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DESIGN AND APPLICATION
OF A TABLE-TOP EMTP TEST SYSTEM

INTRODUCTION

Conventional relay testing as offered by manufacturers of past relays consisted of observing
relay responses to standard test signals. These relay test configurations may differ substan-
tially from the actual field application. Relay testing using EMTP generated signals offers
many advantages over conventional static or even dynamic testing. One significant advantage
is the elimination of spurious transients when switching from the pre-fault to fault condition.
The transients generated result from power system fault transient. Another advantage is that
the relay can be tested for conditions very similar to those for which it will be expected to
operate. ‘

The following discussion describes a PC-based EMTP testing system currently used by
Schweitzer Engineering Laboratories, Inc. to test SEL microprocessor-based relays. This
system is examined from two perspectives: the data manipulation necessary to transform a PC
EMTP transient data file to a binary format suitable for analog signal generation, and the hard-
ware required to generate twelve synchronized analog signals.

The example included illustrates the improved relay testing by duplicating a test precisely and
efficiently. The example also demonstrates relay performance documentation features.

SYSTEM OPERATION - OVERVIEW

The system for testing relays with EMTP generated analog signals this paper presents requires
two different processes: creating data records which contain the test data and using this data
to generate the analog signals. As shown in Figure 1, these two processes require three steps.
The first process involves generating and converting data; the second process uses the data.

The first step includes creating a transient data file with the power system transient program
from the PC EMTP source file. Ideally, this source file models a representative power system
where a relay may be applied. The transient data file contains floating point values which
represent voltages and currents measured on the power system at specific fixed intervals of
time.
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Figure 1: Relay Signal Generating Process

The transient file created by the PC EMTP is an ASCII text file and also contains channel
name assignments and step intervals. The next step in the first process creates a new file con-
taining 16 bit integer values converted from the floating point values in the PC EMTP text
file. The conversion from floating point to integer values also accounts for PT or CT ratios,
the digital to analog conversion gains in the signal generator electronics, and the analog to
digital conversion gains in the relay or unit under test.

The initial step is repeated numerous times to build a set of test files. The last process utilizes
the final step in Figure 1 to make a comprehensive relay test. The relay testing program loads
the binary transient data file into special hardware and controls the execution of an auxiliary
processor which generates the analog signal in real time. As the relay is tested with the set of
transient data files, the program generates a performance report file which records relay
operating times for each test.

This overview provides a global picture of how the hardware and software work to create
analog signals for testing relays. The following sections provide detailed descriptions of the
concepts used in each process. Since the hardware requires data organized in a specific
format, electronics will be discussed first. After analyzing the necessary data format, the
software conversion requirements are logical.
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Figure 2: Block Diagram of PC with Analog Relay Testing Hardware

The unique hardware in this system has two interconnected units which interface to the MS
DOS PC via 8 bit data bus expansion slots as shown in Figure 2. A commercially manufac-
tured processor unit which utilizes the AT&T DSP32 digital signal processor provides indepen-
dent memory and CPU resources necessary for precision high speed I/O timing. Figure 3,
which shows a simplified block diagram of the processor, reveals 32K x 32 bits of memory
used for both program and data. This memory is not associated with the host computer. The
processor unit communicates with the PC via the 8 bit parallel I/O port and the DAC (Digital
to Analog Converter) unit via the Serial I/O port.
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Figure 3: DSP32 Processor Unit Block Diagram

Figure 4, a block diagram of the DAC unit, shows the serial interface in more detail. The
DAC unit contains twelve 16 bit serial audio digital to analog converter integrated circuits.
These circuits provide the 10 volt peak to peak analog output signals. The rate of serial data
transmission to and from the processor unit is determined by the state time generator on the
DAC unit via the "CLK" line. The "SY" (processor synchronization) control signal tells the
DSP32 when to start transmission of the next serial word. The "OSE" (output shift register
empty) indication from the processor board signals the DAC unit when the last bit of the serial
word has been transmitted.

