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INTRODUCTION

This paper will discuss the differences between modeling a power system using
a high power analog model and a digital model. The analog model will based on the GE
Model Power System (MPS), located at the Malvern, PA, GE Protection and Control
headquarters. The digital implementation discussed will be based on the
Electro-Magnetic Transient Program (EMTP) using the facilities in the GE Schenectady,
NY plant. The current and voltage waveforms produced by the two simulations will be
compared, and the models and test methods will be discussed.

MODELING TECHNIQUES
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 (Figure 1). 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 O 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
ghe MPS is simulated by using an angle between the source voltages of either 30 and 60

egrees.

Electro-Magnetic Transient Program (EMTP)

The Electro-Magnetic Transient Program is a digital simulation of a transmission
system originally developed by the Bonneville Power Administration. It is used by many
utilities for simulation of power systems, both transient and steady state. The EMTP has
the capability to model large portions of a power system. The EMTP is used to generate
current and voltage waveforms which will be seen by the protective relays on the power
system. In recent years, it has been proposed that these waveforms can be applied to
protective relays using digital to analog converters and linear amplifiers. In this paper,
the primary discussion will be in the comparison of the waveforms, rather than the
technique of applying the waveforms to the relays.

POWER SYSTEMS

Two systems will be considered. The first system will be based on one of the
"standard" MPS systems used in development testing of new relays. This system is the
"standard" 112 mile parallel lines without zero sequence mutual impedance with 28 mile
sources (Figure 2). The other system will represent a more complex system with series
compensation. This system will be based on PG&E’s Table Mountain-Tesla line using the
data supplied by PG&E for the MPS testing of the PLS relays which are used on this
system (Figure 3). This system includes series capacitors which are protected by zinc
oxide.

Several different transmission line models, with varying degrees of detail, are
available in the EMTP. For the system of Figure 2, four different EMTP models were
studied. The first was a model of the MPS. This model used four cascaded "T" - sections
for each line. This representation was cumbersome and inefficient in the EMTP, but
allowed a direct comparison of the various modeling concepts. The next simplest model
is a traveling - wave model with fixed resistance and balanced self and mutual
impedance and capacitance values; i.e. a fully transposed representation. This model
represents the positive and zero sequence line parameters but not the coupling between
the sequence components. A more detailed traveling - wave model uses a modal
algorithm allowing representation of an untransposed line’s unbalanced parameters.
This model requires physical, rather than electrical, parameters. These physical
parameters were calculated assuming a typical horizontal conductor configuration,
adjusted to match the MPS parameters. The most detailed EMTP line model represents
both the imbalance of untransposed lines and the frequency dependence of the positive
and zero sequence resistance. This is referred to as the "JMARTI" line model. The
"JMARTI!" model was used for the series compensated system of Figure 3.



TEST CASES

Various fault types and fault locations have been used in this study. The fault
locations are shown on the system diagrams. The fault incidence angle will be varied;
typical initiation angles used will be: 0, 45, 90, and 135 on the faulted phase voltage.
Both potential transformer (PT) and GE Type CD31 coupling capacitor voltage
transformer (CVT) potential sources were modeled. Faults were applied with and without
load. The currents and voltages produced by the analog MPS and the EMTP program
will be compared.

WAVEFORM ANALYSIS

- 112 Mile Line System

As noted previously, four different models of the 112 mile line system were
implemented in the EMTP study. The potential transformer voltages produced by the
various models for a phase A to ground fault at fault location F3 for a 90 degree
incidence angle are shown in Figure 4. it can be seen from these traces that as the
complexity of the model increases, the response of the model to the high frequency
components is enhanced. It can also be seen that all four models produce similar
waveforms after the first quarter cycle of fault duration. Figure 5 shows the same four
voltage traces, but the time scale is expanded to show the differences in the first quarter
cycle of the fault. Figure 6 shows the CVT waveforms for the same conditions as Figure
5. The CVT acts as a filter and substantially reduces the high frequency content of the
voltage applied to the relay. The phase A current waveforms for the four models are
shown in Figure 7 with a composite graph showing all four waveforms on the same axis
in Figure 8. Again the differences are essentially limited to the first quarter cycle of the
fault. The current and voltage waveforms from the MPS are shown superimposed on the
EMTP waveforms in Figure 9. The EMTP and MPS waveforms for a fully offset current are
shown in Figure 10. As was expected, the time constant of the EMTP simulation is longer
than that of the MPS. This is true even though the angle of the MPS line reactors is 88
degrees. The connections necessary to create the line model on the MPS and the
voltage drop across the SCR’s in the fault breaker add resistance to the model line
effectively lowering the line angle and shortening the time constant.

