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Abstract - Commercial equipment for relay testing is pri-
marily used today to perform stendy—state and dynamic phasor
testing of protection relays. Most of the advanced versions of
the commercial equipment can also be used to perform tran-
gient testing sinee their signal replaying subsystem is capable
of outputting fault wavelorms, However user interface software
that supparts preparation of the appropriste test waveforms is
rather limited.

This paper describes development of signal processing and
file management software aimed at facilitating preparation of
fault waveforms to be used for transient testing. This soft-
wire is used on & new digital simulator developed for transient
testing of protection relays.
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INTRODUCTION

Developments of protection relays in the last twenty yenrs

have been quite diverse and advanced. The use of micropro-
cessors in the relay design enabled implementation of a variety
of relnying algorithms and protective relaying schemes. The
new technology provided for new approsches to implementa-
ticns of existing relsy designs and development of new reluys
and relnying principles [1].

Developments of new relays and relaying systems intro-
dured & need for new developments in relay testing. Micro-
processor based technology introduced the use of various dig-
ital signal processing slgorithms for mensurement of relaying
quantities, These algorithms came from different theoretical
backgrounds and were based on different assumptions and con-
struints. Their lesting was & challenging problem that required
development of new testing methodologies and tools [2].

The final outeome of the developmenta of relay testing
tools were new hardware and software solutions that sllowed
both phasor and transient testing of protection relay designs
[3]. These solutions becnume known as digital simulntors for
reluy testing and are ranging from bow cost PO-based designs
[4] to rather costly multiprocessor implementations [5].

This paper deseribes some softwnre features of the digital
simulator development sponsored by the Electric Power Re-
search Institute mnd several utility companies in the U, 8. A,
[6-8]. The simulator has been developed and commissioned
during the Summes 1992 and is now being evalusted through
various relay testing applications. This simulator is capable
of using both digital fault recorder (DFR) and electromag-
netic transient program (EMTP) fles and utilizing them for
relay testing [5-11). An elaborate software has boen developed
to support DFR and EMTP file processing and management
needed for relay testing. Capabilities and performance charne-
teristics of the software nre described in this paper.

The first section discusses requirements for relay testing,
Digital simulator architecture is cutlined in the following see-
tion. Next, digital signnl processing and file munagement soft-
ware developments nre described. Examples of the software use
are also given, Concluding remnrks and references sre provided
at the end.
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REQUIREMENTS FOR RELAY TESTING

Requiremnents for relsy testing depend on the relay types
and the purposes of testing. A study of this problem reveals
& variety of possible testing spproaches and specifications [12].
Recent activities of varous working groups within the IEEE
Perwer System Relnying Commitiee have enhanced understand-
ing of different testing tools nnd methodologies [13,14]. A sum-
mary of test equipment designs and uses is given in Table [ to
llustrate a varety of mesns to meet various relay testing re-
quirements.

This paper deals with software developments undertnken
o meel requisements for transient testing of protection reluys.
Digital simulators appear to be an appropriste spproach for
implementation of the hardware and software tools needed for
transient testing,

Table I1 gives a breakdown of the requirements impossd
o the simnilater software tools. Ench of the groups of require-
ments given in Table 11 is further divided and described.

i ients for relny testing is & demanding re-
quirement since DFR and EMTP are not originally desigoed
to support relsy testing, DFR design, recording practice and
file organization are not developed for direct use in relay test.
ing and significant nction from the operator is peeded to make
this application possible [6]. The same comment is valid for
EMTP, The simulation files cnnnot be directly used for relay
testing and instrument transformer models have to be added
[10,11].

Coqversion is needed for both DFR and EMTP files. DFR
fles are usually. recorded in & packed binary format which is
unique to a given recorder. A similar situstion i present with
the EMTT output flles where they may be either hinary or
ASCII and have » unique format, Digital smulators use their
own internal format for data fles which is, agnin, umque to

Table I. Summary of Relay Test Equipment Designs
and Uses

Test Equipment Uses

Programmahble .

portable testing for substation

Test ﬁ!;ull qlpﬁnll:inq“

Generators o phasor testing for scheduled
{eonventional mainlainanoe

lest » synthesized waveform testing for
equipment ) limited trouble shooting maintensnce
Digital File s portable testing for substation
Replaying applicntions

