[EEE Transactions on Power Delivery, Vol. 7, No. 3, July 1992

1097

DYNA-TEST Simulator for Relay Testing
Part II: Performance Evaluation *

M. Kezunovié, A. Abur, Lj. Kojovié
V. Skendzié, H. Singh
Texas A&M University

Abstract - This paper illustrates evaluation steps under-
taken in the analysis of the DYNA-TEST Simulator perfor-
mance. The evaluation assumes comparison of the simulator
output waveforms obtained using simulated data with the ref-
erence waveforms obtained through recording of an actual fault
event. Tests are done using specific utility data. Particular
attention is given to the system and insirument transformer
modeling as well as to the D/A signal reconstruction subsys-
tem characteristics.

Keywords: Power system modeling, EMTP, CT, and
CVT modeling, relay testing.

INTRODUCTION

DYNA-TEST Simulator is a new digital design of an equip-
ment for protection relay testing [1]. It is a low cost solution
that can be used by the utilities for their laboratory and/or
field tests. The simulator enables dynamic tests for protection
relays. This is a preferable test approach in the cases when an
elaborate evaluation of a relay design is needed [2].

DYNA-TEST Simulator provides test signals from two
sources: simulation program and recorded fault data. Simu-
lations are done using the Electromagnetic Transient Program
(EMTP), while the fault signals are obtained from Digital Fault
Recorders (DFR). These test signals are pre-processed and used
by the simulator controller for protection relay testing.

This paper gives results of an evaluation procedure used to
illustrate performance characteristics of the DYNA-TEST Sim-
ulator. Data pertaining to the source of test signals is taken
from Houston Lighting & Power (HL&P) Company, and rep-
resents an actual power system fault condition. The simulator
hardware performance evaluation data is taken from the simu-
lator design itself and represents specific features of the design.

The first part of the paper is related to the description of the
HL&P system modeling approach. The second part gives the
comparison of simulated and recorded fault waveforms. The
last part of the paper illustrates the performance of the D/A
conversion subsystem used for the test signal reconstruction.

HL&P SYSTEM MODEL

The objective of this example is to verify models used in
EMTP simulation and demonstrate the accuracy of the test
signals obtained using EMTP. In order to do that, the simu-
lated signals will be compared with the actual recordings from
a Digital Fault Recorder (DFR) for a single-line to ground fault
in HL&P’s 345 kV system.
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Figure 1. One-line Diagram of the Reduced HL&P System

The 345 kV system is represented by a reduced equivalent
system containing 6 buses only. All 345 kV lines that originate
from the buses NBELT and KING are represented in detail.
The rest of the system is replaced by a 60 Hz short-circuit
equivalent. The transmission lines in the study system are
modeled either as a FD or CP line, depending on their relative
importance, as given in Appendix I. The same Appendix also
provides additional modeling data for the lines.

The line section of interest runs from NBELT to KING
substation, as shown in Figure 1. A single-phase to ground
fault occurred at the NBELT substation. The DFR located at
}(ING recorded all phase voltages and line currents during this
ault.

INSTRUMENT TRANSFORMER (IT) MODELS

In order to investigate the IT influence on secondary sig-
nal distortion, the CTs, PTs and CVTs located at substation
KING have been modeled. The following discussion gives the
methodology for model validation. The models adopted are
further verified by comparing the recorded and simulated wave-
forms. This is given in the next section.

CT Model Validation. The CT has been modeled as given
in the accompanying paper [1] using the TRANSFORMER
model in EMTP. Flux-I characteristic has been calculated from
the V-I characteristic using the auxiliary program CONVERT.

In order to validate the EMTP CT model, a CT model
based on an analytical approach has been used as a reference
[3]. In order to get the same fault current waveform as de-
scribed by the analytical equation given in (3], the power sys-
tem model shown in Figure 2 has been used.

Different burdens have been used to investigate the CT be-
havior. According to the ANSI/IEEE standards, the following
burdens have been selected: 8(Q, 78, and B-8 (4 + 76.93Q).
The simulation results for the analytical and the EMTP CT
model (CT ratio 1200/5 A, burden B-8) are given in Figure 3.a
and Figure 3.b respectively. As can be observed, the EMTP CT
model response is quite close to the analytical model response
which demonstrates the validity of the EMTP CT model.

Since the EMTP CT model becomes a part of the com-
plete system model during event simulation, the CT transient
response is available simultaneously. This makes the model
highly suitable for implementation in the DYNA-TEST Simu-
lator.
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Figure 2. Power System Configuration used for
CT Saturation Evaluation
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Figure 3.b. CT Transient Response for the
EMTP Model (burden B-8)
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Figure 5. Influence of SDT Primary Winding Stray
Capacitance on CVT Frequency Response

PT and CVT Model Validations. The PT has also been
modeled using the TRANSFORMER model. The validity of
this approach has already been demonstrated in the EMTP
documentation.