CVT and CT Transients

Because modern solid state relays generally operate in the first cycle after the
fault inception, and because this is the time when all system transients are at their
maximum, the transient behavior of the current and potential transducers is an important
factor in the performance of the relay. During the analysis of the fault waveforms some
differences were noted between the coupling capacitor voltage transformer (CVT)
voltages on the MPS and those calculated by the EMTP model. The transient output of a
CVT depends upon several factors beside the basic CVT design. One of these factors is
the burden connected to the CVT secondary, another is the fault initiation angle. The
secondary voltage waveforms for a GE Type CD31 CVT under test conditions are shown
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in Figure 11 A and B. The burden for Figure 11 A was a test burden "ZT"; the burden for
Figure 11 B was zero ( open circuit ). The burden used in the EMTP model was a

standard burden, "W", which is equal to 12.5 VA at 0.1 power factor. The model used on
the MPS uses a complex burden based on typical relays that may be connected to the

CVT in a substation. The transient waveforms for the EMTP and MPS CVT’s are shown in
Figure 11 C and D.

The EMTP model assumes that the secondary current is an exact replica of the
line currents and does not include the effects of CT saturation. The MPS, on the other
hand, uses actual CT’s and the secondary current waveform can be affected by CT
saturation. The effects of this CT saturation can be seen in Figure 12.

Compensated System

A phase A to ground fault was applied to this system on the line side of the
series capacitor in the upper line ( Fault location F2, in Figure 3 ), and the current and
voltage at the right end of the line were recorded. The system was unioaded, the fault
incidence angle was zero degrees on the phase A voltage, and there was no fault
resistance. Figure 13 shows the phase A potential transformer voltage waveforms for
both the EMTP and the MPS. The shorter time constant of the MPS results in greater
attenuation of the low frequency transients in the voltage.

Figure 14 is a comparison of the PT voltage and the CVT voltage produced by
the EMTP study. It can be clearly seen that errors introduced by the CVT model are
substantial in both magnitude and phase. Figure 15 is similar to Figure 14 except that the
comparison is between the PT and CVT waveforms produced by the MPS. A similar
discrepancy between the waveforms is evident, but the distortion is not as severe as in
the case of the EMTP waveforms. Note that the burdens used in the two simulations are
not the same. It appears that to provide the best modeling of the CVT, the burden should
be similar to that which exists in service to produce the proper voltages to be applied to
the relay.

A comparison of the phase A fault currents in Figure 16 illustrates the variation
in current between the EMTP study and the MPS study. Again the lower time constant of
the MPS results in a reduction of the low frequency current by the end of the fault
duration. ' '

COMPARISON OF METHODS
Modeling Accuracy

The details of an analog and a digital model are of course different. Because of
size and cost considerations, a high power analog model power system is limited in the
number and size of the various power system components that are modeled. Therefore,
a high power analog model, such as the GE MPS, is a type of lumped parameter model
and generally can only represent a small portion of the total power system. A second
analog approach to power system modeling, which was not considered in this paper, is
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the use of a low power analog simulation coupled with high power amplifiers. With this
type of model it is possible to model much more of a power system than with the high
power analog simulation. A digital approach, on the other hand, can easily represent a
large portion of a power system and can make use of a distributed model of the system.
Because of the nature of the analog model, several differences can be noted between
the results of a study on the analog system and a similar study on the EMTP. For
instance, the time constant of the analog MPS is shorter than the EMTP results and will
also be shorter than the actual system time constant. Of course fault or arc resistance in
an actual fault will also reduce the time constant of the dc offset current on the power
system. In general this does not affect the performance of the relays, especially relays
designed with a transactor on the current input, since the transactor acts as a
differentiator and removes the dc component of the current. The MPS is not as flexible as
the EMTP for representing larger systems accurately due to the limited number of
components available. Thus the EMTP can produce wave forms that are closer to those
observed on the system than can the analog MPS. In general this does not negate the
usefulness of the analog system. Load on the MPS is simulated in discrete steps: 0, 30,
or 80 degrees between the source voltages. Therefore the MPS load may not exactly
match the actual load flow on the system but often represents slightly more loading,
generally a more severe condition for the protective relay.

This study has indicated that the errors introduced by the CVT’'s and CT’s may
well be much greater than the differences between modeling techniques. These errors
are dependent upon so many factors that accurate models are not practical. The CVT
transient, for example, is dependent upon the burden connected to the device. It is very
likely that every CVT on a system will have a different complement of relays, and
therefore require a different model for exact modeling. Similarly the performance of the
CT is dependent upon the level of residual flux in the device and this can not be
predicted. Both the EMTP and the MPS can provide some level of simulation of these
factors, but neither will be an exact model of the actual CT. Because the residual flux in a
CT is a function of its history, an analog system is more flexible in this area than the
EMTP model. For example, on the analog system the same fault with dc offset can be
applied repeatedly to evaluate any change in the performance of the relay as the level of
residual flux, and therefore the degree of saturation, increases.