Systems (new * testing systems for laborstory
extension of applications

the eonventional «
test equipment )

transient testing for application
evaluation

» transient testing for trouble
shooting maintenance

Dagital Simulators »  testing systems for Inboratory
applhcations

for Relsy Testing e transient testing using DFR files

®  transient mting using EMTP files
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Fig. . Software Modules for Transient Testing

Tﬁsmmhubrgnmmd iqﬂq‘mlq'mm'nm.ndtﬂﬂ:
User Interface, Signal Conversion, Signal Analysis and Sigaal
Processing. Each module contains roulines to perform spe-
cific tnsks. The hlock disgram in Figure 3 shows the various
functions available in the soltware. The software has boen de-
veloped in MATLAB [16]. |

The following sections describe the various functions with
some expmples for illustration.
User Interface Module

The functions for input foutput of dats fles andd user in-
terfaee functions for signal presentation and editing form an

MATLAB eompletely to provide requited interface with exter-

nal programs and with the user.
Transient Signal Data File

Signal dats files are presented ns input to the software
using this function. The dats fles can be of the following
formats:

» IEEE COMTRADE (ASCII) Files [17]: This is a common
file format for transient datn representation recently de-
fined as an JEEE/ANSI Standard. Two separate files are.

defined by the standsrd. One fle containg the raw sam-
pled walues, while the other is & text file describing the
data file.

ASCIT data fle: Transient signal sampled dats is repre-
sented using ASCI characters, The text file describing
the data file is not defined. The data file descriplion s
generated internally by the software after ohtaining infor-
mathon from the user like ealibration factors, units, etc.

MATLAB (Binary) files: Transient signal sumpled data
in represented using binary format. The dats files follow
the MATLAB hinary format while the text file describing
the data file &8 specified by COMTRADE and is given in
ASCIL

+ Digital Fault Recorder (DFR) fles: These files are nctual |
recordings of power system faults/disturbances. They con-
tain both sampled signnl data and some descriptive infor-
mation related to the DFR recording set-up. These files
are represented using & binary format.

# Electromngnetic Transient Program (EMTP) files: Tran-
stent signals can also be obtained by simulsting the power
system faults using the Electromngnetic Transient Pro-
gram. These fles are represented in either binary or ASCIT
format. The ASCII format is used in this application.

Files following the lnst two formats are first converted to
IEEE COMTRADE standard format before being rend by the
mﬂm._

Save Edited/Processed Data File

The editedprocessed data files can be saved in ather one
of the following formals.

+ [EEE COMTRADE (ASCIT)
o MATLAB (Binary)

The hinary fles accupy less disk space, Less time is taken
to read the file ns compared te that of the COMTRADE/ASCII
datn files. The IEEE COMTRADE staadard format is used for
transporting datn fles.

Transient Signal Editing

The datn files obtained from DFRs may not be io the form
appropriate for relny testing. In such cnses, the files may be
pdited to obinin the desired set of test signals. Functions to
it different aspects of the file have been implemented. User
interface needed for this purpose has been provided by menus.
The following wavelorm signal editing functions are provided:

# Selection of channels of intesest.
» Set signal length.
s Modify calibration factors and units.



Tabie II. Requirements for Scfiware Tools for Tran- LFR Files
sient Testing of Protection Relays —
SimulsLisa Wamerm B4 and Fowar ¥
c Ui
Reguirement Requiremant Description tumpu ,u:;"hm Dulpul Amglitiers et
Category

Generatlon of « DFR files of a faull captured
Transients in & substation
* EMTP simulation of a fault using
powes system model

Conversion of _» Conversion of fles recovered
Files Contrin- in different DFR formals into & eommaon
ing Transients format used for waveform replay
» Conversion of EMTP cutput files
into n common format used for wavelorm

S-p-lﬁm]ym . Eﬂmmmmmmlmdumm

Whaveform representation in frequency

km
Signal + Fillesing
Processing s Wnaveform parameter identification and
reconstruction
Change of wwveform charncteristics
Operator Wavelorm Editing
Interface Wavelorm Viewing

Teat file processing and management
Test Initiation

Test Result Viewing

& given 1/0 driver. Obviously, conversion of both DFR and
EMTP files is required to accomodate the need to have files
compatible with the smulstor [0 driver.