The CVT has been modeled by including a ferroresonance
suppression circuit representing -the one used in the actual
CVT. The step-down transformer(SDT) has been modeled in
the same way as the PT. The CVT data was not requested from
the vendor; instead, most of the parameters were measured
from an actual CVT that was provided to TAMU by HL&P.
Some of the parameters were taken from the CVT documen-
tation. By analyzing the CVT design and using the measured
CVT parameters, the CVT model given in the accompanying
paper is obtained [1].

In order to investigate the influence of CVT parameters
on its frequency response, a parameter sensitivity analysis was
performed. The analysis included the following parameters:
coupling capacitor, stray capacitances and SDT iron loss resis-
tance. The most interesting results are enumerated below.

The compensating inductor stray capacitance has signifi-
cant influence in the higher frequency range, as shown in Figure
4. The SDT primary winding stray capacitance also has some
influence in the higher frequency range, as shown in Figure 5.
The other parameters that were analyzed show an expected be-
haviour. As a result, the model given in Figure 6 was adopted.

Comparison of the frequency response of the actual CVT
with the frequency response of the EMTP CVT model is the
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Figure 7. Frequency Response of a Real CVT
vs. EMTP CVT model

basis for model validation. Using EMTP, the CVT frequency
response has been obtained for both, the actual and the equiva-
lent coupling capacitor(CC) representations in the CVT model.
The results obtained show that there is no difference between
them; therfore, the equivalent CC model may be used for the
CVT transient response analysis.

The frequency response of the equivalent CC circuit of the.
CVT model was also measured. The tests were done using a
100V sinusoidal signal in the 10 Hz to 5kHz frequency range
with a resistive burden of 110 Q. The results of the measured
frequency response of the CVT compared to that obtained from
EMTP are shown in Figure 7. It can be noticed that thereis a
good correlation between the measured and calculated values.
The small difference between them exists due to the high-Q
ferroresonant suppression circuit, which provides high attenu-
ation at frequencies under and above the fundamental. This
is due to the use of a specially designed inductor in the actual
CVT. In order to simplify the modeling, the ferroresonance
suppression circuit in the EMTP CVT model is represented as
shown in Figure 6.

In order to verify that the difference seen in Figure 7 ex-
ists only due to the special design of the actual ferroresonant
suppression circuit, two test cases have been analyzed. One
is a comparison of the frequency response for the actual and
adopted ferroresonant supression circuit. The other is a com-
parison of the frequency response for the actual CVT and the
EMTP CVT model, both without the ferroresonant suppres-
sion circuit.

Figure 8 shows the difference in the frequency response be-
tween the actual and the adopted ferroresonant suppression cir-
cuit. Figure 9 shows the small difference between the frequency
response of the actual CVT and the EMTP CVT model. The
results verify the conclusion given earlier.
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Figure 9. Frequency Response of Real vs. Modeled CVT
without Ferroresonance Suppression Circuit

COMPARISON OF RECORDED
AND SIMULATED SIGNALS

Recorded signals. The records obtained from the DFR at

KING contain three phase voltages recorded at the CVTs and
corresponding line currents recorded at the CTs. An addi-
tional bus PT is installed in phase A to monitor high fre-
quency transients. Coincidentally, the fault occurred on the
same phase, providing valuable information about the actual
fault transients.
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Figure 10.b. Voltage Waveforms Simulated at the
CVT Secondaries

The DFR used a sampling rate of 6 kHz to store data. This
limits the highest frequency in the recorded signal to less than
3 kHz (Nyquist’s criterion). Therefore, the DFR’s ability to
accurately record high frequency transients was impaired.

Simulated signals. Phase voltages at KING and line cur-
rents from KING to NBELT are simulated for a single-line to
ground fault located on phase A at NBELT. These signals are
computed at the HV system level as well as at the secondaries
of the PTs, CTs and CVTs installed at sub station KING.

Comparison. In order to facilitate the comparison of
recorded and simulated waveforms, all signals from the IT sec-
ondary side have been scaled to the primary side.

Figure 10.a shows the voltages recorded from the CVTs.
In order to obtain corresponding simulated waveforms, a com-
plete model of the HL&P study system, including the devel-
oped CVT model, was used. The simulation results are given in
Figure 10.b. The comparison shows a good agreement between
the recorded and simulated waveforms.