Data is directed to the proper output channel by sending the data to all channels while only the
selected channel receives clock pulses. This allows the input shift register in the audio DAC
integrated circuits to provide the first level of data buffering. No data is transferred from the
input shift register to the DAC output latch until the common load signal is simultaneously sent
to all channels. Thus, the analog outputs change level only once for every twelve channels of
data sent to the DAC unit. Synchronizing update in the analog output signals maintains proper
signal phase relationships between channels.
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Figure 4: DAC Unit Block Diagram

Serial data transmitted from the DSP32 processor unit contains 32 bits of information for each
channel update. Figure 5 illustrates the data structure of this 32 bit data word. Twelve words
must be transmitted to update all twelve channels. The load bit, bit 4, is set in the word for
the last channel data word. The sixteen most significant bits contain data for analog output,
while the first, or least significant bits contain the channel address. Channel address equal to
zero is a special case which allows all twelve analog outputs to receive the data. This allows
all analog channels to be set to one value by sending only one 32 bit data word instead of
twelve.
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Figure 5: Serial Data Format

The logic in the DAC unit delays the action of the LATCH bit until the entire data word has
been shifted into the channel input shift register. The load bit is enabled during the first bit of
the next word. Also, the D to A integrated circuit requires seventeen clock pulses to load 16
data bits into the channel input shift register. Clock pulses to the selected analog channel
continue through the first clock pulse of the next 32 bit data word.

The DSP32 unit is responsible for assembling 16 bits of analog data, 4 bits of channel data,
and the load bit into the single 32 bit serial data word. The memory capabilities of the DSP32
unit allow 330 milliseconds of transient data to be stored in RAM. Figure 6 illustrates that
analog data is stored in the DSP32 memory with all channels for a given instant of time and
grouped consecutively. The 32 bit data word is organized in the required format by adding the
channel value and either a 1 or 0 load bit. Channel numbers are not stored, but computed
from the position in memory. Therefore, it is important that data stored in the DSP32
memory be organized in the proper order during loading by the host computer.
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Figure 6: Analog Data Memory Organization

The data stored in the DSP32 unit provides for pre-transient, transient, and post-transient
signal generation without loading additional data from the host computer memory. Figure 6
demonstrates that the first cycle is repeated as long as necessary to eliminate initialization
transients for both the relay and the analog signal generator. Therefore, it is necessary to
program the PC EMTP to generate a transient record with at least one 60 Hz cycle of data
before initiating operations which create the power system transients. Similarly, the last cycle
of transient data is repeated to generate the post-transient signal. Again, the user must be sure
the transient data record is long enough to guarantee that all significant power system
transients have decayed. This ensures that the last cycle represents post-fault steady state
signals. Figure 7 is an example of a single analog channel output. If the DC offset had an
exponential decay rate of sufficient length, it is possible that the last cycle might not be
reasonably symmetrical about the zero axis. This emphasizes the requirement for a transient
data record long enough to permit the lower frequency transients to dissipate.

When the DSP32 processor receives the command to terminate the pre-fault steady state loop
and output the entire transient data record, the host processor also initiates the relay timing.
When the relay operates, the time recorded includes the fault time delay. This delay is the
time interval between the starting data and the time the fault is initiated as programmed in the
PC EMTP.
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Figure 7: Output Data Control

The hardware described in this section can simultaneously generate twelve analog signals
similar to the one in Figure 7. The maximum simulation length time of 330 milliseconds is
dictated by the processor model and the amount of data RAM available. A newer version of
the AT&T digital signal processor, the DSP32C, runs faster and can address more memory.
Utilizing a DSP32 unit based on this processor would allow longer transients and/or higher
frequency transient simulations.

PC EMTP TEST SETUP

Schweitzer Engineering Laboratories, Inc. has used the PC EMTP test system for over one
year. Figure 8 shows the test setup originally used. The main computer contains all programs
required to generate, convert, and output the test data as analog signals to the relay. It also
monitors relay contact closures and saves the closure time in a record file for test documenta-
tion.