Signal analysis in both time and frequency domain is essen-
tinl since fault transients have significant frequency constants
ncross the spectrum. Since relay designe may be sensitive to
aﬁmn:ipdmm,jtiiumuﬂhhmmd
analyzing the signnl in order to detesmine its properties.

Signal processing Is needed if test signal properties have to be
altered or various parametess have to be determined. A typi-

!“Imdﬁx-';unlpmneuing-ppmwhm sensitivity of relays

to various signal characteristics i to be tested. Sigoal filter-
ing, change of signal length, varintion of mumber of samples
'points in signal representation, and various scaling operations
‘are exnmples of the useful signal processing operations.

Operator interface is one of the most important requirements
since tronsient testing assumes intensive operntor inlernetion,
Most of the operator involvement is in preparing test files con-
erators have Lo initiate testing, Viewing of the results is n final
stage of the operalor involvement,

DIGITAL SIMULATOR ARCHITECTURE

A detailed discussion of the charneleriatics of the digita
simulator developed under the EPRI sponsorship is given in &
numbser of previously published refesences [6-11]. The follow-
ing is a brief description of the smulator hardware and software
architecture,

Simulator hardware architecture 15 shown in ﬁ!’uﬂ 1.

is usedd to generate transient waveforms,

Lummymmm

|either through EMTP simulation or from DFR files. This com-
puter has an elsborate graphical interface fur the opeeator. It
also communicates with a waveform replay subsystem.

Cparaler
I=terface mﬂnn

Fig. 1. Simulator Hardware Architecture

Wavelorm replay subsystem s s separate computer system that
in used for real-time waveform reconstruction. It feeds wave-
form sumples into the DA subaystem. It also generntes con-
tact datn. At the sume time, this subsystem interfaces to the
dala sequisition equipment which captures relay and simulator
outputs.

The DA and contact gutput subsystem is used to convert sig-
nnl samples into analog waveform and contact signals, These
signals are eventually used to feed relays for testing purposes.

Power pmplificrs see needed to incrense power of the analog
waveforms o the levels present at the secondadies of the in-

strument transformers. Unu,; the lmp].lEm temi l:p:ull with
the charncteristics very close to the ones the relay sees in the
field are produced. |

Software srchitecture of the simulstor is shown in Figure
2, Tt shall be noted that some of this software is commercially
uwnihﬂqw}ﬁl:mufﬂ):mﬁmhﬂdhb:dﬂﬂopd. The
asofiwnre hlocks mnhedhrmldﬂ'iliﬂlhe dwdap-adm
A beiel deseription of the eommercinl packnges is given below,
while the new sofllware developments are deseribed in the fol-
lowing section.

EMTPF is & well known program for simulation of transients
in power petworks [15]. This package is guile eomplex and
requires elsborate input datn for modeling of power system
faults. Extensions for instrument transformer modeling are
needed when EMTE is used for relny testing [10,11].

MATLAR is n general purpose signal processing package which
allows extensive signal parameter caleulation and analysis [16].
This packnge provides the user with & high level commnnd
language which enn be used to develop various applications.

DFH Master soltware is developed by DFR manufscturers to
allow for viewing and editing of DFR files. Charncteristics of
thess packages wary from vendor Lo vendor,
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Fig. 2. Simulator Saftware Architecture
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Select Channels function is needed to allow selection of the
DFR channels to be used for relny testing. Ulility companies
use DFRs to record the waveformes in the actual power system.
In & case of power system misoperation, power and relay engi-
neers can view these records nnd analyze the reasons for frilure,
The DFHRs can record multiple channels, During a fault, ooly
& few may be relevant to the failare.

The software is an effective tool to view the wwoelorms
amd to make a decision on which channels should be selected.
The other channels are discarded only from memory and are
not deleted from the disk. Figure 4 shows the organization of
this function withcmphln';m the user interface.

Set Signal Length function is needed to allow selection of the
signal length. DFR wavelorm records typieally contain more
than & second of the signal length. Relays operate during this
interval. Autoreclosing may have been sttempted within the
first few cycles of the fanlt, In many cases, the fanlt might
have cleared during the entire portion of the record. The utility
companies tend to set up the DFRs to record all such events
following, the fanlt. Records of such lengih are pot necessary
for relay testing. The ohjective is to simulste the conditions
for relay operation. Henee, it becomes necessary to limit the
length of the record before replaying the signals, But, some
eonditions of relay testing still require long recaords.