In order to validate the accuracy of the system model, the
recording of the faulted-phase voltage transient at the bus PT
(shown in Figure 11.a) is compared to the voltage transient

generated at the PT secondaries by the EMTP simulation.
The waveforms generally match, although some difference is
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Figure 11.a. Faulted-phase Voltage Waveform
Recorded at PT Secondary
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Figure 11.b. Faulted-phase Voltage Waveform
Simulated at PT Secondary

observed in their transient part.

In order to further investigate this difference, a frequency
analysis of the post-fault part of the waveform is performed for
both recorded and simulated signals, as shown in Figures 12.a
and 12.b respectively. The analysis shows virtually identical
energy contents at all frequencies up to 1 kHz. The main dif-
ference is in the 1.2 kHz discrete component amplitude showing
~12 dB mismatch. The higher frequency peaks contained in
the simulation output can not be verified against the recording
since the frequency is higher than the 3kHz limit of the DFR.
However, the component amplitudes in the 1.5 to 3 kHz range
(in Figure 12.a) are consistent with the high frequency energy
rise that is likely to occur due to aliasing introduced in the
recording process.

The recorded and simulated current signals are shown in
Figures 13.a and 13.b respectively. The unbalanced phase rela-
tionship between the three phases during post-fault conditions
can be easily seen from both types of signals. The simulated
faulted-phase current does not have as large a D.C. offset as
seen in the recorded signal. However, the peak to peak magni-
tude is nearly the same in both cases. The current spike seen
in the recorded signals at the fault instant is actually a feed-
through signal generated by capacitive coupling between the
voltage and current signals in front of the DFR.
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HARDWARE PERFORMANCE EVALUATION

D/A Converter Interface

The main question concerning the performance of hard-
ware is: how good is the existing D/A converter interface in
terms of the reconstructed waveform precision. The computer
is equipped with an 8 channel D/A converter board [4f In
order to measure its performance, a precision sine-wave signal
was constructed with the sampled values stored in the data
file. The signal was then replayed by the built-in D/A convert-
ers, and analyzed with a low frequency FFT-based spectrum
analyzer. Measurement setup is shown in Figure 14.

Three sets of parameters were measured: total harmonic
distortion level, noise floor, and intermodulation distortion.

Total Harmonic Distortion Level (THD). THD measure-
ments where performed at two different sampling frequencies.
Two different data files were used. The first file contained
one frequency component with f = f,/16. The second file,
intended for intermodulation distortion measurements, con-
tained two frequency components with f = f,/3.20855, and
f = f,/2.6666. Signal frequencies were chosen to be non in-
teger multiples of f,. RMS averaging of 32 data records in
frequency domain was done to eliminate the influence of fre-
quency analyzer resolution on measurement precision.

The expected THD can be estimated from the equations
valid for the ideal A/D and D/A converters. It is a function of
the tested converter resolution {5]:

Dynamic Range =6-N +1.2 [dB) (1)
For an ideal 12 bit D/A converter the dynamic range should

be equal to:
6-12+12=732dB (2)

This is valid only for the harmonically related distortion
components. Measured values (THD ~ —81.5 dB) in Tables
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Table II - Harmonic Distortion Level (f, = 30kHz)

FREQUENCY LEVEL

fo= 1.875 KHz 0 dB
2*fo -83.49 dB
3*fo -80.74 dB

THD= -81.49 dB
Noise Floor= -90.49

Table I1I - Harmonic Distortion Level (f, = 16kHz)

FREQUENCY LEVEL

fo= 1 kHz 0 dB
2%fo -84.48 dB
3*fo -84.92 dB

THD= -81.75 dB
Noise Floor= -90.84 dB

IT and III clearly show that the actual D/A converter linearity
highly supersedes the minimal requirement (—73.2 dB). This
performance is quite acceptable for the simulator.

Other error sources, such as sampling clock jitter or output
stage additive noise, add mainly to the system noise floor. In
addition, sampling clock jitter also contributes to the harmonic
distortion level such that the level of distortion increases pro-
portionally with the increase of input signal frequency and/or
amplitude. In most of the practical cases the stability of the
sampling clock is sufficient to keep all the unwanted effects
below the physical D/A converter resolution.

Noise Floor. In order to check the D/A system behavior,
the overall noise floor was measured. The expected values
should be lower than the values predicted by equation (1).
This is becuse the FFT-based spectrum analyzer used in the
measurements performs the averaging of the input waveform.
The measured value thus depends on the record length (1024
points) and the choice of the windowing function. Accordin
to {5], the signal-to-noise ratio (SNR) of the ideal A/D (D/A)
converter measured using the FFT is:

10 - log,(3 - M - 22Ny
ENBW . r

snr(ideal) =

(¢B] 3)
Where:

M - Total record length

ENBW - Effective Noise Bandwidth for the used window

N - Physical resolution of the conversion system

Since the two-term Hanning window was used in the mea-
surements, ENBW is equal to 1.5 [6]. The expected noise floor
is 100.38 dB as calculated according to equation (3). The mea-
sured values are slightly higher (= 90 dB) due to the resolution
limits of the spectrum analyzer , but clearly show the well be-
haved nature of the measured D/A converter. Measurement
results are appended to Tables II and III.