The setup initially used a digital oscilloscope to record the test waveforms for signal verifi-
cation documentation; it is no longer part of the test setup. The relay interface is through a
WYSE terminal with RS-232-C capability. A circuit breaker simulator is also connected to the
relay, providing a 52A contact input during testing. The relay being tested is an SEL-121F
relay.
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Figure 8: PC EMTP Test Configuration

PC EMTP test data is generated using a radial line model as shown in Figure 9. This test case
is for an A-phase to ground fault at 50% of the Zone 1 reach with SIR = 0.1. Figure 10
shows the plotted test data waveforms for the voltages and currents at the relay location.
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Figure 9: PC EMTP Radial Line Test Model
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Figure 10: PC EMTP Test Waveforms

EMTP DATA CONVERSION PROGRAM

The EMTP Data Conversion Program converts the results generated by the EMTP Transient
Analysis Program into a binary form used by the EMTP Output Program.

The program scans the designated directory for all files with a dat extension and lists them for
selection.  After selection, the program displays the menu shown in Figure 11, allowing the
user to change the output file name. If no change is made, the output file name matches the
input file with the exception of the bin extension. The conversion program then scans the
input data file and lists the channel maximums along with default conversion settings,
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Input file name: D:\PC-EMTP\ASA1.DAT
output file name: D:\PC-EMTP\ASAT.BIN

Press: <ESC> to select different source file
<ENTER> for default or enter new name

Figure 11: Conversion Program File Selection

e

P

The EMTP Data Conversion Program must receive the proper configuration before converting
an EMTP data file. Figure 12 shows an example of the EMTP Conversion Program screen
display. The Num, Inst. Ratio, and Gain columns are user defined; the remaining columns
show information taken from the EMTP data file.

The Num column represents the data channel path to the SEL-121F relay. Figure 13 shows
the relationship between EMTP output program channels and SEL-121F relay input channels.
The Inst. Ratio column represents the PT ratio for voltage channels and CT ratio for current
channels. The PT and CT values correspond to the ratios set in the SEL-121F relay. The
Gain column is set at 0.02 to match the input ratio gain of the SEL-121F relay.

DATA CONVERSION FOR D:\PC-EMTP\ASA1.BIN

Nun | Mame | T | Channel Max | Type Max | Inst. Ratio | Gain
3 N1A| V 188120.000 212310.000 2000.000 2.00e-02
2 NiB| V 202740.000 212310.000 2000.000 2.00e-02
1 NiC| Vv 212310.000 212310.000 2000.000 2.00e-02
4 NIC| I 176.120 6272900 200.000 2.00e-02
5 NiB| 1 227.110 62727900 200.000 2.00e-02
é N1A} I

——

6272.900 6272.900 200.000 2.00e-02

Position cursor with KEY PAD or press <ENTER> to modify
Press <ESC> when complete

Figure 12: Conversion Program Configuration Menu
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Figure 13: Channel correspondence between EMTP output program and SEL-121F relay

EMTP OUTPUT PROGRAM

The EMTP Output Program transmits the EMTP Transient Analysis data files after conversion
by the EMTP Conversion Program. This transmitted signal (properly configured and
converted) simulates the EMTP Transient Analysis Program output.

The EMTP OQutput Program must receive user defined values for each EMTP data file to be i
transmitted to the SEL-121F relay. Figure 13 shows an example EMTP Output Program
screen display. All columns of the EMTP Output Program are user defined.

PC-EMTP OUTPUT PROGRAM
IDAHO POWER COD., BOISE, ID 83707

MODEL Serial Number
SEL-121F 63016
TEST FILE NAME CYCLES PRE TIME POST TIME IDLE TIME
1 ASA1T.BIN 10 2500 100 0
2 A9AT.BIN 10 2500 100 0
3 B5A1.8IN 10 2500 100 0
4 BOA1.BIN 10 2500 100 0
5 0 0 0 0]
6 0 0 0 0
7 0 0 0 0
8 0 ¢ 0 0
9 0 0 0 0
10 0 0 0 0

Press ESC to initiate tests
Use cursor controls to set fields

Figure 14: Output Program Test Configuration Menu
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The model and serial number columns are used in the output file for relay identification. The
file name identifies the EMTP Output Program’s test file. Cycles is the number of consecutive
times that the test will be output to the SEL-121F relay. Pre, Post, and Idle Times control the
length of the test. Pre Time is the number of milliseconds the first cycle of EMTP Transient
Analysis Program data is consecutively repeated, simulating pre-fault conditions. At the end
of the Pre Time period the complete EMTP Transient Analysis Program data is transmitted,
simulating the fault. The EMTP Output Program then consecutively repeats the last cycle of
EMTP Transient Analysis Program data for the Post Time. Once the Post Time is completed
the EMTP Output Program zeros all channels for the Idle Time before cycling into the next
test. A zero in any time column will bypass that portion of the test transmission. A negative
one in any time column initiates manual control of transmission. The EMTP Output Program
will cycle at that stage until a keystroke from the user.