Figure § shows the organization of this function with em-
phasis on the double checking of the range selected by the user
before setting the length to this range.

Medify Calibration Factors and Units is the fumetion
needed to rln.nﬂ.- the calibration factors and units read from
the text file defined by COMTRADE. The user interface s
simple with prompt for the user to enter the new factors and
units.

Truncete Lesgih et
and Change cfg Fibs

Fig. B. Sel Signal Length

Check /Save Felay Teat Signal File

This funetion is needed to check if the signal file being
viewed fedited conforms to the hardware capnbilities of the
digital simulation. The signal le must sstisfy the following
requiremments:

& Number of voltages, currents, and contact states must cor-
respond to the type of relay being tested,

» Maximum value of voltags /current must be representable
in the miaximmm number of bits allowed by the simulstion
hardware (16 bits, in case of DYNA-TEST simulatar).

# The faull signal length should be greater than or equal to
n predefined number of cyeles (usually 8]

# The sampling frequeney of the file must be within the
limits of the bardware

The checks for the above requirements are done aulomat-
jeally, If the file satisfies all of the specifieations, then il may
be saved in the format specified by the [/ device driver, This
ean either be in ASCII er in MATLAB (binary) form.

 Signal Conversion

| The following two main sources of dats files ean be identi-
! fied: Digital Fault Recorder (DFR) and Electramagnetic Tran-
| sient Program (EMTP). Files obtained from DFRs are in bi-
| nary form with manufacturers 'Enllnwin; diferent Proprictary
formats. EM TP output files may be in ASCIT and also follow &
specific format. These wavelorm data files need to be presented
as an input to the MATLAB soflware. In this case, the files
are first eonverted to COMTRADE [ASCIT) standard. This i=
secomplished using external conversion software.



Figure § shows bow the data file input format is presented
to the other three modules. Software for converting EMTP
output files and files obinined from three commercinl DFRs
{Hathawny, Rochester and Mehta) have been implemented and
successfully interfaced with the MATLAD software, This in-
terfuce is transparent to the user nnd the conversion programs
are presented ne an mtegral past of the signal processing and
file management software,
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Fig. 6. Data Flow Between Modules
Signal Analysis

Oinee the transient data is converted to the MATLAB for-
mnt, varbous signal snalysis and processing functions can be
performed. This section describes the signal anslysis functions.

The presence of transients greatly affects performance of
the relays. Relays are sensitive to signal frequency content and
the sampling frequency. The presence of additional hardware,
like annlog filtering before sampling (for digital relays), also
affect the sensitivity to harmonics and the relishility of the
relny, Hence, it is important to identify the harmonic content
of the signals. This nids the relny engineers in identifying the
magnitudes of the humonics and fltering some of them using
the relevant functions in the signal processing modules.,

The user is allowed to specify the following purameters.

# Length of signal on which the analysis is to be performed.

# Channels selected from the data file,

a Type of windowing function to be used for reducing the
influence of the side Jobes and better resolution {Hanning,
Hamming, Bartlett and Heclangular),

Pracaency [He|

Fig. 7. Spectral Annlysis of CT Primary and Secondary
Currents for & Single Line to Ground Fault

This function has also been used ns & tool for analyzing
the influence of instrument transformers on the power system
signals, Figure T shows the influence of eurrent transformers
on the eurrent waveforms. The CTs actunlly have & distorting
effect on the signals. The case depicted is n sngle line-to—
ground fault signal for one of the sections of an sctual power
syatem, simulated using EMTP.

Signal Processing

This module fulfills the need of signal processing require-
menta for the test signals, Different test signal seta can be cre-
ated from the same data file by performing signal processing.
The following is & description of each of the signal processing
funetions with some examphes.

Filtering

This function is very useful in identifying the relay sen-
sitivity to n particular set of harmorics ia the input signals.
Tt can be used, together with the spectral nnalysis, to filter 2
required set of harmonics, Relny responses can then be com-
pared to drnw meaningful conchasions about its performance
and sensitivity. Steady-state and dynamic phasor testing can
be performed by filtering the harmonics completely, using &
Jow pnss filter with suilsble chrracteristics.

