. Fault Resistance Capabilty of TYS relay fof Lin; to Line
faults at various points on line and at relay point with fault
capacitance as found with Taztest.

TAZTEST DYNAMIC MHO PLOT
TEST MBME = TVS 2 FHASE

-~ o
P o
A
o
o
- A
o
a o
a o _
o o E
o o
LY [=] o

SHIFT-Brt Sc 10 FRINT, Z SO BND —F———""

Figure 2. Plot of TYS Dynamic mho characteristic for Line to Line
Faults as found with Taztest.



TEST NAME IS TYS 3 PHASE CAPACITIVE FAULTS ARE AT RELAY POINT

FAULT-PERCENT OF LINE FWD RESISTANCE REV
0 3.484863 -2.075684
9.832031 3.446777 —2.342285
19.66406 3.294434 -2.456543
29.4961 3.14208 ~2.570801
39.32813 2.913574 ~2.532715
49.16016 2.570801 ~2.494629
58.99218 2.189942 -2.380371
68.82422 1.761475 -2.189942
78.65625 1.380615 ~1.92334
88. 48828 .85621729 -1.590088
98.32031 Y 0

EQUIV. SOURCE CAP. FWD RESISTANCE REV
10 - 3.408692 -1.92334
20 3.408692 -1.723389
30 3.370606 -1.552002
40 3.297329 -1.388277
50 3.115348 0
60 2.903365 . 0
70 2.51821 0
80 0 0
90 0 0

Table 3. Fault Resistance Capabilty of TYS relay for Three Phase
faults - at various points on line and at relay point with fault
capacitance as found with Taztest.

TAZTEST DYNANIC MO PLOT

TEST NANE = T9S 3 PRASE
el ° .\‘\‘\
fff’ ;
o Vi
: %
e
T —
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. T
SHIFT-Prt Sc TO PRINT, 7 90 BN P——"""

Figure 3. Plot of TYS Dynamic mho characteristic for

Three Phase
Faults as found with Taztest.



Line Appendix & Zone Reach Line Fault
Percent Ref. Table R + jX Resist. Resist.
0 A.Table.2a, 8 +j0 0 8

TYSP-20-1 1
0 A.Table 2a, 2 8.2 + joO 0 8.2
TYSP-21-2
0 Average of
Zone 1 & 2 Av. 8.1 + jo 0 8.1
0 App B T.2 1 7.92 0 7.92
50 A.Table.2a, 6.8 +34.5 1.16 5.64
TYSP-26-1 1
0 A.Table 2a, 2 7.2 + j4.5 1.16 6.04
TYSP-27~2
0 Average of
Zone 1 & 2 Av. 7.0 + 34.5 1.16 5.8
50 App B T.2 5.93 5.93
Table B4. Comparison of Fault resistance capability for phase

faults at two points as found by single point tests (appendix A)
and Dynamic Mho test program (appendix B). This test was not done
using the model power system.

MPS FLTSIM
"No Go'" fault resistance 6.2 5.0
"Go" Fault Resistance 5.0 4.0
Average of the above 5.6 4.5
Reach found with Taztest 5.73

Table B5. Comparison of Fault resistance capability for ground
faults at relaying point as found using a) the Model Power System
and b)the combination of GE's Short Circuit Analysis program and
Doble's Fault Sim with Dynamic Mho test program (appendix B). This
test was not done in Appendix A.



TEST NAME IS TYS 3 PHASE

fault mode = 3 (1=ground, 2=phase, 3=3phase), at 88.48828 % of LINE
line potential = 115 , Fault resistance = -1.590088 ohms

SOURCE IMPEDANCE AND ANGLE: POS= 4 @ 90 ; NEG= 4 @ 90 ZERO= 4 @ " 90
LINE IMPEDANCE AND ANGLE: POS & NEG = 4.5 @ 75 ; ZERO= 18 @ 95
VA= 32.82 VOLTS AT ANGLE -355.8 DEGREES

VB= 32.82 VOLTS AT ANGLE -115.8 DEGREES

VC= 32.82 VOLTS AT ANGLE -235.8 DEGREES

TA= 8.439999 AMPS AT ANGLE -94.1 DEGREES

IB= 8.439999 AMPS AT ANGLE -214.1 DEGREES

IC= 8.439999 AMPS AT ANGLE -334.1 DEGREES

TEST NAME IS TYS 3 PHASE

fault mode = 3 (1=ground, 2=phase, 3=3phase), at 10 % of T
SOURCE EQUIV. CAPACITANCE

line potential = 115 , Fault resistance = 3.408692 ohms
SOURCE IMPEDANCE AND ANGLE: POS= 4 @ 90 ; NEG= 4 @ 90 ZERO= 4 @ 90
LINE IMPEDANCE AND ANGLE: POS & NEG = 4.5 @ 75 ; ZERO= 18 @ 75
VA= 45.97 VOLTS AT ANGLE -53.3 DEGREES

VB= 45.97 VOLTS AT ANGLE -173.3 DEGREES

VC= 45.97 VOLTS AT ANGLE -293.3 DEGREES

IA= 13.39 AMPS AT ANGLE -46.8 DEGREES

IB= 13.39 AMPS AT ANGLE -166.6 DEGREES

IC= 13.39 AMPS AT ANGLE -286.6 DEGREES

List 1. Sample results print out for two reach points on TYS
Dynamic MHO characteristic as found using Taztest.