The user presses the ESC key to begin the test sequence. The program executes the con-

figured test, recording the test information and any sensed relay operations in a record file.
Figure 15 shows an example record file.
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Job #1 Model: SEL-121F  Serial Number: 63016 Date:8/16/1990
PC-EMTP DATA FILE -~ A5A1 13:52:18 9/12/198¢9
Sample Rate: 12000.047852 Run Time: 0.10000

Voltage Max: 212310.000000 Current Max: 6272.899902

Channel Channel Channel Channel Scale Gain

Number Name Type Max Factor Constant
1 N1C v 212310.0000 2000.0000 0.0200
2 N1B v 202740.0000 2000.0000 0.0200
3 NTA v 188120.0000 2000.0000 0.0200
4 N1C I 176.1200 200.0000 0.0200
5 N1B 1 227.1100 200.0000 0.0200
6 N1A I 6272.8999 200.0000 0.0200

Relay Response:

Test Number Relay Operated Operate Time (ms.)

1 #1 70
'''' 2 x1 e 7
""" s e e T
""" P
""" P ;‘
""" s 1 e T L
""" 7w TR T
""" s #1 a7
""" o wa T
. g1 2

Figure 15: Record File Created by the Output Program During Test

The record file contains pertinent test information including the PC EMTP data file name,
sampling rate, and run time. The file also includes the settings used in the conversion
program as well as any relay operations sensed during the test run and its time of operation.
The recorded time for any sensed relay operation also contains the time from the start of the
PC EMTP study until the fault occurs. To calculate the actual relay operating time, subtract
this delay from the time shown in the record file.

For example, the record file in Figure 15 shows that during test #1, a relay operation was

sensed at 70 milliseconds. Using the PC EMTP source file, the actual fault time is 50
milliseconds. Therefore, the relay operating time is 70 - 50, or 20 milliseconds.
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Figure 16: Output Program Waveform for VA & IA from PC EMTP data (see Figure 17)

To show the testing accuracy of this system simulation of PC EMTP data, Figure 16 shows an
oscillographic trace of the A-phase voltage and current at the input to the SEL-121F relay.
The waveforms in Figure 17 are those of the A-phase voltage and current plotted directly from
the PC EMTP data file used for the test. This comparison shows that the simulation of PC
EMTP generated data is very good and that this test system is as accurate as the PC EMTP
model.
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Figure 17: PC EMTP VA & IA Waveform for an AG Fault @ 50% of Zone 1, SIR=0.1

DATA SOURCES

The example used in this paper generated its data from a PC EMTP study. Although the
programs and hardware that run the test system were designed assuming only this source of
data files, any data file that meets the specifications below can be output using this test system.

DATA FILE SPECIFICATIONS

1. The file must be an ASCII text file.

2. The file must start with a header row of labels for the report columns. The first column
must be TIME, while the remaining columns contain voltage or current data labels of the
form NAMEf(space]V or NAME[space]l. NAME is limited to six alphanumeric charac-
ters. All columns must be separated by at least one blank space.

3. Time and data points must be in exponential format.

16
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4, The sampling period between must be 13.88889 usec per channel, so for six channels of
output the sampling period is 83.3333 usec. If this timing is not met, the simulated signal
will not be accurate.

5. The total time length of the data file cannot be more than 330 milliseconds for twelve
channel output. For six channels the time limit is 660 milliseconds.

Figure 18 shows the top portion of a PC EMTP data file.