The user is allowed to choose the channels to be fltered.
In addition, the user can specify the following:

« Filter function (Bulterworth filtes, Yolewalk filter, Chely-
shev filter)

# Filter type (Lowpass, Highpass, Bandetop, Bandpass)

# Filter characteristios like the cutoff frequency and the ar-
dex.

Figure & (a) shows the unfiltered and filtered secondary
current in T-domain for the case depicted in Figure 7. Figure

~@{b) shows the primary snd filtered secondary current in the
frequency

domain. The fltering was done using sn eighth order
Butterworth filter with cutoff lrlnqn:nq' 100 Hs.
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Fig. 8 (a}. Unfiltered and Filtered Signal in T-Deanain
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Change Sampling Fregquency

The DFRs usually offer a limited set of snnpling frequen-
cies in & particular range. The awmilable frequencies vary with
different manufacturers. Variations can alss be found in differ-
ent models of DFRs from the same manufnctuser, The hard-
ware design of the sinnlators may require signals sampled at
a particular frequency. For example, the DYNA-TEST digital
simulator developed st Texas ALM University can nccept sig-
nals having sampling frequency in the range of JkHz to 40kH=.

I the sampling frequeney of the record does net belong to this
set, then the sampling frequency conversion need to be per-
formed. This may nob be necessary in cnse of records ohtained
from EMTP, since the simmlation time step can be adjusted to
be in this range. In many cases, the data file may need to be
transported to other simulatom having different sanpling fre-
quency ranges. This provides an opportunity to conipsre the
performance of various relay test equipment svailable for relay
testing, In this cass, the change of sampling frequency may be
required.

The user needs to specily only the new sampling frequency.
All of the caleulations are transpasent to the user. The flow
chart in Figure 9 shows the user interfnce available

Tampling Freq

I Gel Mew Sampling Freg J

Caleulste Inferpolation (L)
& Decimation (M} Faclors

| Intarpalaie Dailsa by L |
Sl
’— Decimale Dala by M |

Change Sampling Frequency
kn curlLur-L'-au Informstion

Fig. 9. Change Sampling Frequency

Prefault Length Extension

Protective relays are constantly monitoring the signals to
determine the condition (steady-state or faulted) of the power
aystem. Hence, sufficient prefault length is needed for the re-
Iay to get initinlized with the steady-state condition of the

signals. Usually 8 to 10 cycles of prefault length is necded, but
it may be grenter when testing the relay under power swing
conditions. The records obtained from DFRs have, typically,
sbout 2 cycles of prefault length., This can be extended us-
in;thitlmctinnhlhdﬂlmdnumbﬂﬂmh. No lmit is
presented as to the number of cycles to which the extension
can be done. Prefault length extension may not be necessary
in case of records obtained from EMTP simulation, since the
duration of stendy-state can be specified.

Prefault extension is done for o user specified period by
enleulnting the steady—state parameters of the limited prefault
portion slready present in the waveform, At least three zero
crossings i mandatory for such & computation. Figure 10 (a)
shows the sciual waveform obtained from a DFR. Figare 10
(k) shows the waveform with 6 cycles (0.1 8] of prefault added
to the existing signals,
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Create/Medify Contact State

The contact /status nre digital signals used to indicate var-
ious relay nnd cireuit breaker states. In data fles obtnined from
EMTP simulations, there are no contact states. Such cases re-
quire creation of status channels. DFR records usually have
& contact channel, bul these may require modifications. Both
of the functions ane fulfilled by this routine, Figare 11 gives
description of this soliware routine.

Change Signal Polarity

Signuhrmd.edmin;;ﬂﬂlmayhnwuim‘phm:hm
due to n wrong connection used in recording. The signal polas-
ity may hnve to be reversed to ebtain the actual power system
signal. This is nccomplished by this softwase function.

CONCLUSIONS

The resulis of the softwnre development presented in this
paper lead to the following conclusions:

» Commercinl equipment for relay testing, in general, is not
cupable of performing fill scale transient tesling.

» Digital simulators have both hardware and software capa-
hilities to support trunsient testing of protective relays.
 Signal processing and file gement softwace are nee-
essary software tools for transient besting of protective re-

o
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Fig. 11. Create/Modify Contact State
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