Intermodulation Distortion. The intermodulation distor-
tion test results are shown in Table IV. The test is performed
by generating two sinusoidal signals close to the high frequency
end of the frequency range and measuring their product com-
ponent at f, = fo — fi.

As can be seen from the results, the expected spurious com-
ponent is well suppressed (=~ 63 dB), although still higher than
the ideal 73.2 dB limit. This can be attributed to the fact that
no deglitcher is used in the circuit and that the actual inter-
modulation level of the used signal analyzer is not specified.

Table IV - Intermodulation Distortion Level

SAMPLING FREQUENCY SIGNAL FREQUENCY LEVEL
f‘= 30 kHz 9.350 kH:z 0 dB
11.250 kHz -0.2 dB

(I.M. product) 1.900 kHz -62 dB

fs= 16 kHz 4.986 kHz 0 dB
6.000 kHz -0.6 dB

(I.M. product) 1.014 kHz -63 dB

Since the probability of occurrence of large-amplitude high fre-
quency components in a typical power system transient signal
is fairly small, this distortion is sufficiently low and can be
disregarded.

The distortion levels measured show that the tested system
possesses sufficient linearity without the use of special deglitch-
ing [5] circuitry. This enables complete elimination of this cir-
cuitry from the designed reconstruction system.

Overall Accuracy Evaluation

It is obvious that the overall accuracy of the waveform re-
construction system is a function of individual precision of all
components in the signal processing chain. The main compo-
nents of the chain are: D/A converter, timing generator, input
buffer, low pass reconstruction filter, output buffer, and power
amplifier. Since all of the components involved (except for the
power amplifiers) perform low-level analog signal processing, it
is realistic to expect a high precision of the output waveform.
Furthermore, waveform precision was set up as the main goal
in the actual circuit design, requiring that no single component
should introduce an error greater than 1 LSB (Least Significant
Bit) of the used 12-bit D/A converter. The overall precision
is expected to be in the range of 11 Effective Bits (0.05%) at
the power amplifier input, regardless of the actual signal level
since additional gain switching is built into the design. The
overall accuracy at the power amplifier output drops signifi-
cantly due to the inability of high power devices to provide
such a precision. This is especially true in the case of cur-
rent (transconductance) amplifiers due to the inherent power
supply and feedback circuitry design problems. The detailed
testing of power amplifiers is therefore of utmost importance
in order to predict the actual reconstructed waveform precision
for a given application.

CONCLUSION

Evaluation results presented in this paper illustrate the sat-
isfactory performance characteristics of the DYNA-TEST Sim-
ulator. The following conclusions can be drawn:

- Methodology used for power system modeling and fault
simulation in the HL&P case is valid for any future power
system modeling and fault simulation cases.

- Methodology used for IT modeling is quite powerful and
enables modeling of any other type of IT that may be
required in the future.

Controller hardware system used in the Simulator design
provides accuracy required for the Simulator analog signal
reconstruction system.
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APPENDIX I

The transmission lines in the study system are modeled
as listed in Table I.1. The line parameters for the CP line
models are given in Table 1.2. The data for the FD line models
and the tower geometry are given in Table 1.3 and Figure 1.1
respectively.

Table I.1. Transmission Line Models Used

Transmission Line || Type of Line Model

KING - NBELT FD Line

KING - TMBAL CP Line
KING - CDBAY FD Line
KING - GRBAY CP Line
NBELT - CDBAY FD Line
NBELT - WHART CP Line

Table I.2. CP Line Model Parameters

Tine Lesgh | Ry | wly | WGy | By | wli | MwC;
Designation miles) | Q / mi | Q / mi{ s mho/mi | Q / mi | / mi | 4 mho/mi

KING - TMBAL 3546 | 033 | 1719 4.047 0.0346 | 0.5636 7.271
KING - GRBAY 7.53 0.36 | 1.617 4.541 0.0537 | 0.5738 6.895
NBELT - WHART || 10.04 | 038 [ 1.733 4.325 0.0557 | 0.5690 6.423

TOWER GEOMETRY |
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Figure I.1. Tower Geometry
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Table 1.3. Data for FD Line Models

Conductor Max. Outside A.C.
Type Diameter Resistance

(inches) (©/mi)
Ground

3/8” Steel Static 0.36 7.565
Phase

927 ACAR ALCOA 1.108 0.1193

Earth Resistivity = 30 {0 meter.
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