Time N1A v N1B v N1C v NiC I N1B I NiA I
0.0000E+00 1.8795E+05 -9.3993E+04 -9.3961E+04 -4.6462E+01 4.6332E+01 1.8550E-02
8.3333E-05 1.8699E+05 -8.8433E+04 -9.8556E+04 -4.7868E+01 4.5254E+01 2.5802E+00
1.6667E-04 1.8736E+05 -8.3509E+04 -1.0385E+05 -4.9830E+01 4.3810E+01 6.1476E+00
2.5000E-04 1.8695E+05 -7.8211E+04 -1.0874E+05 -5.0274E+01 4.3916E+01 6.4340E+00
3.3333E-04 1.8551E+05 -7.2442E+04 -1.1307E+05 -5.2504E+01 4.2507£+01 1.0190E+01
4.16676-04 1.8513E+05 ~6.7196E+04 -1.1793E+05 -5.5716E+01 4.0507E+01 1.5557E+01
5.0000E-04 1.8481E+05 -6.1987E+04 -1.2282E+05 -5.6252E+01 4.1025E+01 1.5557E+01
5.8333E-04 1.8308E+05 ~5.6132E+04 -1.2695E+05 -5.6376E+01 4.1877€+01 1.4802E+01
6.6667E-04 1.8178E+05 -5.0519E+04 -1.3126E+05 -5.7609E+01 4.1784E+01 1.6174E+01
7.5000E~04 1.8134E+05 -4.5323E+04 -1.3601E+05 -5.5963E+01 4.4169E+01 1.2005E+01
8.3333E-04 1.7953E+05 -3.9511E+04 -1.4001E+05 -5.1637E+01 4.8524E+01 3.0363E+00
9.1667E-04 1.7694E+05 -3.3390E+04 -1.4355E+05 -4.8885E+01 5.1066E+01 -2.4180E+00
1.0000E-03 1.7531E+05 -2.7773E+04 -1.4754E+05 -4.6506E+01 5.3005e+01 -6.8519E+00

Figure 18: Example PC EMTP Data File

Other possible sources of EMTP generated test data are ATP plot files. MathCAD and
Matlab are two programs that could also be used to generate test data. All of these programs
can give accurate test data: the difference is determined by the items to be tested and the
sophistication of the model generating the data. Each test data source requires a different
amount of manipulation to fit the format required by the PC EMTP test system.

Schweitzer Engineering Laboratories, Inc. also uses other test systems for table-top testing.
The test system for the SEL-LFL HVDC Line Fault Locator uses PC EMTP data coupled with
Tektronix WaveWriter software and a Tektronix AFG 5101 Programmable
Arbitrary/Function Generator.

The process for this test system takes PC EMTP data through a conversion program that
simulates part of the line fault locator input hardware. The converted data is then put into the
ADIF file format required by the Tektronix WaveWriter program. Then the data file can be
brought into WaveWriter and downloaded into the function generator to output for testing.
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TEST METHOD ADVANTAGES DISADVANTAGES

$535%%
STAGED FAULTS USES THE ACTUAL
POWER SYSTEM VERY SLOW
LIMITED TO THE FAULTED SYSTEM
$$3%
MODEL POWER SYSTEM CAN MODEL A VARIETY OF LIMITED LINE PARAMETERS

SYSTEM CONFIGURATIONS
INCREMENTALLY ADJUSTED

VERY FLEXIBLE

FAST
PC EMTP TEST SYSTEM NEW
INEXPENSIVE
NO DIRECT FEEDBACK
LIMITED ONLY BY THE TO POWER SYSTEM
EMTP MODEL USED

Figure 19: Testing Method Comparison

CONCLUSIONS

Figure 19 shows a comparison between the the PC EMTP test system and two test methods
commonly used in the relay industry today. The PC EMTP test system is inexpensive and can
run a much wider variety of power systems. The system is limited only by the capability of
the model and modeler. It can quickly model any existing power system or use system model
data already generated by an EMTP model for special testing. The limits to this system’s
flexibility have not yet been tested.

In the final analysis, the table-top PC EMTP test system provides accurate, fast, and inexpen-
sive testing of microprocessor based relays. This enhancement to relay testing is helping to
develop safer, more reliable, and more economical transmission line protection.
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