Test Method Differences

In the testing of protective relays, the use of either an analog Model Power
System or a digital simulation such as the EMTP approach, necessitates a different
testing program. The analog MPS operates in "real time"; that is, the fault is applied to
the system, and the relay responds and trips the circuit breaker to remove the fault just
as it would in actual fault conditions. An MPS simulation of a single line to ground fault,
followed by single pole tripping of the circuit breakers is shown in Figure 17. This test
could not be run using an EMTP program since the relay operating times will not be
known in advance of the test sequence. The MPS testing program can be very flexible in
that the type of fault, the location of the fault, or the system conditions can be changed
quickly and the relay response determined. On the other hand, the digital approach
requires that the test cases be run separately before testing the relays. Thus the relays
are not allowed to interact with the power system directly, such as tripping the breaker to
remove the fault. In addition, since all fault conditions must be established in advance;



the testing is not as flexible as on the analog simulation where interactive testing is used
to find the worst case conditions. The use of the EMTP therefore lends itself to the
simulation of specific cases while the analog simulation is more general and lends itself
to a more varied analysis of the relay performance.

Effects of the Amplifiers

This study has concentrated on the modeling of the power system, and not the
hardware needed to complete the tests. However, if the results of a digital study such as
the EMTP are to be used to test protective relays, the output of the digital study must be
converted to analog signals usable by the relay. The design of this interface can have a
significant effect on the signals that are eventually applied to the relay. It can not be
assumed that the amplifiers will apply an exact replica of the EMTP waveforms to the
relay under test; the amplifiers, under some conditions may introduce substantial
distortion into the signals applied to the relay, particularly the current signal. For
example, the amplifiers must be capable of reproducing the dc components of the fully
offset currents without saturating. GE has ordered high power current amplifiers to be
used in a digital simulation as well as to play back actual fault quantities that have been
captured by digital fault recorders.

CONCLUSIONS

This paper has attempted to present information on two dissimilar methods of
modeling power systems for the purpose of evaluating the performance of protective
relays. The voltage and current waveforms produced by the EMTP and analog Model
Power System for several different systems and faults have been examined. Based on
this analysis several conclusions may be drawn.

The EMTP and the MPS produce similar waveforms when the models of the
systems have similar complexity. Both methods will provide current and voltage signals
that can be used to evaluate relay performance. Which method is used may depend
more on what hardware is available than on the desired degree of accuracy of the
model. A high power analog model power system is large and costly, and a utility may
choose not to make such an investment. On the other hand, many utilities already have
an EMTP program. The additional hardware needed to test relays using the EMTP output
is less costly than an analog model power system. However, the current amplifiers must
be suitable for the high instantaneous power required by the high current faults. While
the initial cost of an EMTP based simulator is much less than the initial cost of an analog
simulator, it should be noted that the EMTP based simulator requires many hours of
computer programing to create the case files for the various test conditions. For this
paper a total of less than 50 cases where run on the EMTP. By contrast, a normal week
of testing on the MPS consists of up to 5000 faults for approximately the same cost.

The one area where the models were most dissimilar was the CVT transient
response. This difference can be partially attributed to the different secondary burdens
chosen for the EMTP and MPS, but may also be caused by differences in the models.
This will be an area of future study. The effect of the CVT on the potential wave shape
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appears to be much more significant than the differences in modeling techniques. Any
evaluation of a relays performance must include the effects of the CVT on the potential
signal, but the CVT model must be representative of the actual device. Similarly, the
performance of the relay in the face of CT saturation should be a part of an evaluation
program. This can be accomplished on the analog model with much more ease than
using the EMTP.

The analog MPS is very flexible, permitting rapid testing over a wide range of
parameters, such as load flow, source to line impedance ratio, fault incidence angle,
etc. Many cases can be run in a short time period thus allowing the number of faults
applied to the relays to be orders of magnitude higher than with a digital system. This
permits the user of an analog MPS to find the worst case fault conditions by monitoring
the relay response as the parameters are varied. The digital approach has the advantage
of being capable of modeling the power system with greater accuracy than the analog
MPS and is also can model a much larger portion of the power system than the analog
MPS. The EMTP provides an ideal means of duplicating the effects of an isolated
instance that may have resuited in questionable performance of a relaying scheme.

The choice of a digital model or an analog model may also be influenced by the reason

that the testing is being performed. A manufacturer performing development tests on a
new relay may prefer the flexibility and speed of the analog MPS in order to subject the

relay to as many different operating conditions as possible. A utility, on the other hand
may wish to use a set of standard tests to audit the performance of the relays as they are
purchased, or as a means to compare the performance of several relays under the same
fault conditions. This testing would most likely encompass fewer tests, and would

therefore be suitable to the use of a digital model.
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APPENDIX I
MPS Transmission Line
The MPS line modules are based on a 500 KV line having the
following constants:

PT Ratio 500,000:115
CT Ratio 2000:5

Z1 = 0.58 ohms/mile
Z0 = 1.79 ohms/mile
XCl = 0.1340 Meg ohms/mile
XCO0 = 0.2021 Meg ohms/mile

SYSTEM #1
"Standard® 112 Mile Line

Secondary Impedances: ( Each MPS module is 1.5 N secondary )

21 20 p.(ox XC0
Left Source 1.5 / 88° 1.5 / 88"
Protected Line 6.0 / 88° 18.5 /£ 76° 110 166
Parallel Line 6.0 / 88° 18.5 / 76° 110 166
Right Source i.5 / 88" 1.5 / 88°
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